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Abstract

Characterization, Fe/Mo ordering and magnetic properties of CayFe,Mo,_,Og (x = 0.9, 1.0, 1.1 and 1.2) (CFMO) double
perovskite have been studied. Sonochemical methodology is adopted to synthesize CayFe,Mo,_,O¢ double perovskite
at low temperature (950 ° C) under Ar/H; atmosphere. Single-phase monoclinic structure by space group P2/n, lattice
parameters (a, b and c) and unit cell volume (V) have been confirmed from X-ray diffraction (XRD) patterns. Average
grain sizes of 145 nm with a variation of porosity were observed from scanning electron microscopy (SEM) pictures.
Elemental analysis using energy-dispersive X-ray spectroscopy (EDS) confirmed the presence of elements Ca, Fe, Mo and
O with no trace of foreign elements, and the compound is found to be pure. Fourier transform infrared spectroscopy (FTIR)
data confirmed perovskite formation by identifying three characteristic absorption bands in the wave number range 400—
1000 cm™! for Mo-O and Fe-O vibrations. Magnetic properties like M, M, and H, were studied for CFMO series using

vibrating sample magnetometer (VSM). Saturation magnetization is found to vary with Fe composition (x).

Keywords Double perovskite - Sonochemical - Characterization - Magnetic properties

1 Introduction

Manganese perovskites based on LaMnO3 materials exhibit
intrinsic colossal magnetoresistance (CMR) [1, 2], which
undergo a huge change in electrical resistance for applied
magnetic field. This effect plays a crucial role in funda-
mental and technological applications such as read/write
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heads, magnetic sensors, magnetic random access memory
devices and spintronic devices [3-5]. As a substitute to per-
ovskite manganites, a family of half-metallic ferromagnets,
A»BB/Og (A = alkali earth and B, B/ = transition metals)
has been identified [6-10]. A low-field CMR at room tem-
perature was exhibited by SroFeMoOg double perovskite
oxides; in SFMO, each Fe and Mo atom is occupied alter-
nately, in such a way that each FeOg octahedron is corner-
linked to six MoOg octahedra, and vice versa [6]. When
Fe replaces Mo, or vice versa, a B site disorder or antisite
(AS) disorder appears, depending on Fe/Mo ordering struc-
tural transition that took place for SFMO [11-16]. Studies
have been done on structural, magnetic and magnetoresis-
tance properties of AyFeMoOg, where A = Sr, Ba and Ca
[17-19]. Srp,FeMoOg, BasFeMoOg and CayFeMoOg com-
pounds were found to be promising with great technological
applications, but among them, CayFeMoOg has exhibited an
increase of magnetoresistance from 16.7 to 44.2% between
4 and 300 K at 7 T, which is far better than SFMO [20].
This makes CFMO alternative and attractive for CMR appli-
cations [21-23]. CFMO compound has been characterized
by a solid-state method and a sol-gel method. A number of
studies have been done on perovskites of type ABO3 using
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sonochemical methodology [24-29]. The sonochemical
methodology has not been adopted for CFMO till date.
Similarly, Fe/Mo ordering studies of CFMO have not been
reported.

In view of this, in the present work, we have inves-
tigated Fe/Mo ordering of CFMO compound using the
sonochemical method. All prepared samples were tested
for confirmation on structure, grain size, purity, perovskite
formation and magnetic properties using characterization
techniques XRD, scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), Fourier trans-
form infrared spectroscopy (FTIR) and VSM, respectively.

2 Experimental

Polycrystalline samples of CayFe,Moy_,0O¢ (x = 0.9, 1.0,
1.1 and 1.2) were synthesized by the sonochemical method.
Exact proportional amounts of analytical grade chemicals
such as Ca(NOs3)3, Fe(NO3),09H,0 and HoMoO4 were
added in a beaker of 200 ml double-distilled water and
stirred with a magnetic stirrer at room temperature (RT)
until a clear solution is formed, and to this citric acid added
in 2:1 mole ratio (citric acid to metal ion), the solution
is again stirred for 10 min to obtain a clear solution. A
highly intense sonication of frequency 20 kHz was carried
out with a horn made up of titanium at a temperature of
353 K (Sonics Vibra-Cell, USA) for about 20 min. After
sonication, ammonia is added to the solution to adjust pH
to ~?7. The solution is kept on a hot plate of a magnetic
stirrer at 80 ° C, and ethylene glycol is added in 1:1.2 ratio
(metal ion to ethylene glycol). The resulting solution is kept
in a hot air oven at 230 ° C for 24 h, and the residue formed
was collected and dried on a Bunsen burner at 250 ° C
for about 5 min to obtain a required composition and was
further ground to get homogenous powder.

The resulting powders were taken into crucibles and
made to undergo heat treatment at 400, 600 and 800 ° C/6 h
with intermittent grounding. The obtained powders were
pressed into pellets of 1 cm diameter and 2 mm thickness
using a die by applying 2 tons/m?. The resulting pellets were
sintered at 950 © C for 6 h. For reducing the Mo®* to Mo>*
or losing of oxygen, the pellets were heated at 950 ° C in a
stream mixture of 10% Hy/Ar gas for about 6 h.

