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a b s t r a c t

A series of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%)(SFIMO) double perovskite oxide powders were
prepared by sol–gel method. The materials were subjected to X-ray diffraction and found to crystallize in
tetragonal structure with space group I4/mmm. Lattice parameters and unit cell volume were calculated
using X-ray diffraction data. It was found that the tetragonal distortion (c/a

√
2) increases while the

deviation of the tolerance factor from unity increases with increase of indium composition in SFIMO
samples. Magnetization studies were carried out using vibrating sample magnetometer (VSM). It has
been found that the saturation magnetization (Ms) and remanent magnetization (Mr) decreases while
coercivity (Hc) increases with increase of indium composition in SFIMO samples. Electrical resistivity and
-ray diffraction
rystal structure
agnetic measurements
agnetoresistance

magnetoresistance studies in the magnetic field range from −40 kOe to 40 kOe were carried out keeping
the temperature constant at 5, 150 and 300 K using standard four-probe method. Resistivity studies were
also performed in the temperature range from 5 to 300 K keeping magnetic field constant at 0, 10, 20
and 40 kOe. The resistivity studies showed that the magnitude of magneto resistance (MR%) decreases
with increase of temperature from 5 to 300 K while the value of MR (%) is found to increase with increase
of magnetic field. The MR (%) was found to decrease with increase of indium concentration in SFMIO

f ord
compounds. The degree o

. Introduction

A survey of literature shows that the double perovskite of type
2BB′O6 (A = Sr, Ca, Ba; B = Fe, Cr, Ga, Mg, Mn, etc.; and B′ = Mo, Re,
, etc.) were extensively studied for the past several years due

o the substantial low field magnetoresistance (MR) that was ini-
ially reported at room temperature for Sr2FeMoO6 (SFMO) [1]. The
r2FeMoO6 compound crystallizes in tetragonal lattice with space
roup I4/mmm [2]. The structure of Sr2FeMoO6 can be viewed as
regular arrangement of corner-sharing FeO6 and MoO6 octahe-
ra, alternating along the three directions of the crystal, with the
r cations occupying the voids in between the octahedra [1]. The
erromagnetic structure of SFMO can be described as an ordered
rray of parallel Fe3+ (S = 5/2) magnetic moments, antiferromag-

etically coupled with Mo5+ (S = 1/2) spins. According to this model
he Ms of SFMO should be 4 �B. However, most of the experiments
how a reduced Ms due to the anti-site disorder at B and B′ sites
3–5]. In the presence of anti-site defects (ASDs), some Fe ions in
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ering, Ms and MR (%) agreed well with each other.
© 2011 Elsevier B.V. All rights reserved.

Mo sites interact with its neighboring Fe ions exhibiting antifer-
romagnetism (AFM), leading to reduction in Ms [6]. A remarkable
negative MR (%) at low fields has been observed for Sr2FeMoO6 even
at room temperature. The origin of low-field MR (LFMR) in poly-
crystalline samples in the double perovskite materials has been
attributed to the spin-dependent scattering of electrons at grain
boundary. It is also reported that the LFMR of Sr2FeMoO6 increase
with the decrease of ASDs [7]. Therefore, ASDs among the B and B′

sites have large influence on the magnetic and transport properties
of Sr2FeMoO6. Several investigations on cationic doping at both Sr
and Mo sites were carried out in order to explore and tailor LFMR in
Sr2FeMoO6 [8–10]. But the magnetic structure, especially the ASDs,
can be modified notably by doping at Fe site [6]. Consequently,
the substitution at Fe site will be more helpful in understanding
the correlation between magnetic structure and magnetotransport
properties of SFMO. Therefore, several investigations were carried
out in order to understand the correlation between the degree of
Fe/Mo ordering, magnetic structure and MR (%) of Sr2FeMoO6 by

doping with elements such as Ni, Cr, V, Cu, Mn, Ga, Co, Mg and
Al at Fe site [6,11–22]. However, doping of indium at Fe site in
Sr2FeMoO6 is not investigated so far. In view of this, the authors
have taken up the present work with an objective to study the
effect of indium doping at Fe site on the structural, magnetic and

dx.doi.org/10.1016/j.jallcom.2011.02.034
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gbhyd08@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.02.034


