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Abstract In recent decades, manganites have received much attention due to their various compositions and applications in various
fields. This study investigated manganite’s structural and electrical properties with the chemical formula Lag ¢_,Gd,Srg 4MnO3 (x
=0, 0.25, 0.05, 0.1, and 0.3). All samples were synthesized using the nitrate-complex auto-ignition technique. Structural analysis
showed that the crystal structure of these samples is rhombohedral with an R-3c¢ space group at room temperature. The XRD and
FESEM image analysis investigated the samples’ crystallite and grain size. Measurement of the specific electrical resistance of the
samples in the temperature range of 10-350 K and the magnetic fields of 0-9 T showed that the increase in temperature of the
electrical resistance first increases and then decreases. All samples’ insulation-metal transition temperature (7.1) moves to lower
temperatures with an increasing Gd** substitution and moves to higher temperatures as the magnetic field increases. In addition
to increasing substitution, the electrical resistance also increases due to changes in spin irregularity at the grain boundary and,
consequently, the difficulty of the double exchange mechanism. The electrical resistance decreases with increasing magnetic field,
followed by the magnetic order created in the samples and the changes in the spin angle between the charge carriers. Finally, the
bolometric application and magnetoresistivity of the samples are examined.

1 Introduction

Early studies in manganite perovskite date back to the 1950s, but after discovering the Colossal Magnetoresistance (CMR) effect in
1994, these compounds received much attention [1—4]. In addition to rich physics, these compounds show various unique properties
that offer them many applications. Manganites are magnetic materials with a strong electron correlation with the same degree of
interaction between their degrees of freedom, i.e., charge, spin, lattice, and circuit based on manganese oxide. These degrees of
freedom have caused a great deal of variation in the formation of structural, electrical, and magnetic phases [5, 6]. As a result,
manganite nanostructures often have different physical properties than their single-crystal and bulk samples [7, 8]. Nanomanganites
with a temperature above room temperature, like La;.xSrMnO3, with an adjustable transition temperature around room temperature,
are suitable for medical applications such as cancer treatment and magnetic sensors. Other phenomena, such as the exchange bias
effect, are seen in these nanostructures, effective in spintronic components [9, 10]. Critical thermodynamic phenomena are also
observed in manganite nanoparticles. As the particle size decreases, the magnetic phase transitions change or disappear [11, 12].
Temperature shift and flattening are other common phenomena in manganite nanostructures. Changing the phase shift reduces
thermal and magnetic residues, which are essential for their magnetic coolant [11]. Due to the breaking of atomic bonds on the
surface, manganite nanostructures’ electrical and magnetic properties become very different from their inner part, the core. In
addition, surface effects, internal stresses, and chemical heterogeneities disrupt the competition between supercharging and double
exchange interactions and change manganites’ electrical and magnetic properties [13—15]. Generally, the surface layer is considered
magnetically dead in ferromagnetic nanostructures and reduces electrical conductivity [16]. There are two types of magnetoresistance
in manganites. One is known as the CMR effect, which has the highest value in the insulation-metal phase transition temperature
and is seen in the magnetic fields of several Tesla orders, which is practically suitable in strong magnetic fields. Another is the
intergranular magnetometer resistance seen in polycrystalline samples, which has large values by reducing the grain size to the
nanometer scale. This magnetoresistance type is important because it occurs in relatively small magnetic fields [17, 18]. The origin
of this type of magnetism is resistance to the sample’s magnetic properties, such as the spin scattering of charge carriers at the
grain boundary and the wall of magnetic fields and the reduction of tunneling between grains due to the spin polarization of the
spin polarization charge carriers. This type of magnetoresistance is seen below the phase transition temperature and in relatively
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small magnetic fields, with essential applications in magnetic sensors, spintronic components, spin valves, and magnetic memories
[19-21].