The final materials are subjected to X-ray diffraction
(Philips PW 1830) studies to confirm the structure. SEM
(Zeiss INCA) studies are done to confirm the grain size,
and EDS (Oxford INCA EDX) is carried out on all samples
to check purity and elements present. FTIR (PerkinElmer
spectrum 2) spectra are used to analyse all samples
to confirm perovskite formation. Magnetic measurements
were done on the CFMO compound using VSM (EZ9;
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Microsense, Inc., USA) at applied magnetic field from —20
to 4+ 20 kOe.

3 Results and Discussion
3.1 Crystal Structures

The purity of phases of all CFMO samples is shown in
Fig. 1. Compound was found to crystallize in monoclinic
structure with space group P2;/n as per X-ray diffraction
patterns which are in excellent accord with the reported
literature [30-35]. Lattice parameters a, b and ¢ with unit
cell volume (V) were evaluated from indexed (hkl) values
(110), (112), (220), (222), (204), (224) and (332) and are
tabulated in Table 1. It is observed from Fig. 2 with an
increase in Fe composition (x), lattice parameters and a
decrease in unit cell volume, reasons for deviation of lattice
parameter are valence disproportion and difference in radii
of Fe3* and Mo>* [36, 37] of CFMO compound, which is
in accordance with Vegard’s law [38].

3.2 SEM

Sintered pellets CapFe,Mo;_,O0¢ (x = 0.9, 1.0, 1.1 and
1.2) were characterized to find grain size parameter using
SEM, and resulting micrographs are shown in Fig. 3a-
d. It is found that grain boundaries are clearly seen, and
average grain size was around 145 nm and varying with Fe
composition (x).
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Fig. 1 X-ray diffraction patterns for the Ca;Fe,Mo;_,O¢ (x = 0.9,

1.0, 1.1 and 1.2) samples recorded at room temperature using Cu Ko
radiation
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Table 1 Lattice parameters (a, b and ¢) and unit cell volume (V) of the double perovskite CaFe,Mo,_,Og (x = 0.9, 1.0, 1.1 and 1.2) system

Composition (x) Space group a(A) b(A) c(A) V (A3)
x=0.9 P2i/n 5.4085 5.5426 7.7048 230.974
x=10 P2;/n 5.4165 5.5300 7.7056 230.813
x=1.1 P2i/n 5.4088 5.5324 7.7052 230.575
x=1.2 P2i/n 5.3896 5.5147 7.6863 230.454
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Fig.2 a Composition-dependent lattice parameters. b Composition-dependent unit volume of CaFe,Mo;_,O¢ (x = 0.9, 1.0, 1.1 and 1.2)
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Fig.3 Scanning electron microscopy photographs of the Ca;Fe,Moy_Og samples for the composition.ax =0.9.bx =10.cx=1.1.dx =12
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Fig. 4 Energy-dispersive X-ray absorption spectrographs of the CaxFeyMos_,Og samples for the composition. ax =0.9.bx =1.0. ¢ x = 1.1.

dx=12
3.3EDS

Elemental data analyses for all samples of CFMO com-
pound were carried out to check the elements present and
the purity of the compound. Figure 4a—d shows the EDS
spectra of CayFe,Moy_,O¢ (x 09, 1.0, 1.1 and 1.2).
From EDS spectra, it is confirmed that all required or
raw preparation composition elements (Ca, Fe, Mo and O)
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Fig. 5 Fourier transform infrared spectroscopy (FTIR) for the
CayFe,Moy_,O¢ (x =0.9, 1.0, 1.1 and 1.2) samples
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were present and no other elements (foreign/impurities) are
existing.

3.4FTIR

Figure 5 shows FTIR spectra of the CFMO samples in the spec-
tral wave number range 1000-400 cm™! at room tempera-
ture. To confirm the perovskite phase formation, the FTIR
spectra should have three characteristic absorption bands
between 850 and 400 cm™! with respect to composition
[39]. From Fig. 5, FTIR spectra of the CFMO samples under
investigation detected bands for Fe and Mo, i.e. one strong
band in the high wavenumber range (~873.76 cm™!) asso-
ciated to the Mo-O symmetric stretching mode of MoOg-
octahedra and another band at ~ 679.40 cm™' assigned
to the antisymmetric stretching mode of the MoOg octahe-
dra, due to the higher charge of this cation [40]. One weak

Table 2 Maximum degree of ordering (max) of the double perovskite
CayFe,Moy_,0¢ (x = 0.9, 1.0, 1.1 and 1.2) system

Composition (x) Maximum degree of ordering (9max)

x =09 0.9
x=1.0 1.0
x=11 0.9
x=12 0.8




J Supercond Nov Magn (2019) 32:583-589

587

12 T T T T T T T

1.1+ -

09 - " ] .

n (max)

08 |- ] .

