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0.35) materials prepared by Sol-Gel method]

5.1 Introduction

The perovskite manganese oxides are considered as a processing material for spintronics
due to highly spin polarized carriers in them and the colossal magnetoresistivity [1-4]. The
properties of manganese oxides get modified due to several reasons, the structure-property
relation being the most important. The structure property relation of a material depends on
synthesis route. Keeping this in mind, in present chapter, we have studied the structural,
morphological, electronic and vibrational properties of sol-gel synthesized Fe doped
Lao 67Sr0.3MnO3 manganites.

The sol-gel method was developed in the 1960s mainly due to the need of new synthesis
methods in the nuclear industry. A method was needed where dust was reduced (compared to the
ceramic method) and needed a lower sintering temperature. In addition, it should be possible to
do the synthesis by remote control.

Sol-gel technology to synthesize materials is a well known colloidal chemistry
technology, which produces various materials with novel and predefined properties. This is a
simple and low cost method. The sol is a name of a colloidal solution made of solid particles
within few hundred nanometer (nm) in diameter suspended in a liquid phase. Hence, it plays a
principle role in the development of modern nanotechnology for the preparation of new
materials. However, the gel is a solid macromolecule immersed in a solvent. Both liquid and
solid are diffused in each other. The application of the sol-gel method and flow chart of the

preparation of nanoparticles using sol-gel technique is displayed in Fig. 5.1 and 5.2 respectively.
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Fig. 5.1: Application chart of the Sol-Gel method [5].

12009 1 Mixing

41 2 Casting

1000, 3 Gelatior Porous Gel \
i 4 Aging
& 5 Drying
— 8004 6 Stii]ii?atin.m \
g | 7 Densification Densel
& 600 Aged Dried Gel
& 1 so S ¢
£ 4004 .@ @
o
|_ -

2001 T\ )

112 4 5 |6[7] 8

Relative time

Fig. 5.2: Processing of nanoscale particle by sol-gel method [6].
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5.2 Methodology and Experimental Details

The Lao.67Sr0o33MnixFexO3 (LSMFO, x= 0.15, 0.25 and 0.35) samples prepared in this
section are named as samples LSMFO-0.15, LSMFO-0.25 and LSMFO-0.35 respectively for x=
0.15 0.25 and 0.35. In this study, all reagents have been of analytical grade (AR). The LSMFO
nanoscale particles Lao.67Sr033MnixFexO3 (with x= 0.15, 0.25 and 0.35) were synthesized using
their nitrate precursors. AR grade starting compounds in stoichiometric amounts of lanthanum
nitrate La(NO3)3-6H20 (purity>99.0%), strontium nitrate Sr(NO3)2 (purity >99.5%), ferric nitrate
Fe(NO3)3-9H20 (purity >99.0%) and manganese nitrate solution Mn(NO3)> (purity 49.0-51.0%)
were separately dissolved in an appropriate amount of 0.2 molar concentration. Citric acid and
ethyleneglycol were then added in concentrations of 1.5 M and 2.25 M respectively. Citric acid
(C¢HsO7-H20, purity >99.5%) as the complexing agent, ethylene glycol (CH2OH)., purity
>99.5%) as the surfactant and demonized water as the solvent solutions were mixed together and
the entire solution was stirred constantly at 100°C for 5 to 6 hours to form homogeneous
solutions and obtained a transparent stable solution. About 5 hours later, the viscosity of the
system increased and the mobility was lost, leading to the formation of viscous wet gel [7].

After the intensive drying in the furnace oven at 400°C for 3 hours, the resulting material
appears in black powder form. A short-live dignition of the sample was observed due to the
reaction of the nitrates and the formation of the manganite perovskite material close to 250°C [7].
The obtained material then made in fine powder which were subsequently annealed under three
different calcination temperatures in air. The samples were annealed in a programmable box
furnace oven at 800°C and 1000°C. The temperature was held for a period of 6 to 6.5 hours.

