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SrpFexMo, O (x=0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4 and 1.5wt.%) (SFMO) double perovskite oxides of dif-
ferent compositions have been prepared by sol-gel method. These materials were subjected to X-ray
diffraction and found that crystal structure changes from tetragonal to cubic around x=1.2 wt.%. Lattice
parameters and unit cell volume have been calculated using X-ray diffraction data. Magnetization studies
have been carried out using Vibrating Sample Magnetometer ranging from —15 kOe to +15 kOe and satu-
ration magnetization (Ms) has been determined. Electrical resistivity and magnetoresistance studies have
been carried out in the magnetic field range of —40 kOe to +40 kOe keeping the temperature constant at
5,150 and 300K using standard four-probe method. Resistivity studies have also been carried out in the
temperature ranging from 5 to 300 K keeping the magnetic field constant at 0, 10, 20 and 40 kOe. Max-
imum degree of Fe/Mo ordering (7max) of SFMO has been calculated and compared with magnetic and
transport properties. It has been found that there is a strong correlation between 3 parameters 1max, Ms
and MR (%), i.e. all of them show a maximum at x=1.0 wt.% and decreases as x deviates from 1.0 in SFMO.
It has been also found that there is a different resistivity behavior between x <1.2wt.% and x> 1.2 wt.%
samples of SFMO. Semiconductor metal transition temperature was found to be maximum at x = 1.0 wt.%.
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1. Introduction

The double perovskite of the type A,BB'Og (A=Sr, Ca, Ba; B=Fe,
Cr, Ga, Mg, Mn, etc.; and B'=Mo, Re, W, etc.) have been exten-
sively studied for the past several years due to the substantial Low
Field Magneto Resistance (LFMR) at room temperature [1]. As part
of general studies on double perovskites recently, an article on
the effect of indium doping on structural, magnetic and transport
properties of ordered Sr,FeMoOg double perovskite has been pub-
lished from this laboratory [2]. Sr;FeMoOg is an ordered double
perovskite of the A;BB'Og type with Fe and Mo atoms alternates
on the B and B’ sites, respectively [3]. Sr,FeMoOg compound crys-
tallizes either in tetragonal structure with space group I4/mmm
or in cubic with space group Fm3m [3-5]. The special interest in
these materials is the issue of the intrinsic conduction mechanism,
which brings about metallic values of resistance. A ferrimagnetic
half-metallic nature was confirmed in this ordered Sr,FeMoOg
with localized up-spin electrons of Fe3* and itinerant down-spin
electron of Mo>*[6]. Monte Carlo simulation indicated that the mag-
netic and electron transport properties of AyBB’Og are strongly
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related to the degree of the B/B’-site ordering and anti-site defects
(ASDs) of the compound [7-9]. In view of this, a number of exper-
imental studies have been made by doping with several elements
at Mo or Fe site and related to degree of ordering of Fe/Mo site or
concentration of ASDs with magnetic and transport properties of
Sr,FeMoOg [10-14]. Kobayashi et al. [10] and Sugata et al.[11] have
studied SrpFe(W;_yMoy)Og by doping W at Mo site and reported
that the ground state changes from an antiferromagnetic insula-
tor to a ferromagnetic metal and the degree of Fe/Mo ordering
increases by doping W at Mo site. Yuan et al. [14] have studied
Sr,(Feq_xCux)M0oOg by doping Cu at Fe site and reported that degree
of Fe/Mo ordering increase when Cu is heavily doped at Fe site and
induces a transition from semiconductor to metal. G.H. Rao et al.
[3,15,16] have studied structural, magnetic and transport proper-
ties of Sr,FexMo,_,Og (0.8 <x < 1.5) and related these properties to
the degree of Fe/Mo ordering. However, magnetoresistance stud-
ies of SroFexMo,_4Og have not yet been made so far in literature.
Therefore, the authors have made a compressive study of structural,
magnetic and magnetoresistance properties of SroFexMo,_,Og and
related to the degree of Fe/Mo ordering in this paper.

