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Abstract—Polycrystalline samples of Lag 4,5t 33Mn ¢sFe( 35053 (LSMFO) were synthesized using the stan-
dard ball mill method with different calcination temperatures ranging from 800 to 1100°C for 7 h. The phase
purity of these samples was confirmed using X-ray diffraction (XRD) patterns. All samples were found to

have rhombohedral crystal structure with R3¢ space group. The lattice parameters, cell volume, bond angle
and bond length have been obtained using the Rietveld refinement by FullProf software. The average crystal-
lite size calculated using the Debye-Scherrer formula was found between 27 and 60 nm. Surface morphology
of the prepared samples has been examined using a scanning electron microscope (SEM). SEM images show
the formation of well-arranged grain sizes distributed from 240 to 400 nm, much larger than one estimated
using the Scherrer formula. All tiny particles are highly agglomerated with the increasing temperature and
porosity decreases with increasing temperature. An analysis of the frequency and peak broadening of Raman
modes as a function of temperature clearly shows the significant temperature effect on the 4, and £, modes
of LSMFO. The shifts and broadening of the 4,, and £, modes are discussed in light of the oxygen sublattice
distortion. Our study shows the reduction in distortion with increasing calcination temperature, which sug-

gests a decrease in the JT effect.

DOI: 10.1134/S1063783419040036

1. INTRODUCTION

For many years, extensive studies have been per-
formed to understand the nature of the bulk as well as
thin film samples of perovskite manganese oxides of
the form R,_ , A .MnO; (where R is a rare earth ion
and A is a divalent alkali earth ion) particularly after
the discovery of colossal magnetoresistance (CMR) in
them [1—8]. In this regard, La, _ ,Sr,MnO; (LSMO)
has attracted most attention due to its excellent cata-
Iytic, thermal, electrical and magnetic properties use-
ful for potential applications in magnetic sensors,
reading heads for magnetic memories and as a cathode
in solid oxide fuel cells [9—13]. Furthermore, these
manganites exhibit puzzling properties arising from
the coupling of spin, lattice, charge and structural
degrees of freedom and are governed by several factors
such as method of preparation, percentage and size of
divalent ions. Several methods such as the coprecipi-
tation or precipitation, sol—gel, ball milling and the
combustion conventional ceramic are often used to
prepare these materials. The mechanical ball milling
method is an efficient technique to synthesize many
unique materials such as nanostructured crystalline,

amorphous alloys and nanoparticles from powder
oxides due to high flexibility, simple control of process
parameters and ability to produce a wide range of
materials [14]. A number of consideration such as
double exchange (DE) and superexchange (SE) inter-
actions, Jahn—Teller distortion with electron-phonon
interaction and polaron formation, phase separation
and site disorder have been used to explain the CMR,
one of the most exciting phenomena of manganites
[15]. However, a disagreement on the theoretical
explanation of CMR behaviour suggests inclusion of
something beyond these due to involved complexities
[16].

It is established that the properties of manganites
are highly influenced by the degree of compositional
flexibility such as A-site and B-site doping [17—20].
The A (rare-earth) site doping is the doping of another
ion A' with a valence different from A, while B (man-
ganese) site doping is the partial substitution of B ions
by another ion B' of different valence. The electronic
structure of manganites shows a core spin of 3/2 for
Mn ions and an extra e, electron with its spin aligned
to the core electron due to strong exchange for a dop-
ant dependent fraction (1 — x) [21]. These electrons
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may coherently hop of such electrons to the adjacent
sites by means of polarization conserving process. One
of the two most successful theories to explain the
CMR and related properties is the double exchange
theory which considers the magnetic coupling
between Mn?* and Mn** ions [22]. The amount of the
pairs of Mn** and Mn*" depends on the doping level
of the perovskite or its oxygen stoichiometry. How-
ever, this doping results in a distortion of the per-
ovskite structure with direct influence on the Mn—O
bond length and Mn3*—O—Mn*" bond angle [22]. It is
noteworthy that the ferromagnetic (FM) coupling and
the metal insulator (MI) transition temperature
strongly depend on these parameters [23]. Therefore,
it is expected that any change at B-site may result into
the disorder and hence changes in transport and
magnetic properties due to modification of the Mn3*—
O’ —Mn*" arrangement [24]. This suggest that the
ionic size and valence states of the element being used
to substitute Mn ion play a pivotal role in determining
various properties of manganites. Many studies have
been carried out with different B-site substitution such
as Fe, Ru, Cr, Co, Ni, Cuetc. to see their effects on the
ferromagnetic (FM)—paramagnetic (PM) transition
peak (7¢) and other properties [25—29]. The disorder
arising from the doping at the manganese site which
influences the CMR properties is directly linked to the
crystal structure and the chemical bonds. Hao et al.
[30] found that the magnetic ion doped LSMO sam-
ples can be described by mixed phases of rhombohe-

dral lattice (R3c) and orthorhombic (Pnma). The
neutron diffraction studies indicate the existence of a
mixed valence state for the TM ions [31, 32]. The dop-
ing of Co ion at the Mn site of LSMO shows the pres-
ence of a large number of magnetic species [32].
Despite an importance and long history of Mn substi-
tution studies, the Fe substitution at Mn site is com-
paratively less explored [16]. Mostafa et al. [33] have
performed the Mossbauer spectroscopy and electrical
resistivity measurements of La, ;Sty;Mn, _ ,Fe O; for
x ranging from 0.3 to 0.7 and found that the substitu-
tion of Mn?** by Fe3* suppress the DE and reduces the
metal—insulator (MI) transition temperature and flux
density saturation. Ahn et al. [34] observed that the Fe
doping at Mn site encourages and discourages respec-
tively the anti-ferromagnetic and ferromagnetic
behaviors and suppresses the double exchange effect.
Cai et al. [35] also observed the similar results on the
suppression of DE with 10% Fe doping in
La,,Ca,;Mn,0; (LCMO). Liu et al. [36] found that
the Fe doping at Mn site of Pb, 5551, ,sMnO; (PCMO)
results in the percolation of magnetic polarons above
T in an insulating PM phase. It is also observed from
the resistivity measurement that the Fe doping
decreases T like Ty [37]. Therefore an extensive
work on these systems is still required [16]. The substi-
tution of Fe at Mn site is of particular interest because
of the large extent to which it can replace Mn without
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any structural deformation due to having very close
ionic radii.

2. METHODOLOGY

A series of La,;Sry;Mn,_ Fe O; x= 0.35 com-
pounds were prepared using the standard planetary
ball milling method based on a solid state reaction
(SSR) of high purity (99.99%) starting compounds of
La,0;, SrO, MnO,, and Fe,0;. All chemicals were of
analytical grade purchased from Sigma Aldrich and
used without any further purification. These com-
pounds were thoroughly mixed in air in a ball milling
unit for 7 h and then fired at different calcination tem-
peratures such as 800, 900, 1000, and 1100°C for 7 to
8 h. The rotation speed was chosen to be 250 rpm
while the ball to powder ratio was 10 : 1 [38]. The crys-
tallographic information of the grown phase was
obtained by powder X-ray diffraction (XRD) patterns
at room temperature using PANalytical X pert Pro dif-
fractometer with CuK, radiation (A = 1.5406 A). The
elemental analysis and surface morphology of the
resulting products were investigated using a JEOL
JMS-5610LV scanning electron microscope equipped
with Oxford INCA Energy Dispersive analysis of
x-rays (EDAX). The Raman spectra of the Fe doped
LSMO samples were recorded with JOBIN
HORIBA—HRS00.

