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Abstract
The electrical, magnetic and magnetoresistance properties of polycrystalline
Sr2Fe1−xCoxMoO6 compounds with x = 0.0, 0.05, 0.15 and 0.25 were
investigated. With increasing Co content, both the degree of cationic order and
the saturation magnetic moment per formula unit of these compounds increase,
while their resistivity decreases monotonically and exhibits an enhanced
metallic behaviour for x � 0.15. The low-field magnetoresistance was greatly
enhanced at x = 0.15, and the field dependence of magnetoresistance for
x � 0.15 almost saturates above 1.5 T. These results can be well explained by
the change of magnetic structure of Sr2FeMoO6 after replacing partial Fe ions
by Co ions. The enhanced metallic behaviour and low-field magnetoresistance
also suggest a great application potential in spin electronic devices.

1. Introduction

Recently, the magneto-transport property of the half-metallic ferromagnet Sr2FeMoO6 (SFMO)
has attracted increasing attention because its large room-temperature magnetoresistance (MR)
and high Curie temperature of TC ≈ 410 K make it a potential candidate for spintronic device
application [1]. SFMO is an ordered double perovskite (A2B′B′′O6), where the Fe3+ and
Mo5+ ions are spatially distributed alternately in the B-site of the perovskite structure. The
antiferromagnetic coupling of Fe3+(3d5; t3

2ge2
g) and Mo5+(4d1; t1

2g) ions leads to an expected
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saturated moment MS per formula unit of 4 μB. However, all the MS values of bulk SFMO
reported so far are smaller than this predicted value due to the presence of naturally grown anti-
site defects, where the partial Fe(Mo) ions are misplaced at Mo(Fe) sites in the polycrystalline
SFMO compound [1–7].

It is well known that both large low-field MR (LFMR) and high conductivity are necessary
for the application of the MR effect. The large LFMR of SFMO, which is believed to be rooted
in the spin-dependent scattering at the grain boundary, can be achieved by modulating the grain
boundary in SFMO [8–10]. In addition, the LFMR was found to be enhanced by doping at
the Fe site [11]. However, single-crystalline Sr2Fe1−x Cox MoO6 (SFCMO) is the only system
reported so far in which the conductivity and LFMR were enhanced simultaneously [12–15],
suggesting a great application potential in spin electronic devices. But the mechanism for
the reduction of resistivity by Co doping has not been settled yet [13]. Moreover, although
the double perovskite Sr2CoMoO6 (SCMO) is known as an antiferromagnetic insulator with
TN = 34 K, a ferromagnetic behaviour with high Curie temperature (TC = 380 K) and large
MR have been achieved in SCMO annealed in a H2/N2 atmosphere [16]. Therefore, it is
worthwhile investigating the influence of the substitution of Co for Fe ions.

In this paper, we present a detailed study on the electrical and magnetic properties of
SFMO doped with Co at the Fe site. We aim to clarify the effect of doping Co ions on the
magnetic structure and MR by determining the electronic configuration of Co ions and the
magnetic interactions between Fe and Co ions, which will be helpful in the development of
magnetoelectronic devices.

2. Experimental details

A series of Sr2Fe1−x Cox MoO6 (SFCMO) (x = 0.0, 0.05, 0.15, 0.25) polycrystalline samples
was prepared by conventional solid-state reaction. A mixture of high-purity SrCO3, Fe2O3,
Co2O3 and MoO3 was pressed into pellets and calcined in air at 900 ◦C for 3 h. The pellets
were then reground, pressed and reheated with sintering at 1200 ◦C for 1 h in a stream of
1.5% H2/N2. X-ray diffraction (XRD) powder patterns were collected using a Bede D1 XRD
spectrometer with Ni-filtered Cu Kα radiation. The room-temperature XRD patterns were
refined by the Rietveld method using the program FullProf [17, 18]. The resistivity was
measured using a DC four-probe method and magnetization measurement was carried out using
a Quantum Design physical properties measurement system (PPMS).

