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Abstract

Sr2Fe1�0.5xMo1�0.5xIrxO6 ceramics (x¼0, 0.02, 0.04, 0.06, and 0.08) have been synthesized and the structures, magnetic and

transport properties have been investigated. X-ray diffraction reveals a very low solution limit of x¼0.06, which however, results in

significantly decreased Fe/Mo ordering degree and thus decreased magnetization value. On the other hand, the Curie temperature (Tc)

rises from 390 K (x¼0) to 400 K (x¼0.02) firstly, and then decreases to 360 K and 340 K for the compositions with x¼0.04 and 0.06,

respectively. In addition, the resistivity and magnetoresistance drop drastically with increasing x. The composition with x¼0 shows

semiconductor transport behavior in the temperature range of 10–400 K, whereas the other compositions show a minimum resistivity

around 120 K. These results are discussed in detail by considering the effects of Ir substitution.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

As a representative of the double perovskite oxides with the
general formula of A2B

0B00O6 (where A is an alkaline-earth or
rare-earth cation and B is a transitional metal cation),
ferrimagnetic Sr2FeMoO6 (SFMO) has been reported firstly
for the anomalous magneto-optical Kerr effect and then
extensively been investigated for the intrinsic room tempera-
ture tunneling-type magnetoresistance (MR) [1–3]. Along with
its half metal characteristics and high Curie temperature
(Tc�415 K) [2,4], SFMO is attractive not only for fascinating
physics but also for potential applications in spintronic devices,
etc., operated at room temperature [5].

Ideally, Sr cation occupies the A site, while Fe and Mo
cations occupy the B (B0 and B00) sites alternatively. The
antiferromagnetical coupling between Mo5þ and Fe3þ leads
to a magnetization (Ms) of 4 mB per formula cell (f.u.).
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Therefore, it is reasonable that Ms strongly depends on the
ordering degree of Fe/Mo. Indeed, weakened magnetization is
commonly found due to the appearance of the so called
antisite defects (ASD, which is the occupying Fe sites by Mo
and vice versa) [6–8]. ASD is very sensitive to any B-site
substitutions, which means that B-site substitutions can tune
the ASD concentration, and thus the physical properties.
Accordingly, great efforts have been devoted to such substitu-
tions to explore and tune the B-site ordering degree and the
corresponding magnetic properties. Up to now, works on B-
site substituted SFMO mainly focus on nonmagnetic or
magnetic elements such as Al, Cu, Ni, Cr, Sc, Ti, V, etc.,
substituting for Fe [4,9–13]. It is noted that most of these
substituting elements belong to the 3d transition metal family.
On the other hand, it is well known that 5d transition metal

elements based perovskite oxides may have rich physical
properties, mainly due to the spatially more extended 5d
orbital and relatively larger spin–orbit coupling. Actually,
some 5d element based double perovskite oxides, where
B00=Re, W, Os, Ir, etc., have been reported and various
ll rights reserved.
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Fig. 1. X-ray diffraction profiles of as-obtained Sr2(FeMo)1�xIrxO6

(x¼0, 0.02, 0.04, 0.06 and 0.08) ceramics.
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magnetic behaviors like paramagnetism, antiferroelectrism and
ferromagnetism observed [4,14–17]. This means substituting
Fe/Mo (which are 3d and 4d transition metal elements,
respectively) by 5d elements may be a promising method to
tune the fundamental physics of SFMO. It is expected that
such 5d element substituted 3d and 4d-based double perovs-
kites may also have some unusual behaviors, which are very
rare in literatures. One example is the W-substituted SFMO
where the 5d W element substitutes for the 4d Mo [18,19]. The
W6þ (5d0, s=0) can suppress the Fe3þ (3d5, s=5/2) state to
become the Fe2þ (3d6, s=2) state partially, and as the result,
W-substitution reinforces the B site ordering degree to some
extent and changes the crystal structure from cubic to the
tetragonal, therefore, the materials transfer from ferromagnetic
metal to antiferromagnetic insulator and both the Curie
temperature and the magnetization are improved [18,19].

Encouraged by the nonmagnetic 5d W6þ (5d0, s=0)
substituted SFMO and by further noticing that the 5d Ir4þ

cation is magnetic (5d5, s=1/2) and has definitely non-
equal valence with Fe3þ /Mo5þ [20], in this paper, we have
prepared and systematically investigated the structures,
magnetic and electronic transport properties of
Sr2Fe1�0.5xMo1�0.5xIrxO6 (x¼0, 0.02, 0.04, and 0.06)
ceramics. The effects of Ir substitution on the structures
and physical properties have been discussed in detail.
Fig. 2. Magnetization (M–H) curves at 10 K (a) and 300 K (c), the inset presen

at 10 K (b) and 300 K (d).
2. Experimental

Polycrystalline samples of Sr2Fe1�0.5xMo1�0.5xIrxO6

(x¼0, 0.02, 0.04, 0.06 and 0.08), abbreviated as S1, S2, S3,
t partially enlargement curves. The dependence of Ms on Ir concentration



Fig. 3. Temperature dependent magnetization of Sr2(FeMo)1�xIrxO6

(0rxr0.06) (a), and (b) variation of the curie temperature, Tc with Ir

composition.