Finally these samples were again ground for structural and magnetic characterizations.
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Fig. 5.3: Flow chart of the preparation of Fe doped LaSrMnO3 by sol—gel technique.
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The phase purity and nature of the crystal structure of the synthesized polycrystalline
samples were studied by PANalytical X’pert Pro X-ray diffractometer using Cu-Ko. (1.5406 A)
radiation at room temperature. The X-ray diffraction patterns were fitted by Rietveld refinement
using FullProf program in order to obtain structural parameters for each sample having different
doping concentration at different temperature. The surface morphology of prepared samples was
determined by scanning electron microscope (SEM) using JEOL JMS-5610LV and Oxford
INCA Energy Dispersive analysis of X-ray (EDAX). The transmission electron microscopy
(TEM) was determined by JEM-F200. The vibrational properties were studied by Raman
spectroscopy using JOBIN YVON HORIBA-HR800 at room temperature. The study of magnetic
properties of the samples was carried out by vibrating sample magnetometer (quantum SQUID)
in the temperature range 0 K to 360 K. The results of the various measurements of the

synthesized samples are explained sequentially in upcoming sections.
5.3 Results and Discussion

5.3.1 X-ray Diffraction (XRD)

The manganite perovskite structure of Lao.67Sr0.33Mn1.xFexO3 nanoparticles (x=0.15, 0.25
and 0.35) at various calcined temperatures such as 800°C and 1000°C was confirmed utilizing
PANalytical X'Pert Pro in the powder diffraction mode with CuKa radiation line. The 26 range
of X-ray intensity data were taken from 20° to 80°. The raw profile of powder diffraction pattern
having different Fe doping concentration of LSMO nanoparticles are introduced in Figs. 5.4 and
5.5. As per the XRD investigation, all prepared nanocrystalline samples are in single phase
without demonstrating any subsidiary or contamination phase and crystallize in the distorted

perovskite structure.
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The obtained X-ray diffraction data of the samples were refined for their structural and
stoichiometric parameters utilizing the well known Rietveld method. The Rietveld (1969)
technique was used for refining structural parameters (fractional coordinates, atomic
displacement parameters, occupation factors and lattice parameters) using the FullProf software
directly from entire powder diffraction patterns. The broad peak formed at 26~32.57, which is
recognized for LSMFO perovskite structure is used to calculate the crystallite size. The results
display no structural transition and a negligible shift of peak positions with varying Fe**
composition, since Mn** and Fe®" ions have nearly a similar ionic radius [8]. The diffraction
peaks corresponding to planes (012), (110) and (104) are in good concurrence with JCPDS data
which shows that the LSMFO is formed in rhombohedral crystal structure with R-3c space
group. The (202), (214) and (128) reflections indicate crystalline nature of the sample. The
results further affirms that all prepared nanocrystalline samplesare in single phase and Fe** ions
can partially replace Mn ions to enter into the crystal lattice effectively. Some peaks
corresponding to secondary phases were detected as trace from XRD of the samples obtained
from ball milled route. All impurity phases vanished in XRD pattern obtained from sol-gel
method. We can argue that the all nitrates are completely dissolved and the chemical reaction is
completed during this synthesis process. The secondary phase obtained might be due to the
La(OH)s. This phase arises due to variation in atomic size of the La and Sr. The phase relations
for sol-gel prepared samples show no marked variation as compared to those obtained by ball
milling method. However, it is evident that the phase relation as obtained by sol gel process
showed much narrower single phasic rhombohedral phase as compared to the ball milled
synthesized compound. The XRD peaks of all the prepared samples by ball milled route are

slightly shifting to lower side as compared to SG process due to same ionic radius of the Fe and
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Mn ions. The main prominent peak (110) for all the samples is aligned at 26~32.7 in BM route

and same is slightly shifted to the 32.66° in sol-gel method. This shifting of peak towards the
lower side reveals that the strain is induced from doping ions and also indicating an increase in
the degree of long range order in the perovskite lattice. The shifting towards the lower 260, with
Fe doping in both synthesis process indicates the increase in unit cell volume. This is due to the
similar ionradius of Fe and Mn ions at B-site and reduction in internal pressure which expands
volume of the unit cell and in all directions enhancement of the unit cell parameters. A close

observation of the XRD data indicates that prominent diffraction peak shifts towards lower angle

side.
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Fig. 5.4: The X-ray diffraction pattern of Fe doped La.o.67Sr033Mni.xFexO3 manganite systems
(a) x=0.15-800°C (b) 0.25-800°C (c) 0.35-800°C (d) 0.15-1000°C (e) 0.25-1000°C (f) 0.35-