3. RESULTS AND DISCUSSION

The phase, lattice symmetry and unit cell parame-
ters of the La, Sty ;Mn, ¢sFe; 3505 (LSMFO) samples
were determined using powder X-ray diffraction. Fig-
ure 1 shows the Rietveld refined X-ray diffraction
(XRD) patterns of LSMFO Perovskite manganites for
calcination temperatures 800, 900, 1000, and 1100°C.
The XRD data were collected by a step scanning over
the 20 range from 20° to 80° at a step size of 0.02 [39,
40] and analyzed by the Rietveld method using Full-
Prof program [41]. The program permits multiple
phase refinements of each coexisting phase [42]. The
LSMFO samples calcined at different temperatures

crystallize in the rhombohedral structure with R3c

(D;’d) space group. A secondary phase for the sample
calcined at 800°C and 900°C has been observed,
which can be attributed to the unreacted Mn;0, [43,
44]. We do not observe any unfitted peaks in the dif-
ference pattern [43]. The 1000°C and 1100°C calcined
LSMFO samples crystallize in the single phase rhom-
bohedral crystal structure with all diffraction peaks
fitted. This shows that the increase in calcination tem-
perature helps in vanishing impurity and completing
reaction. In addition, the width of the diffraction
peaks narrows suggesting an increase in average parti-
cle size [45]. The average crystallite size has been cal-
culated using the Debye Scherrer formula D =
KA\/Bcos6, where A, 0, B, and K respectively are the
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Fig. 1. Rietveld refinements XRD analysis of La 751 33Mn; _ Fe, O3 (x = 0.35) at different calcinations temperatures (7'= 800

to 1100°C).

wavelength of the X-ray, Bragg’s angle, full width half-
maximum (FWHM) and shape factor which is usually
0.9. The intensity of the diffraction peaks for the per-
ovskite phase increases with the increase in calcination
temperature indicating better crystallinity of LSMFO
and increase and decrease in the particle size and cell
volume respectively (Table 1) consistent with earlier
reports [46, 47]. The shift of the (104) peak towards a
higher value of the Bragg angle indicates decrease in
lattice parameters upon increasing the calcination
temperature. The structural parameters such as unit
cell volume, lattice parameter, crystallite size and fit-
ting parameters R,, R,,,, R,, and x? are summarized in
Table 1. It is noteworthy that the crystal structure does
not change with Fe substitution for Mn in LSMO
which is consistent with earlier reports. A substitution
of 5% Fe or Cr for Mn in the FM metallic
La, ¢;S1j 33MnO5 shows no change in the structure due
to their similar ionic radii [30, 48—50]. The Mn—O
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bond length and Mn—O—Mn bond angle presented in
Table 1 decreases and increases respectively up to
1000°C but show reverse trend for calcination tem-
perature of 1100°C. This implies that the rhombohe-
dral distortion of the lattice decreases or remains
almost same.

Figure 2 displays surface morphology of the
LSMFO which shows that the Fe doped LSMO sam-
ples are in the submicron range. The SEM images fur-
ther reveal a nonuniform distribution of grains for all
samples and increase in grain size with increasing tem-
perature [51]. A careful analysis of SEM images reveals
well defined grains with clear boundaries. Agglomera-
tion of tiny particles with the distance scale of 5 um is
clearly seen in SEM images. It is further to note that
the LSMFO samples without any intermediate grind-
ing process cause irregular grain formation due to the
homogeneity of agglomerated particles [46, 52]. It is
also observed that the porosity of the LSMFO reduces
Vol. 61
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Table 1. Rietveld refinement structural parameters of La ¢;Sr 33Mn; _ ,Fe Oj5 at different calcination temperature
Sample x=10.35(800°C) (900°C) (1000°C) (1100°C)
Structure type Rhombohedral Rhombohedral Rhombohedral Rhombohedral
Space group R3c R3c R3¢ R3c
Profile fitting function Pseudo-Voigt Pseudo-Voigt Pseudo-Voigt Pseudo-Voigt
Lattice
Parameter
a (A) 5.512 5.538 5.430 5.443
b (A) 5.512 5.538 5.430 5.443
c(A) 13.59 13.47 13.21 13.20
V(A3 357.8 357.9 338.5 338.8
La/Sr (6a)
b 0.000 0.000 0.000 0.000
y 0.000 0.000 0.000 0.000
z 0.25 0.25 0.25 0.25
Mn/Fe (6b)
x 0.000 0.000 0.000 0.000
y 0.000 0.000 0.000 0.000
k4 0.000 0.000 0.000 0.000
O (18e)
X 0.535 0.458 0.453 0.461
y 0.000 0.000 0.000 0.000
z 0.25 0.25 0.25 0.25
Mn—O—Mn, deg 164.87 166.42 167.37 164.81
Mn—O0, A 1.974 1.968 1.930 1.963
Discrepancy factor (%)
Ry, 27.3 24.0 23.4 25.0
R, 67.1 54.8 38.1 56.5
Reyp 16.1 13.3 13.4 19.3
Goodness of Fit (x?) 1.69 1.80 1.74 1.29
Particle size (nm) 27 34 54 60

with increasing calcination temperature [53]. The
grain size is ranging between 240—400 nm which is
larger than the crystallite size obtained from XRD.
This difference may be due to the fact that the grains
are composed of several crystallites probably due to
the internal stress or defects in the structure [51, 54].
The EDAX spectra presented in Fig. 3 confirm the
presence of all elements in all samples. The molar ratio
of La, Sr, Mn, Fe, and O presented in Table 2 suggests
near stoichiometricity of LSMFO samples. Further-
more, no additional impurity peak in any of the spec-
tra implies pure nature of the prepared samples [55].
Figures 4a, 4b present the room and low (80 K) tem-
perature Raman spectra collected using 632.8 nm
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excitation wave length in the frequency interval of
200—800 cm~! for Fe doped La,¢;Sry;MnO; com-
pounds calcined at four temperatures 800, 900, 1000,
and 1100°C for 7 h. The LSMFO samples crystallize in
rhombohedral crystal structure with the space group

D;’d, Z = 2. This structure can be obtained from the
simple cubic perovskite by the rotation of adjacent
MnOg octahedra in the opposite direction around the
[111], cubic direction [56]. The details of the Raman
spectra and possible modes for rhombohedral crystal
structure are discussed in [56]. According to the site
group analysis, there are 30 vibrational modes: 24,, +
34y, + A+ 44,, + 4E, + 6 E, at the zone center for the
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Fig. 2. SEM micrographs of La 751 33Mn; _ Fe, O3 (x = 0.35) prepared samples at various temperatures (7= 800 to 1100°C).

Dfd, Z = 2 rhombohedral structures. Among these,
Ay, t 4E, are Raman active modes while 34,, + SE,
are infrared active ones and the remaining 24, + 34,,
are silent modes. Two modes (14,, + 1E,) correspond
to rotational or tilt stretching mode while one £, mode
corresponds to the bending mode. Other two E, modes
are antistretching of the MnO, octahedra and vibra-
tion of A ions [57, 58]. The A4,, modes involve the
vibrations of the oxygen ions only in the C, sites while
E, modes arise both from oxygen and La (Sr) ions
vibrations [59]. The low frequency peak at 221 cm™!
and other peak at 409 cm~! are assigned to A gand E;
modes respectively [5, 57, 60, 61]. The 4}, mode aris-
ing due to the rotation of the oxygen octahedral agrees
well with the shell model calculation of the isostruc-
tural R3¢ LaMnO; [62]. The shell model calculation
predicts the A;, mode at 220 cm~' while E, modes
appear at 294, 404, and 681 cm~". Our results are con-
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sistent with the shell model calculation as well as from
[56] which shows that the rhombohedral structure has
the A;, mode in the range of 190—220 cm™". Further-
more, the vibration pattern of this mode has the shape
of the rhombohedral distortion [62].

Table 3 clearly shows that the A4;,, modes in our
spectra harden going from 300 to 80 K which is in
accordance with [56, 63]. The frequency of Raman
active modes for LSMFO samples calcined at different
temperatures are presented in Table 3. This table
clearly exhibits a significant dependence of the Raman
active phonon modes on calcination temperature. Our
room temperature spectra presented in Fig. 4a clearly
shows that the 4,, mode is red shifted with calcination
temperature, while the low temperature spectra do not
show any significant shift though the both 80 and
300 K spectra have difference of about 4 to 13 cm™".
The difference is a maximum in the peak position for
both spectra in the case of 1100°C calcined sample. All
Vol. 61

No. 4 2019
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1000°C

1100°C

Fig. 3. Elemental analysis using EDAX spectra of Fe doped LSMO (x = 0.35) at 7= 800 to 1100°C.

E, modes are red shifted with calcination temperature.
In both figures, it is clearly seen that the low frequency
modes disappear above 1000°C temperature. The
highest E, mode which is broader in the 80 K spectra
for all calcination temperatures turns sharper with
increasing intensity indicating small or missing rhom-
bohedral distortion consistent with the results of
XRD. The E, mode (414 cm™!) for lowest calcination
temperature does not only get shifted towards the
higher wave numbers but also becomes sharper indi-

cating proper formation of samples. The highest two
E, modes harden with increasing calcination tempera-
ture. The broadening of the peaks can be attributed to
the distortion of the oxygen sublattice [55]. The
decreases, in the broadening of the two highest £,
modes indicate a decrease in JT effect and distortions
of the oxygen sublattice [55]. The broader peak
~683 cm™! arising due to scattering induced by orthor-
hombic distortions [61] shifts towards a higher wave
number. Figure 5 presents the calcination temperature

Table 2. The comparative data of the composition obtained from EDAX spectra

Sample Atomic weight (%) Atomic weight (%) Atomic weight Atomic weight (%)
x=0.35(800°C) (900°C) (%)(1000°C) (1100°C)
La 13.27 12.55 15.76 16.15
Sr 3.61 3.58 3.67 3.86
Mn 9.66 10.07 12.27 11.61
Fe 12.74 13.22 14.36 14.33
¢ 60.73 60.58 53.94 54.04
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dependent frequency of A4,, and E, modes together
with the Mn—O—Mn bond angle and the Mn—O bond

length. This figure clearly shows almost same depen-
dency of these quantities on calcination temperature.