3. Results and discussion

The XRD patterns of SFCMO polycrystalline samples reveal that all compounds form a good-
quality solid solution [19], in which no impurity phase is observed, and that the structure of
SFMO does not vary with Co concentration. The XRD pattern of the x = 0.25 sample is
displayed in figure 1 as an example. Refinements using the tetragonal I 4/mmm space group led
to the smallest quality-of-fit parameters (RBragg = 3.5, S = 1.6), as found for SFMO [12, 20].
Rp and Rwp are 8.2% and 8.8%, respectively. Other XRD patterns were also well refined using
the same space group. The degree of cationic disorder, p, which is defined as the fraction
of Fe(Mo) ions misplaced at Mo(Fe) sites, can be calculated from the refinement of XRD
patterns [19, 21]. As the concentration of Co increases from zero to 25%, p decreases from
15% to 9%, as shown in the inset of figure 1, meaning the improvement of cationic order in
SFCMO with doping Co at the Fe site.

Figure 2 shows the isothermal magnetization curve of the sample with x = 0.25 at 5 K and
in a magnetic field up to 5 T. The magnetization (M) rises rapidly with H and nearly saturates
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Figure 1. The experimental (open circle) and calculated (solid line) x-ray diffraction patterns for
the x = 0.25 sample. (Rp and Rwp are 8.2% and 8.8%, respectively.) The inset shows the variation
of the degree of cationic disorder p with Co content.
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Figure 2. The M–H curves of the sample with x = 0.25 at 5 K and up to 5 T. The inset shows
the variation of experimental (solid square) and calculated (open symbol) data of MS with x for
SFCMO at 5 K.

at 1 T. Other samples have similar features. The inset of figure 2 shows the variation of the
saturation magnetic moment (MS) per formula unit (f.u.) with doping parameter x at 5 K and
5 T. The value of MS is only 2.86 μB for pure SFMO, which is much lower than its theoretical
value of 4 μB, indicating the existence of many anti-site defects [2–7]. However, it is very
interesting that the MS of SFCMO increases monotonically with increasing Co concentration,
as shown in the inset of figure 2, because the magnetic moment of Fe3+ ion (5 μB) is larger
than that of the Co3+ ion, even in the case of the high-spin state of Co3+.

The state of the doped Co ions is a key issue for understanding the change of magnetic
structure and magneto-transport in SFCMO. In SFCMO, Co may exist as Co2+ and/or Co3+
ions. If Co2+ ions exist, antiferromagnetic insulating SCMO will form [16]. However, the
decrease of the resistivity of SFCMO with Co content, which will be shown later (figure 3),
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Figure 3. Temperature dependence of the zero-field resistivity of samples with different doping
concentration x .

suggests that there is no SCMO forming in our samples or that the amount of SCMO is so
small that it has no detectable influence on the magnetic and magneto-transport properties
of the samples. Moritomo et al also suggested that Co exists as Co3+ ions in single-crystal
SFCMO up to 40% doping concentration [13]. Thus, it can be concluded that only Co3+ ions
exist in our SFCMO samples. There are three possible spin configurations of Co3+ ion at the
octahedral site, depending on the competition between the crystal-field splitting and the intra-
atomic Hund exchange-field splitting; i.e. low-spin state (LS, t6

2ge0
g, S = 0), intermediate-spin

state (IS, t5
2ge1

g, S = 1), and high-spin state (HS, t4
2ge2

g, S = 2). In the first case, the LS Co3+
ion has no contribution to MS, and then the magnetic moment of SFCMO can be described
as [3, 4]