1000°C.
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Fig.5.5: Rietveld refinement X-ray diffraction pattern of La.o.s7Sr033Mni<FexOs; (a) x=0.15-
800°C (b) 0.25-800°C (c) 0.35-800°C (d) 0.15-1000°C (e) 0.25-1000°C (f) 0.35-1000°C.
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The Rietveld refined parameters Ry, Rwp, Rexp and ¥? indicators were used to assess the
quality of the refined structural models. Table 5.1 presents the lattice parameters, cell volume,
atomic positions and average crystallite size of the prepared samples. The Table 1 clearly shows
that all parameters of nanoparticles slightly increase with the increasing Fe content. Taking into
account that Mn®" and Mn*" ionic radii are 0.65 and 0.53 A, respectively [9, 10] and the ionic
radius of Fe*" ions is 0.645 A. The hetero valent substitution of smaller Mn*" ions by larger Fe**
ions takes place according to the scheme Lag.773+Sr0.232+Mno.773+Mno 23 - yatFey3+03 —y2 [9]. The
cell volume and lattice parameters are in good match with the standard JCPDS data.

The doping of Fe** does not introduce noticeable lattice distortion [11,12]. Therefore, the
lattice effects on magnetic and vibrational properties should be looked in these LSMFO samples.
Comparative outcomes have been seen by other researchers [13-15]. The average crystallite size
(D) was obtained utilizing the well known Debye Scherrer’s equation D= 0.90/Bcos6, where A is
the incident X-ray wavelength, B is full width half maximum (FWHM) of the XRD peak
corresponding to maximum intensity and 6 represents the diffraction angle of the most intense
peak in degrees [8]. The examination of XRD pattern is in good agreement with earlier reports

available on doping of Fe in LSMO prepared using various routes.
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Table 5.1 The Rietveld refinement structural parameters of Fe doped LSMO nanoparticles.

Sample Lattice Parameter (A) Cell Crystallite Atomic position Discrepancy
3 b c volume size D " y Z Factor
(A%) (nm)

x=0.15 5490 5490 13.378 349.20 24 La/Sr 0.000 0.000 0.250 R, =29.1
(800°C) Mn/Fe 0.000 0.000 0.000 Ry, =24.0
0] 0.531 0.000 0.250 R. =274

¥ =089

GOF=0.87

x=0.25 5497 5497 13358 349.57 25 La/Sr  0.000 0.000 0.250 R, =46.0
(800°C) Mn/Fe 0.000 0.000 0.000 Ry, =41.5
o 0.539 0.000 0250 R. =282

¥ =216

GOF= 147

x=0.35 5.504 5.504 13.395 35143 23 La/Sr  0.000 0.000 0.250 R, =345
(800°C) Mn/Fe 0.000 0.000 0.000 Ry, =32.4
o 0.579 0.000 0.250 R. =258

¥ =157

GOF=1.25

x=0.15 5501 5.501 13411 35147 21 La/Sr 0.000 0.000 0.250 R, =37.7
(1000°C) Mn/Fe 0.000 0.000 0.000 Ry, =35.3
0] 0.542 0.000 0250 R. =27.6

¥ =163

GOF=1.27

x=0.25 5.506 5.506 13.374 351.13 25 La/Sr 0.000 0.000 0.250 R, =37.7
(1000°C) Mn/Fe 0.000 0.000 0.000 Ry, =344
0] 0.540 0.000 0.250 R. =275

¥ =156

GOF=1.25

x=0.35 5.500 5.500 13.380 350.53 26 La/Sr 0.000 0.000 0.250 R, =37.7
(1000°C) Mn/Fe 0.000 0.000 0.000 Ry, =34.1
0] 0.536  0.000 0.250 R. =244

Y =191

GOF=1.39
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Table 5.2 Optimized structural parameters of Fe doped LSMO using density functional theory.