4. CONCLUSIONS

and

vibrational

properties

In summary, we have investigated the structural,
morphological

of

Lay 4;S1533Mn, _ ,Fe O; (x = 0.35) prepared using ball
milling method. Our studies show that the structural,

Table 3. Raman mode frequencies of the Fe doped LSMO at room temperature as well as at low temperature (80 K)

La0_67Sr0'3Mno_65Fe3503 at 300 K 80 K

Raman

modes )(Csr)o(zéi (900°C) | (1000°C) | (1100°C) | (800°C) | (900°C) | (1000°C) | (1100°C)
Ajq 221 221 219 217 226 227 227 228
E, 286 294 288 285 292 294 - -
E, 409 404 415 408 414 411 410 414
E, 675 678 681 677 675 683 684 685
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morphological and vibrational properties depend
strongly on the calcination temperature. Synthesized
samples are refined using the FullProf program and
found to be crystallize in the rhombohedral structure

with R3¢ space group. Lattice parameters and the unit
cell volume decrease with increasing calcination tem-
perature. The crystallite size calculated from Scherrer
formula confirms the formation of nanosize polycrys-
talline samples of LSMFO. The average crystallite size
increases with the increase calcination temperature.
The effect of increasing temperature on morphologi-
cal properties is studied using scanning electron
microscope which shows that the particles are agglom-
erated and the grain size ranges between 240—400 nm.
The porosity is shown to decrease with increasing
temperature. The presence of all the corresponding
elements by EDAX for all prepared samples is con-
firmed and no additional impurity peak is detected.
Raman spectra of LSMFO exhibit a significant change
in the peak positions and intensity the Raman active
modes due to the temperature effect. The decrease in
the broadening of the highest E, peaks indicates a
decrease in the Jahn—Teller distortion. The 4,, mode
which has the vibrational pattern of rhombohedral dis-
tortion hardens while going from 300 to 80 K and soft-
ens with increasing calcination temperature. The
decrease in the broadening of £, modes shows reduc-
tion in the JT distortion. There is a shift in the peak
positions due to increased temperature indicating a
change in the MnOg octahedron.
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ABSTRACT

We present experimental and theoretical studiethereffect of Fe doping at Mn site, on the
structural, morphological, electronic and vibratdbproperties of Las7SrosMnO3; nanopatrticle.
The samples of lg7SrsMnNO; and La 7S 3dVInixFe0s (x=0.15, 0.25 and 0.35) have been
prepared by ball milling route. The phase puritytltdse samples has been confirmed using X-
ray diffraction, while compositional analysis isrdousing EDAX. The morphological analysis
done using scanning microscope indicates the agglatron. The vibrational analysis which is
done using Raman scattering and density functitresry (DFT) calculations show a substantial
shift in A;g and E modes with Fe doping. The, Enodes become broader with Fe doping.The
UV -visible spectra were measured in the energgeasf 1 — 5 eV and compared with DFT
results. The spin polarized density functional alttons show an increase in density of states at
Fermi level due to Mngdctahedra modification and significant magnetismFendoping. The
total magnetic moment is found from 16 to 1g for considered concentration. The effective

mass of carriers is also calculated and found asing with increasing concentration.
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1. Introduction

Extensive studies probing the properties of mixedemt manganites LRAMNO;
(A=Ca, Sr, Ba) with perovskite structure have bearried out for almost six decades, due to
their exciting physical and structural propertiesiag from the coupling of spin, lattice charge
and orbital degree of freedom [1]. These properdies found quite sensitive to the type and
strength of lattice distortion [2, 3], the fillingf one-electron level and its width [4] and intdrna
strain [5]. Thus manganites offer a degree of chahand physical flexibility to control and
manipulate their structural, electronic and magnetiates. The colossal magnetoresistance
(CMR) has been a source of great interest for threaaganites in recent past due to their
potential applications in spintronics, magnetiaage system, magnetic field sensors, solid state,
refrigerators and infrared devices [6-9].In additiche perovskites offer diverse physical
properties depending on the doping concentratioarxl preparation route [10]. Many of these
properties are explained by the double exchangehameem (DE) arising from the interaction
between MA" - Mn®" ion pairs and Jahn — Teller distortion of ¥rion resulting into the
electron - phonon coupling and polaron effects J2L, It is well known that the interaction
between electrons and lattice distortion play apartant role in physics of these compounds.
The Mn g electrons which are responsible for the rich \grod attractive properties, couple to
lattice through Jahn-Teller effects [13]. Howevir,the metallic phase, the conduction band
consists of 3d gstates hybridizes strongly with the O2p state$ \atalized 4, electrons. The
multiplicity of the crystallographic and magnetibgse in the doped crystals suggests that the
ground state of these systems depend upon a suipdplay between their microscopic
electrical, magnetic and lattice properties anditations [14, 15]. The double exchange

mechanism qualitatively explained the ferromagnéatieractions and the observed metallic
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behaviour below the Curie temperatukg But was inadequate to explain the observed nagyst
above the transition temperature and even mostricpity the observation of CMR in Fe doped
LaSrMnG; (LSMO) [16]. Conversely, the more recent spin-piakd density functional theory
(DFT) calculation of the density of states (DOSpvides several clues to the underlying
processes involved in the CMR phenomena explaineabservation of CMR in stoichiometric

phases [17].

There exist several methods to prepare these milataricluding co-precipitation or
precipitation, sol — gel and ball milling [18, 19]he mechanical ball milling method is one of
the powerful methods in powder metallurgy becadgbehigh flexibility and ability to produce
a wide range of materials [20]. It is an efficienéthod to prepare many unique materials, such
as nanostructure crystalline amorphous alloys aamtb roxides particularly from the powder
oxide [21, 22]. It is found that the substitutioh lanthanum or manganese by another ion
influences the properties of manganites. While shbstitution at A site i.e. lanthanum or
manganese by another ion modifies interactions he La-O and Mn-O networks. The
substitution of other transition elements at the (B) site produces changes in the average
concentration and shift in the positions of theaed § sub bands [23,24]. The Fe doping in this
context has received considerable attention dtieetéarge extent to which it can replace Mn and
has a magnetic nature [25 - 27]. Further, the Fstgution fine tunes the DE mechanism by
breaking the DE chain [28-29]. The increase in &ecentration shows remarkably decrease in

strength of DE and d[30].

In the present paper, we report on structural, malqpical and vibrational properties of
the polycrystalline Fe doped LSMO samples preparethe mechanical ball milling synthesis

method and state of art first principles calculasidoased on density functional theory. For
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experimental structural, morphological, elementad @ibrational characterizations, we use X-
ray diffraction (XRD), Scanning electron microscof®EM), and energy dispersive x-ray
spectroscopy (EDAX) and Raman spectroscopy res@bgtiThese results are then compared

with the DFT results obtained in the present study.

2. Materials and Method
2.1. Preparation of samples

In this work, pure phase of ferromagnetic mangab# ¢:Sr 33VIin1 xFe0O3(LSMFO) was
obtained by solid state reaction method subjeatettheé conventional ball-milling method. The
synthesis procedure was as follows, high puriteyreors Mn@, LaOs, SrO, and F©; in the

appropriate proportions according to the followregctions:
0.335La03+ 0.33SrO +x/2 F®3; + (1-X) MNQ, — Lag 67SIh.33VIN1xF&0s+ 6 Co,

Polycrystalline samples of bg:Sh3Mn;1FeOs; were synthesized by relative milling
method. The powder milling process was performeth wommercial FRITISCH planetary
micro mill PULVERISETTE - 5. This mixture of highupty powders was carried out at room
temperature and under normal atmosphere. This falgnball milling with stainless still balls
was used for this purpose with the ball to powdiorof 10:1 and rotation speed of 250 rpm
[31]. The final product was subjected to the heptieatment at 8GC for 7 hours with the rates

of heating rate of %&/min.

