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1 Introduction

Oxide-based double perovskite compounds with crystal formula, A;BB’O¢ have
attracted the attention of researchers in the last two decades due to multifunctional
properties exhibited by these compounds [1]. Double perovskite compounds were
found to display interesting magnetic properties such as near room temperature ferro-
magnetism, colossal magneto-resistance, magneto-dielectric, etc., which have poten-
tial applications for the spintronic devices [2]. In comparison to oxide-based single
perovskites of ABO; type, the double perovskites have another element at B-site
(B) [3]. This structural modification, i.e., different orders of ions at B-site produce
multiple exchange interactions resulting from different oxidation states of B-site ions
exhibited in different crystal symmetry and lattice distortions give rise to many of
the functional properties for the compound [4, 5]. In the recent past lead-free inor-
ganic perovskite structures are widely studied due to the need of clean and green
technological advancements [3-9].

Among the various studied double perovskite materials, La-based double
perovskites La,CoMnOg (LCMO) and La;NiMnOg (LNMO) are widely studied
by researchers due to the magnetodielectric, magnetoresistance, and magnetocapac-
itance properties for possible application in spintronic devices [6]. They exhibit inter-
esting magnetic properties owing to their multiple oxidation state in B/Mn ordering
[7]. LNMO is a ferromagnetic semiconductor with paramagnetic to ferromagnetic
transition near room temperature ~275 K [8]. La,CoMnOg (LCMO) is known to be
a ferromagnetic insulator which in its ordered state shows a ferromagnetic transition
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about 240 K due to the super-exchange interaction of Co?*—0?~—Mn** ions where
Mn appears in its high spin state [9]. In its disordered state Co and Mn also appear in
+3 charge state due to which the ferromagnetic transition is around 150 K [9]. When
the A site of the compound A,BB’Og is doped with holes, i.e., when Sr** replaces
La* in LCMO, it is interesting to study the effect of anti-site disorder created in
an otherwise ordered perovskite on the magnetic properties of the system [10]. In
addition to the chemical disorder created by the doping, the manganite’s structural
disorder is also there because of Jahn Teller distortions and octahedral tilt [11]. Due
to structural distortion, the interaction among the magnetic ions (B-Site ion) at the
centre of the octahedra is also affected because the distortion of the structure leads to
a change in the degree of overlap of the t,; and e, orbitals of the transition metal ion.
As aresult of which the occupying electrons take the type of magnetic configuration
which saves maximum energy [12]. The exhibited magnetic properties as a result of
interplay of structural and chemical disorder are worth studying. Aga Shahee et al
has reported the existence of ferromagnetic correlations above the anti-ferromagnetic
ordering temperatures at ~368 K for cubic perovskite manganite’s [11]. Such ferro-
magnetic correlations are important from the point of view of application in the field
of spintronics.

In this paper we have studied the magnetic interactions in LCMO and Sr doped
LCMO nanoparticles synthesized by sol-gel method through temperature-dependent
magnetization study and have observed the ferromagnetic short-range correlations
in LSCMO nanoparticles formed in thombohedral phase.

2 Experimental Details

2.1 Synthesis Details

Pure, La,CoMnOg (LCMO) and Sr doped La, SryCoMnOg (LSCMO: x = 0.12)
nanoparticles were synthesized by the sol-gel method. In the preparation of nanopar-
ticles, nitrate precursors La(NO3)3 - Co(NO3), - 6H,O, Sr(NO3), and Mn(NOs3),
were taken in stoichiometric ratio and dissolved in 100 ml of deionized water. Citric
acid was added in the solution as the capping agent. The solution was further stirred
continuously on a magnetic stirrer by maintaining a constant temperature of 70 °C
till a viscous gel is obtained. The obtained gel was dried in a hot air oven at 150 °C
for about 6 h to obtain a dry fluffy powder. The powder was ground in an agate
mortar to obtain a very fine powder. This powder was kept for calcination in a muffle
furnace at 600 °C for 4 h. The obtained black powder was ground and collected for
further investigation of the physical properties via different experimental techniques.
Figure 1 shows schematically the different steps in the synthesis of Sr doped LCMO
nanoparticles by sol-gel method. The corresponding chemical reaction is as follows;

2La(NO3); + Co(NO;),.6H,0 + Mn(NOs), + xSr(NO3), + citric acid
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Fig. 1 Schematic representation of steps of synthesis by sol-gel method to prepare LCMO and
LSCMO nanoparticles

La,_xSrsCoMnOg + gaseous products €))

2.2 Characterization Techniques

X-ray diffraction spectra was recorded from Bruker D8 X-ray diffractometer using
Cu-Ka source (. = 1.54060 A) to analyze the structural properties of the prepared
nanoparticles of LCMO and LSCMO. To study the structural phase formation and
bonding nature, Fourier transform infrared (FTIR) with attenuated total reflectance
(ATR-FTIR, Bruker Tech.) and Raman spectroscopy were used. Raman Spectra was
recorded with an excitation source of wavelength 514 nm of air-cooled Argon ion
laser. Laser power at the sample was ~4 mW and typical spectral acquisition time was
~50 s with the spectral resolution of 1 cm~'. To investigate the detailed magnetic
properties, M—H curve at different temperature was recorded using the Quantum
Design SQUID-VSM (VSM, Versa Lab) from 60 to 300 K.