Previous studies showed that LaSrMnO3; (LSMO) nanomanganites have many applications. For example, manganite containing
La-doped with 20% Sr is one of the known cathodes that are used as cathodes in solid oxide fuel cells. Another application of
nano-manganites is in the field of magnetic refrigerators, which can improve some parameters related to them by reducing the size
of the particles. Magnetic sensors and heads use the effect of giant magnetoresistance in mixed capacitance magnetites. Heat therapy
to destroy cancer cells, use as drug carriers, and increase contrast in MRI imaging are among the applications of this category of
materials in the medical field [22-25]. By substituting different rare earth elements with smaller ionic radii at La-site, the Curie
temperature of the LSMO should be reduced to close to ambient temperature without affecting its physical features. When different
rare earth elements are substituted at the Sr-site in manganites, the average ionic radius of the Sr-site is altered, changing the
transition temperature. In actuality, the substitution (Nd, Eu, Pr, Sm, Gd, etc.) causes the lattice under consideration to experience
internal chemical pressure [26, 27]. The Mn—O-Mn bond angles decrease due to the MnO6 octahedra being deformed due to the
chemical pressure created [28]. In addition to increasing the S—L coupling, the increase in bond length reduces lattice disorder [29].
Gadolinium is ferromagnetic. There is no anisotropy in gadolinium because we have symmetrical s. So in this study, the effects of
Gd substitution on the structural and electrical properties of Lag ¢—Gd,Srp.4MnO3 (x = 0, 0.025, 0.05, 0.1, and 0.3) manganite have
been investigated. The XRD and FESEM image analysis were used to investigate the structural properties. The sample’s electrical
properties are investigated by measuring the samples’ resistivity and calculating the bolometric and magnetoresistance properties
in terms of temperature. The electrical properties of the samples are investigated in the temperature range of 10-350 K and the
magnetic fields of 0 to 9 T. Generally, applying an external magnetic field has a constructive role in the transport of load carriers and
reduces the specific strength of the material [30, 31]. Therefore, the maximum magnetic field of up to 9 T was applied in this study.

2 Experimental

A nitrate-complex auto-ignition technique synthesized ceramic Lag ¢_Gd, Srg 4MnOs. In this synthesis, La(NO3)3.6H,0O (Lan-
thanum(III) nitrate hexahydrate with 99.99% purity), Sr(NO3), (Strontium nitrate with 99.99% purity), Gd(NO3), (Gadolin-
ium(II) nitrate with 99.99% purity), and Mn(NO3),.4H,0O (Manganese(Il) nitrate with 99.99% purity) were used as pre-materials.
The materials are dissolved in deionized water with calculated stoichiometry, respectively. Ethylene glycol (as a polymerizer) and
Citric acid were added to the solution. The pH of the solution (constantly stirred) is also kept unchanged at 7 by adding ammonia. The
solution was stirred on a hot surface at 100 °C for 8 h to produce a homogeneous solution with a yellowish color. The temperature
is then raised to 150 °C for 1 h to allow the gel to burn in a self-combustion process to produce an oxidized product. The product is
calcined for 6 h in an electric oven at 500 °C. The samples are placed in a cold press with a diameter of 10 mm and a thickness of
2-3 mm, experiencing a pressure of 20 TON/Cm? to prepare the compounds’ tablets. The tablets were sintered at 700 °C for 6 h to
study the Gd** Substitution’s effect on the electrical properties of LSMO. The samples at the different substitutions ofx = 0, 0.025,
0.05, 0.1, and 0.3 are named S1, S2, S3, S4, and S5, respectively. In the following, we can see the review and analysis related to
the structural and electrical properties of the samples. Structural analysis was performed on prepared powders by X-ray diffraction
(XRD) spectrum with Cu-Ko irradiation in the range of 10 to 80° in steps of 0.4° at room temperature by the Advanced8 X-ray
machine. Particle size was measured using a Field Emission Scanning Electron Microscope (FESEM) by FE-SEM Zeiss (Sigma
300 HV). Finally, the electrical characteristics of the samples are measured by the PPMS device model 6000.

3 Results
3.1 XRD analyses

The XRD pattern of Lag ¢, Gd, Srg 4MnO3 (x = 0-0.3) samples is shown in Fig. 1. As shown in Fig. 1, the structures were synthesized
without any impurities with the R-3c space group. The Substitution of Gd**ions in La>*sites can be inferred from the displacement
of the diffraction peaks. According to Bragg’s Law, the diffraction spectra are shifted to larger angles due to the Substitution of
Gd3* in La3* sites. The reason for this shift can be related to the ionic radius of Gd>* (0.938 A°) [32] substitution in La’* (1.032
A°) [32] sites. For better understanding, the displacement of the main peak (2 § = 32.8°) is magnified in Fig. 1b.

Bragg’s Law [33] converts observed 2 6positions to dpy; (crystallographic plane distance).