Lattice Parameter, (A) Cell Atomic position
Sample volume
a b C (A% X y z

x=0.15 5.4789 5.4789 12.8899 335.10 La/Sr ~ 0.000 0.000 0.250
(800°C) Mn/Fe  0.000 0.000 0.000

O 0.468 0.000 0.250
x=0.25 5.4852 5.4852 12.8783 335.57 La/Sr ~ 0.000 0.000 0.250
(800°C) Mn/Fe  0.000 0.000 0.000

0 0.461 0.000 0.250
x=0.35 5.511 5.511 12.891 339.07 La/Sr  0.000 0.000 0.250
(800°C) Mn/Fe  0.000 0.000 0.000

O 0.420 0.000 0.250

5.3.2 Field emission scanning electron microscope (FE-SEM)

Scanning electron microscope has been utilized to study the morphology of LSMFO
samples with various resolutions to confirm the presence of nanoparticles of different sizes in
samples. The surface morphology of the prepared nanoparticles was analyzed by field emission-
scanning electron microscopy (FE-SEM) and corresponding images for all prepared Fe doped
samples with different concentration (x=0.15, 0.25 and 0.35) at various calcination temperatures,
for example, 800°C and 1000°C appear in Fig. 5.6. From the images, weobserved that the most

of the grains are in spherical shape with unvarying distribution.
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Fig. 5.6: FE-SEM micrograph of the prepared LSMFO samples with different doping
compositions at various calciantion temperatures (a) 0.15-800°C (b) 0.25-800°C (c) 0.35-800°C
(d) 0.15-1000°C (e) 0.25-1000°C (f) 0.35-1000°C.
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It is clearly observed that the morphology of the particles is in the nano sized range. The
spherical particles appearing in the image are separated by the distance ranging from 33 — 50 nm.
The average particle size confirms formation of nanoparticles by sol-gel method. The images are
seen at the same magnification for all samples to reveal the nature of the particle size while the
nature of agglomeration of nanoparticles at appropriate magnification. The images demonstrate
clear grain boundaries as reported previously [16] and similar to ball milled method samples.
The micrograph clearly shows that the grain size and their growth increase with increase of iron
content without any porosity and voids in the prepared samples.

5.3.3 Transmission electron microscope (TEM)

We have performed transmission electron microscope (TEM) measurements for prepared
LSMFO samples with Fe concentrations x=0.15, 0.25 and 0.35 at 800°C calcination
temperatures. The TEM images presented in Figs. 5.7 show large homogeneity of the grain size
for prepared samples. The TEM images show the clear morphology with the particle sizes in the

range of 20-35 nm [17, 18].

Fig. 5.7: The TEM analysis of LaSrMnFeOs3 prepared samples (a) 0.15-800°C (b) 0.25-800°C (c)
0.35-800°C.
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5.3.4 Energy dispersive analysis of X-ray (EDAX)

A quantitative energy dispersive analysis of X-ray (EDAX) is used to determine the
elemental analysis of the samples. The EDAX results presented in Figs. 5.8 and 5.9 reveal that
the molar proportion of La, Sr, Mn, Fe and O which is relatively consistent with the nominal
composition, suggesting that the obtained LSMFO sample is near stoichiometric. The spectra
demonstrate that all samples are consistent with their elemental signals and stoichiometry asis
expected. The corresponding peaks of the samples are because of the La, Sr, Mn, Fe and O
elements, whereas no any other impurity peak is detected which confirms the pure nature of
prepared nanocrystalline samples [8, 19]. The composition obtained from EDAX spectra given in
Table 5.3 agree with the expected values confirming desired stoichiometry of the prepared
samples having various Fe doping concentration at different calcination temperatures.

Table 5.3 Atomic percent of the EDAX pattern recorded of studied samples.