0.7 - -

0.6 | " 1 " 1 L 1
0.9 1.0 1.1 1.2

x)

Fig.6 Degree of Fe/Mo ordering (max) as a function of composition
(x) in the double perovskite CayFe,Mo;y_Og system (x = 0.9, 1.0,
1.1 and 1.2)

absorption band at about 479.31 cm™! is ascribed to Fe-O
vibration absorption of FeOg octahedra.

3.5 Atomic Ordering

In a unit cell, a degree of ordering is a study of favourable
occupation of different atoms in respective sites [14]. For
a solid solution Moj_Fe,, the order of phase of is MoFe.
The degree of ordering (1) can be calculated as follows:
n=Pyo — Pyo = Pi) — Py, where Pyl Pyl P
and Pléez) are relative occupancies of Mo and Fe atoms on
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Fig.7 Magnetic field-dependent magnetization (M—H) curves for the
CayFe,Moy_,Og (x =0.9, 1, 1.1 and 1.2) samples

Table 3 Magnetic properties of the CayFe,Moy_,O¢ (x = 0.9, 1.0,
1.1 and 1.2) double perovskite

Composition (x) Mg (emu/g) H. (kOe) M; (emu/g)
x=09 18.25 124.26 2.20
x=1.0 29.20 92.39 3.24
x=1.1 29.02 98.75 3.26
x=12 24.03 99.60 3.36

the Mo site and Fe site, respectively; i.e. Pl\(,[lg + Plgi) =1
and Pl\(/iz + Pé? = 1. Therefore, when complete disorder
occurs, Plf,llg = PI\% =1-x/2, PP%) = P}g? =x/2and
n = 0. When the maximum ordering is achieved, Pl\(/llo) =1,
P]\(/lzg =1-—ux, PF%) =0, Pé? = x and Nmax = x for Mo-rich
compounds (x < 1), and Plg? =1, Plg;) =x—-1, Plf,fg =0,
Ph(/llg =2 — x and Nmax = 2 — x for Fe-rich compounds
(x=1).

In the present case, A is Ca, B is Fe and B/ is
Mo in double perovskite A;B,B/;_,Og, and Fe and Mo
alternatively occupy the B and By sites, respectively. For B-
rich compounds (x > 1.0), the maximum degree (7max) iS
2 — x, and for B/-rich compounds (x < 1.0), the maximum
degree is x in CaFe,Moy_,O¢ (i.e. AByBr_,Og)
compounds. The values are tabulated in Table 2. A plot
showing the maximum degree (nmax) as a function of
composition is shown in Fig. 6. It is found from the figure
that the degree of the B/B/ site ordering is maximum at
x = 1.0 and deviates (decreases at x = 0.9, 1.1 and 1.2) from
there on in the CayFe,Mo,_,Og (x = 0.9, 1.0, 1.1 and 1.2)
compound.
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Fig.8 Saturation magnetization (M) dependence on the composition
(x) of the CayFe, Moy, O¢ (x = 0.9, 1, 1.1 and 1.2) system
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Fig. 9 Correlation between the degree of ordering and the saturation
magnetization with composition (x) of the CayFe,Moy_,O¢ (x = 0.9,
1, 1.1 and 1.2) system

3.6 Magnetization Measurements

Figure 7 shows a magnetization versus applied magnetic
field graph of CayFe,Moy_,0O¢ samples (x = 0.9, 1.0,
1.1 and 1.2) recorded at room temperature. Magnetic
properties like saturation magnetization (M), remanent
magnetization (M;) and coercivity (H.) for CFMO series
have been obtained from Fig. 7 and are tabulated in Table 3.
The variations of saturation magnetization (M) with Fe
composition (x) of CFMO compound are plotted in Fig. 8.

It is evident from Fig. 8 that saturation magnetization
was found to be maximum at x = 1.0 compared to
other compositions. The values of saturation magnetization
were found to be 18.25, 29.20, 29.02 and 24.03 emu/g
for x = 0.9, 1.0, 1.1 and 1.2, respectively. This type of
trend for saturation magnetization with Fe composition
(x) was correlated with a degree of Fe/Mo ordering for
SrpFeyMo,_,O6 and had been reported [41, 42]. Mis-
site (Fe-Mo) imperfection, oxygen deficiency and valence
disproportion were quoted as the reasons [43]. From Fig. 9,
it is confirmed that a correlation exists between the degree of
ordering and the magnetic properties of CFMO compound.

4 Conclusions

It is reported here that the CayFe,Mor_,O¢ (x = 0.9,
1.0, 1.1 and 1.2) compound prepared by the sonochemical
method is in a single phase with a monoclinic structure and
lattice parameters were found to vary with Fe composition
(x). The average grain size (145 nm) of the compound was
confirmed from SEM pictures. Purity and elements present
in the final compound were investigated using the EDS
technique. Perovskite structure formation is confirmed for
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FTIR spectra. Magnetic properties of all samples in the
compound were investigated using the VSM technique, and
from M—H loop, Mg, M; and H, were evaluated. Saturation
magnetization was clearly varying with Fe composition
(x), and which is in correlation with the degree of Fe/Mo
ordering.
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