All the powder samples were characterized for stinat properties by X-ray diffraction
at room temperature using PANalytical X'Pert Préfrdctometer with Cuk radiation § =
1.5406 A)The composition and surface morphologsestilting products were investigated using

JEOL JMS-5610LV scanning electron microscope antammtio of elements in sample was

[4]



evaluated by Oxford INCA Energy Dispersive analydig-ray (EDAX).The vibrational Raman
spectra were measured by JOBIN YVON HORIBA-HR80@.TH/-vis absorption spectra in the

range of 200-800 nm spectra range were recordddS#HIMADZU, UV-2450 spectrometer.

2.2.Computational Details

Ab-initio calculations in the present study forlsgBro 33Vin, xF&03(x=0.15, 0.25 and
0.35) have been performed within the local derajtyroximation (LDA) and local spin density
approximation (LSDA) to the exchange correlationteptial within the framework of density
functional theory using the Vienna ab-initio sintida package (VASP) [32]. We have used a
computational unit cell of LSMFO to simulate th@mbohedral R -3 ¢ within the ferromagnetic
(FM) ordering. Convergence tests on the energyffus 500 eV. The Brillouin zone sampling
was performed according to Monkhorst-pack meth@] {3ing the 10 x 10 x 10 grid and 12 x
12 x 12K-points, whereas the density of states aaé=ulated using the tetrahedron method [34]
to generate the K-points within the irreducible gedof the Brillouin zone. For structural
optimization procedureeach lattice parameter (anol, ¢ as well as the corresponding angles
between them) and all internal structure degrefeegdom (all atomic positions) have been fully
relaxed. This ensures the proper optimization ef hit cell with zero pressure [35-37]. This
complete geometrical optimization allows us to tiréee structural path of the rhombohedral
phase [38]. The starting crystal parameters ot HferMnFeQ have been taken from our present

XRD data of corresponding samples.
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3. Results and Discussions

3.1. Structure and Morphology

Figs.1 (a) & (b) present the x-ray diffraction gatt collected by step scanning over the
angular range 20< 20 < 8(° at a step size of 0.02 for as prepared skBro 33Vin; xFeOswith

nominal composition (x=0.15, 0.25 and 0.35) at raemperature.

The diffraction profiles have been refined sucadfsfusing the Rietveld refinement
using FULLPROOF program method with rhombohedra& RAattice structure. High intensity
of diffraction peak for LSMFO perovskite phase aghhsintering temperature (8%D) is the
clear indication of better sample crystallinity [38]. The XRD profiles of the samples in Fig.1
(@), (b) and (c) reflect slight decrease in thetlidf Fe ion suggesting the formation of
polycrystalline samples of larger crystallite siZéhe lattice and related parameters of the
samples obtained so have been presented in Tabgether with the DFT data. It is to be noted
that the LSDA calculations give a good agreemeti wkperimentally obtained structural and
equilibrium parameters. However, the inclusion afrelation effects like Hubbard like potential
acting on the Mn 3d sides overestimate the latiarestants by 0.7 to 2.2 %. For our calculation
we considered the value of U as 7.0 eV [41]. Théetahows that the lattice parameters increase
with the increasing doping amount. The X-ray lingltiws are used to estimate the average
particle size through the classical Scherrer foeDuk kA/(f cos 28),where D is the particle
size, k is the constant (0.9), b is the full widththe half maximum of a peak, ahds the
wavelength of the x-ray. The Table 1 also presémescalculated average particle size and
goodness fit of the samples determined from thee@eh formula and Rietveld refinement

respectively. The enhancement in crystallite sszebiserved in the sample with Fe concentration

(6]



of x= 0.15 in comparison to x=0.25 and x=0.35. Asenably good agreement is observed

between the experimentally observed and DFT cakedldata for optimized structures.

We note a slight increase in the lattice paramegerd unit cell volume with the
augmentation of iron content. This can be attridute the direct replacement of Mrion by
identical sized F& which results into the polaron that can affectM®eO bond length and Mn-

O-Mn angle in Las7Shh.3dVinixFeOscompounds [42, 43].

The detailed morphology and composition of the areg samples with Fe concentration
of 0.15, 0.25 and 0.35 have been recorded usimgsuaelectron microscope (SEM) and energy
dispersive analysis of x-ray (EDAX) respectivelheTSEM images presented in Figs. 2 (a) &
(b) &(c) reveal that the prepared samples are eitgr uniform and have an agglomeration with
undefined shape like morphology with undisturbedepo It is also clear from the SEM
micrographs that the particles are highly agglomeeravith irregular boundaries due to high

homogeneity during synthesis at different dopingosmtration [44].

The EDAX spectrum which is used for quantitativeneéntal analysis of the composition
of the LSMFO samples prepared by solid state reaqgiresented in Fig.3 confirms in proper
composition in the case of both samples. Howevteshould be noted that the EDAX analysis
presented in Table 2 is a semiquantitative anabysikit is not sensitive for light elements such
as oxygen. The spectra indicate that the both sk consistent with their elemental signals
and expected stoichiometry. The corresponding peakise EDAX spectra are due to La, Sr,
Mn, Fe and O elements. No additional impurity péalobserved which is confirms that the
prepared samples are pure in nature [45]. The ateweight ratio of (La, Sr):(Mn, Fe) = 1.0

suggests stoichiometric nature of both samples.

[7]



3.2. Vibrational Analysis

The present samples are in rhombohedral strucf@), with space group®, Z=2
which can be obtained from the simple cubic perigsky the rotation of the adjacent
MnOs0octahedra in the opposite direction around the ]lddbic direction [46]. The theoretical
and experimental descriptions of the Raman spéetva been briefed in Refs. [35-36]. There are
five Raman (Aq +4E;) are eight infrared (34 + 5E) active modes. Fig. 4 presents the room
and low (80K) temperature Raman spectra of Fe ddjpgg:SrtsMnOscompounds annealed at
80C°C for 7 hours collected using 632.8 nm excitaticavelengths in the frequency interval of

200-800 cnit.

The Ay modes only involve the vibrations of the oxygension the G sites while §
modes arise both from oxygen and La (Sr) ions [dii$ vibrations. Based on the Refs. [35-37,
48] low frequency peak aifs assigned to # symmetry while the peakafs assigned to £
symmetry. There is clear shift for both of thesede® toward lower wave number with the
increase in doping content of Fe. The two broa@eks~ 530 (A) and~ 670cm’" (As) arising
due to scattering induced by orthorhombic distogi§49] shift to higher wave number. These
are the characteristic modes of manganites arfsimg the Jahn-Teller distortions [50 - 53]. The
broadening increases for both modes with Fe contelitating that the Jahn-Teller distortion
increases with Fe concentration. Furthermore, thguiency shifts with doping results from the
induced ions involving the motion of oxygen cagesl an effective octahedral rotation [54].
There is an increase in compression arising froenstihess due to the Fe doping at B site and
Mn-O bond length change [52]. There are two momabmpeaks Aand A around 500 ci and
290 cm respectively which show reverse characteristic woncentration. While A2 band

softens the A4 band hardens. However, the peakigog$or x=0 is quite prominent in the case

(8]



of room temperature spectra. Now let us focus oK &pectra. The broad bands are caused by
distortions of the oxygen sublattice [46]. Thg(B3) and Ag4 (A1) modes which soften with the
concentration harden with decreasing temperatunesd are consistent with the Dubroka et al
[46] for other heavier ion doping at B-sites. Wevédaalso performed the first principles
calculation of Raman mode frequency of LSMO sangsiaealed at 86C with Fe doping of
0.15 and x= 0.25 and x=0.35and presented them bleTatogether with room temperature

experimental Raman data. There is a reasonably ag@®ment between both.

3.3 Electronic density of states

To understand the origin of the metallic ferromaggme in the doped manganites it is necessary
to understand their electronic structure. For thist principles calculation based on density
functional theory within the local spin density amadmation (LSDA) implemented in VASP
program is performed [32].The electronic band $tmectogether with the total density of states
for three concentrations (x=0.15, 0.25 and 0.3Fjetloping in LSMO for both for up and down
spins are presented in Fig.5 (a-c) which showseas® in density of states at Fermi level) (E

We have obtained the effective mass from the bamdtsre calculations using expression

2

m* = (;‘—d) x m, . We observed that the effective mass of carriersngis 3.53, 3.98 and 4.95 for

x=0.15, 0.25 and 0.35 respectively [55, 56]. THeative mass increases with concentration. It is
clarified that the deformation of LaSrMnFeg@olycrystalline has a significant influence on the
band mass but the electronic effect due to thand flattening near the gamma point due to the

Fe doping up to 0.35 at % is the main factor feréffective mass increases [56].