18 S. Jharwal and A. Kumar

3 Results and Discussion

3.1 Structural Study and Strain Calculation

Figure 2 shows the XRD pattern of LCMO and LSCMO nanoparticles. The peaks of
XRD are indexed (JCPDS file no #53—-1211) with proper (hkl) planes and confirm
the formation of the desired nanoparticles. The peak positions in XRD pattern of
LSCMO nanoparticles are slightly shifted toward the higher angle side compared to
peak positions of LCMO nanoparticles. From Table 1 we can observe widening and
shifting of the diffraction peaks with Sr doping indicating the replacement of the La
ions with Srions in the LCMO host lattice. The crystallite size has also been estimated
from Scherrer formula [13] and found to be in the range of 6-18 nm as tabulated
in Table 1. It has also been observed that along with the widening and shifting of
the diffraction peaks the synthesized materials are within the nanometer range. XRD
pattern of the LSCMO shows that the full width at half-maximum (FWHM) of most
of the peaks increases with a doping percentage of Sr which can be attributed to a
decrease in crystallite size (Table 3).

To collect more information regarding the structural phase formed and other lattice
parameters, the Rietveld refinement of X-ray diffraction pattern using FullProf soft-
ware was carried out. Figure 3 shows the Rietveld refinement plots of LCMO and
LSCMO nanoparticles. For the refinement procedure, initial input parameters (such
as unit cell lattice parameters, space group and atom coordinates) are taken from
matching reference patterns [14]. The pseudo-voigt function has been chosen in the
present study for peak shapes in the refinement purpose. It has been found from
Fig. 3 that observed and calculated patterns are in good agreement to each other.
The X-ray diffraction pattern after refinement corresponds to rhombohedral struc-
ture (space group R3c (161)). Table 2 lists the Wycoff positions, lattice parameters
and bond distances obtained from refinement. The value of parameters for LSCMO

Fig. 2 X-ray diffraction
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Table 1 Comparison of 26 position and FWHM values of XRD peaks of XRD of LCMO and
LSCMO nanoparticles

26 positions of XRD peaks FWHM (degrees) Crystallite size (Scherrer
formula)

LCMO LSCMO LCMO LSCMO LCMO LSCMO
22.54 22.57 0.46 0.50 17.66 16.13
3223 32.36 0.73 0.76 11.30 10.89
39.84 40.04 0.75 0.79 11.18 10.73
46.49 46.68 0.71 0.73 12.08 11.81
57.90 58.15 1.07 1.10 8.51 8.24
68.18 68.42 1.50 1.24 6.39 7.73
71.77 77.93 1.26 1.06 8.09 9.67

Fig. 3 Rietveld refinement
of X-ray diffraction pattern
of pure and Sr doped
La;CoMnOg nanoparticles.
Observed (black dots),
calculated (red solid line),
and difference (blue line at
the bottom) profiles. The
black tick marks indicate the
positions of the allowed
Bragg reflections

x=0.12 110 [

| — Y
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varies slightly from LCMO which could be attributed to different ionic radii of Sr
(1.13 A) and La (1.06 A) [14].

Induced strain (¢) in the prepared LCMO and LSCMO nanoparticles due to some
distortions is estimated by plotting Williamson—Hall (W-H) plots as shown in Fig. 4a,
b. The values of estimated crystallite size and strain are tabulated in Table 3. The
crystallite size obtained from W-H plots is larger compared to values obtained by
Debye Scherrer formula as the effect of broadening of peaks due to strain is not
considered in it. It has been observed that the value of estimated strain in LSCMO
sample is less as compared to the pure LCMO sample and the difference in the
crystallite size measurement from Debye Scherrer formula and W—H plots is smaller
in this case.
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Fig. 4 a, b Williamson Hall (W-H) plots for the pure and Sr doped LCMO nanoparticles

Table 2 Structural parameters obtained from Rietveld analysis of LCMO and LSCMO nanoparti-
cles

Parameters x=0 x=0.12
Atomic positions La:6a(0,0,0.250) La:6a(0,0, 0.24961)
Co/Mn:6a(0,0,0) Co/Mn:6a(0,0, 0.0147)