5196 Y. Markandeya et al. / Journal of Alloys and

8070605040302010

0.40.30.20.10.0

0.02

0.03

0.04

0.05

I R

x

(1
1
6
)(

3
3
2
)

x=0.4

x=0.3

x=0.1

In
te

n
s
it
y

2θ

x=0

(1
0
1
)

(1
1
2
)(

2
0
0
)

(2
0
2
)

(2
2
0
)(

0
0
4
)

(3
1
2
)(

2
0
4
)

(2
2
4
)(

4
0
0
)

F
s
u
w

m
o

2

h
g
2
m
t
h
i
h
a
t
h
p
u
t
i
t
t
(
T
s
r
V
r
5
i
k
−
a

3

3

0
fi
d
T
A
w

ig. 1. X-ray diffraction patterns of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%)
amples recorded at room temperature are shown along with (h k l) values. Inset fig-
re shows the variation of observed relative intensity ratio (IR) = I(1 0 1)/[I(1 1 2) + I(2 0 0)]
ith indium composition.

agnetotransport properties of ordered Sr2FeMoO6 double per-
vskite.

. Experimental details

Various compositions of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%) (SFIMO)
ave been synthesized by sol–gel method [23–25]. Stoichiometric amount of AR
rade Sr(NO3)2, Fe(NO3)2·9H2O, In2O3 and H2MoO4 are taken in beaker and about
00 ml distilled water is added. Citric acid is added to this mixture such that the
ole ratio of citric acid to metal ions is 2:1. Then dilute ammonia solution is added

o adjust the pH of the solution to 7. Then the beaker containing the solution is
eated on hot-plate of magnetic stirrer at 80 ◦C for about a day. Ethylene glycol

s added to this solution such that metal ion to ethylene glycol ratio is 1:1.2 and
eated until a dark brown gel is formed. This gel is then heated for about 5 min
t 250 ◦C using Bunsen burner to get dried powders. The dried brown powder was
hen taken into a crucible and heated at 500 ◦C for 6 h in a Furnace. The powder was
eated at 700 ◦C/6 h, 900 ◦C/6 h and 1100 ◦C/6 h with intermittent grinding. These
owders are then pressed into pellets of 1 cm diameter and about 2 mm thickness
sing a die and a hydraulic press by applying a pressure of 1 t. These pellets were
hen sintered at 1200 ◦C for 6 h. Subsequently, these pellets were heated at 1000 ◦C
n a stream mixture of 10% H2/Ar gas for about 3 h for loss of oxygen or reducing
he Mo6+ to Mo5+ and/or Fe3+ to Fe2+. These materials are subjected to X-ray diffrac-
ion studies using Philips PW 1830 generator diffractometer with Cu K� radiation
40 kV × 25 mA) and a graphite monochromator in order to confirm the structure.
he magnetization measurements of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%)
amples were measured as a function of magnetic field from −15 kOe to15 kOe at
oom temperature using Digital Measurement Systems’ Model 880 USA make of
ibrational Sample Magnetometer. Electrical resistivity measurements were car-
ied out at constant magnetic field of 0, 10, 20 and 40 kOe in the temperature range
–300 K employing the standard four-probe method with the use of a superconduct-

ng magnet system of OXFORD. The resistivity measurements were also carried out
eeping temperature constant at 5, 150 and 300 K while varying magnetic field from
40 kOe to 40 kOe. The relevant MR (%) has been evaluated using this resistivity data
s a function of temperature as well as magnetic filed.

. Result and discussion

.1. Crystal structures

The X–ray diffraction (XRD) patterns of Sr2Fe1−xInxMoO6 (x = 0,
.1, 0.3 and 0.4 wt.%) (SFIMO) are shown in Fig. 1. All the XRD pro-

les of Sr2Fe1−xInxMoO6 were indexed and found to crystallize in
ouble perovskite structure with tetragonal space group I4/mmm.
he (h k l) values of indexed reflections are also shown in Fig. 1.
ll the SFIMO compounds exhibited a superstructure peak (1 0 1)
hich arises from the ordered arrangement of Fe and Mo ions in
Compounds 509 (2011) 5195–5199