The LSDA results give a strong FM interaction withany sign of antiferrromagnetism

for these systems. When compared with previous @tk no significant changes are observed

[9]



for the Mn-d states with increasing Fe content anly g, states in the majority-spin channel
contribute to the DOS at-EWe have also calculated the total magnetic momktite Mn atoms

which are surrounded by different cationic enviremin[57]. We have not listed the contribution
from La, Sr and O atoms to the total magnetic mdroéthe unit cell. The calculated magnetic
moment of the unit cell is 16.52, 17.04 and 1p@g6for x=0.15, 0.25 and 0.35 respectively
consistent with earlier report [58]. The enhancenémagnetic moments can be attributed to
the change of complex interaction between Mn atam$ other atoms mainly the O atoms
induced by octahedral rotation and deformation.[39je average magnetic moment on the Mn

atoms slightly increase from 2.49, 2.51 and 21é%or x=0.15, 0.25 and 0.35 respectively [60].

3.4 Absorption Spectra

The absorption properties of Fe doped LSMO are aredsfrom the UV-vis spectroscopy and

evaluated by absorption coeffician{w) defined as:

a(w) = V2 (@)[Ver (02) + &2 (02) — &1 ()] (1)

Wherew is the frequency ang (o) ande; (o) are the real and imaginary parts of the dielectri
function, respectively [61]. Figure 6 illustratdset UV-vis absorption spectrum of prepared
LSMFO with x=0.15, 0.25 and 0.35 doping concentrattogether with the DFT calculated
spectra (inset). The experimental spectra showspatk.58, 1.60 and 1.65 eV respectively. The
absorption peaks shift to the higher value withréasing the doping concentration which is in
good agreement with earlier report [62].The sligieviation in the theoretically and
experimentally obtained spectra can be attribubethé facts that in real samples there may be

some kind of defects present which can signifigaimfluence the absorption properties.

[10]



4. Conclusions

In summary, crystallographic, morphological, elesic and vibrational analysis of
Lag 67SIh.3IMn14xFe03 (x=0.15, 0.25) compounds prepared by ball milleethad and ab - initio
spin polarized density functional calculations amalysed. The analysis of structure indicates
that the compounds are formed in rhombohedral RHase and the lattice parameters show a Fe
content dependency. Lattice parameters and uilitvorime increase with Fe dopent. The
crystallite size calculated using Scherrer formatmfirms the formation of polycrystalline
samples of LSMFO. The crystallite size increaseth whe increase in Fe concentration. The
effect of increasing Fe content on morphologicalpgrties is studied using scanning electron
microscope which shows that the particles are agegftated. The presence of all the
corresponding elements by EDAX for both samplesasfirmed and no impurity peak is
detected. Raman spectra of LSMO exhibit a sigmticzhange due to Fe ions doping. The
broadening of the peaks indicates and increas#dsidahn-Teller distortions and compression.
There is a shift in the peak positions due to iaseel doping indicating a change in the MnO
octahedron. LSDA calculations reveal that the rhietdehaviour without any intimation of
antiferrromagnetism for this systems. The total neig moments of unit cell for these systems
in FM state ranges from 16 to ii§. The effective mass of carriers increases goiagfk=0.15

to 0.35. The measured and calculated absorptiatrapggree reasonably well.
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FIGURE CAPTIONS:

Figure 1. XRD pattern of polycrystalline &St 3Mn;xFeOswhere (a) 0.15 (b) 0.25 and (c)
0.35.

Figure 2: SEM images of ba:St3MniFe03(x=0.15, 0.25 and 0.35) sample prepared by
solid state route.

Figure 3: EDAX spectra of LaSrMnFg@anganite system where (a) 0.15 (b) 0.25 & (¢).0.35
Figure 4: Raman Spectra of d&Srp 3N «Fe03(x=0, 0.15, 0.25 and 0.35) system.

Figure 5: Electronic Density of states and Bandctre of LaSrMnFegzompound where (a)
0.15 (b) 0.25 & (c) 0.35.

Figure 6: Absorption Spectra of &S 3Mn1«FeOs; where (a) Experimental & (b) DFT

spectra of manganite system
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Table 1

nd Unit celuvne of La 675t 3dVIn1«FeO3; manganite

Lattice Parameter, Crystallite Size a




Table 2
EDAX analysis of prepared samples

Samples La Sr Mn Fe O

x=0.15 10.98 3.97 11.03 3.73 70.29

x=0.25 13.85 4.03 12.28 8.46 61.38

x=0.35 13.27 3.61 9.66 12.74 60.73
Table 3

Comparison of Raman mode position {Orfrom the Experimental and calculated by DFT study

Raman Laps:Sh:Mn1xFeO; (EXP) at 300K DFT

Modes x=0 x=0.15 x=0.25 x=0.35 x=0.15 x=0.25 x=0.35
Axg 252 224 225 221 226 229 221
Eg 294 292 292 286 298 295 299
Eg 513 409 409 405 409 417 410

Ey 678 670 675 675 686 671 675
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Table 1: Lattice Parameters, Crystallite Size and Unit cell volume of Lays7Sro33MnixFexOs
manganite

x=0.15

x=0.15 (Exp) x=0.25 (Exp) x=0.35 (Exp) (DFT)

Structure  Rhombohedral Rhombohedra Rhombohedral Rhombohedra  Rhombohedra  Rhombohedra

Space R-3c R-3c R-3c R-3c R-3c R-3c
Group

Profile
Fitting Pseudo-voigt Pseudo-voigt Pseudo-voigt Pseudo-voigt Pseudo-voigt Pseudo-voigt
Function
Lattice Parameters

a (A 5.4194 5.4201 5.5129 5.3851 5.3900 5.3552

b (A) 5.4194 5.4201 55129 5.3851 5.3900 5.3552

c (A 13.1700 13.1860 13.5900 13.0500 13.0400 13.1120

V (A3 334.9900 335.9900 357.8800 327.7400 328.1000 -

La/Sr (6a)

X 0.000 0.000 0.000 0.000 0.000 0.000

y 0.000 0.000 0.000 0.000 0.000 0.000

z 0.250 0.250 0.250 0.250 0.250 0.250
Mn/Fe (6b)

X 0.000 0.000 0.000 0.000 0.000 0.000

y 0.000 0.000 0.000 0.000 0.000 0.000

z 0.000 0.000 0.000 0.000 0.000 0.000

O (18e)

X 0.458 0.547 0.535 0.452 0.453 0.465

y 0.000 0.000 0.000 0.000 0.000 0.000

z 0.250 0.250 0.250 0.000 0.250 0.250

Discrepancy Factors (%)

Rup 23.2 21.6 27.3 - - -
Rp 38.7 37.0 67.1 - - -
Re 17.6 15.0 16.1 - - -
Goodness
of Fitting 1.31 1.44 1.69 - - -
o)
Particle 21 24 27 - - -

Size (nm)




Table 2: EDAX analysis of prepared samples

Samples La Sr Mn Fe @]
x=0.15 10.98 3.97 11.03 3.73 70.29
x=0.25 13.85 4.03 12.28 8.46 61.38
x=0.35 13.27 3.61 9.66 12.74 60.73

Table 3: Comparison of Raman mode position (cm™) from the Experimental and cal cul ated
by DFT study

L&y 6;Sr03Mn14Fe03 (Exp) at 300K
x=0 x=0.15 x=0.25 x3D x=0.15

x=0.25 x=0.35

Ay 252 224 225 221 226 229 221
Eq 294 292 292 286 298 295 299
Eq 513 409 409 405 409 417 410

= 678 670 675 675 686 671 675
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The ball milling route has been used to produce the Lag g75rg 33Mng s5Feq 1503
(LSMFO) nanocrystalline sample from oxide precursors. The sample was
characterized using x-ray diffraction (XRD), a scanning electron microscope
(SEM), energy dispersive x-ray spectroscopy (EDAX), differential scanning
calorimetry (DSC) and thermogravimetric (TGA) measurements. The x-ray
diffraction confirms the phase purity of sample and shows that the sample
crystallizes in the rhombohedral perovskite structure with a R-3c¢ space group.
The scanning electron micrograph shows the presence of well-faceted crys-
tallites of LSMFO. The EDAX spectrum demonstrates the molar ratio of dif-
ferent elements of nanocrystalline LSMFO. Furthermore, the crystallite size
using the Debye—Scherrer formula and William-Hall analysis has been found
as 24 nm and 29 nm, respectively. Our results support the idea that a good
quality nanocrystalline LSMFO sample can be obtained using the ball milling
route. We also discuss the DSC and TGA curves and analyse the results in
terms of phase transition, calcination temperature and activation barrier
energies.