Fig. 4. Temperature dependence of electrical resistivity of Sr2
(FeMo)1�xIrxO6 (0rxr0.06) ceramic pellets in zero field.
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S4 and S5, respectively, were synthesized by solid-state
reaction [21]. Firstly, stoichiometric amounts of SrCO3,
Fe2O3, MoO3 and IrO2 (analytical grade) were weighed, ball
milled in ethanol for 20 h, and dried. The dried powders were
calcined at 1073 K for 5 h in air. Subsequently, the powders
were ball milled again for 20 h, dried, pressed into rectangle
slices (10 mm� 5 mm� 0.5 mm). At last, sintering was car-
ried out under flowing mixed gas of 5% H2þ95% Ar. The
S1 was sintered at 1473 K for 12 h while other samples at
1373 K for 6 h. It should be mentioned the sintering
temperature and dwell time for each composition have been
optimized based on our systematical experiments.

The structures of the samples were characterized through
X-ray diffraction (XRD) patterns (Rigaku Ultima III). The
magnetic and transport data were collected by using a super-
conductor quantum interference device (SQUID, Quantum
Design, MPMS XL-7) and a physical property measurements
system (PPMS Quantum Design, 2001NUGC).

3. Results and discussion

Fig. 1 shows the XRD patterns of all the samples. It can be
seen that for each composition, all the diffraction peaks are in
good agreement with the double perovskite structure with
tetragonal structure (space group I4/mmm) [22]. However, for
S5 has some impurity phases such as cubic Fe, as indicated by
the arrows. Actually, in our experiments, single phase S5 can
not be obtained within a wide sintering temperature range
(from 1173 K to 1573 K) and dwell time range (from 2 h to
30 h), so it may be safe to conclude that the substitution limit
of Ir into SFMO is only about 0.06, which is far lower than
other B-sites substituted SFMO, as summarized in Ref. [5].
However, our observation is reasonable because perovskite
orthorhombic SrIrO3 is metastable under ambient condition
[23,24], this might mean that the introduction of Ir into the
lattice of SFMO may cause local lattice distortion or structure
instability, thus leads to the formation of second phases. In the
following sections, our discussions will focus on single phase
ceramics of S1, S2, S3 and S4.

The inset of Fig. 1 presents the locally enlarged XRD
patterns of the samples. The (101) diffraction peak around
2y¼19.81 is generally identified as the superstructure peak,
and the intensity ratio of I(101)/((I(112)þI(200)) indicates the
Fe/Mo ordering degree [10]. As can be seen, with increasing Ir
content (x) from 0 to 0.06, the superstructure diffraction
intensity is suppressed dramatically, and the superstructure
diffraction peak tends to disappear when x reaches 0.06. This
means the Ir substituting can decrease the cation ordering
degree, or increase the ASD concentration. Actually, based on
the following magnetic measurements, the ASD concentration
is estimated to increase from 10.3% for x¼0 to 27.4% for
x¼0.06 by using the empirical formula of Ms¼4.04–8.1(8)x,
where x is the ASD concentration [25]. Such dramatically
increased ASD may come from the following two aspects: On
the one hand, the Ir-substitution can break the alternative
arrangement of Fe and Mo cations and thus increases such
substitution-induced ASD. However, this contribution should
not be so significant because the substitution level is consider-
ably low (xr0.06). On the other hand, the valence difference
between cations can also increase ASD. As well known, larger
valence difference between B00 and B00 favors the formation of
higher cation order in SFMO [26]. However, in our case the
valence difference between Ir4þ and Fe3þ /Mo5þ is 1, which is
smaller than 2 between Fe3þ and Mo5þ .
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Magnetization–magnetic field (M–H) curves recorded at
10 K and room temperature (RT) are depicted in Figs. 2(a)
and (c), respectively. The insets show the corresponding
locally enlarged curves. As can be seen from Fig. 2(a), all
the compositions show well-saturated M–H hysteresis loops,
exhibiting a feature of the macroscopic ferromagnetic beha-
vior. With increasing x, the values of saturated magnetization
(Ms) at 10 K and RT decrease almost linearly, as plotted in
Figs. 2(b) and (d), respectively. Of particular interest is that
the coercive field (Hc) of S2, S3 and S4 are comparable but
larger than that of S1, as shown in the inset of Fig. 2(a),
similar result is also observed at RT (the inset of Fig. 2(c)).

