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Abstract. A series of perovskite compounds Lai.xCaxFeosMngsO3 (x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8 and 0.9) were synthesized using the conventional ceramic method. The influence of the Ca-doping
on the crystal structure of these compounds was studied using was investigated through X-ray diffraction
(XRD) and Raman scattering spectroscopy. XRD analysis revealed that all the samples crystallize in an
orthorhombic structure with the Pbnm space group. The variation in lattice parameters, bond lengths and
bond angles created by the difference in valence state and ion size due to the Ca-doping leads to the
distortion and tilt of octahedra in the samples.
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1. Introduction

Perovskites are a group of fascinating materials with a common molecular formula
of ABOs, where A represents alkali earth or rare earth elements and B represents
transition metal elements. Perovskite oxides have been widely studied due to their
important physical properties, such as high dielectric constants, magnetism,
superconductivity (Lu et al., 2019), ferroelectricity, multiferroicity, pyroelectricity (Geng
et al., 2020; MacZka et al., 2011; Romero et al., 2015), piezoelectricity and enhanced
electrical resistivity (Guo et al., 2020; Zhang et al., 2020).

Among perovskites, LaFeo5MnosOs (LFMO) have been considered potential
candidates for technological devices. Reports in the literature have shown that the LFMO
perovskite crystallizes in different crystal structures, depending on synthesis methods
such as solid-state, sol-gel, combustion, thermal decomposition, co-precipitation and the
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Pechini method. The crystal structure of LFMO can be categorized into three structures:
monoclinic crystal, triclinic crystal and cubic crystal with space groups P21/n (Dar et al.,
2023), Pbnm (Palakkal et al., 2018), Pnma (Ahmad et al., 2021) and Pm-3m (Dutta et al.,
2019). The magnetic of perovskites LFMO is quite complex (De et al., 2005; 2006; De
Lima et al., 2010; Gilleo, 1957). The polycrystalline sample of LFMO is considered to
have cluster-glass properties with large irreversibility in the magnetic field below 260 K
(Glazer, 1972; Mitchell, 2002; Woodward, 1997). The coexistence of ferromagnetic and
antiferromagnetic phases has been observed in the LFMO polycrystalline sample and they
are related to the random distribution of ions in the B-site positions (Dagotto et al., 2003).

Recently, co-doping at La sites in the LFMO also attracted lots of interest. Dutta et
al. (2019) doped Ba into LaixBaxFeosMnosO3 (x = 0.25, 0.33, 0.5) to enhanced the glass
magnetic state at lower temperatures. In addition, when Ba is doped into the sample,
additional reflection points (110) appear in electron diffraction (ED) to clearly further
clarify the arrangement of Fe and Mn in the B site of perovskite (Dutta et al., 2019). On
the other hand, when adding impurities of other substances into Lai-xAxFeosMnos03 (X =
0, 0.25 and A = Ca, Sr and Pb) by the sol-gel method, the particle size has a significant
impact on the magnetism in LaFeosMnosOs due to the growth of surface ferromagnetic
clusters at the nanoscale (Hossain et al., 2017). In this article, we study the effect of Ca-
doping on the structural properties of perovskites LaixCaxFeosMnos03 (LCFMO) (x =0,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9) prepared using the conventional ceramic
method utilizing X-ray diffraction (XRD) and Raman spectroscopy analysis.

2.  Experimental details

LCFMO compounds with x = 0-0.9 were prepared using the solid-state reaction
technique from precursors of La2Os, CaCOsz, Mn203 and Fe;Os. The stoichiometric
mixtures of these oxides were first ground for several hours and then heated in air at
1320°C in successive steps for 15, 5 and 15 h. The obtained mixtures were final annealed
at 1375°C for 22 h. The samples was reground between the heating periods. The structural
parameters of the LCFMO samples were investigated utilizing X-ray direction and
Raman scattering spectroscopy measurements.