Atomic (%)

Sample Element Total

La Sr Mn Fe O

0.15 1468 548 17.16 290 59.78 100
(800°C)
0.25 1690 532 1722 539 55.18 100
(800°C)
0.35 11.97 518 10.15 598 66.71 100
(800°C)
0.15 1037 506 926 582 69.49 100
(1000°C)
0.25 1592 520 1695 545 56.48 100
(1000°C)
0.35 1346 538 1685 259 61.71 100
(1000°C)
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Fig. 5.8: EDAX analysis of prepared LSMFO samples (a) 0.15-800°C (b) 0.25-800°C (c) 0.35-
800°C.
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Fig. 5.9: EDAX analysis of prepared LSMFO samples (d) 0.15-1000°C (e) 0.25-1000°C (f) 0.35-
1000°C.
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5.3.5 Raman Spectroscopy

Synthesis of the manganite nanoparticles with controlled properties is still a major
challenge. Raman spectroscopy has appeared as a dominant nondestructive tool to characterize
the nanoparticles and used to perform vibrational analysis of a system [20-22]. Hence, the
Raman spectroscopic measurements of samples synthesized using sol-gel method are examined
and compared with the obtained data by planetary ball milling method. No phonon mode is
dynamic in cubic perovskite structure while the orthorhombic or rhombohedral structure offers
Raman-active phonon modes. It is accounted for that, the Raman dynamic Az and Eg are
delicate to outside parameters [23]. The obtained Raman spectra of the prepared samples show
confirmation of both the modes and also shifting to lower or higher wavenumber side is
observed. General description of Raman spectroscopy is presented in previous chapters.

Our samples exhibit rhombohedral crystal structure with space group D%4 (R-3c) like our
prepared ball milling method. This structure can be obtained from the simple cubic perovskite by
the rotation of the adjacent MnQOg octahedra in the opposite directions around the [111]c cubic
direction [8]. According to site group analysis, there are 30 vibrational modes in rhombohedral
crystal structure with five Raman-active modes (A1 + 4E;) and eight infrared active (3Az2ut+ SEu)
modes [8]. The spectrum of all prepared samples exhibit five broad bands between 209-230, 280-
296, 400-440 and 675-700 cm’!. As a consequence, it is found that the 209-230 cm™! bands are
A1z modes only involvethe motion of the oxygen ions in the C sites, while other rest of the
modes are the E; mode arise both from oxygen site and La (Sr) site vibrations following Granado
et al. [8, 24]. Raman spectra of Lao.¢7Sr0.33Mni-xFexO3s amples are shown in Fig. 5.10. The weak
mode at 281 cm! is E; mode and antistretching mode at 675cm™ (out-of-phase stretching oxygen

vibration) [25].
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It is possible that the distortion of the oxygen sublattice results from two distinct steps:
first, the oxygen neighboring to the substitutional ions are displaced directly by the stress
produced by the substituent. Secondly, this displacement can lead to a localization of the eg
electrons around the substitutional ion, stimulating an additional long-range distortion of the
oxygen sublattice by the JT effect [26]. The Raman peak with higher intensity is observed for
698 cm! while the same is shifted to 700 cm™ at room temperature. This shift corresponded to
tilt of MnOgs octahedral [27].

The analysis of Raman spectra helps to understand the JT distortion. The number of
phonon modes of LSMFO are less in rhombohedral than the orthorhombic phase. The intensity
and width of the spectral line represent the deviation from the cubic structure and these spectra
are representations of the Jahn—Teller contribution present in the system. The rhombohedral
phase confirms the presence of Mn*" than Mn**, as less amount of Mn*" ion is sufficient to
disturb the system and prefer the rhombohedral phase [28]. The spectra at ~ 680 cm™ appears is
in great concurrence with the announced 690 cm™ peak in the LSMO thin films and single
crystals [29-31]. This mode can be related to an impurity mode, because of a second order
Raman scattering process [27] and halfway uncovering of the phonon density of states (PDOS)
[28]. Since, A1z mode is of significance in context of R-3¢ phase can be utilized to comprehend
the contribution as this mode is responsible for the rhombohedral distortion.

The Raman active Aj, mode traced out at 224 cm™ in ball milled route is shifted to the
269 cm™ in sol-gel process. We can see the slight difference in the mode frequencies of all
prepared samples at 300K. The hardening of all modes is closely related to the magnetic
transition in these materials. We believed that slight deviation of Ajz and E; modes is thus

associated with the spin lattice interaction in spin-ordered ferromagnetic phase. This conclusion
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agrees with earlier report related FM ordering in manganites [32]. Moreover, the substitution of