the double perovskite. When Fe ions occupy the Mo site and vice
versa, the ordering of Fe and Mo ions will be disturbed leading
to anti-site defects (ASDs) which are sensitive to synthesis con-
ditions [6]. It has been found that the intensity of super structure
reflection (1 0 1) decreases with increase of indium composition.
Therefore, the relative intensity ratio of the superstructure peak
IR = I(1 0 1)/[I(1 1 2) + I(2 0 0)] was calculated and variation of IR with
indium composition is shown in the inset of Fig. 1. It shows that
the IR decreases indicting decrease of degree of Fe/Mo ordering or
increase of ASDs with increase of indium composition in SFIMO
samples. Similar results were reported when Ni is doped at Fe site
in SFMO [6]. The lattice parameters a and c of SFIMO compounds
were calculated using (1 0 1), (1 1 2), (2 0 2), (2 2 0), (3 1 2), (2 2 4)
and (1 1 6) X-ray diffraction profiles and are given in Table 1. The
lattice parameters a and c are found to be in the range 5.56–5.62 Å
and 7.90–7.97 Å respectively. The volume of unit cell of SFIMO com-
pounds was also calculated using the relation V = 2a2c and included
in Table 1. The volume of unit cell of SFIMO is found to vary between
492.34 Å3 and 499.83 Å3. It is found that there is no systematic vari-
ation of lattice parameters a, c and unit cell volume with increase of
indium composition in SFIMO compounds. Since the ionic radius of
In3+ (0.79 Å) ion is larger than Fe3+ (0.645 Å)/Fe2+ (0.78 Å) ions, the
random variation in lattice parameter or unit cell volume might
be attributed to cation or oxygen vacancies as observed in many
perovskites [26–28] or valence disproportion. Tetragonal lattice
distortion (c/a

√
2) of SFIMO compounds was calculated using lat-

tice parameters a and c and shown in Table 1. It is found that the
tetragonal distortion is generally found to increase with indium
composition indicting reduction in the symmetry of the lattice on
substitution of In3+ for Fe3+/Fe2+.

The tolerance factor (t) is a semi quantitative estimate of how
close an ABO3 perovskite is to the cubic structure; moreover, the
tolerance factor indicates stability of the perovskite structure, that
is, the higher is the deviation of tolerance factor (t) from unity,
lesser is the stability of perovskite structure. The tolerance factor
for ABO3 perovskite structure is given by

t = rA + rO√
2(rB + rO)

(1)

where rA, rB and rO are the ionic radii of A, B and Oxygen atoms
respectively and t = 1 corresponds to an ideal cubic perovskite struc-
ture. The concept of tolerance factor (t) has been extended to
A2B(1−x)B′′

xB′O6 double perovskites by Lu et al. [19] and is given
by

t = rA + rO√
2((rB(1 − x)/2) + (rB′′ x/2) + (rB′ /2) + rO)

(2)

where rA, rB, rB′′ , rB′ and rO are ionic radii of the respective ions. They
have evaluated tolerance factor of Sr2Fe1−xGaxMoO6 using Eq. (2)
and described symmetry of lattice. In the present study, the tol-
erance factor (t) for SFIMO compounds was calculated employing
Eq. (2) and the values are included in Table 1. It may be noted that
the tolerance factor (t) decreases with increase of indium composi-
tion indicting distortion of lattice from double perovskite structure.
Thus addition of indium at Fe site in Sr2FeMoO6 reduces the sym-
metry of lattice.

3.2. Magnetization measurements

Magnetic field dependence of magnetization of
Sr2Fe1−xInxMoO6 compounds (x = 0, 0.1, 0.3 and 0.4 wt.%) taken at

300 K is shown in Fig. 2. The values of Ms, Mr and Hc for all the
compounds were obtained from Fig. 2 and given in Table 1. The
variation of Ms with indium composition is shown in left side inset
in Fig. 2. It can be seen from the inset of Fig. 2 that the Ms decreases
with increase of indium content in SFIMO samples. The value of
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Table 1
Crystallographic, magnetic parameters and MR (%) values of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%) double perovskites.

