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ARTICLE INFO ABSTRACT

Keywords: This study reports the synthesis and characterization of A-site and B-site doped perovskites nanoparticles
LaMnO3 Lag.gSro.1Cap.1MnO3 and LaMng gFe( 1C0p.103 prepared using cost-effective solution combustion synthesis with
Perovskites

oxalic acid as fuel. X-ray diffraction profile confirms tetragonal symmetry for both Lag gSrg.1Cap1MnOs and
LaMng gFep.1C09.103. The FESEM study showed particle agglomeration with average sizes of 75 and 67 nm,
attributed to ionic radii differences. Elemental composition was verified through EDX analysis. Magnetic mea-
surements conducted at 5 and 300 K demonstrate that Lag gSrg 1Cap1MnOs3 displayed soft magnetic properties
with high saturation magnetization (79.81 emu/g) and low coercivity (0.016 T), whereas LaMng gFe( 1C00.103
showed hard magnetic characteristics with increased coercivity (0.38 T) and lower saturation magnetization
(51.25 emu/g). Temperature-dependent magnetization studies showed ferromagnetic to paramagnetic transi-
tions for both materials, suggesting that targeted doping at A- and B-sites enhances magnetic performance. The
findings suggest the materials’ potential applications in spintronic devices such as magnetic storage and sensors.
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1. Introduction alter the structural and magnetic characteristics. For A-site, Sr and Ca

and for B-site, Fe and Co were used as co-dopants. The structural

Spintronics offers promising advancements for energy-efficient de-
vices by utilizing both electron charge and spin, essential in applications
like magnetic tunnel junctions (MTJ), spin valves, giant magnetoresis-
tive sensors (GMR), spin-based transistors, and quantum dots [1-3].
Perovskite materials specifically LaMnOs, stand out for their versatility,
with doping at either the A-site, B-site, or both, enhancing various
properties, such as magnetoresistance and magnetic transitions, making
them suitable for various applications including catalysis, thermos-
electrics, supercapacitors, electrochemical sensors, magnetic devices
and biomedical applications [4-8]. Among the various methods avail-
able for the perovskite synthesis, solution combustion synthesis is
widely recognized for its simplicity and cost-effectiveness [9].

In this study, LaMnOs nanoparticles were synthesized via solution
combustion synthesis with targeted A-site and B-site double doping to
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changes and the consequent alterations in the magnetic behaviour of the
resultant double-doped perovskites viz. LaggSrg.1Cap1MnOs and
LaMng gFeg 1Cog 103 were studied and reported.

2. Experimental details

The chemical reagents lanthanum nitrate hexahydrate (La
(NO3)3-6H20), calcium nitrate tetrahydrate (Ca(NO3)y-4H20), stron-
tium nitrate anhydrous (Sr(NOs),), manganese(I) nitrate tetrahydrate
(MnN5Og-4H50), ferric nitrate (Fe(NO3)3-9H50), cobalt nitrate hexa-
hydrate (Co(NOs)2:6H30) are the oxidizers and oxalic acid
(C2H204-2H50) is the fuel/reducing agent. They were used without
further purification for the preparation of combusted LaggSrg 1.
Cap1MnO3 and LaMnggFe(1Cop 103 perovskite nanoparticles. The
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oxidizer/fuel ratio was kept as 9:8 for former and 10:8 for the latter,
according to the concept of propellant chemistry.

The LaMnOg3 perovskite nanoparticles were prepared using a simple
solution combustion synthesis. To synthesize LaggSrpCag.1MnO3
nanoparticles, stoichiometric amounts of lanthanum, calcium, strontium
and manganese nitrates along with oxalic acid were dissolved in
deionized water. The solution was stirred and heated in a muffle furnace
at 300 °C for combustion reaction, which produced a fluffy powder.
Then the powder was calcined at 800 °C and ground. The same pro-
cedure was used to synthesize LaMng gFe( 1C0(.103 nanoparticles.