the La’" ion by divalent Sr may induce a loss of oxygen in the samples that would induce
additional modification in the octahedral distortions [32]. However, because the concentration of
oxygen in our samples cannot be measured, it is not possible to have an estimate of this effect.
The slight deviation of the A1z phonon mode with increasing internal pressure is an indication of
a stability in the electron phonon coupling strength and hence the less distortion of the
octahedron. Further, the E; modes show slight deviation from mode assignment for those parent
and other divalent doped manganites. The slight deviation of the Eg modes which corresponds to
the Mn-O bond from the frequency mass relationship for a rigid oscialltor the high frequency
vibrations would be assigned to the internal modes of MnOs octahedra. Amongst internal modes
(the stretching motion of Mn-O bond is expected to have the highest frequency followed by the
distortional vibrational of the O-Mn-O bond angle [33].

The results of the all prepared sample recorded to study the Raman spectra of the sample
using Jobin-Yvon Horiba LABRAM-HR 800 visible micro-Raman instrument at room

temperature is shown in Fig. 5.10.
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Fig. 5.10: Raman spectra of the Lage7Sro33sMnixFexO3 (x=0.15, 0.25 and 0.35) manganite

system at room temperature (300K).
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Softening of mode near 700 cm™ is a consequence of increased cell volume or increase in
Mn-O distance. Temperature dependant Raman modes for all samples are summarized in Table
5.4. These modes are in good agreement with the reported data, confirming the particles in nano
sized and single magnetic domain. The A1z and Eg modes are related to the MnOg octahedra due
to JT distortion in these systems [8]. It is observed that the Az mode is due to rotation while the
E modes are due to the bending of MnOg octahedra. There is a good agreement with the earlier
reports [8]. The peaks appear in samples synthesized by sol-gel method are more evident and

intense than the planetary ball milling methods.

Table 5.4 The Raman active frequency mode of LaSrMnFeOs nanoparticles.

Sample 300 K

Aig E, E, E,
0.15 (800°C) 209 296 405 699
0.25 (800°C) 221 281 409 700
0.35 (800°C) 221 290 428 693
0.15 (1000°C) 219 296 407 689
0.25 (1000°C) 230 313 414 696
0.35 (1000°C) 224 296 438 675

Raman spectroscopy can be an ideal way to find any impurities in the samples and may

be more efficient than X-ray diffraction and energy dispersive analysis techniques [34, 35]. The
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DE mechanism based on the large Hund coupling between e, and tz¢ electrons is insufficient to
explain the CMR behavior [36]. Meanwhile, it states that contributions arising from dynamic JT
splitting are helpful to explain the CMR behavior [37]. Our results present the illumination on
the mechanism of JT distortion and effect on the Raman modes which helps to describe the

different phenomena of colossal magnetoresistive material.
5.4 Density Functional Theory

The main aim of the present study is to find a correlation between calculated and
experimentally obtained properties of Fe doped LSMO samples prepared using ball milling and
sol-gel methods to find the process of formation by calculating the formation energy, structural,
electronic and vibrational properties. While the optimization of structure with experimentally
obtained structural parameters of all samples gives information about the formation, the spin
polarized electronic calculations gives information about electronic as well as magnetic
properties of samples.

Ab-initio calculations in the present study for Lao.e7Sro33MnixFexO3 (x=0.15, 0.25 and
0.35) have been performed within the local spin density approximation (LSDA) to the exchange
correlation potential within the framework of density functional theory using the Vienna ab-initio
simulation package (VASP). We have used a computational unit cell containing of LaSrMnFeO3
formula units (i.e. 30 atoms) to simulate the R-3c phase within the ferromagnetic (FM)
orderings. We have fully relaxed the cell shape (i.e., lattice parameters a, b, and ¢ as well as the
corresponding angles between them) and all internal structural degrees of freedom (all atomic
positions). This complete geometrical optimization allowed us to tread the structural path of the

R-3c phases. All the input parameters such as cut off energy, k-mesh etc., are used same as used
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for ball milled samples in chapter. The starting crystal parameters of the Lao.c7Sr033MnixFexO3
have been taken from our present XRD data of corresponding samples.