Composition (x) wt.% 0 0.1 0.3 0.4

Lattice parameter [a (Å)] 5.57 5.62 5.56 5.60
Lattice parameter [c (Å)] 7.90 7.93 7.97 7.92
Unit cell volume [V (Å3)] 493.28 499.83 492.34 497.24
Tetragonal lattice distortion [(c/a

√
2)] 2.3648 2.3654 2.3889 2.3663

Tolerance factor (t) 0.9906 0.9870 0.9801 0.9766
Saturation magnetization [Ms (e.m.u./g)]/T = 300 K 18.07 11.67 10.00 4.13
Coercivity [Hc(Oe)]/T = 300 K 39 50 65 68
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Remanent magnetization [Mr (e.m.u./g)]/T = 300 K 0.38
MR (%)/T = 5 K, H = 10 kOe −12.01
MR (%)/T = 5 K, H = 20 kOe −15.03
MR (%)/T = 5 K, H = 40 kOe −17.87

s reduces from 18.07 e.m.u./g for x = 0 to 4.13 e.m.u./g for x = 0.4
Table 1). The reduction in the value of Ms with indium compo-
ition in SFIMO compounds may be due to decrease in degree of
e/Mo ordering or increase of anti-site defects in double perovskite
tructure. It is well known that the ASDs diminish Ms because the
e spins in the Mo site anti-ferromagnetically couple with regular
e spins. Ogale et al. [29] from Monte Carlo simulation study have
eported that the anti-ferromagnetic Fe–O–Fe interaction grows
ith concentration of anti-site defects in Sr2FeMoO6 leading to
ecrease in domain Fe contribution to the magnetization. Such a
eduction in Ms was also reported when Ni, Cr, V, Ga, Mg and Al sub-
tituted at Fe site in Sr2FeMoO6 [6,11,13,19,21,22]. The variation
f Mr and Hc with indium composition is shown in the right side
nset in Fig. 2. It can be noted that Mr decreases while Hc increases

ith increase of indium composition in SFIMO compounds. Similar
ncrease of coercivity with composition was reported in Cr-doped
r2FeMoO6 compounds [30]. A comparison of variation of lattice
arameters and magnetic properties is interesting. It is well known
hat the unit cell parameters are influenced by the size of dopant
on and independent of its magnetic properties. In the present
nvestigation the variation in the lattice parameters is small and
rregular which is attributed to cation/oxygen vacancies [26–28]

r valence disproportion. However, when magnetic Fe2+/Fe3+ is
eplaced by diamagnetic In3+, the concentration of Fe–O–Fe and
e–O–Mo patches decreases considerably leading to a decrease in
he LFMR and other magnetic properties.
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0.12 0.04 0.02
−6.18 −1.08 −2.78
−7.71 −1.7 −3.75
−9.43 −2.91 −5.68

3.3. Resistivity and magnetoresistance studies

The resistivity (�) data of Sr2Fe1−xInxMoO6(x = 0, 0.1, 0.3 and
0.4 wt.%) have been collected at different temperatures ranging
from 5 to 300 K keeping magnetic field constant at 0, 10, 20 and
40 kOe. The variation of resistivity (�) of Sr2Fe1−xInxMoO6 with
temperature at zero field is shown in Fig. 3 for all the samples.
It can be seen from Fig. 3 that all these samples exhibit semi-
conductor behavior at 5 K and transform into metallic character
as temperature is increased indicating a semiconductor-metallic
transition. Similar results were obtained in the Sr2Fe1−xCrxMoO6
compounds [11]. It is noticed from Fig. 3 that the values of resistiv-
ity (�) decreases considerable with increase of indium content in
SFIMO materials except for the composition of indium x = 0.4. The
decrease in resistivity may be attributed to the increase in grain
size that reduced the grain boundary on substitution of indium in
SFMO [31]. However, the value of � at x = 0.4 is comparable with
that of x = 0. This may be attributed to impurities between the grain
boundaries which may not have been detected in XRD.

The temperature dependence of MR (%) of Sr2Fe1−xInxMoO6
(x = 0, 0.1, 0.3 and 0.4 wt.%) materials at a field of 10, 20 and 40 kOe
are shown in Fig. 4(a), (b) and (c) respectively. MR (%) is defined
as MR (%) = [{�(H, T) − �(0, T)}/�(0, T)] × 100. Here H denotes the
applied field and � (0, T) and �(H, T) are the resistivity at zero
field and H fields respectively at temperature T. The values of