3. Results and discussion

Structure analysis was conducted using X-ray powder diffraction data. Rietveld
refinement of the samples was performed to determine the structural parameters using the
FullProf Suite software. Figure 1(a) illustrates the XRD patterns of some representative
LCFMO with x = 0, 0.3, 0.6 and 0.9. The refinement shows that all samples exhibit the
orthorhombic structure with the space group of Pnma (Figure 1(b)) indexed as 101, 121,
220, 202, 141, 042, 242 and 161 consistent with the previous reported structure of
LaFeosMnos03 (Das et al., 2023; Martinez-Rodriguez et al., 2018). The lattice
parameters such as lattice constants and unit-cell volume of the sample, derived from the
XRD data are shown in Figure 2. As we can see, doping Ca into the LCFMO leads to a
decrease in the lattice constants and therefore, the unit-cell volume. This decrease in the
lattice parameters is due to smaller ionic radius of Ca (0.99 A) compared to the radius of
La** (1.06 A) (Li et al., 2014).
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Figure 1. (a) XRD patterns at room temperature of the LCFMO samples: the experimental points (red),
calculated lines (black) and the position of the nuclear peak (blue) are shown.
(b) Crystal structure of Pnma tetragonal phase LCFMO

7.85 1240
5.55 - c 7.80 b
7.75

7.70 1035
g 550 - 7.65 -
%) 7.60 <
€ s o
8 78500 02 04 08 08 10 1230 g
2 5.45- 2
Q >
Q —1
8 {225 &
5 -
S 5.40 5

1220

@ (b)
a
T T T T T T T T T T 215
0.0 0.2 0.4 0.6 0.8 00 02 04 06 038
Ca content x Ca fraction x

Figure 2. Effect of the Ca content x on (a) lattice parameters and
(b) unit-cell volume of LCFMO compounds

Furthermore, the crystallite size D and microstrain ¢ in the LCFMO samples were
determined from the XRD data using the Williamson-Hall equation based on the
dependence of the diffraction peak broadening [ (after subtracting the instrumental
contribution) on its 20 position (Li et al., 2014):

KA _
pcos O = o + 4esin @, (D

where, K is the Scherrer constant (0.9), 4 is the wavelength of the X-ray (0.154056 nm),
[ is the FWHM of XRD peak due to microsize of crystal and & is the Bragg angle.
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Figure 3. Dependence of Bcosd on 4sind of the LCFMO samples
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Figure 4. Ca-content dependence of (2) crystallite size and (b) microstrain of the LCFMO samples
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Figure 5. Dependence of the microstrain on the crystallite size of LCFMO samples

From Equation (1), by plotting the dependence of Scosé on 4sind (Figure 3), we can
determine the crystallite size D and microstrain ¢ from the intersection point of the graph
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BcosB vs 4sin® with the vertical axis B.cosf and the slope of this graph, respectively.
Figure 4 shows the dependence on the Ca-doping content of the crystallite size and
microstrain of the LCFMO compounds. It can be seen that both parameters change
anomalously. The crystallite size increases at x = 0.3, then decreases abnormally to x =
0.5 and continues to increase. Meanwhile, microstrain shows an opposite change trend
with the crystallite size. The dependence of the microstrain on the crystallite size are also
plotted. As shown in Figure 5, the microstrain increases as the crystallite size decreases.
This is possibly due to the enhancement of structural defects with decreasing the
crystallite size.

In addition, other structural parameters such as bond length and angle in BOe
octahedra were also determined from the XRD refinement. Similar to the lattice constants,
as the doping concentration increases, the average B-O bond length decreases, as shown
in Figure 6(a). However, the average B-O-B bond angle increases with respect to the
doping concentration, resulting in the increase in the tilt angle of octahedra as shown in
Figure 7. The dependence on the doping concentration of lattice parameters of the
samples are also present in Table 1.
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Figure 6. Ca-content dependence of the average B-O bond length in the LCFMO samples
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Figure 7. Ca-content dependence of (a) B-O-B bond angle average, (b) tilt of the octahedra of LCFMO
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Table 1. Structural parameters such as bond lengths, bond angles, distortion parameter Ad of octahedron

with an average B-O distance <d> (Ad = (1/6)Yn=16[(dn - (d))/{(d)]? (Rodriguez-Carvajal et al., 1998) and

titl angle ¢ = —/48 x tan~*(y[0,]) (O’Keeffe & Hyde, 1977) of the LCFMO samples. Atom positions
in Pnma: |R (La/Ca) 4c (x, 0.25, z); B (Mn/Fe) 4b (0, 0, 0.5); O1 4c (X, 0.25, z) and O2 8d (X, Y, z)