2d sinf = ma (1)

here, d, 6, m, and X represent the distance between the planes of the samples, the main characteristic peak, a positive integer (m
= 1), and the incident wave’s wavelength (Acy, = 1.5406 A). The results show that by increasing the amount of Gd3* Substitution
from x = 0 to x = 0.3, the diffraction peaks move to larger angles, which indicate a decrease in the distance between the crystal
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plates from 3.0235 to 3.0131 A. The results are reported in Table 1. The crystallite size of the samples is calculated by the Scherer
equation [34]:
KX
D =

B cosb
here, K, §, and 6 represent the Scherer’s constant (~0.9), the full width at half maximum intensity (FWHM), and the Bragg angle.
Table 1 reports the obtained results. Halder—Wagner (H-W) technique has been used to calculate the lattice strain structures [35].
The H-W method is defined using the following equation:

(5 -6 ()00
A 2 d;l%l D
The lattice strain values of the samples are, f;,, = ﬂ"”)\ﬂ, d*,, = 25 and ¢. The Halder-Wagner plot of samples is shown

hkl = T
in Fi Bur\? s, (i
in Fig. 2 (( 7 vs. | =L ) plot).
hkl dhkl
Rietveld analysis can be used to study the XRD spectrum further. Rietveld analysis is one of the best ways to fit and link
experimental and computational data. In the following, we have examined the samples using Rietveld analysis by MAUD software

(Fig. 3). This software converts data obtained from the X-ray diffraction of samples into computational data. Much information such
as spatial group, lattice constants, Ryp (%), Ry (%), and Rexp (%) of samples are obtained using the output of this software, which

(©))
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Table 1 Structure parameter of Samples S1 S2 S3 S4 S5

Lag 6—xGdyxSrg4MnO3 (x =

0-0.3) d(A) 3.0233 3.02315 3.0292 3.0254 3.0131
Dscher (nm) 26.025 30.01 25.15 28.22 27.08
e* (10_2)8 1.37 0.88 1.89 1.35 1.25
a=>b (A) 5.486 5.487 5.484 5.469 5.450
c(Ao) 13.358 13.367 13.353 13.382 13.328
Rwp (%) 6.725 7.508 6.856 6.684 5.556
Ry (%) 5.224 10.708 12.155 10.022 4.356
Rexp (%) 4.988 6.219 4.838 5.404 4.333
GOF = (Rwp/Rexp) 1.349 1.207 1.417 1.236 1.282
t 0.986 0.985 0.983 0.978 0.961

is given in Table 1. This method’s analysis indicates that the samples have an orthorhombic crystalline structure with an R-3c space
group. In Fig. 3, the experimental data are represented by (Y obs ), the output information from the XRD device, and the computational
data represented by (Y q1c) obtained from the software. The green lines are related to the Bragg positions drawn below these two
diagrams, and the blue diagram shows the difference between the experimental and computational diffraction schemes (Y obs—Y calc)-

The tolerance factor of the samples was calculated to investigate their crystalline structure. In 1926, Goldschmidt defined the
tolerance factor () for the ABO3 perovskite structures as follows [36]:

ra+ro

= —— “4)
V2(rg +r0)

where r4 and rp are the cation radii of A and B atoms, and rg is the anionic radii of the O atom. If the tolerance factor is less than one,
the A—O and B-O bonds are under tension and pressure, respectively. This distortion in the lattice causes an octahedral rotation 6 of
oxygen. By increasing the Gd?* atom substitution in the La atom sites, the Lag ¢_,Gd,Srg4MnO3 (x = 0-0.3) tolerance factor is
reduced. Increases in the octahedral rotation angle of oxygen consequently lead to increases in the Mn—O—Mn bond angles. Changes
in the Mn—O length and angle of the Mn—o—Mn bond can be related to the lattice distortion of contaminated specimens due to Gd>*
Substitution. Changing these two fundamental parameters can significantly affect the electrical properties of the compounds, which
will be mentioned in the electrical section.

The obtained results show slight changes in lattice parameters. This slight change in lattice parameters indicates that the lattice
modifies to accommodate the occupied Gd>* cations in the La®* site without breaking bonds.

3.2 FESEM analyses

FESEM images were used to study particle morphology and average diameter size detection. The FESEM images in Fig. 4 are
for the Lag ¢—xGd,Srg4MnO3 (x = 0-0.3) compound in 200 nm scale. As shown in Fig. 4, the particles have deformed from a
quasi-spherical state to a polygon. The average diameter size was calculated using Digimizer software. The data obtained using this
software was also fitted using the Log—Normal function (Eq. 5).
2( D
In (Di())

1
—— Jexp| — 5
«/27[0D> P 202 ®)

f(D)=<

The internal diagram in Fig. 4 shows the data scattering curve. The average diameter and the standard deviation of samples can
be calculated by Eqs. 6 and 7, respectively.