2. Experimental

Polycrystalline samples of SrFeyMo, O (x=0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 14
and 1.5wt.%) (SFMO) were synthesized by sol-gel method [17-19]. Stoichiometric
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Fig. 1. X-ray diffraction patterns of SrpFeyMo, xOg (0.8 <x <1.5wt.%) samples
recorded at room temperature.

amounts of AR grade Sr(NOs ),, Fe(NO3 ),-9H, 0 and H,MoO4 were used and powders
of SFMO are obtained. These powders are then pressed into pellets of 10 mm diame-
ter and about 2 mm thickness using a die and a hydraulic press by applying a pressure
of 1ton. These pellets were sintered at 1200 °C for 6 h. Subsequently, these pellets
were heated at 1000 °C in a stream mixture of 10% H;/Ar gas for about 3 h for loss of
oxygen or reducing the Mo®* to Mo®*. The entire details of preparation of the mate-
rials are given in our recent publication [2]. These materials are subjected to X-ray
diffraction studies using Philips PW 1830 generator diffractometer with Cu Ko radia-
tion (40kV x 25 mA) and graphite monochromatic in order to confirm the structure.
The magnetization measurements of all samples were measured as a function of
magnetic field from —15 kOe to 15 kOe at room temperature using Digital Measure-
ment Systems’ Model 880 USA make of Vibrational Sample Magnetometer. Electrical
resistivity measurements were carried out at constant magnetic field of 0, 10, 20
and 40 kOe in the temperature range of 5-300 K employing the standard four-probe
method using home made resistivity insert along with OXFORD superconducting
magnet system. Isothermal magnetoresistance measurements were carried out at
5, 150 and 300K while varying magnetic field from —40kOe to 40 kOe. For all the
infield measurements magnetic field direction were kept parallel to current direc-
tion. The relevant MR (%) has been evaluated using this resistivity data as a function
of temperature as well as magnetic filed.

3. Results and discussion
3.1. Crystal structure

X-ray diffraction patterns of various compositions of SFMO are
shown in Fig. 1. These patterns reveal that the observed diffraction
profiles belong to double perovskite structure of Sr,FeMoOg. All
the diffraction profiles corresponding to SFMO are shown in Fig. 1.
These profiles have been indexed to single phase double perovskite
structure. It has been found that Sr,FexMo,_,Og crystallizes in
tetragonal structure with space group I4/mmm for0.8 <x <1.2wt.%
and in cubic structure with space group Fm3m for x> 1.2 wt.%. The
lattice parameters a and ¢ of SFMO (0.8 <x < 1.2 wt.%) with tetrag-
onal structure have been evaluated using (101), (112), (202),
(220),(312),(224)and (11 6) X-ray diffraction profiles while lat-
tice parameter a of SFMO (x> 1.2 wt.%) with cubic structure have
been evaluated using(111),(022),(222),(004),(224),(044)and
(02 6) X-ray diffraction profiles. The values of lattice parameters a
and ¢, and unit cell volume V of SFMO are given in Table 1. The error
in lattice parameters in a and cis found to be =0.004 A and +0.003 A
respectively. Using lattice parameters a and c, unit cell volume (V)
has been calculated. The variations of lattice parameter and unit
cell volume with composition of Fe in SFMO are shown in Fig. 2. It
is found from Fig. 2 that the lattice parameters and unit cell volume
decreases with increase of Fe composition in SFMO samples in both
tetragonal and cubic phase. Since the ionic radius of Fe3* (0.645 A) s
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Fig. 2. Variation of lattice parameters (a and c) and unit cell volume (V) with Fe
composition in SFMO. The lines are guide to eyes.

larger than that of Mo>* (0.61 A), this decrease might be attributed
to cation or oxygen vacancies as observed in many perovskites or
valence disproportion [20-22]. Both the vacancy and valence dis-
proportion could lead to the decrease of the lattice parameters and
the unit cell volume with the increase of Fe content. It can also be
noted from Fig. 2 that the structural transition from tetragonal to
cubic lattice structure occurs around x=1.2 wt.% in SFMO.

3.2. Degree of Fe/Mo ordering

In an ordered compound, the degree of Fe/Mo ordering (1)
is a characterization of preferential occupation (P) of different
atoms on respective sites in a unit cell. For a solid solution A,_,Bx
of an ordered phase AB, one can define the degree of order-
ing n as: n=Pa(1) —Pp(@) =Pg2) _Pg(1) where P,(1), P,(?), pp(D)
and Pg(® are relative occupancies of A and B atoms on A site
and B site respectively, i.e. PA(D+Pg(1)=1 and Po(®+Pg@)=1.
Therefore, when complete disorder occurs, PA(1D)=P,(®) =1 —x/2,
PV =Pg@=x/2, and n=0. When the maximum ordering is
achieved, Py(V=1, P, =1—x, Pg(V=0, Pg@ =x, and nmax=x
for A-rich compound (x<1), and Pg@ =1, Pg(=x—1, P, =0,
Pa(0'=2—x and nmax =2 —x for B-rich compounds (x>1). In the
present case the non-stoichiometric SroFexMo;_,Og, Fe and Mo
ions alternatively occupy the B and B’ sites respectively in a dou-
ble perovskite A;BB’Og unit cell [3]. The maximum degree of
Fe/Mo ordering nmax =2 —x for Fe-rich compounds (x>1.0 wt.%)
and 7max =x for Mo-rich compounds (x < 1.0 wt.%). Then the value
of nmax has been calculated. The variation of nmax of SFMO as a
function of x is shown in Fig. 3(a). It shows that nmax is maximum
at x=1.0wt.% and then decreases as x deviates from 1.0 in SFMO
materials. It implies that a departure of x from 1.0 in SFMO leads to
increase of disorder of the Fe/Mo-site.