3. Characterization

Structural analysis was carried out using powder X-ray diffraction
(XRD) with CuK, radiation on an X’Pert Pro PANalytical Powder X-ray
Diffractometer and the Rietveld refinement was done by using TOPAS
software. The morphology of the nanoparticles was examined using a
Carl Zeiss Sigma 300 Field Emission Scanning Electron Microscope
(FESEM) coupled with an Energy Dispersive X-ray (EDX) spectrometer.
ImageJ software was used to determine the average particle size of the
samples. The X-ray Photoelectron Spectroscopy (XPS) analysis was
performed to study the chemical state of the atoms present in the sys-
tems using an ULVAC PHI, model VersaProbe III in XPS mode. The
temperature dependence of magnetization (M—T) was recorded in the
temperature range of 5 to 350 K under an applied magnetic field of 100
Oe. Field-dependent magnetization (M—H) was measured at 5 and 300 K
with a maximum applied field of 6 T. All magnetic measurements were
carried out using a Quantum Design DynaCool PPMS.

4. Results and discussion
4.1. XRD, FESEM and EDX studies

The Fig. 1. (a and b) show the rietveld-refined patterns along with
their three-dimensional crystal structures of Lag gSrg1Cap1MnO3 and
LaMng gFep 1Cop 103 nanoparticles, respectively which confirm the for-
mation of tetragonal crystal system with I4/mcm space group. The
refined patterns display a close overlap of observed (Yobs) and calcu-
lated (Ycalc) peaks, with their difference (Yobs — Ycalc) shown in blue,
indicating a good structural fit, confirming the perovskite structure of
these compounds. The 3D crystal structure obtained through refinement
clearly shows the substitutional incorporation of the dopant ions Sr and
Ca into the regular sites of La as seen in Fig. 1. (a). Similarly, the sub-
stitutional incorporation of Fe and Co into the regular sites of Mn in the
LaMnOs lattice is illustrated in Fig. 1. (b). The shorter Mn-O bond length
and larger Mn-O-Mn bond angle in Lag gSr.1Cag.1MnO3 favour strong
ferromagnetic properties. In contrast, longer Mn-O bond length and
smaller Mn-O-Mn bond angle in LaMng gFe( 1C00.103 result in weaker
ferromagnetic properties. The obtained bond angle, bond length, R-
factors, GOF values, lattice parameters, atomic positions, occupancies
and crystallite size are presented in the tables ST1 and ST2.

The FESEM images (Fig. 2. a and b) highlight the particle size
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differences between LaggSrg1Cag1MnO3 and LaMnggFey1Cog.103
nanoparticles, with average sizes of 75 and 67 nm. Both samples show
agglomeration due to the gases evolved during combustion and the
larger ionic radii of Sr** and Ca?*. However, LaMng gFeq 1C00.103 dis-
plays more uniform particles with clear boundaries due to the smaller
ionic radii of Fe>* and Co>*. The EDX spectra (Fig. 2. ¢ and d) confirm
the presence of expected elements in the samples.

4.2. PPMS analysis

The field dependence of magnetization (M—H) at a temperature of 5
and 300 K for both LaggSrg1Capg1MnOs and LaMnggFeg 1C00.103
nanoparticles is illustrated in Fig. 3a, highlighting distinct magnetic
behaviours. At 5 K, Lag gSrg.1Cag.1MnOg shows a sharp rise in magneti-
zation at low magnetic fields (up to 0.5 T), reaching saturation
magnetization (Ms) at 79.81 emu/g. The narrow hysteresis loop, with a
very small coercivity (Hc) of 0.016 T indicates soft ferromagnetic ma-
terial. The remanent magnetization (Mr) at 12.71 emu/g shows that the
material retains a small fraction of its magnetization even after the
external field is removed. Conversely, LaMnggFey1C09 103 shows a
broader hysteresis loop, indicating higher coercivity (0.38 T) and a
lower saturation magnetization (51.25 emu/g) with higher remanent
magnetization (28.33 emu/g), indicating hard ferromagnetic behaviour,
with significant retention of magnetization. At 300 K, LaggSro.i.
Cap,1MnO3 shows a reduced Ms (39.79 emu/g), Mr (0.34 emu/g) and Hc
(0.005 T) suggesting weaker ferromagnetic behaviour. The LaMngg.
Fep.1C00.103 nanoparticles shows a linear response revealing the para-
magnetic behaviour. These variations in the magnetic behaviour are
caused by the substitutional incorporation of the two different pairs of
co-dopants (Sr & Ca and Fe & Co) at the sites of the host elements La and
Mn as confirmed by the Rietveld refinement results.