(D) = Dyexp(7)s) ©)

1
op = (D)[exp(o?) — 1] 2 (7)

where Dy is the mean diameter and o is the data scatter, respectively. The results are reported in Table 2. FESEM image analysis
illustrates that the average particle size of samples increased by increasing Gd>* ion substitution in LSMO.

The results from FESEM analysis show that the created grains are continuous (glued together). This feature leads to the improve-
ment of their electrical properties.
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3.3 Electrical properties of samples

In this section, the electrical characteristics of Lag ¢—,Gd,Srg4MnO3 (x = 0-0.3) samples in the temperature range of 10-350 K

and 5 magnetic fields (0, 1, 3, 5, 7, and 9 T) is investigated. Considering the dimensions of the sample and its electrical resistance,
the specific resistance of the sample can be obtained according to the formula:

T

where R is the resistance measured by the PPMS device inside the SQUID device, and ¢ is the sample thickness.

Generally, three types of heat energy, anisotropy, and exchange in manganites, compete, and this competition leads to the
creation of electrical and magnetic properties and the emergence of transition temperatures. Thermal energy obtained from ambient
temperature and anisotropic energy refer to energies required to rotate magnetic moments in matter relative to the direction of its

easy axis. Exchange energy, the intrinsic and internal interaction of magnetic ions, is of quantum origin and is obtained from the
overlap of particle wave functions.
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Fig. 3 Maud refinement of a S1,
b S2, ¢ S3,d S4, and e S5 samples
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Fig. 3 continued
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Substitution in perovskite manganese is equivalent to injecting cavities, and the amount of substitution in them determines the
charge carriers. Substitution in manganese changes the manganese capacity from Mn*> to Mn**. The presence of Mn** ions in
the composition and the crystal structure provides conditions for charge carriers to be transferred in the lattice. The Mn™ ions in
these compounds can be controlled by substituting the manganites. On the other hand, applying an external magnetic field causes
the magnetic moments to be parallelized, which can help transfer the e electrons from the Mn3* to Mn** ions in the composition.
Therefore, applying an external magnetic field has a constructive role in the transport of load carriers and reduces the specific strength
of the material [30, 31].

Figure 5 shows the specific strength measurements of the samples in the 0-9 T magnetic fields. The results show that the resistivity
of the samples is reduced by appalling an external magnetic field. The insulation/metal transition temperature (T'\.1) is shifted at
low temperatures by substituting Gd>*. Also, the Thi.; has been shifted due to the appalling external magnetic field to higher
temperatures. Regarding the displacement of the TM-I to higher temperatures due to the external magnetic field, we can point to the
larger share of the external field compared to the share of thermal energy in creating electrical order. Gd** substitution has also led
to T'\-1 displacement, which can be very important in using these compounds in magnetic refrigerators at room temperature [1, 37,
38]. Also, no effect of electrical hysteresis is observed in the diagrams, which indicates the homogeneity of the samples [39]. The
T'w.1 and Debye temperature of samples in terms of Gd>* Substitution and magnetic field changes are reported in Table 3.

The results also show that resistance increases with increasing Gd substitution. Also, the Ty.y decreases with increasing Gd
substitution. The substitution on the grain surface causes an increase in spin irregularity and, as a result, the weakness of spin-
dependent tunneling. Therefore, with increasing doping, the T\j.1 decreases (see Table 3).
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Fig. 4 FESEM images and the
distribution function of a S1,
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Fig. 4 continued
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Table 2 Average particle size and Samples S1 S2 S3 S4 S5
standard deviation of samples
<D> (nm) 122.437 133.24 149.220 193.058 218.095
oD (nm) 30.65 18.84 23.78 41.88 32.02

3.4 The bolometric application

Bolometric application of CMR LSMO manganites doped by Gd>* is based on a sharp drop in temperature resistance with T'y.r.
TCR is one of the main parameters of infrared bolometers and is defined as follows:

1dp
TCR = —— x 100 8
b dT X (@)

here p and T represent the resistivity of the temperature. Therefore, The TCR value is the direct result of electric resistance and
M-I transition steepness, which determine our samples’ application in cooled or uncooled bolometers. Figure 6 represents the TCR
change of samples vs temperature in B = 0 T. Figure 6 shows that the TCR curve has a nonlinear increasing trend. Generally,
Gd succession changes bond lengths and angles. Changes in bond lengths and angles can aggravate the dual-exchange and super-
exchange interaction power and change the magnetic order. Changing the magnetic order at the nanoparticle surface increases spin
scattering and reduces the likelihood of tunneling between grains. The results showed that increasing the amount of Gd substitution
due to increases in the dispersion at the grain boundary and the spin irregularity increases the resistance of the sample. Previous