0:18b(0.457,0,0.252)

0:18b(0.5405,0,0.741)

Lattice parameters

a 5.48 A 5.44
b 548 A 5.44
c 1325 A 13.47
di10 2.74A 2.72
La/Sr—O(A) 2.73 2.73
Co/Mn-O(A) 1.94 1.96
X2 1.7 3.12

Table 3 Crystallite size and strain obtained from W-H plots for LCMO and Sr doped LCMO

compound

Doping concentration | Crystallite size (nm) Crystallite size(nm) | Strain (calculated from
(x) (By Scherrer formula) | (W-H Plots) W-H plots)

0 11.30 38.4 6.48 x 1073

0.12 10.89 19.97 4.02 x 1073

3.2 FTIR Spectroscopy Analysis

FTIR spectra of the material give insights about the attached functional groups and
impurities present [15]. Figure 5 shows the absorbance spectra obtained for LCMO
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and LSCMO nanoparticles in the wavenumber range of 400-4000 cm ™~ recorded at
room temperature (RT) [16]. A strong band at 586 cm ™! for the LCMO nanoparticles
is obtained which is due to Co—O/Mn-O vibrations in LCMO nanoparticles. Some
weak bands are also obtained around 1073 cm~! and 1145 cm~! which could be
due to Mn—O-Co vibration in MnQOg octahedra. Weak bands are also obtained at
1393 cm~! and about 855 cm™! which corresponds to vibration of nitrate ions [17].
The bands obtained at 1483 cm™! could be due to vibration of N-O from the nitrate
precursors taken [18]. In the LSCMO nanoparticles a strong band is observed at
581 cm™!, i.e., the bands are shifted to lower wave number side with the doping of
Sr in the LCMO lattice.

3.3 Raman Spectroscopy Study

Raman spectra of the material is an efficient way of detecting the phases present.
The peaks in the spectrum at different wavelengths are corresponding to specific
vibration of molecular bonds and lattices [15]. In double perovskite compounds
(A>BB’Og) structure, the vibrational modes are due to BOg and B’O¢ octahedra
and A-O bonds [19]. Figure 6 shows the Raman spectra of LCMO and LSCMO
nanoparticles recorded at RT at an excitation wavelength of 514 nm. The spectra
show a peak at ~662 cm~! for LCMO and with a slight shifting in case of LSCMO
which is due to the incorporation of Sr*? ions in host LCMO. The observed peak in
the spectra is due to A, symmetric stretching vibration mode of oxygen octahedra
around cations [20, 21].
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3.4 Magnetic Measurements

Figure 7 plots magnetization as a function of magnetic field for LCMO and LSCMO
nanoparticles at RT by varying magnetic field from —30,000 Oe to 430,000 Oe. The
inset of Fig. 7 shows the M-H curve in low magnetic field region from —2700 Oe to
+2700 Oe. The nature of M-H curves of LCMO and LSCMO nanopatrticles indicate
dominant paramagnetic nature of the double perovskites at room temperature. The
magnetic parameters: maximum magnetization (M), coercivity (H¢) and retentivity
(M;) obtained from M-H data (Fig. 7) are tabulated in Table 4. The value of M and
M, for LSCMO was found to be increased whereas the value of H. decreased for the
LSCMO nanoparticles as compared to LCMO nanoparticles.

Figure 8a shows M-H curves recorded at various temperatures for LCMO and
LSCMO nanoparticles. This also indicates an increase in maximum magnetization
and coercivity at low temperature with Sr doping in LCMO host lattice. From Fig. 8a
we can see that the LCMO and LSCMO nanoparticles undergo a transition to ferro-
magnetic behavior below room temperature from paramagnetic behavior shown at
room temperature. Figure 8b represents the Zero field cooled (ZFC: black color) and
field cooled (FC: red color) magnetization curve of LCMO and LSCMO nanoparti-
cles in the temperature range 60—400 K. To know exactly the transition temperature,
the first derivative of the ZFC magnetization as a function of temperature (inset
of Fig. 8b), i.e., dM/AT Vs T graph for LCMO nanoparticles was plotted which
indicates two transition temperatures at ~220 and ~175 K. Anomaly was observed
at further lower temperatures around 100-115 K, which could be attributed to the
glassy behavior indicated as Ty [24]. The observed transition at ~220 K and at
~175 K could be due to Co?*—O>~—Mn** ferromagnetic super exchange interactions
and Co**-0>"—Mn** ferromagnetic super exchange interactions, respectively [22,
23]. The ZFC-FC and dM/dT versus T graph (inset of Fig. 8b) plots for LSCMO(x
= (0.12) nanoparticles indicate one prominent transition temperature at 175 K and a
small minimum is obtained around ~360 K. This implies that with the doping of Sr
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Fig. 7 Room temperature magnetization (M—H) curve of LCMO and LSCMO nanoparticles