MS = [4(1 − 2p) − x(4 − 9p)]μB (1)

which is similar to that of doping nonmagnetic Al ions in SFMO [11]. Here, p is the degree
of cationic disorder. Obviously, MS decreases as x increases and its calculated value is much
lower than the experimental data, as shown in the inset of figure 2 (open circle). In the latter
two cases, antiferromagnetic Fe–O–Fe pairs would change into ferromagnetic Co–O–Fe pairs
when some Fe ions in the anti-site regions were substituted by Co, as has been reported in the
ferromagnetic Sr2FeCoO6 [22]. The contribution from the ferromagnetic coupling of Co–O–Fe
pairs in the anti-site regions would lead to the enhancement of MS. For the case of IS Co3+
(2 μB), if Co3+ couples with Mo5+ antiferromagnetically in the normal region, the magnetic
moment of SFCMO will be given as

MS = [4(1 − 2p) − x(3 − 10p)]μB (2)

where x(3 − 10p) is also from the doped Co ion. The value of MS calculated by equation (2)
is also lower than the experimental data and decreases as x increases, as shown in the inset of
figure 2 (open squares). However, it should be noted that there is one empty eg orbit in each
Co3+ ion with IS, and thus the itinerant d electron of Mo5+ (4d1:t1

2g) may occupy this orbit.

Therefore, a ferromagnetic coupling Co3+–O–Mo5+ pair could be expected in SFCMO, which
can lead to the increase of MS. Based on the above analysis, the magnetic moment of SFCMO
can be changed into

MS = [4(1 − 2p) − x(1 − 8p)]μB (3)
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where x(1 − 8p) is also from the contribution of doped Co. In the third case (HS Co3+, 4 μB),
the Co3+ ions can only couple with Mo5+ ions antiferromagnetically. Taking account of the
contribution of ferromagnetic coupling of Co–O–Fe pairs in anti-site regions, the magnetic
moment of SFCMO can be described as

MS = [4(1 − 2p) − x(1 − 10p)]μB. (4)

It is clear from the inset of figure 2 (open down-triangle and up-triangle) that the values of MS

calculated from equations (3) and (4) are very similar, and the equations satisfactorily explain
reproducing the evolution of MS of SFCMO. The difference between the calculated results
and the measurement value may be caused by the fact that we did not consider the effect of
antiferromagnetic coupled Co–O–Co pairs in these two equations; these pairs may form in the
anti-site regions and lead to the reduction of MS.

Although the HS and IS Co3+ with spins antiparallel and parallel to the neighbour
Mo5+ spins, respectively, can all be anticipated from the analysis of the saturation magnetic
moment, the IS configuration of Co3+ can be ruled out from the variation of resistivity with
Co concentration. As shown in figure 3, the semiconductive behaviour observed in SFCMO
samples with x < 0.15, rather than the half-metallic character of SFMO single crystal, may
arise from the scattering of electrons at grain boundaries or anti-site defects [19]. However, the
resistivity of SFCMO in the whole temperature range decreases monotonically with increasing
x , and the SFCMO samples with x � 0.15 show a metallic-like conducting behaviour at high
temperature. Such an enhancement of electrical conduction in Co-doped SFMO has been
observed in single-crystal samples, but its mechanism has not been clarified [13]. Although
the contribution of the grain boundary to the measured resistivity cannot be avoided for
polycrystalline samples, the monotonic reduction of resistivity of SFCMO polycrystalline
samples should be an intrinsic feature, just like that of single crystals, because all these
samples were prepared using the same process. Based on the above analysis of MS, if the
Co3+ ions exist as the IS configuration, the itinerant electron of Mo5+ will be confused by
the confliction between the antiparallel arrangement with the neighbour Fe3+ and then parallel
arrangement with the IS Co3+. This will no doubt cause an increase rather than a decrease
of resistivity. Instead, the HS Co3+ ions can maintain the original antiferromagnetic coupling
between the spin of itinerant Mo5+ electrons and the Fe3+/Co3+ moments. Therefore, the
doped Co ions should be HS trivalent and the increase of MS originates from the replacement
of antiferromagnetic Fe–O–Fe by the ferromagnetic Fe–O–Co pairs in the anti-site region. Such
ferromagnetic Fe–O–Co pairs will not only reduce the spin-dependent scattering at the original
antiferromagnetic Fe–O–Fe, but also lead to the formation of the metallic Fe–O–Co paths as
discovered in Sr2FeCoO6 [22]. Moreover, in contrast to the empty spin-down Fe t2g bands,
the HS Co3+ leaves one electron in the spin-down t2g bands, which might overlap and broaden
the itinerant Fe/Mo t2g bands and thus reduce the resistivity. With increasing Co content, the
resistivity of SFCMO will decrease gradually, and a semiconductor–metal transition occurs
at the threshold of x = 0.15. Furthermore, the monotonic decrease of resistivity with the
increase of Co content means that the contribution of the grain boundaries to the total resistivity
increases gradually. So the LFMR of SFMO, which is usually considered to arise from the spin-
dependent scattering at grain boundaries, can be enhanced by doping Co.