The lattice, cell volume and related structural parameters of all samples found using
optimization of the structure obtained from density functional theory are presented in Table 5.2.
The optimization of a structure is to find minimum energy configuration. We have performed
DFT calculations for selected systems. Fig. 5.11 presents the optimization curves of selected
structures with respect to lattice parameters and energy cutoff values. Table 5.2 clearly depicts a
good comparision between the experimentally and DFT calculated values except cell volume
mainly due to c lattice parameter. The electronic properties of the Lao.e7Sr033Mni<FexO3
(LSMFO) samples were carried out by first principle calculation using density functional theory
(DFT) and compared with the obtained own experimental data. To understand the electronic
properties of Fe doped Lao.¢7Sr0.33Mn1xO3, we have also calculated the electronic band structure
at I'-M-A-L-I' symmetry points in irreducible Brillioun zone with Fermi level set at zero and
presented then in Fig. 5.12. All samples show the metallic characteristics like ball milled method.
The band structure contains all usual features of the manganites in general and ball milled
samples presented in previous chapter in particular. The formation energy is calculated using
Hess law discussed in previous chapter. The large negative value of formation energy confirms
the formation of stable samples. Table 5.5 and Fig. 5.13 present the formation energy of three
samples which clearly depict that all samples have negative formation energy indicating
possibility of formation of Fe doped LSMO. However, the sample with x=0.15 Fe concentration
has highest possibility due a very high negative formation energy. The ball mill method also has

similar conclusion. We have calculated electronic band structure and density of states.
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theory.

The M. S. University of Baroda

Page 140



[Chapter 5: Synthesis of Laoe7Sro3sMnixFex03(x=0.15, 0.25 and
0.35) materials prepared by Sol-Gel method]

1.0, - e - 7 v — 80

0.54 / — ~ \ \ 14 (a) 460

0.04

05] £ 1 l
1.0 E

1.0 H
4
0.5+
-4 E

e ' ; | {60
1 H

Energy, eV

DOS, arb.units

4-80

-100

-35 -30 25 -20 15 -10 5 0 5
Energy, eV

100

(b) a0
{40

420

40

Energy, eV

4-20

DOS, arb.units

1-40

41-60

80

35-30 -25 -20 -15-10 -5 0 5
Energy, eV

100

(c) HR
)

440

420

40

1 1 l N 4-20
j i | {40

41-60

Energy, eV
DOS, arb.units

80

G M A ] G-35-30 -25-20-15-10 -5 0 5
KPOINTS Energy, eV
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Fig. 5.12 presents the density of states of Fe doped LSMO prepared using sol-gel method
clearly shows that the majority spin metallicity in LSMFO results from the broad Mn 3d and O
2p hybridized states. The LSMFO DOS exhibit a half-metallic character with a spin minority line
ball milled samples. The LSDA model provides a good description of the spin-dependent
electronic properties. It can be same from the DOS spectra of Fe doped LSMO for Fe
concentration of x=0.15 that the contribution of majority-spin channel to the peak of the density
of states near the Fermi level is shifted by 0.05. This shift is also observed for x=0.25 and 0.35
Fe concentration. However, the contribution of the minority-spin channel to the DOS near the
Fermi level for x=0.15-800°C changes by about 0.23 for all considered concentration. The
electronic states in band structure and density of states are the consequence of hybridization of
atomic orbitals due to cation and anion.

We have also calculated the total magnetic moment of the Mn atoms which are
surrounded by different cationic environment. We have not listed individual the contribution
from La, Sr and O atoms to the total magnetic moment of the unit cell. The calculated magnetic
moment of the unit cell is 16.465, 16.584 and 19.474 ug for x=0.15, 0.25 and 0.35 respectively,
which are consistent with earlier report [38]. The enhancement of magnetic moments can be
attributed to the change of complex interaction between Mn atoms and other atoms mainly the O
atoms induced by octahedral rotation and deformation [39]. The average magnetic moment on
the Mn atoms increase from 2.56, 2.58 and 2.62ug for x=0.15, 0.25 and 0.35 respectively like
ball milling method [40]. However, the magnetic moment value in the case of SG method is
slightly higher.