Table 4 Magnetic parameters obtained from the M-H experimental curve

Composition Remnant Maximum Coercivity values (Hc)
magnetization (M;) | magnetization (M) | (Oe)
(emu/g) (emu/g)

La; CoMnOg 0.07 1.96 737.94

Lal,gg Sr().lzcoMIlO(, 0.12 14.50 112.58

in LCMO nanoparticles the effect of ferromagnetic ordering due to Co**—0?~—Mn**
super exchange interaction is reduced and due to Co**—0?*~—Mn**ferromagnetic
super exchange interactions are enhanced [10]. The existence of lower transition
temperature in case of LSCMO indicates that Co®* and Mn** exist whereas ideally
only Co** and Mn*" ions are expected in LCMO system [9].

In order to get more insight about the magnetic transition temperature of the
compounds inverse of susceptibility was plotted as a function of temperature (Fig. 9).
On extrapolating the linear portion of the inverse susceptibility for LCMO nanopar-
ticles it intersects x-axis at about ~220 K. The linear portion of the graph beyond
this temperature indicates paramagnetic nature in accordance with Curie-Weiss law
[12]. For LSCMO (x = 0.12) nanoparticles the inverse susceptibility graph has two
linear regions which on extrapolating intersect the x-axis at 350 K and ~175 K.
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Fig. 8 a Magnetization curve of LCMO and LSCMO nanoparticles at 60, 150, 200, 250 and 300 K.
b ZFC and FC curve at 100 Oe in temperature range 60—400 K. The inset shows the first derivative
of ZFC magnetization values plotted as a function of temperature

The anomaly observed at ~360 K for Sr doped LCMO could be understood in terms
of the effect of hole doping by Sr?* at A site. Due to hole doping at A site, the valence
of the B site ions i.e., Co/Mn can be affected [25]. As reported by Lan and coworkers
[26] in their theoretical work that holes introduced by Sr doping in LCMO mainly go
to oxygen sites and hence Mn** ions are introduced which disrupts the long-range
ordering of Co and Mn [10]. Mn>* ions with valence configuration 3d*, due to Jahn
Teller effect spontaneously distorts the octahedron as it is energetically favorable, the
increment in elastic energy due to distortion of octahedron is balanced by the energy
saved due to lowering of e, orbitals [12]. Mn** can interact ferromagnetically with
the neighboring cation via double exchange mechanism. The transfer of electrons
from Mn>* to neighboring ion saves kinetic energy and is allowed only if both are
ferromagnetically aligned [12]. Many researchers have reported the existence of
ferromagnetic correlations above the curie temperature for Sr doped manganites [1,
25]. The inverse susceptibility plots and the dx ~'/dT curves for LSCMO (x = 0.12)
(inset of Fig. 9) indicate that above the ferromagnetic to paramagnetic transition
temperature the behavior is not purely paramagnetic but ferromagnetic correlations
exist and we obtain two peaks in dx ~!/dT versus T graph namely at 368 and 385 K
which could be due to varying stoichiometry of oxygen in the compound [26]. The
existence of ferromagnetic correlations is evidence of the existence of Griffith like
phase [1, 10, 25]
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Fig. 9 a Inverse susceptibility versus T plot for LCMO nanoparticles, red line indicates linear fit
according to Curie Weiss law. b Inverse susceptibility versus T plot for LSCMO nanopatrticles, red
line indicates linear fit according to Curie Weiss law, inset plots derivative of inverse of susceptibility
with respect to temperature

4 Conclusion

Double perovskites La,CoMnOg (LCMO) and La, gg Stg.12CoMnOg (LSCMO) have
been synthesized successfully using the wet chemical synthesis method of sol-gel.
The crystallite size estimated from the peaks of X-ray diffraction pattern using Debye
Scherrer formula is around 6—18 nm. Rietveld refinement of X-ray diffraction pattern
indicates formation of rhombohedral phase (S.G. No. R3c; 161). The Williamson
Hall plots indicate that the strain reduces on doping with Sr in LSCMO nanopar-
ticles. The FTIR and Raman spectra show characteristic bands corresponding to
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Co/MnOg octahedra further confirming the formation of double perovskite struc-
ture. The magnetization study at room temperature shows paramagnetic nature of
prepared compounds. From the temperature-dependent magnetization studies, we
conclude that multiple interactions between the different oxidation states of B site
ions exist. For LSCMO nanoparticles a Griffith like phase above curie temperature
exists at 368 K which is useful for spintronics applications.
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