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The structural, magnetic, and magnetoresistance properties of the double-perovskite series
Sr2Fe1−xAlxMoO6 �0�x�0.30� were systematically investigated in order to clarify the influence of
nonmagnetic Al ions on the magnetoresistance. The structural refinements of these samples show
that the degree of cationic order increases gradually from 88.5% for x=0 to 92% for x=0.30 without
any change in the crystal structure. The magnetization measurements reveal that the substitution of
nonmagnetic Al ion for Fe ion enhances the magnetic moment per Fe ion significantly. In addition,
the magnetic-field dependence of magnetization and magnetoresistance of these Sr2Fe1−xAlxMoO6

samples were all fitted excellently by taking into account the contributions from
ferromagnetic-coupled Fe–O–Mo region and nonferromagnetic-coupled regions. The fitting results
indicate that the low-field magnetoresistance can be greatly enhanced due to the separation of the
cationic-ordered Fe–O–Mo regions by the paramagnetic Mo–O–Al–O–Mo chains introduced
through Al doping. Furthermore, doping nonmagnetic Al ions also suppress the formation of
antiferromagnetic Fe–O–Fe antiphase boundaries, and then lead to the improvement of cation
ordering and the reduction of magnetoresistance under high field. © 2005 American Institute of
Physics. �DOI: 10.1063/1.2060936�

I. INTRODUCTION

Recently, much more attention has been paid on the
magnet-transport properties of mixed-valent manganites,1

half-metallic chromium dioxide,2 ordered double-perovskite
Sr2FeMoO6 �Ref. 3�, etc., due to their promising expecta-
tions for spin electronic devices. Especially, for the com-
pound Sr2FeMoO6, due to its half-metallic character and
high-magnetic-transition temperature, it exhibits a large
room-temperature low-field magnetoresistance �LFMR�,
which is commonly considered to arise from the spin-
dependent carrier scattering at grain boundary.3,4 Many
schemes for enhancing the magnitude of the LFMR effect in
Sr2FeMoO6 �SFMO� have been tested, such as reducing the

grain size4 using grain boundary of bicrystal5 and introduc-
ing the second phase of SrMoO4 at the grain boundaries.6

The magnetic structure of double-perovskite Sr2FeMoO6

was generally described as ferrimagnetic due to the antifer-
romagnetic coupling of localized up spin electron of Fe3+

�3d5 : t2g
3 eg

2� and itinerant down spin electron of Mo5+

�4d1 : t2g
1 �, but most of the saturated moment per formula unit

�MS� of bulk SFMO reported so far are much smaller than its
expected value of 4�B.7–13 This effect was attributed to the
presence of antisite defects introduced by the partial disorder
of Fe and Mo ions between the B� and B� sublattices.7–13

Goodenough and Dass14 had suggested that, in sintered poly-
crystalline SFMO compound, such antisite defects15,16 are
likely to form the nonrandom disorders, such as antiphase
boundaries �APBs�, which were directly observed by high-
resolution electron microscopy.15–17 The influence of Fe/Mo

a�Author to whom correspondence should be addressed; electronic mail:
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JOURNAL OF APPLIED PHYSICS 98, 064505 �2005�

0021-8979/2005/98�6�/064505/6/$22.50 © 2005 American Institute of Physics98, 064505-1

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.72.129.237 On: Thu, 04 Dec 2014 22:09:57

http://dx.doi.org/10.1063/1.2060936
http://dx.doi.org/10.1063/1.2060936
http://dx.doi.org/10.1063/1.2060936


disorder �antisite defects� on magnetoresistance and magne-
tization in the double perovskite were well documented in
Refs. 8–13. It has been shown that with the increase of the
antisite defect concentration �or APBs� the magnetization de-
creases almost linearly due to the antiferromagnetic-coupled
Fe–O–Fe in the APBs.8,10,13 In addition, the high-field MR
�HFMR� observed in bulk SFMO can be also attributed to
the spin-dependent transfer across these APBs because the
domains separated by the APB are couple
antiferromagnetically,16 and the progressive aligning of the
antiparallel spins of Fe ions in the APB region by the exter-
nal field would lead to the high-field magnetoresistance. The
SFMO polycrystalline with high concentration of antisite de-
fects was found to show a comparable larger HFMR.15

Moreover, a weak MR up to high field with linear magnetic-
field dependence was found in Fe-site-substituted SFMO
single crystal.18