Key words: Manganites, ball-milling, calcinations, XRD, SEM-EDAX, DSC,

TGA

INTRODUCTION

There has been continuing interest in the study of
doped rare-earth manganite perovskites with gen-
eral formula Ln;_,A.MnOgs, (where Ln = La, Nd,
Sm... rare earth ions and A = Ba, Sr, Pb and Ca;
divalent alkaline earth ions) due to their peculiar
physical properties arising from the strong coupling
between spin, charge, orbit and lattice degrees of
freedom and observed colossal magnetoresistance
(MR) effect in them.!™ These doped manganites
exist in a verity of phases of perovskite structure
and have their potential applications in transducer
and sensor, catalysis, permanent magnets, high
temperature superconducting, novel electronic

(Received July 8, 2017; accepted November 22, 2017,
published online December 5, 2017)

materials and solid oxide fuel cells.’'” It is a
widely recognized fact that the pairs of Mn>* and
Mn** ions play a major role in double exchange (DE)
interaction for the ferromagnetic and metallic prop-
erties in these manganese oxides. The DE effect
arises due to the exchange of electrons from neigh-
bouring Mn®* to Mn** ions through oxygen when
their core spins are parallel and hopping is not
favoured for anti-parallel spins.'® Furthermore, an
additional mechanism, Jahn—Teller distortion (JT),
has also been found responsible for the transport
properties in these compounds. The JT effect causes
further degeneracy of the e, orbital of the Mn?3* in
MnOg octahedral and results in electrical transport
via hopping.'®?! There are several methods, such
as the solid state reaction, sol-gel and ball milling
for the preparation of homogeneous samples of
these materials required in various industrial appli-
cations.”>?* Tt is found that the substitution of
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lanthanum or manganese by another ion in man-
ganites directly modifies their characteristic prop-
erties due to new interactions in the La—O and Mn-
O networks.?®

The substitution of other transition elements at
the Mn site of La0,67Sr0,33MnO3 (LSMO) Signiﬁ-
cantly influences the properties of these mangan-
ites, particularly the Curie temperature (T'c) due to
the changes in the average electron concentration
and the shifts in the position of the e, and #, sub-
bands.??® In this regard, the substitution of Fe
ions is of particular interest as they do not only
replace Mn ions extensively but also serve to fine
tune the DE mechanism by breaking of the DE
chain, which further weakens in strength with Fe
concentration.?*=32 Furthermore, the significance of
the Fe doped LSMO manganites is that the almost
similar ionic radii of Fe and Mn helps in studying
the local electronic structure without any lattice
distortion. The doping by Fe®* also seems appropri-
ate as Fe3* is magnetic and does not give rise to the
JT effect and participates in the DE mechanism.>!
The 10% Fe doping results in a marked decrease in
Tc and a continuous decrease in magnetic moment
with Fe.?®3! The replacement of Mn by Fe favours
an insulating character and antiferromagnetism
opposing the effects of double exchange.®’ The
neutron diffraction study shows the existence of
antiferromagnetic and ferromagnetic short range
ordered regions within the samples of 20% Fe
doping.?? In addition, the modifications in the
Mn?*—O-Mn** network, responsible for the double
exchange, can also be brought about by doping at
the Mn site itself.>*>® The Fe doping modifies the
Mn?*—O-Mn** network and increases the resistivity
by not participating in the DE and shows a mag-
netic nature for LSMO samples.?¢37

It is an established fact that the size reduction
down to nanoscale modifies the magnetic and elec-
tronic properties of a material such as superpara-
magnetism, large coercivities, low saturation
magnetization and spin glass.”*®3° Therefore, it
will be interesting to study the magnanites with
particle size comparable to magnetic domain size
and develop a better understanding of the mecha-
nism of colossal magnetoresistance. It is found that
the ferromagnetism (FM) weakens at nanoscale,
and Curie temperature decreases with decreasing
size.>”*° The cell volume and anisotropy of the unit
cell of orthorhombic Lagg7Cag33MnO3z powders of
30 nm size reduce in comparison to their bulk
counterpart.*! Prellier et al.>’ have shown that the
manganites of different sizes exhibit different evo-
lution trends for lattice parameters at room tem-
perature. The increase in the number of grain
boundaries and defects at the grain surface signif-
icantly modifies the transparent behavior of nanos-
cale manganites.?®3° Furthermore, in the case of
nanocrytalline samples, the surface contribution to
MR increases with the reduction of grain size in the
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temperature range between 77 K to 300 K at 1000
Oe magnetic field.**

In the present paper, we report structural, mor-
phological and thermal properties of the polycrys-
talline La0,67Sr0,33Mn0,85Fe0_1503 (LSMFO) sample
prepared by the mechanical ball milling synthesis
method. The mechanical ball milling technique is
one of the important techniques in powder metal-
lurgy because of high flexibility, simple control of
process parameters and ability to produce a wide
range of materials. The ball milling method has
been quite successful in producing single phase
Ln,A;_,MnOgs (Ln = La, Nd, Sm... and A = Ba, Sr,
Pb and Ca) nanoparticles.**>** We have chosen the
x = 0.15 concentration of Fe ions at the Mn sites in
the present study, because it has a largest MR near
room temperature and has the most practical
applications.*>*® For structural, morphological, ele-
mental and thermal characterization, we have used
the x-ray diffraction, scanning electron microscope,
energy dispersive x-ray spectroscopy and differen-
tial scanning calorimetry and thermogravimetric
analysis, respectively.

EXPERIMENTAL PROCEDURES

In this work, a pure phase of polycrystalline
LSMFO manganite has been prepared by the stan-
dard solid state reaction method using the mixture
of precursors MnQO,, LasO3, SrO and Fe,O3 up to
99.9% purity in the appropriate stoichiometry molar
amounts. These materials were milled in PULVERI-
SETTE—5 planetary ball mills.*” The rotation
speed was chosen to be 250 rpm, while the ball to
powder ratio was 10:1. The mixture of powders was
milled for 8 h and then the obtained powder was
calcined at 1000°C. The details are shown in
Table 1.

Phase purity, homogeneity, and crystal properties
were determined by powder x-ray diffraction at
room temperature using a PANalytical X’Pert Pro
diffractometer with CuKu radiation (1 = 1.5406 A).
Diffraction data were collected over the 20 range of
20° to 100°. The composition and surface morphol-
ogy of resulting products were investigated using a
JEOL JMS-5610LV scanning electron microscope
and molar ratio of elements in samples was evalu-
ated by Oxford INCA Energy Dispersive analysis of

Table I. Parameters of milling balls and raw
materials

Total
Raw materials Mol ratio/mol Mass/g mass/g
Lay0O3 0.022 7.16
SrO 0.021 2.17
MnO, 0.056 4.86 15.67
Fey03 0.0093 14
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x-rays (EDAX). Thermal analysis was carried out
using a DSC-50, Shimadzu differential scanning
calorimetry (DSC) by heating the sample at 5°C/min
in a thermal analyzer in the presence of air. The
thermogravimetric analysis was carried out with a
TGA-50, Shimadzu at the heating rate of 5°C/min.

RESULTS AND DISCUSSION

The powder x-ray diffraction (XRD) method is
used to verify the crystal structure and phase purity
of the prepared sample. The room temperature XRD
pattern of the prepared polycrystalline LSMFO
sample is presented in Fig. 1. The obtained XRD
data have been analyzed by the Rietveld method
using the FullPROF program. This figure also
includes the XRD pattern after Rietveld refinement.
In this method, the observed profiles are matched
with the profiles constructed similarly using a
pseudo-voight function. The calculated profiles have
been compared with the observed ones. The
obtained refined structural parameters together
with the other available data are presented in
Table IL.**°° There is a good correspondence
between the presented and observed data. The
asterisks (*) in Fig. 1 indicate the presence of
Mn30, phase in prepared samples. The vertical
lines are the calculated Bragg’s positions of the
reflections for rhombohedral compounds. The bot-
tom lines, showing the difference between the
experimental and calculated XRD patterns, show a
good agreement between the observed and calcu-
lated intensities. All the reflection lines for the
parent sample successfully correspond to the rhom-
bohedral structure belonging to the space group R-
3c.°>! We do not observe any unfitted peaks in
different spectra indicating a very small (< 1%)
contribution of second phase Mn3O, present in
samples as seen by Khilfi et al.’**®> We have
observed the diffracted peaks of nanosamples at
planes (012), (104), (202), (024) and (116) confirming
the rhombohedral structure. These show ball
milling to be a successful method to directly produce
the stoichiometry and homogenous polycrystalline
LSMFO manganites. Now, according to the Debye—
Scherrer equation, the broadenin§ due to small
crystallite size can be expressed as’*:

D =0.92/fcos0, (1)

where D, 0 and 1 are the average crystallite size,
Bragg’s angle and wavelength of incident x-ray
beam in nm, respectively. The 0.9 is shape factor
and f is the instrumental corrected line broadening
at half of the maximum intensity (FWHM). The
average crystallite size of the LSMFO nanoparticles
using the Debye—Scherrer formula is 24 nm. In the
present study, we have also employed W—H analysis
for estimating crystallite size and lattice strain. The
Williamson—Hall (W-H) analysis is a simplified
integral breadth method where both size - induced
and strain- broadening are deconvoluted by

-— Observed

- — calculated ]
| Bragg’s position
~ Difference

Intensity, Arb.Un
tY
*

AT . R e

20 30 40 50 60 70 80 9 100

20°
Fig. 1. XRD pattern of polycrystalline Lage7Sro.33Mng ssFeo.1503
prepared by the solid state reaction.

considering the peak width as a function of 20.°*

The strain associated with the annealed LSMFO
sample at 1000°C due to lattice deformation has
been estimated using a modified form of W-H,
namely, the uniform deformation model (UDM). The
strain induced in powders due to crystal imperfec-
tion and distortion has been calculated as

&= Ppp/4sin0. (2)

A plot between 4sinf and f3;,;,cosf for the polycrys-
talline LSMFO is shown in Fig. 2. Using UDM, the
estimated crystallite size and strain from this plot
comes out to be 29 nm and 1.01 x 10~% respec-
tively. The variation between average crystallite
size obtained from Scherrer’s formula and W-H
analysis can be attributed to the difference in
averaging the particle size distribution,’® selection
of crystallographic direction®® and the account of
strain through the broadening of diffraction peaks.
The W-H procedure presents a correction to the
problem.

The compositional detail of the prepared
nanocrystalline LSMFO sample using energy dis-
persive analysis of x-rays (EDAX) is presented in
Fig. 3. In this technique an electron beam of 10—
20 keV strikes the surface of a sample, which causes
x-rays to be emitted from the point of incidence. A
photoelectron is generated during the x-ray and
detector interaction. The energy of the characteris-
tic x-ray emitted from the different elements is
different, and; hence, a signature of a particular
element is observed in the spectra. It can be
observed from the EDAX spectra of nano LSMFO
that the sample is composed of La, Sr, Mn, Fe and O
atoms. The molar ratio for the elements La, Sr, Mn,
Fe and O from the EDAX spectra is shown in Fig. 3,
while the atomic percent is presented in Table III.
The molar ratio of elements La, Sr, Mn, Fe and O is,
respectively, 48.82, 8.81, 19.11, 5.96 and 17.31,
which is consistent with earlier study.?” The close
agreement between the atomic ratio of La, Sr, Mn,
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Table II. Details of the Rietveld refinement XRD
parameters of prepared nanocrystalline powder

Lag.g7Sr¢.33Mng gsFeq 1503

Parameters (x = 0.15)
26 range (°) 20-100
Step size (°) | 0.0170
Wavelength (A) 1.5406
Space group R-3c
a=b(A) 5.5038, 5.508%, 5.524°, 5.4927°
c (A) . 13.3901, 13.3572, 13.40°, 13.346¢
Volume (A®) 351.28, 350.9%, 354.3°, 348.7¢
o (°) 920
B©) 90
7 (©) 120
R;16.2
Rprage 12.6
Ry, 17.6
Rexp 12.7
R 32.8
2 1.91
GOF 1.38
Atoms x y z
La/Sr 0.0000 0.0000 0.25
Mn/Fe 0.0000 0.0000 0.25
(0] 0.544 0.0000 0.25
*Ref.48 PRef.49.°Ref.54.
1 L T v L
0.021 4
] | ]
0.018 4 .
0.015 4
< 0.0124
[%2]
Q |
O
< 0.009 ]
0.006
1 | |
0.003 4
T T T T v T v T v 1
0.5 1.0 1.5 2.0 2.5 3.0
4 sin®
Fig. 2. Williamson—Hall plots of LSMFO manganite samples.

Fe and O atoms obtained in the present spectra and
previous spectra suggests correct stoichiometric for
the prepared nanoscale LSMFO perovskite. The
prepared sample is pure due to the absence of any
impurity peak in the sample.?®

The microscopical morphology of particles of the
nanocrystalline LSMFO sample has been examined
by SEM and presented in Fig. 4. The microscopic
image clearly shows that most of the grains are
spherical in shape with nonuniform distribution. A
careful analysis of the micrograph reveals well

Astik, Jha, and Pratap

Spectrum 1

0 1 2 3 4 5 6 7 8 9 10
Full Scale 1623 cts Cursor: 0.000 keV

Fig. 3. EDAX spectra of LSMFO nanoscale particles.

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

Element Atomic%
La 17.67
Sr 5.05
Mn 5.36
Fe 17.49
(0] 54.42
Total 100

Fig. 4. SEM images of Lag e7Sr0.33Mng gsFeo.1503 sample prepared
by the solid state route.

defined grains with clear boundaries. The SEM
micrograph shows that the tiny particles are
agglomerated with the distance scale of 5 um.
Figure 4 also depicts that the LSMFO sample
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without any intermediate grinding process causes
irregular grain formation, which can be attributed
to homogeneity of agglomerated particles.’® Fur-
thermore, it is seen that the surface of particles is
composed of smaller particles with irregular mor-
phology indicating grain growth due to high tem-
perature. The smaller grains and resulting
increased ratio of the grain boundaries are expected
to influence the electromagnetic transport.?® The
SEM images show the particle size of 200 nm, which
may be attributed to the collection of several grains.

0.6
0.4 1
2
1S
z
2 0.2
®
[0)
I LM’—‘
0.0 1
-02 T T T T T T
0 100 200 300 400 500 600
Temperature,’C
Fig. 5. DSC curves of synthesized LSMFO particles.

Now, we turn our attention to the thermal
analysis of nanocrystalline LSMFO using DSC and
TGA. DSC measures the amount of heat energy
absorbed or released by a given sample as it is under
a constant or variant heat treatment.®! In the case
of a DSC measurement, the difference in heat flow
to the given sample and reference material, which is
an inert material, is recorded as a function of
temperature increased at constant rate. The heat
flow difference between sample and reference mate-
rial can be either positive (endothermic) or negative
(exothermic). The endothermic peak temperature in
the DSC plot can be related to the peak in the
temperature variation of the magnetization curve
and, hence, a magnetic transition of the first
order.%? DSC and TGA measurements for Fe doped
nanoscale LSMO are shown in Figs. 5 and 6,
respectively. Exothermic two steps decomposition
takes place from between 200°C to 350°C. With the
increase in temperature, the TGA curve shows
mainly three weight loss regions. Based on the
analysis of weight loss in each region, the complete
thermal decomposition process can be distinguished
as discussed below. The TGA curve indicates that
the weight loss takes place in three steps. The total
weight loss is about 30% up to 1200°C. The first
weight loss is 8% up to 250°C, which can be
attributed to the water evaporation and arising
from moisture. The second weight loss is 17% in the
temperature range 250°C to 700°C, and the final
third weight loss of 5% takes place from 700°C to
1200°C. The formation of product takes place at

weight loss %

85 =1

80 =

75

In {In (mg/m)]

2.4

!
0 200 400

Fig. 6. TGA curves of LaSrMnFeO3 particles.

1
600 1200

Temperature,’C
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1000°C, which decomposes at higher temperature.
To further understand the process of heat energy
absorbed or released, we have calculated the acti-
vation barrier from the TGA pattern using the
following equation.®?

In [In (mo/m)] = —E/R (1/T) + const,  (3)

where E is the activation barrier, m, is the initial
mass and R is the universal gas constant. The plot
presented in the inset of Fig. 6 clearly shows three
step processes in transition. The activation barrier
turns out to be 17.69 J, 19.07 J, and 25.8 J, respec-
tively for the temperature ranges; up to 250°C,
250°C-700°C, and 700°C-1200°C.