3.3. Magnetization measurements

Magnetic field dependence of magnetization of SFMO taken at
300K is shown in Fig. 4. The values of saturation magnetization
(Ms) of all the samples were evaluated from Fig. 4 and given in
Table 1. The variation of Ms with composition of Fe is shown in
Fig. 3(b). It can be seen from the figure that the Ms is maximum
when x=1.0wt.% and decreases when x deviates from 1.0. This
shows that Ms is maximum, when the 1max is maximum and both of
them decrease as x is different from 1.0. The reduction in the value
of Mg can be attributed to mis-site (Fe-Mo) imperfection, oxygen
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Table 1
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Lattice parameters (a and c), unit cell volume (V) and magnetic parameters of the non-stoichiometric Sr,FeyMo,_,Og (0.8 <x < 1.5) double perovskites.

Composition, x [wt.%]

0.8 0.9 1.0 1.1 1.2 13 1.4 1.5
Lattice parameter, a (A) 5.574 5.569 5.567 5.566 5.563 7.839 7.831 7.827
Lattice parameter, ¢ (A) 7.909 7.902 7.898 7.891 7.889 7.839 7.831 7.827
Unit cell volume, V (A3) 491.46 490.14 489.54 488.93 488.28 481.70 480.23 479.50
Saturation magnetization, Ms (emu/g) at T=300K 10.05 15.65 18.07 16.35 4.08 13.86 6.76 5.57
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Fig. 3. Variation of (a) maximum degree of Fe/Mo ordering (7max), (b) saturation
magnetization (Ms) and (c) MR (%) at T=5Kand H=10kOe; T=150K and H =40 kOe
with composition of Fe in non-stoichiometric SFMO.
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Fig. 4. Magnetic field dependence magnetization (M-H) curves of SFMO of various
compositions obtained at room temperature.
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Fig. 5. Variation of resistivity of SFMO (0.8 <x < 1.2 wt.%) in tetragonal phase as a
function of temperature at applied magnetic field of 0, 10, 20 and 40 kOe.

deficiency and valence disproportion [7,9,15]. It is also widely rec-
ognized that ASDs diminish Ms because the Fe spins in the Mo site
anti-ferromagnetically couple with regular Fe spins. Ogale et al. [7]
from Monte Carlo simulation study have reported that the anti-
ferromagnetic Fe-O-Fe interaction grows with concentration of
ASDs in SroFeMoOg and accordingly, the domain Fe contribution
to the M decreases. However, at x = 1.2 wt.%, the large deviation in
the value of Ms may be due to the structural transition from tetrag-
onal to cubic lattice. Therefore, the magnetic properties of SFMO
compounds depend on the degree of Fe/Mo-ordering.

3.4. Electronic transport properties

3.4.1. Resistivity studies

The variation of electrical resistivity (p) of SFMO
(0.8<x<1.2wt%) in tetragonal phase with temperature in
the range from 5 to 300K keeping magnetic field constant at 0,
10, 20 and 40 kOe is shown in Fig. 5. It has been found from Fig. 5
that the resistivity of Sr,FeMoOg varies between 5.931 x 10~3 and
6.934 x 10-3 Q-cm at 00e, 5.883 x 1073 and 6.103 x 1073 Q-cm
at 10kOe, 5.894 x 103 and 5.881 x 10~3 Q-cm at 20kOe and
5.693 x 10~3 and 5.831 x 10~3 Q-cm at 40 kOe as the temperature
is changed from 5 to 300 K. The values of p of Sr,FeMoOg obtained
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Table 2
Semiconductor-metal transition temperature (Tsy) and MR (%) values of the non-stoichiometric Sr,FeyMo;_»0g(0.8 <x < 1.2) double perovskites.