Furthermore, in order to explore the physical origin for
the large LFMR effect in SFMO, a lot of investigations on
cationic substitution for both Sr and Mo ions have been ex-
tensively reported,19–22 but less work has been done about
doping at Fe site, which should be more helpful for under-
standing the correlation between magnetic structure and
transport properties in SFMO. However, it was shown that
the degree of cation ordering, magnetic, and transport prop-
erties of doped SFMO depended strongly on the dopant spe-
cies and concentration. For example, the degree of cation
ordering, saturation magnetization, and MR in SFMO all de-
crease by doping Cr �Ref. 23� and V �Ref. 24� at Fe site, in
contrast to the case of substituting Mn,25 Al,26,27 and Cu28 for
Fe, in which the degree of ordering of double-perovskite
structure was improved by doping, but only Al doping can
enhance the LFMR of this compound.27 Therefore, further
research about doping at Fe site in SFMO is still necessary
to understand this compound more comprehensively and
thoroughly.

In this paper, the structural, magnetic, and magnetoresis-
tance properties of Sr2Fe1−xAlxMoO6 �0�x�0.30� poly-
crystalline were systematically investigated. The Al-doped
SFMO samples show a great enhancement of LFMR while
their HFMR is reduced by the improvement of cation order-
ing. It was found that the effect of nonmagnetic Al ions on
the magnetoresistance is twofold. For one hand, the HFMR
was suppressed due to the decrease of the APBs by introduc-
ing Al ions in cationic-disordered regions. On the other hand,
it is the paramagnetic Mo–O–Al–O–Mo chains introduced
in the cationic-ordered regions that divide the large
Mo–O–Fe–O–Mo ferrimagnetic region into some smaller
patches and then give rise to the enhancement of the LFMR.
Thus, the introduction of some artificial boundaries inside
the SFMO crystalline by doping nonmagnetic Al ions at Fe
sites should be an approach of enhancing the LFMR effect of
SFMO besides modulating the state of grain boundaries.

II. EXPERIMENTAL DETAILS

The polycrystalline bulk Sr2Fe1−xAlxMoO6 samples with
x=0, 0.05, 0.10, 0.15, and 0.30 were prepared by solid-state
reaction as described in Ref. 27. X-ray diffraction �XRD�

powder patterns were collected using the Bede D1 XRD
spectrometer with Ni-filtered Cu K� radiation. The room-
temperature XRD patterns were refined by the Rietveld
method using the program FULLPROF.29 The surface mor-
phology of samples, observed by the Hitachi S-4700 field-
emission scanning electron microscope, showed that the dis-
tributions of Al in the doped samples are uniform and not
segregated.27 Resistivity and magnetization measurements
were carried out using the physical properties measurement
system �PPMS� of Quantum Design.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical experimental and calculated
XRD patterns at room temperature as well as their difference
for the sample x=0.15. Based on the tetragonal I 4/m space
group, the room-temperature XRD patterns of all samples
within 0�x�0.30 were well refined. It was identified that
all the samples were crystallized in the single double-
perovskite structure without any change in the structure of
these compounds. The variation of the degree of cationic
disorder p, calculated from the refinement results, with dop-
ing concentration x was displayed in the inset of Fig. 1. Here,
p is defined as p=100% � �B��Fe,Al�� / �B��Fe,Al�
+B��Fe,Al��, in which B��Fe,Al� and B��Fe,Al� correspond
to the occupation of Fe and Al ions at B� and B� sites.12 It
can be seen from the inset of Fig. 1 that p decreases from
11.5% to 8.0% as increasing the concentration of Al from 0
to 0.3; i.e., the degree of cationic order was progressively
improved by doping Al ions. Therefore, with the increase of
Al concentration, the number of antisite defects will decrease
gradually. So the magnetic moment per Fe ion will be
changed by the substitution of Al ions for Fe ions in the
cationic-disordered regions due to the decrease of
antiferromagnetic-coupled Fe–O–Fe pairs.

Figure 2 shows the isothermal magnetization curve of
the sample x=0.15 at 5 K and magnetic field up to 5 T. The
magnetization rises rapidly with the increase of H due to the
rotation of the ferromagnetic domains under low field and
then nearly saturates above 1 T. Other samples have similar
features. The saturation moments per formula unit �MS� with
Al content obtained from these magnetization curves are
shown in Fig. 3. The value of MS in pure SFMO �3.08�B� is

FIG. 1. The experimental �open circle� and calculated �solid line� patterns of
room-temperature x-ray powder diffraction for the x=0.15 sample. Their
difference �solid line on the bottom� is also shown. �The Rp and the Rwp are
8.5% and 9.7%, respectively.� The variation of the degree of cationic disor-
der p with Al content x is shown in the inset of Fig. 1.