CONCLUSIONS

In summary, we have prepared the nanoscale iron
doped Lag g7Srg 33MnQO3 polycrystalline samples by
the ball milling process and investigated its struc-
tural, morphological and thermal properties. Our
studies show that the high energy ball milling of
Las03, SrO, MnO,, and Fe;O3 powders leads to the
synthesis of nanosized Lagg7Srg33Mng gsFeq 1503
(LSMFO) in rhombohedral phase. The crystallite
size for the nano LSMFO is obtained as 24 nm and
29 nm using the Scherrer formula and W-H anal-
ysis, respectively. The SEM image clearly brings out
the formation of the agglomerated particles with the
distance scale of 5 um. The compositional analysis of
nanocrystalline LSMFO is also done using EDAX.
The thermal analysis of the sample is done using
DSC and TGA, which shows that the decomposition
and weight loss are a three step process.
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Abstract. Nanocrystalline stoichiometric Lag;Sry;MnO; (x=0.3) manganites have been synthesized through solid-state
reaction by ball milling mechanical method at two different sintering temperatures 1250°C and 1350°C. The synthesized
samples were characterized using X-ray diffraction (XRD) and found to have rhombohedral crystal structure (R-3c). The
calcined samples exhibited a pure single phase perovskite, had a crystallite size of about 47-51 nm. The morphology of
the prepared nanocrystalline manganites were recorded by the field emission gun-scanning electron microscope (FEG-
SEM) and EDAX.

INTRODUCTION

The perovskite manganites of type R .xAxMnO; where R is La’", Pr’', Nd** and A is Ca®’, Sr*'; received great
deal of attention in last decades due to their unusual magnetic and transport properties, especially the colossal
magnetoresistance (CMR) [1-3]. The strontium doped perovskite — type manganites La; xSrxMnO; (LSMO) have
attracted remarkable interest due to their various potential applications such as magnetic sensors, reading heads for
magnetic memories and as a cathode in solid oxide fuel cells due to its excellent catalytic, thermal, electrical,
phonon and magnetic properties [4-8]. The properties of these materials are governed by several factors such as
method of preparation, doping percentage and size of divalent ions [9-11]. In addition, these manganites have
attracted much attention in recent time due to colossal magnetoresistance effect [12] and their intriguing physics.
The colossal magnetoresistance in a strongly correlated electron system arises due to strong interactions among the
charge, spin, orbital and lattice degree of freedom, such as double-exchange interaction, super-exchange interaction,
Jahn-Teller type electron-lattice distortion, Hund’s coupling etc., leading to complex structural, magnetic and
electronic phase diagrams. Furthermore, the Lay;Sry3;MnO; (LSMO) amongst several other manganites is of
particular interest due to its high T, of 380 K, a large magnetic moment at room temperature and highest
magnetoresistance (MR) near the room temperature [13-15]. Several preparation techniques to synthesize these
materials such as mechanochemical, sol-gel, co-precipitation and solid state reaction have been developed.
However, the solid state route has been recognized as a powerful method for the production of novel, high
performance as well as low cost materials such as ferrites, intermetallic etc [16-18].

In this work, an effort has been made to synthesize Sr doped LaMnOj; system in nano regime i.e. La; xSryMnO;
(x=0.3) nanoparticles by solid state reaction method. We also present the effect of sintering temperature on structure
of these nanocrystalline La, ;Sr;3MnO; manganites.

EXPERIMENTAL PROCEDURE

Magnetic nanoparticles of La;,Sr,MnO; (LSMO) x = 0.3 were prepared via conventional solid state reaction
method by mechanical ball milling method using ingredients La,O; (99.9%), SrO, (99.9%) and MnOs;.
Stoichiometric amounts of starting compounds are mixing for 3h and sintering at 1250 and 1350°C for several hours
with intermediate grinding steps using 250 rpm. The powder was subjected to the mechanical milling process in air
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atmosphere, by using a planetary ball milling Fritsh PULVERISETTE 5. The structural characterization was
explored by X-ray diffraction (XRD) using CuKa radiation at room temperature. Surface morphology and
compositions were studied by FEG-SEM analysis and Energy dispersive analysis of X-ray respectively.

RESULTS AND DISCUSSIONS

The XRD results of the prepared LSMO nanoparticles at 1250 and 1350°C are shown in Fig. 1. For LSMO
samples prepared at 1250°C, the perovskite structure is seen to be superior in the sample with x=0.3. The diffraction
patterns of Lag;Sry3sMnOj; perovskite nanostructures reveal all characteristic peaks of the perovskite phase. The
obtained LSMO samples are in single phase without any secondary or impurity phase. The confirmed compound
formation belongs to the rhombohedral crystal symmetry of space group R-3C similar to the one obtained refs. [19-
20]. The Diffraction peaks at angle 20 ~ 32.09 represents the 110 plane of perovskite phase.

(1p4)

“

——1350°C
—1250°C

(024)
(214)

(012)
(202)

(131)

Intensity (Arb. Unit)

20 (deg)

FIGURE 1. XRD pattern of Lay 7Sty ;MnOj5 sintered at different temperatures 1250 and 1350°C

We have also calculated the lattice parameters and presented them in Table 1. There is a good agreement with
the earlier reported values [21-23]. However, there is an increase in unit cell volume for sample with high sintering
temperature. The crystallite size of the compound was calculated from the broadening of the strong and medium
reflections of (012), (110), (202), (024), (214), (131) using Debye —Scherer’s formula,

K
B

Where K is the shape factor which is taken as 0.9, A is the wavelength of Cu Ka radiation (A=1.5406), and 3 is
the full width at half maxima (FWHM) of the peak corresponding to the maximum intensity and © represents the
diffraction angle of the most intense peak in degrees [24]. As we have used the powder samples, the XRD peak
broadening due to mechanical strain, instrumental error and other sources have been ignored in the calculation of the
crystallite size. The average crystallite size of the LSMO sample lies in between 47 and 51 nm for the sample
calcined at 1250° C and 1350° C respectively. Further, the Table 1 shows that the crystallite size of the LSMO
samples increases significantly with increasing the calcinations temperature. However, the procedure of finding
average crystallite size using Scherrer’s formula is an indirect way to estimate the size approximately.

d=

TABLE 1. Lattice Parameters, Unit Cell volume and crystallite size of Lay ;Srq3MnO; samples.
Sample Lattice Parameter Unit Cell Volume Crystallite Size D (nm)
a(d) bA)  c@A) v, (pm”
SMO0312 5.48 5.48 13.31 0.346 47
SMO0313 5.49 5.49 13.33 0.348 51
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A quantitative EDAX analysis is used to determine the composition x=0.3 of LSMO in Fig. 2. The result shows
that the molar ratio of the composition at different temperatures is given in Table 2. The spectra indicate that both
the samples are consistent with their elemental signals and stoichiometric is as expected. The corresponding peaks
are due to the La, Sr, Mn, O elements, whereas no additional impurity peaks is detected and it implicit that the
prepared samples in creation. This is almost consistent with the nominal composition suggesting that the obtained

LSMO sample is near stoichiometric.

] L] 2 3 4 -] (] ] ] 10
Ful Scaie 5509 cbs Cursor 0000 ke

FIGURE 2. EDAX pattern of Lay 7Sr; sMnOssintering at different temperatures at 1250 and 1350°C

TABLE 2. Composition obtained from EDAX spectra.
Sample SM0312 SM0313
La 19.3 19.4
Sr 1.91 1.99
Mn 19.61 19.7
O 58.57 58.5
Pt 0.61 0.41
Total 100 100

The morphology of the nanocrystalline LSMO powder was analyzed by field emission gun —scanning
microscopy (FEG-SEM) using a JEOL-JSM-7600F. The FEG-SEM images of the powder sintered at different
temperatures with the magnification of 20,000 are shown in Fig. 3(a) and 3(b).

(b)

FIGURE 3 (a), (b). FEG-SEM image of La, ;Sry3MnOssintering at different temperatures at 1250 and 1350°C

It is clearly seen that the most of the grain sizes are distributed in the range of 50-200 nm, which are larger than
the one estimated using Scherrer formula. However, it further confirms the nanocrystallity of samples. The grain
size varies between several microns whereas grains of small size can also be formed with higher sintering
temperature. However, we observed some new spherical structure at 1350°C. The similar feature is also observed by

Throat et al [25].
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CONCLUSION

In summary, we have successfully synthesized single crystalline phase La; (SryMnO;3(x=0.3) nanoparticles by
simple solid state reaction route with a significantly short reaction time. Pure phase perovskite is formed at 1250°C
and 1350°C. XRD pattern analysis shows that the samples have perovskite structure R-3¢ symmetry. LSMO
nanostructures with packed particles or crystallite sizes of 47-51nm, having well perovskite structure were obtained.
The crystallite size, structural symmetry and surface morphology can be governed by the calcinations temperature.
The result of FEG- SEM measurement of the studied compound indicates that the spherical particles in the range of
50-200 nm are formed. The EDAX result shows that the molar ratio of La, Sr, Mn and O is near stoichimetric.
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