Composition, x [wt.%]

0.8 0.9 1.0 1.1 1.2
Tsm (K) at 0 kOe 77.63 34.63 178.92 83.38 132.58
Tsm (K) at 10 kOe 73.96 27.48 125.89 59.66 123.63
Tsm (K) at 20 kOe 69.81 26.81 112.44 57.90 107.24
Tsm (K) at 40 kOe 60.18 22.26 100.54 56.75 105.64
MR (%) at T=5K, H=10kOe -1.31 -3.51 -11.90 —6.39 -3.33
MR (%) at T=5K, H=20kOe -2.03 —-5.03 —15.05 -7.23 -5.12
MR (%) at T=5K, H=40kOe —3.72 —6.63 -17.86 -9.04 -8.10
MR (%) at T=150K, H=40kOe —0.65 -2.10 -6.18 -2.32 —-2.06
MR (%) at T=300K, H=40kOe -0.23 -0.75 -1.36 -1.01 -0.76

in the present study are smaller than those reported [1]. This
may be due to the difference in preparation method and sintering
conditions. From Fig. 5, it is noticed that the resistivity is higher
in case of material with maximum degree of Fe/Mo ordering,

2.0
1.6
T 1.2

i.e. x=1.0wt% in SFMO compared to the other compositions é:)

in tetragonal phase. The samples with x<1.2wt.% have a low = 600+ H=0 kOe x=1.5 -
resistivity and exhibit a transition from the semiconductor to 400 % ]
metal as temperature increases as shown in Fig. 5. The values 200 M ]
of semiconductor-metal transition temperature (Tsy;) have been 0 i — ‘

obtained from this figure and are given in Table 2. From Table 2, 0 50 100 150 200 250 300
it can be seen that Tsy; decreases with increase of magnetic field. T(K)

This may be due to the increase of magnetic ordering or alignment
of magnetic dipoles with magnetic field. It is observed that for
x=1.0wt.%, Tsy is high as the nmax is high at this Fe composition.
The variation of p of SFMO for x>1.2 (x=1.3 and 1.5wt.%) in
cubic phase with temperature in the range of 5-300K at zero mag-
netic field is shown in Fig. 6. The electrical resistivity of SFMO for
x=1.3 and 1.5 wt.% exhibit only a semiconductor behavior through-
out the temperature range of 5-300K. The resistivity of these
materials is found to be in the range of 1.7 x 10°-6 x 102 Q-cm. The
value of p is several orders of magnitude more compared to the
compounds with x <1.2wt.%, which is of the order ranging from
0.75 x 1073 to 6.8 x 10~3 Q-cm. This is possibly because of phase
transition around x=1.2 wt.% [3,16]. These result are in agreement
with the result of the X-ray diffraction analysis which indicates
a structural phase transition from the tetragonal to cubic lattice

Fig. 6. Variation of resistivity of SFMO (x=1.3 and 1.5wt.%) in cubic phase as a
function of temperature under zero magnetic field.

around x=1.2 wt.% [16]. The p versus T plots clearly reveal different
behavior forx < 1.2 wt.% and x > 1.2 wt.%. In order to understand the
origin of the semiconducting behavior of samples with x> 1.2 wt.%,
a detailed analysis of p versus T was performed. It was found that
a simple activation like dependence of p on T cannot account for
resistivity data of SFMO (x=1.3 and 1.5wt.%) in the temperature
range of 5-300K. This is often the case for insulating oxide sam-
ples, as the low-temperature transport trends to be dominated by
very low density of localized states introduced by impurities and
non-stoichiometry with in the band gap region of the stoichiomet-
riccompound, and the p appears to be best described by the variable
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Fig. 7. The dependence of resistivity (o) on the temperature (T) in In(p) (In(£2-cm)) (a) against 1000/T (1/K) plot for high temperature regime, (b) against 1/T"4 (1/K'/4) plot
for low temperature regime of Sr,Fe; 3 Mog;0s sample, (c) against 1000/T (1/K) plot for high temperature regime and (d) against 1/T'/4 (1/K!/4) plot for low temperature

regime of SryFeq 5 Mogs0¢ sample.
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Fig. 8. Variation of MR (%) of SFMO (0.8 < x < 1.2 wt.%) materials with temperature
in an applied field of (a) 10 kOe, (b) 20 kOe and (c) 40 kOe.

range hopping (VRH) mechanism, which is the linear dependence
of In(p) on 1/T'/4, while the high-temperature behavior is con-
tributed by the thermally activated hopping of the charge carriers
across the bad gap, which is the linear dependence of In(p) on 1/T
[23]. Fig. 7(a)-(d) shows the dependence of resistivity on the tem-
perature in a In(p) against 1/T plot for high-temperature regime
and against 1/T'/ plot for low temperature regime for x=1.3 and
1.5 wt.% respectively. In agreement with above analysis, the low-
temperature resistivity can be attributed to VRH process while the
high-temperature resistivity to a thermally activated hopping of
the charge carriers.