We have also performed the first principle calculation of Raman modes of Fe doped

LSMO samples annealed at 800°C for Fe concentration of x= 0.15, 0.25 and 0.35 and presented
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them in Table 5.6. The phonon calculations to obtain the Raman mode frequencies using density
functional theory are performed for three samples. The concentration of Fe is varied at a fixed
calcinations temperature. There is a reasonably good agreement with the experimental data of SG
prepared samples except for the highest E; mode. However, the trend of variation is consistent
with other calculations [41-43]. The use of Hubbard parameter U or hybrid functional may lead
to better prediction of phonon modes. The calculated phonon frequencies show a shift in both
Aig and Eg modes after Fe doping similar to ball milling case. The shift in frequency is due to the
changes in bond angle and bond length responsible for MnOs octahedra distortion.

Table 5.5 The calculated formation energy AHr (eV) of Fe doped LaSrMnOs prepared by sol-gel
method.

Sample Formation energy (eV)

x=0.15 at 800°C -5.120

x=0.25 at 800 °C -3.560

x=0.35 at 800 °C -1.140

0.0

-0.54
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Fig. 5.13: Formation energy of x=0.15, 0.25 and 0.35 at 800°C.
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Table 5.6 The Raman active frequency mode of LaSrMnFeO; using density functional theory.

The bracket data are experimental value.

Sample 300 K
Alg Eq E, Eg
0.15 (800°C) 210 301 413 628
(209) (296) (405) (699)
0.25 (800°C) 214 294 410 614
(221) (281) (409) (700)
0.35 (800°C) 219 264 436 510
(221) (290) (428) (693)
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5.5 Conclusion

Manganites that belong to strongly correlated electrons family posses various interesting
properties due to variety of phases with unusual spin, charge, lattice degrees of freedom and
orbital order. Much effort has been paid to the compounds RixAxMniyMyOs3, where it is
expected that the substitution of Mn ion, which is responsible for the double exchange may
contribute to the knowledge of the basic mechanism of CMR as well as tuning of Tc.

In summary, we used sol-gel method to prepare the LSMO samples of different Fe
compositions at different calcination temperature and studied its various properties. The X-ray
diffraction pattern of all samples confirms the phase formation. The lattice parameters and cell
volume of samples increased but are lower compared to that of prepared by planetary ball
milling method. The density functional theory based first principle calculation is performed for
samples with the help of their own structural data obtained for prepared samples. The optimized
structures are used to calculate the mentioned physical properties and compared with
experimentally obtained data.

Structural studies carried out using XRD measurement confirm the crystallinity of the
prepared samples. The Rietveld refinement XRD patterns are good fitted using FullProf
software. The results show that the lattice parameters, cell volume and average crystallite size
increase with the Fe concentration. The morphological studies using filed emission scanning
electron microscope (FE-SEM) shows the grain are in spherical shape with non uniformity with
the increase in average grain size with increasing Fe doping. The grain size ranges between 33-
50 nm of prepared samples. The nanoparticle size is calculated by transmission electron

microscope (TEM) which shows that the particle size increases with Fe concentration and its size
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of the compound.

The analysis of the results indicates the formation of nanoparticles with desired properties
for further use in fabrication of devices. We have performed the vibrational properties using the
Raman spectra. The peaks assigned in the Raman spectra are quite similar to the previous
studies. The structural disorder near to grain boundary is observed, which affects the Zener
double exchange mechanism due to changes in the stoichiometric composition and related
parameters. Raman spectroscopy results show that the Az mode is of significance and took into
account the R-3c phase can be utilized to comprehend the distortion as this mode includes the
atomic motion responsible thombohedral distortion. The experimentally observed feature of
Raman spectra is consistent with the DFT calculated features.

The contribution of the majority-spin channel to the DOS near the Fermi level is shifted
by 3.30 %, 10 % and 8 % respectively with compare to ball mill method for x=0.15, 0.25 and
0.35. However, the contribution of the minority-spin channel to the DOS near the Fermi level
changes by 5.45 %, 0.58 % and 3.20 % respectively withincreasing Fe content (x = 0.15, 0.25
and 0.35) compared to the ball milled method.

In ball milling and sol-gel methods, the formation energy is minimum for x=0.15 at
800°C. Experimental results suggest that the ball milling technique is successful in creating the
LSMFO samples within the framework of mechanical synthesis. However, for better quality
smaller particle size and lower calcination temperature for same configuration the sol-gel method

1s better.
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