064505-2 Sui et al. J. Appl. Phys. 98, 064505 �2005�

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

129.72.129.237 On: Thu, 04 Dec 2014 22:09:57



much lower than the theoretical value �4�B� as reported in
literatures.8–13 It means that this sample has many antisite
defects and thus many insulating APB “clusters.”14 With in-
creasing the Al concentration, the value of MS in
Sr2Fe1−xAlxMoO6 decreases gradually due to partial substitu-
tion of Fe3+ ions by nonmagnetic Al3+ ions. However, it is
strange that, with the increase of Al content, the magnetic
moment per Fe ion �MFe� for Sr2Fe1−xAlxMoO6 compounds
decreases slightly at x=0.05 and then increases notably with
increasing the Al concentration. Here, MFe was roughly cal-
culated from �MS+1� / �1−x� regardless of the effect of anti-
site defects because the Mo5+ ion �1�B� coupled with Fe3+

ion �5�B� is antiferromagnetically in ordered SFMO struc-
ture. It can be seen clearly from Fig. 3 that the value of MFe

at highest doping concentration �4.76�B� is much higher than
that of undoped sample �4.06�B�, and nearly close to the
theoretical value of magnetic moment of Fe3+ �5�B�. This
feature is mainly caused by the decrease of antisite defects of
Fe ions by Al doping due to the increase of degree of cat-
ionic order and consistent with the result from the XRD
refinements.

When two domains, one with Fe at the normal B� site
and the other at the antisite B� site, merge each other, the
APBs of Fe–O–Fe would form in SFMO.14 In these APBs,
Fe3+ ions couple with each other antiferromagnetically by
superexchange interaction �Fe–O–Fe�, which not only leads
to the reduction of saturation magnetization in SFMO, but
also results in the HFMR in this compound due to the spin-
dependent transfer �or tunneling� across these APBs. With
the increase of the external field, the resistivity for the spin-
dependent electron scattering will be reduced gradually due

to progressive rotation of the antiparallel spins of Fe ions in
the APB region to the orientation of the external field, and
then lead to the HFMR because the antiferromagnetic-
coupled spins in APB can usually be aligned under high
magnetic field. Therefore, the improvement of cation order-
ing should suppress the HFMR that will be discussed in de-
tail later.

Accompanied with the formation of antiferromagnetic
Fe–O–Fe APBs, the Mo–O–Mo APBs would form in si-
multaneously SFMO. Two models concerning different cou-
pling ways among Mo ions have been proposed in order to
account for the saturation moments per formula unit MS. In
the first case, the Mo ion is assumed to couple with its neigh-
boring Mo ions ferromagnetically,30 and then the value of MS

in pure SFMO is given by �4−10p��B, where p is the degree
of the cationic disorder. When Fe ions were partially re-
placed by Al ions, the value of MS in Sr2Fe1−xAlxMoO6

would be changed to

MS = ��4 − 10p� − x�5 − 10p���B, �1�

where �5−10p� is the contribution of doping Al to the total
magnetic moment. But it was found that this model is not
consistent with our experimental data, as shown in Fig. 3
�open circle�, where all the values calculated from Eq. �1� are
smaller than the experimental data for all samples. In the
second case, it was supposed that there is no magnetic cou-
pling within Mo–O–Mo �Ref. 8� based on the fact that the
SrMoO4 exhibits paramagnetic behavior.7,13 Then the value
of MS in pure SFMO will be �4−8p��B, which agrees with
the Monte Carlo computation on the similar assumptions7

and the experimental data obtained by Balcells et al.10 When
some Fe ions were replaced by Al ions, the value of MS in
Sr2Fe1−xAlxMoO6 can be given as

MS = ��4 − 8p� − x�4 − 9p���B, �2�

where �4−9p� is also the contribution of doping Al to the
total magnetic moment for SFMO. It is clearly seen that this
model can fit our experimental data excellently within the
whole doping range, as shown in Fig. 3 �open square�.