The dependence of MR on doping concentration at 5 K for SFCMO samples in a magnetic
field up to 5 T is shown in figure 4. The MR is defined as

MR(T, H ) = 100% × [ρ(T, 0) − ρ(T, H )]/ρ(T, 0) (5)

where ρ(T, 0) and ρ(T, H ) are the resistivity of the sample at zero field and external field
H , respectively. The LFMR of SFCMO was enhanced remarkably for x = 0.15. The role of
Co in the doped SFMO sample is to strengthen the ferromagnetic coupling and to enhance the
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Figure 4. The magnetic field dependence of MR of samples with different doping concentration x
at 5 K.

conduction. On the one hand, the improvement of cationic order in SFCMO may enhance the
LFMR [7, 19]. On the other hand, the enhanced metallic conduction means that the contribution
of spin-dependent scattering at the grain boundaries to the total resistivity increases gradually.
Thus the LFMR increases with increasing Co content and will be enhanced remarkably near
the optimum value (x = 0.15), which is the threshold for the semiconductor–metal transition.
When the doping parameter x is larger than the optimum value, the sample become metallic
and the LFMR is suppressed.

It is worth mentioning that the MR curves show weak magnetic field dependence under
high field with increasing x . As displayed in figure 4, the MR of the samples for x � 0.15
almost saturates above 1.5 T, and the saturation value is lower than the maximum theoretical
value for half-metals (50%) predicted by the direct tunnelling model [23]. The saturated MR
curve of double perovskite Ba1.6Sr0.4FeMoO6 was observed above 40 T by Serrate et al [23],
but there are few reports of the saturated MR curve of SFMO below 5 T so far. The high-
field MR is intrinsic MR as observed in SFMO single crystal, which mainly originates from
the progressive alignment of antiferromagnetic Fe–O–Fe with increasing magnetic field [21].
The saturated MR curves of x � 0.15 above 1.5 T can be explained by a decrease or the
disappearance of antiferromagnetic Fe–O–Fe pairs after Co doping. Based on the above
structural analysis, the anti-site defects were suppressed by the improvement of cationic
order. Furthermore, the formation of ferromagnetic Fe–O–Co pairs at the abnormal Fe
sites also destroy the antiferromagnetic Fe–O–Fe. Thus, the magnetic field for aligning the
antiferromagnetic Fe–O–Fe will decrease and the MR curves will saturate easily at a relative
low field.

4. Conclusion

In summary, based on the analysis of MS and resistivity, we suggest that the doped Co ions may
be HS trivalent in SFCMO, and that the role of doped Co is to broaden the minority-spin Mo/Fe
t2g band and change some antiferromagnetic insulating Fe–O–Fe pairs in anti-site regions into
ferromagnetic metallic Fe–O–Co pairs. Therefore, the MS of SFCMO compounds increases
while their resistivity decreases monotonically with increasing Co content. At x = 0.15, which
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is located near the insulator–metal boundary, the SFCMO compound gives the largest LFMR,
and shows a saturated MR(H ) curve due to the disappearance of antiferromagnetic Fe–O–Fe
pairs in anti-site regions by Co doping.
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