3.4.2. Temperature dependent magnetoresistance

The temperature dependence of percentage of magnetore-
sistance (MR %) at a field 10, 20 and 40kOe for the samples
SFMO (0.8 <x<1.2wt.%) are shown in Fig. 8(a)-(c) respectively.
MR(%) is defined as MR(%) = [{ p(H,T) — p(0,T)}/p(0,T)] x 100, where
H denotes the applied field and p(0,T) and p(H,T) are the resistivity
at zero field and H fields respectively at temperature T. The varia-
tion of magnitude of MR (%) of all materials is found to increase with
decrease of temperature suggesting that the grain boundary effect
dominates the MR as temperature decreases [24]. The values of MR
(%) at 5K and different fields at H=10, 20 and 40 kOe are obtained
from Fig. 8 and givenin Table 2. The variation of MR (%) with compo-
sition at 5 Kand 10 kOe is shown in Fig. 3(c). It may be noted that the
magnitude of MR (%) at 5K and 10kOe is maximum at x=1.0 wt.%
and then decreases as x deviates from 1.0. It is due that a departure
of x from 1.0 in SFMO system tends to increase the ASDs or disor-
der of the Fe/Mo-site ordering in SFMO compounds there by MR
(%) decreases [8,24,25]. Similar trends of MR (%) with composition
of Fe were also observed at magnetic field 20 and 40 kOe.
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Fig. 9. Variation of MR (%) of SFMO (0.8 < x < 1.2 wt.%) materials with magnetic field
at temperatures (a) 5K, (b) 150K and (c) 300K.

3.4.3. Magnetic field dependent magnetoresistance

The MR (%) of SFMO (0.8 <x < 1.2) were evaluated in the mag-
netic field range of —40 to 40 kOe at 5, 150 and 300 K. The variation
of MR (%) with magnetic field is shown in Fig. 9(a)-(c) at 5, 150
and 300K respectively for the materials x < 1.2 wt.%. It can be seen
from Fig. 9 that the variation of magnitude of MR (%) increases with
increasing magnetic field. There are two mechanisms which con-
tribute to the MR (%) of SFMO double perovskite in the presence
of magnetic field. One of them is due to the lowering of spin scat-
tering at grain boundaries upon the application of magnetic field.
This mechanism is most effective at low fields and temperatures
well below T¢, where the polarization of carriers is large. The other
mechanism is an intrinsic one which results from the quenching of
spin scattering of the carriers by localized spins. This mechanism
dominates the high-field MR [8,25]. The values of MR (%) at 40 kOe
and different temperatures at T=>5, 150 and 300 K are obtained from
Fig. 9 and given in Table 2. The variation of magnitude of MR (%)
with x at 40kOe and 150K is shown in Fig. 3(c). It can be seen
from Fig. 3(c) that the MR (%) at 40 kOe and 150K is maximum at
x=1.0wt.% and then decreases as composition deviates from 1.0.
It is due that a departure of x from 1.0 in the SFMO system tends
to increase the ASDs or decrease of Fe/Mo-site ordering in SFMO
samples there by MR (%) decreases [8,24,25]. Therefore, it is found
from Fig. 9(b) that the magnitude of MR (%) at a given temperature
150K increases with increase of magnetic field however the mag-
nitude of MR (%) decreases when x deviate from 1.0. Similar trends
have been observed at 5 and 300K as shown in Fig. 9(a) and (c)
respectively. The reduction in MR (%) can be attributed to increase
of ASDs that reduces the spin polarization of charge carriers [8,25].
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4. Conclusions

It has been found that the values of nmax, Ms and MR (%) are max-
imum and decreases as x deviates from 1.0 in SFMO materials, i.e.
there exists a strong correlation between structural, magnetic and
transport properties in these materials. It is also found that there is
a structural transition from tetragonal to cubic around x=1.2 wt.%.
Different resistivity behavior has been found for x <1.2wt.% and
x>1.2 wt.% materials of SFMO.
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