Based on the above analysis, the contributions to total
magnetic moment of Sr2Fe1−xAlxMoO6 can be divided into
three different parts; i.e., ferrimagnetic-coupled Fe–O–Mo,
antiferromagnetic-coupled Fe–O–Fe, and the nonmagnetic-
coupled Mo–O–Mo and Mo–O–Al–O–Mo. Then, the nor-
malized magnetization curves of the Sr2Fe1−xAlxMoO6

samples can be fitted by using the following expression:31

M�H�/MS = �1 − ���1 − exp�− H/Hs�� + � tanh�BH/T� ,

�3�

where the first term stands for the contribution of
ferrimagnetic-coupled Fe–O–Mo and the second arises from
the other three contributions. The prefactor �1−�� refers to
the fraction of ferrimagnetic interaction. Hs is the saturated
magnetic field and B is an adjustable fitting parameter.31,32

The fitting result is shown in Fig. 2 �the solid line�. It can be
seen that the experimental data for the sample of x=0.15 at
5 K up to 5 T can be represented well by Eq. �3�. The varia-
tion of � with x obtained from the best fits is shown in the
inset of Fig. 2. It was found that � decreases monotonously

FIG. 2. The isothermal magnetization curve of the sample x=0.15 and 5 K
up to 5 T. Inset shows the variation of fitting parameter � with Al
concentration.

FIG. 3. The dependences of the saturation magnetic moment per formula
unit and per Fe ion on x. The fitting results based on different models are
also shown.
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from 19.2% at x=0 to 13.5% at x=0.3, indicating that the
nonferrimagnetic contributions of the total magnetic moment
in these samples decreases gradually with increasing Al con-
tent. Due to the dominant contribution from antiferro-
magnetic-coupled Fe–O–Fe among the nonferrimagnetic
contributions, such a decrease of � suggests that the possi-
bility of forming antiferromagnetic Fe–O–Fe pairs was
gradually reduced by the substitution of Al for Fe. This result
is well consistent with the increased degree of cationic or-
dering and the enhanced magnetic moment per Fe ion as
discussed previously.

The saturated magnetic fields Hs obtained from the best
fit of the M�H� curves are shown in Fig. 4 �solid square�. It
is found that the value of Hs decreases monotonously from
788 Oe at x=0 to 670 Oe at x=0.3. This means that the
magnetic field for aligning the ferrimagnetic domains was
reduced progressively with the Al doping. It has been shown
previously that the substitution of Al for Fe ions in the
cationic-order region of SFMO will give rise to the
paramagnetic-coupled Mo–O–Al–O–Mo chains, which di-
vide the original ferrimagnetic Fe–O–Mo region into many
smaller patches. Therefore, the magnetic fields, in order to
align the smaller, and smaller magnetic regions will decrease
gradually with increasing Al content.

Such a reduced magnetic interaction can also be re-
flected in the temperature dependence of the magnetization.
Figure 5 shows the temperature dependence of magnetization
for the sample of x=0.3 below 120 K at 5 T. Other samples
have similar features. It was found that all the experimental
data can be well fitted by the Bloch T3/2 law,

M�T� = M�0��1 − AT3/2� , �4�

where A=b��B /J�3/2, b is a constant and J is the exchange
integral between the neighboring spins. In our case, it refers
to the exchange interaction among the neighboring ferrimag-
netic regions. It was found that the fitting parameter A in-
creases, and thus the exchange integral J decreases with in-
creasing Al content as shown in the inset of Fig. 5, which
means that the magnetic interaction in ordered regions was
weakened gradually with Al doping. This result confirms fur-
ther the conclusion that the nonmagnetic Mo–O–Al–O–Mo
chains in the cationic-ordered region introduced by doping
nonmagnetic Al ions will separate the ferrimagnetic
Fe–O–Mo region into many smaller patches and thus
weaken the interaction among them. In return, these artificial
nonmagnetic boundaries formed within the grains through
the doping of nonmagnetic Al ions will certainly have strong
influences on the spin-dependent carrier scattering and then
on the magnetoresistance effect of SFMO.

The variations of MR with Al content x under different
magnetic fields up to 5 T at 5 K are shown in Fig. 6, where
the MR was defined as

MR�%� = 100 % � ���0� − ��H��/��0� , �5�

where ��0� and ��H� are the resistivity under zero field and
external field H, respectively.

It can be seen from Fig. 6 that the MR of SFMO was
enhanced remarkably by Al doping in fields below 0.5 T.
The MR was increased by 100% at 0.2 T, 200% at 0.1 T,
and nearly 360% at 0.05 T. But at high fields over 0.5 T, the
magnitude of MR increases rapidly at first, and then decrease
slightly beyond x=0.15 as shown in Fig. 6�b�. This tendency
becomes more and more significant with increasing the field.
It seems that the increase of MR with Al doping reaches a
threshold value at x=0.15 under high fields. In terms of the
above analysis about the structural and magnetization, the
partial replacement of Fe ions by nonmagnetic Al ions in the
cationic-ordered regions leads to the formation of the non-
magnetic and insulated Mo–O–Al–O–Mo chains, which
separate the original ferromagnetic regions into many
smaller ones and act as barriers for spin-dependent carrier

FIG. 4. The variety of Hs based on the fitting of magnetization curves and
magnetoresistance curves with different x.