The temperature dependence of magnetization (M—T) under zero-
field cooled (ZFC) and field cooled (FC) conditions at a field of 100 Oe
for Lag gSrg.1Cap,1MnO3 and LaMng gFe( 1C0g 103 nanoparticles is pre-
sented in Fig. 3b. For Lag gSrg 1Cap,1MnO3, the ZFC magnetization in-
creases with temperature, reaching a peak at 261 K. The FC curve shows
higher magnetization at low temperatures, gradually decreasing with
temperature showing that the material exhibits ferromagnetic to para-
magnetic transition. For LaMng gFep1C00.103, the FC magnetization
begins at 8.32 emu/g and remains relatively constant till 48 K, then
decreasing sharply which indicates that the material exhibits ferro-
magnetic behaviour. As the temperature increases, the flattening of the
curve suggests that the material becomes paramagnetic. The ZFC curve
rises until 95 K and sharply decreases and flattens at 129 K, indicating a
similar transition. The Curie temperatures (Tc) were found to be 300.35
K for LaggSrp.1CapiMnO3 and 107.09 K for LaMnggFeg 1C00.103
nanoparticles.

5. Proposed mechanism

The proposed mechanism is illustrated in Fig. 4. In LaggSrg1.
Cag.1MnOg, the substitution of Sr>* and Ca?" into the La>* regular site
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Fig. 1. (a and b) Refined XRD patterns with 3D crystal structures of the samples.
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Fig. 2. (a and b) FESEM images and (c and d) EDX spectra (inset- atomic percentages of elements) of the samples.
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Fig. 3. Magnetization vs Magnetic field (M vs H) and Magnetization vs Temperature (M vs T) curves of Lagg Srp1 Cap; MnOs and LaMngg Feg; Cop; O3
nanoparticles.
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Fig. 4. Proposed mechanism for the magnetic behaviour of Lag g Srg; Cap.; MnO3 and LaMng g Feg; Cog; O3 nanoparticles.
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ensures charge neutrality and influences the material’s magnetic prop-
erties, while predominantly maintaining Mn>" as evidenced by the XPS
spectra given in the supplementary file. In LaMng gFep 1Cog.103, Fe3*
and Co®" substitute Mn at the B-site creates a mixed valence state, which
influences the electron configuration and alter its magnetic order. These
dopants in both compounds contribute to variations in their magnetic
behaviour.

6. Conclusion

The A-site (Lao_SSro_1Ca041Mn03) and B-site (LaMn048F60_1C00_103)
double-doped LaMnOs nanoparticles synthesized using solution com-
bustion synthesis with oxalic acid as fuel exhibited different magnetic
properties. The XRD analysis confirmed that Lag gSrp.1Cap.;MnO3 and
LaMng gFe(.1C09.103 have a tetragonal structure with I4/mcm space
group. The FESEM images indicated particle agglomeration with
average particle size of 75 and 67 nm and the EDX confirmed the
presence of expected constituent elements in the respective systems.
Magnetic measurements showed notable differences in magnetic
behaviour between the samples. The LaggSrg1Cag1MnO3 exhibited
strong ferromagnetic behavior with soft magnetic properties showing
high saturation magnetization of 79.81 emu/g and low coercivity of
0.016 T, whereas LaMng gFe( 1Cog 103 displayed hard magnetic behav-
iour with higher coercivity (0.38 T) and lower saturation magnetization
(51.25 emu/g) at 5 K. Temperature-dependent magnetization (M—T)
studies revealed the ferromagnetic to paramagnetic transitions in both
the materials, with distinct transition temperatures. The results
demonstrate that tailored A- site and B-site doping in LaMnOs can
significantly alters the magnetic properties, indicating promising po-
tential for applications in spintronic devices like magnetic storage and
Sensors.
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