The magnetic observations in Fig. 2 can be rationalized as
the follows: according to the XRD patterns, the ASD
concentration increases with increasing x. And it is reported
that Ms has an almost linear dependence on the ASD
concentration, Ms¼4.04–8.1(8)x, where x is the ASD con-
centration [25], which is again confirmed by our observations.
The magnetic hardening might be attributed to that more
ASD leads to the presence of more anti-ferromagnetic (AF)
Fig. 5. Magnetoresistance for Sr2(FeMo)1�xIrxO6 at different temperatures (a

measured with 6 T at 10 K and RT.
patches, thus magnetic domain rotation process is more
difficult [26,27].
Fig. 3(a) plots the field-cooling (200 Oe) magnetization–

temperature (M–T) curves for all the samples. With increas-
ing temperature, the samples exhibit a transition from
paramagnetic to ferromagnetic phase. The transition tem-
peratures Tc are plotted against x value and shown in
Fig. 3(b). It is interesting to find that the Tc (400 K) of S2 is
relatively higher than that of S1 (390 K) in spite of the fact
that the ASD in S2 is a little more than that in S1 (Fig. 1).
This observation can be related to the effect of oxygen
deficiency which is extremely sensitive to sintering process.
As shown above, both the sintering temperature and dwell
time of S2 are lower than that of S1, so it is reasonable that
S2 may have less oxygen vacancy than S1, less oxygen
vacancy generally can promote ferromagnetic interactions
and improve Tc [28]. Although S3 and S4 may also have less
oxygen vacancy, the detrimental effect of ASD on property
is enhanced and tend to be dominant [29,30], so S3 and S4
have decreased Tc of 360 K and 340 K, respectively.
) x¼0, (b) x¼0.02, (c) x¼0.04, (d) x¼0.06, and (e) the composition MR
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Fig. 4 describes the temperature dependence of the resistiv-
ity for all the samples. It is obvious that S1 exhibits a
semiconductor-like behavior in the whole measured tempera-
ture range (10–400 K), i.e., the resistivity decreases gradually
with increasing temperature. However, for the other three
samples, on the one hand, the resistivity values decreases
gradually with increasing of Ir content, especially the resistivity
of the S4 is far lower than that of S1. The substitution-
decreased resistivity may be ascribed to the spatially more
extended 5d orbits of Ir, which facilitates the hopping of
electrons [31]. On the other hand, it is interesting to notice that
all Ir-substituted SFMO (S2, S3, S4) exhibit semiconductor
behavior until a minimum resistivity around 120 K is reached,
and then metal behavior above 120 K, which has no apparent
composition dependence. Similar results were reported in
Sr2(Fe1�xCux)MoO6 [13], which indicates a possible
semiconductor-to-metal transition like behavior. However,
based on the thermal variation of resistivity, we cannot exclude
Kondo-like behavior, as typically found in manganites [32,33],
where interplay between electron–electron, electron–phonon,
and electron–magnon scattering leads to the minimum in the
temperature dependence of resistivity. Actually, the extended
orbital of Ir may enhance these interactions. To classify the
origination of the composition dependent resistivity and the
minimum resistivity, further detailed works are necessary and
underway.

Field-dependent magnetoresistance (MR) for all the sam-
ples are measured at different temperatures, as shown in
Figs. 5(a)–(d). The MR ratio is defined as MR(%)¼
(RH�R0)/R0� 100%, where R0 and RH are the resistivity
values at zero and 2 T applied magnetic fields, respectively.
Three features about the MR curves should be mentioned.
Firstly, the MR value is close to zero when measured at
400 K, which is attributed to the almost disappear of magnetic
ordering. With decreasing measuring temperature, the MR
values of all samples increase. Secondly, for each sample, the
MR values measured with fixed temperature increase with
increasing magnetic field. Interestingly, the negative MR
increases more abruptly in the low field region than in the
high field region, as indicated by the steep magnetization
process, which actually is the characteristic of low-field
magnetoresistance effect [34]. Thirdly, it is noted that with
increasing x, the MR values decreases almost linearly. The
typical MR values of all samples measured at 6 T at 10 K and
300 K are plotted in Fig. 5(e). This linear dependence of MR
on x value is consistent with the linear dependence of
magnetization on x value. This is reasonable since the hopping
of spin-polarized electrons can be affected by magnetic
domains. Actually, similar magnetization-dependent MR
behavior can be can be found in other reports [26,27].

4. Conclusion

In summary, single phase Ir-substituted SFMO, i.e.
Sr2Fe1�0.5xMo1�0.5xIrxO6, ceramics have been prepared.
XRD analysis confirms that the low solution limit is
x¼0.06. Substitution of Ir in SFMO can increase the
ASD concentration and result in a decrease of magnetiza-
tion and magnetoresistance. However, Ir substitution can
improve the conductivity of SFMO. We hope our results
can stimulate further work on 5d transition metal based
double perovskite.
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