FIG. 5. The temperature dependence of magnetic moment at 5 T below
120 K for the sample of x=0.3 and the fitting curve by the Bloch law. The
inset shows the variation of the fitted parameter A with doping
concentration.

FIG. 6. The variation of MR with Al concentration at 5 K under low field
below 0.5 T �a� and high fields up to 5 T �b�.
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scattering among them. Thus, the LFMR caused by scatter-
ing of spin-dependent electrons at these boundaries among
the ferrimagnetic regions will be enhanced greatly because
their magnetic moments become more sensitive to the exter-
nal field. Moreover, the HFMR is reduced as the antisite
defects and APBs are suppressed by Al doping. Conse-
quently, with increasing Al content, the LFMR will increase
gradually but the HFMR decrease gradually, and then the
total MR show a maximum at x=0.15 under high field.

At last, we will show that the strong correlation between
the magnet-transport and magnetic structure of the
Sr2Fe1−xAlxMoO6 compounds can be illustrated from the
analysis of field dependence of the MR. Xiao et al. have
demonstrated that the MR originated from the spin-
dependent scattering in ferromagnet scales is approximately
with the square of normalized magnetization,33

���H� − ��0��/��0� � − A�M/MS�2. �6�

The low-field MR data of all our samples obey this
relationship,27 but their high-field MR data are not accounted
for by the above relationship probably due to the presence of
nonferromagnetic components including paramagnetic
Mo–O–Al–O–Mo and antiferromagnetic Fe–O–Fe be-
sides the ferrimagnetic component as shown in Refs. 12, 15,
and 18. In other words, the combined contributions from
ferromagnetic and nonferromagnetic regions, which are re-
sponsible for the low- and high-field MR, respectively, have
to be considered in order to account for the MR of these
samples. Thus, we proposed that MR of the
Sr2Fe1−xAlxMoO6 samples could be approximately described
by the following expression:

MR�H� = c�1 − exp�− H/Hs��2 + d tanh�B � H/T� �7�

in which the first term represent the LFMR arising from the
spin-dependent carrier scattering in the ferromagnetic re-
gions and the second term describes the HFMR from the
nonferromagnetic components. The value of c and d refer to
the MR under low field and high field, respectively. It can be
seen from Fig. 7 that the Eq. �7� can excellently describe the
experimental magnetic-field dependence of the MR for pure
SFMO and x=0.15 samples at 5 K and up to 5 T. Others
samples that are not shown here all have similar fitting qual-
ity. The values of c and d are shown in the inset of Fig. 7. It
was found that the value of c increases rapidly from 20.5% at
x=0 to 30.6% at x=0.15, and then changes little beyond x

=0.15, while the value of d decreases from 16.3% at x=0 to
13.8% at x=0.3. This means that the LFMR was enhanced
remarkably by Al doping, while the HFMR was suppressed.
The competition between them will give rise to the threshold
value of x=0.15 in the enhancement of MR through Al dop-
ing. The variation of Hs obtained from the fitting of the MR
�H� curves is also shown in Fig. 4 �open circle�. It can be
seen that the above Hs shows similar tendency with that from
the fitting of magnetization curves. Such an inherent corre-
lation between magnetic and transport properties makes it a
potential approach to improve the magnetoresistance through
changing the magnetic structures of these double-perovskite
materials.

IV. CONCLUSION

In summary, the substitution of nonmagnetic Al ions for
Fe ions in SFMO can create some Mo–O–Al–O–Mo
chains with no magnetic interaction that can divide the fer-
rimagnetic Fe–O–Fe domains into some smaller ferrimag-
netic ones. This can lead to great enhancement of LFMR of
SFMO. Moreover, replacement of Fe ions by nonmagnetic
Al ions in the antisite regions could hinder the formation of
antiferromagnetic Fe–O–Fe pairs, and then improve the de-
gree of cationic order in SFMO. Consequently, the HFMR of
SFMO was suppressed due to the weakness of spin-
dependent transfer across the antiphase boundaries or antisite
defects. Furthermore, the reversal effect on the magnetore-
sistance of nonmagnetic Al ions introduced into the cationic-
ordered and -disordered regions will give rise to the thresh-
old of x=0.15 for enhanced magnetoresistance under field
over 0.5 T.
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