X 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
B1- 1.973 1.96 1.959 1.95 1.945 1.937 1.943 1.939 1.933 1.931
01(1)
A
B1- 2.025 2.015 2.01 1.998 1.987 1.982 1.975 1.945 1.937 1.926
02(1)
A
B1- 1.975 1.979 1.967 1.954 1.944 1.941 1.941 1.906 1.901 1.896
02(2)
A
<B- 1.991 1.985 1.979 1.967 1.960 1.953 1.95 1.93 1.924 1.918
O>
A
Ad (x 1.459(7) | 1.320(7) 1.281(1) 1.221(8) | 1.198(4) | 1.083(8) | 0.636(2) | 0.789(2) | 0.701(4) | 0.649(6)
10%)
B-O1- 168.6 170.4 168.6 166.2 165.4 164.1 163.3 161.5 158.7 157.3
B
(deg.)
B-02- 156.3 155.9 157.6 159.6 160.2 161.3 162 163.3 167.3 172.4
B
(deg)
<B-O- 160.4 160.7 161.3 161.8 161.9 162.3 162.4 162.6 164.4 167.4
B>
(deg.)

[
(deg)

134(4) | 138(2) | 142(5) | 143@3) | 143(7) | 144(G) | 14709) | 153(8) | 15.7(6) | 17.5(7)

Raman spectroscopy is a highly sensitive spectroscopic technique for probing the
local crystal structure and vibration modes strongly depending on the structural phase of
materials, so Raman studies have been conducted to gain a better understanding of the
phase structure of Ca doped LCFMO.

Intensity (arb. units)

200 400 600 800
Raman shift (cm™)

Figure 8. Raman spectra of LCFMO compounds

Figure 8 shows the Raman spectra of some representative LCFMO samples (x =0,
0.1,0.3,0.4,0.6 and 0.9). The Raman spectrum of the LCFMO sample with x = 0 contains
main peaks at 314, 474 and 605 cm, which are characteristic Raman modes of LCFMO
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(Bhame et al., 2005; Dhilip et al., 2019; Nasir et al., 2020; Palakkal et al., 2018; Triyono
etal., 2021; Wu et al., 1994). Peaks at 314 and 474 cm™ are associated with the bending
of the Fe/MnQOs octahedral cluster with the Aq symmetry, while peak at 605 cm™
corresponds to the stretching of the Fe/MnOg octahedral cluster with the Big symmetry,
which is attributed to the strong spin-lattice interaction (lliev & Abrashev, 1998; Nasir et
al., 2020; Triyono et al., 2021). In addition, the Raman intensity of the samples is
enhanced as increasing the Ca-doping content X, indicating a reduced crystal lattice
distortion. This result is consistent with the observed orthorhombic lattice distortion
revealed by the XRD analysis (Table 1).

In addition, the Raman spectra in Figure 8 also show a significant frequency shift
towards the larger frequency of the mode Bg at ~ 605 cm™ and a broadening of peak at
474 cm as increasing the dopant concentration. This demonstrates a suppression of
Jahn—Teller (JT) distortion of Fe/MnQOs octahedra in the LCFMO samples with respect to
the doping concentration. The suppression of JT distortion is possible related to an
increase of Mn** ions in the Ca-doped samples for reasons of valence conservation as
increasing the substitution of Ca?* for La®* (Baldini et al., 2009). Furthermore, the Raman
spectra in Figure 8 also show a change in the relative intensity of peaks at 474 and 605
cm™ with respect to x. It can be seen that the relative intensity of the peak at 474 cm™
decreases, while that of the peak at 605 cm™ increases as the Ca doping content increases.
These results demonstrate that the presence of Ca* ions affect the bending and stretching
of the Fe/MnOs octahedra.

4. Conclusions

Perovskite materials of Lai-xCaxFeosMnosOs (x =0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8 and 0.9) were synthesized utilizing the conventional ceramic method. The influence
of the Ca-doping on the structural properties of the compounds were studied using the
measurements of X-ray diffraction and Raman scattering spectroscopy. The Rietveld
refinement analysis of XRD data shows that all the samples are single phase with the
orthorhombic crystal structure belonging to the space group of Pbnm. The results
demonstrate the influence of doping on structural parameters such as lattice parameters,
crystallite size, microstrain, bond length and angle in the samples.
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