studies have also obtained similar results. For instance, Xiaohan et al. [40] showed that the sample’s resistance increases with
increasing the substitution in Laj_,Sr,MnO3 structures.
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Fig. 5 The resistance changes in
terms of temperature for a S1,

b S2, ¢ S3, d S4, and e S5 samples
at different magnetic fields
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Fig. 5 continued 1.61
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Table 3 The TM-I and Debye Sample B=0T B=1T B=3T B=5T B=7T B=9T
temperature of samples in terms of Ty Tag T Ty Tag T
Gd->* substitution and magnetic
field changes S1 297.37 303.21 317.95 320.28 330.28 324.45
S2 277.92 278.92 276.91 278.92 279.91 280.06
S3 213.93 225.94 231.94 236.93 244.94 280.06
S4 211.96 221.95 225.96 230.96
S5 178.93 181.94 185.94 188.94 190.93 196.04

Maximum TCR% can be seen in sample x = 0.3 around —1.88% in 244 K, which can be a proper candidate for further
investigations and cooled infrared image sensing (bolometer) modifications. Furthermore, in sample x = 0.025, we have a peak of
334 K (room temperature) around — 1.25%, which shows potential for uncooled application in bolometric sensors.

Magnetic resistance (MR) is the relative change in electrical resistance or resistivity by the application of a magnetic field, which
is defined as follows:

_ p(H) — p(0)
p(H)
here, p(0) represents the electrical resistivity in the absence of the applied field, and p(H) represents the electrical resistivity
in the presence of the applied field. MR can be positive or negative. Negative magnetoresistance means a decrease in electrical
resistance, and a positive one means an increase in electrical resistance in the presence of a magnetic field. Figure 7a shows the
magnetoresistance (MR) samples in magnetic fields 1-9 Tesla. As shown in the bellow figure, the MR of specimens increases with
increasing magnetic field. Spin parallel alignment at Mn—O-Mn coupling may cause the ferromagnetic interactions to increase,
leading to higher magnetoresistance around Tyy.1. Previous studies have also obtained similar results. For instance, Razi et al. [41]

MR x 100 )
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showed that MR increases with increasing magnetic field in Lag7Srg3MnO3 structures. Also, Ning et al. [42] showed that MR
increases with increasing magnetic field in manganites structures. In another study, Manjunatha et al. [43] showed the same results
with an increasing magnetic field in other manganite structures. In addition, a high amount of MR at low temperatures may be due
to grain boundary scattering of charge carriers [44, 45]. When an electron moves to the next grain, it could encounter an insulating
barrier (due to either the first or second grain interface) due to reduced connectivity between the grains [46, 47]. A higher magnetic
field may intensify scattering, leading to giant magnetoresistance in low temperatures.

Figure 7 revealed that the CMR effect could be seen around Ty and at low temperatures. In contrast, Spin-dependent tunneling
and dispersion at the grain boundary justify increasing the magnetoresistance in the doped samples compared to the pure sample.
Doping may increase the spin irregularity in the grain boundaries, increasing magnetoresistance in the doped samples [48].

4 Conclusion

In summary, the structural and electrical characteristics of Lag ¢—,Gd,Srg.4MnO3 (x = 0-0.3) are investigated. In this study, all
samples were synthesized by the nitrate-complex auto-ignition technique. And the structural properties of synthesized samples are
examined using the XRD and FESEM image analysis. The results showed that all samples have a thombohedral structure with
an R-3c space group. The FESEM images showed that with increasing the Gd* substitution, the average particle size of samples
increased from 122.437 to 218.095 nm. The electrical properties of the samples were investigated in the temperature range of
10-350 K, and the magnetic fields are 0-9 T. The results showed that with increasing Gd** Substitution, the Tyj decreases. For
example, in the x = 0 sample, the Typ.1 decreased from 297.37 to 324.45 K. On the other hand, increasing the magnetic field leads to
an increase in the Tyy1. This increase is due to changes in spin irregularity at the grain boundary. The bolometric properties showed
that the maximum percentage of TCR could be seen in the sample x = 0.3 at 244 K (around — 1.88%), which can be a proper
candidate for further investigations and modifications for cooled infrared image sensing (bolometer). Finally, the study of the MR
properties of the samples showed that with an increasing magnetic field, the samples’ resistance increased. This change is due to a
decrease in spin scattering in grain boundaries.
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Fig. 7 The change in the
magnetoresistance (MR) of a S1,
b S2, ¢ S3, d S4, and e S5 samples
in the presence of different
magnetic fields (1-9 T)
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Fig. 7 continued 40
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