MR (%) at temperature 5 K and different fields at H = 10, 20 and
40 kOe are obtained from Fig. 4 and these values are included in
Table 1 for all the compositions. The values of MR (%) at 5 K and
at a low field H = 10 kOe (LFMR) are found to be −12.01, −6.18,
−1.08, −2.78% for x = 0, 0.1, 0.3 and 0.4 respectively (Table 1). There-
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Fig. 3. Variation of resistivity of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%) sam-
ples at zero magnetic field with temperature.
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ore in general, a decrease of MR (%) at low field with increase
n indium concentration has been observed. Similar decrease of

R (%) with composition also was observed at 20 and 40 kOe as
hown in Fig. 4(b) and (c) respectively in SFIMO compounds. Sim-
lar trends have been reported for Ni, Cr and Mg doped SFMO

aterials [6,11,21]. These results could be understood in term of
he model proposed by Garcia-Hernandez et al. [7]. They have
elated the observed linear dependence of LFMR on the saturation
agnetization of A2−xA′

xFeMoO6 systems to the anti-site disorder
t the Fe and Mo sites and argued that the observation resulted
rom a spin-dependent crossing of intragranular barriers originated
rom the presence of anti-ferro magnetic (AF) Fe–O–Fe patches
hat naturally develop when anti-site disorder occurs in the dou-
le perovskites. As observed from magnetic measurements that
agnetization decreases with indium composition (x), which indi-

ates the decrease in spin polarization of charge carriers leading to
ecrease of LFMR. This decrease in the spin polarization may be due
o the suppression of Fe–O–Mo bonds upon indium doping, which

ay have impact on the half metallic character of these double per-
vskites. Therefore, the reduction in spin polarization may be the
eason for the reduction in MR (%) as MR (%) is expected to increase
ith improvement in Ms. Therefore, in the present study, decrease

f LFMR and M with indium composition may be due to reduc-
s

ion in spin polarization. It can be seen from Fig. 4 that increase in
he magnitude of MR (%) with decrease of temperature suggests
hat the grain boundary effect dominates MR as temperature is
ecreased in SFIMO.
Fig. 5. Variation of MR (%) of Sr2Fe1−xInxMoO6 (x = 0, 0.1, 0.3 and 0.4 wt.%) samples
as a function of magnetic field at (a) 5 K, (b) 150 K and (c) 300 K.

The Magnetic field dependence of MR (%) for all the compounds
in the magnetic field range of −40 to 40 kOe at 5, 150 and 300 K and
are shown in Fig. 5(a), (b) and (c) respectively. From Fig. 5(a), the
value of MR (%) at a temperature of 5 K and at magnetic fields 10,
20 and 40 kOe have been determined and are included in Table 1. It
is found that the MR (%) at 5 K increases with increase of magnetic
field. The increase of MR (%) is due to the lowering of spin scattering
at grain boundaries on application of magnetic field [7,21]. From
Fig. 5(b) and (c), similar increase of MR (%) with magnetic field
also can be seen at 150 and 300 K. From Table 1, it can be seen
that the magnitude of MR (%) for composition x = 0 and x = 0.4 are
−17.87 and −5.68 at a field of 40 kOe and temperature 5 K. This
shows that the magnitude of MR (%) decreases with increase in
indium composition in SFIMO. Therefore, it may be concluded that
magnitude of MR (%) increases with increase of magnetic field but
the MR (%) decreases with increase of indium compositions. Similar

trends have also been observed at 150 K and 300 K. The reduction in
MR (%) by addition of indium can be attributed to increase of anti-
site defects and reduction in spin polarization of charge carriers
[6,7]. A good estimate of LFMR was difficult for x = 0.4 samples at
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K (Table 1) due to nonlinearity of the MR (%) even at 40 kOe, hence
t deviates from above trend.

. Conclusions

Indium doping in Sr2FeMoO6 reduces the degree of order-
ng of Fe/Mo site and ASDs. The tetragonal distortion and the
eviation of tolerance factor from unity are found to increase
ith indium composition in Sr2Fe1−xInxMoO6 materials indicat-

ng addition of indium reduces the symmetry of the lattice. The
s was found to decrease with the indium concentration in

FIMO materials. Reduction in LFMR with indium concentration
as been observed in SFIMO materials. MR (%) was found to

ncrease with increase of applied field while the same was found
o increase with decrease in temperature. It may be concluded
hat the degree of ordering, Ms and MR (%) agreed well with each
ther.
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