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Oxygen-induced grain boundary effects on magnetotransport properties of Sr2FeMoO6¿d
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The magnetic, electric, and structural properties of polycrystalline samples of Sr2FeMoO61d with controlled
oxygen content have been investigated for nominal valuesd50 and 0.04. We found that the magnetization and
lattice parameters are the same in both samples, while the electric properties are drastically affected. This
behavior shows that the difference in the oxygen contents is localized in a region near the surface of the grains,
thus changing the transport properties of the grain boundaries~gb’s!. The sample withd50.04 presents a
resistivity (r) that exceeds in more than two orders of magnitude ther for d50. Also the low-field magne-
toresistance is enhanced in'40% for d50.04 and the voltage-current characteristics present appreciable
nonlinearities. We discuss these results in terms of a reinforced tunneling barrier due to the formation of an
impurity phase at the gb’s.
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The recent discovery of room-temperature~RT! magne-
toresistance~MR! in the Sr2FeMoO6 double perovskite has
renewed the interest on their transport and magn
properties.1 The ideal structure of thisA2BB8O6 double per-
ovskite consists of an ordered array of Fe and Mo ato
alternating on theB and B8 site. An antiferromagnetic
~AFM! coupling between the 3d5 Fe31 ions and the itiner-
ant electrons of the 4d1 Mo51 ions predicts a saturate
magnetizationMs54mB .1 However, most of the experi
ments showed a reducedMs .1–3 This fact seems to be re
lated to antisite defects, where some of the Fe and Mo i
interchange their crystallographic positions.4,5 In the perfect
ordered material, each Fe ion in theB position is surrounded
by six Mo ions at theB8 site. However, when disorder i
present the AFM superexchange interaction between nea
neighbor Fe ions reduces the magnetization of the ferrom
netic ~FM! Fe sublattice, thus reducingMs . Band structure
calculations1 predict half-metallic behavior, where the ele
trons at the conduction band are expected to be highly s
polarized, even at RT. This fact, together with the high m
netic transition temperature (Tc'410 K) makes this
compound an ideal material to show an appreciable low-fi
MR ~LFMR! in granular samples.

Although the LFMR response of granular samples is
property largely studied in several compounds,6,7 its origin is
still controversial. In the celebrated manganites, sev
works8 have shown that this response can be understoo
arising from a spin-polarized tunneling of carriers across
sulating barriers occurring at the interfaces between cera
grains. It is well established that the barriers located at
grain boundaries~gb’s! strongly affect the resistivity of the
samples, but the mechanism by which those barriers give
to the LFMR is not clear. Experimentally, it has been fou
that when the resistivity increases the LFMR also does
the ferromagnetic CrO2 compound, it has been shown9 that
the partial reduction of the grain surface leads to the form
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tion of an insulating Cr2O3 shell that enhances the resistivi
and promotes the appearance of a substantial LFMR.

In the case of polycrystalline Sr2FeMoO6 the situation is
even more complex. It has been shown2 that annealing treat-
ments under vacuum strongly affect the resistivity of t
samples, and this is attributed to the removal of oxygen
oms from the gb’s. Usually, the as-made samples pre
insulating behavior, but after this treatment the resistivity
widely reduced and exhibits an insulator-to-metal transit
at Tc . This behavior makes evident the effects of the gb’s
the transport properties of this compound and the importa
of the interplay between these effects and the oxygen con
In spite of these experimental evidences, there have b
some claims10 that the LFMR in double perovskites could b
mainly related to the existence of antisite defects. Obviou
both interpretations are in knocking contrast and illustr
the limited understanding of the origin of the LFMR in the
oxides.

In the present paper we shall provide evidence that
existence of an insulating barrier at the gb’s of Sr2FeMoO6
plays a fundamental role in determining the LFMR. Mo
precisely, in the Sr2FeMoO6 ceramic samples having th
highest LFMR we have identified the presence of a SrMo4
~insulating! phase at the gb’s. We report measurements
magnetization (M ), resistivity (r), voltage-current (V-I )
characteristics, and x-ray diffraction~XRD! of polycrystal-
line samples of Sr2FeMoO61d with controlled oxygen con-
tent, for nominal valuesd50 and 0.04. While the magneti
zation is similar for both samples, thed50.04 one exhibits a
much higher resistivity and LFMR. These results are con
tent with oxygen-induced gb effects. Indeed, detailed insp
tion of the XRD data reveals that weak reflections attribu
to SrMoO4 appear in the oxygenated (d50.04) sample.
Likely this insulating shell at the grain surface constitutes
insulating barrier for spin-polarized tunneling.

TheM (T) data were obtained in a superconducting qu
tum interference device~SQUID! magnetometer in the
©2001 The American Physical Society06-1
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5 –300 K temperature range. The resistivity and theV(I )
curves were measured by the usual four-probe method,
tween 5 and 300 K and with applied magnetic fields~H! up
to 9 T. The samples for the resistivity measurements w
obtained by cutting the sintered pellets in the form of ba
and the XRD experiments were performed on crushed pe
in a Philips PW 1700 diffractometer using CuKa radiation.

Ceramic samples of Sr2FeMoO6 were prepared by the
solid state reaction technique, as was reported elsewh2

The raw materials were calcinated at 950 °C under an Ar2
mixture. The obtained powders were pressed into pellets
a final sinterization treatment was performed under vacu
at 1100 °C. The XRD data indicate a single-phase mate
with an I4/m tetragonal symmetry. The lattice parameters
the as-made samples obtained by Rietveld refinement11 were
a5b55.5771(2) Å andc57.9053(3) Å. No secondary
phases were also detected by scanning electron micros
~SEM! observations. This as-made sample correspond
that labeledd50.

By slow oxidation of the sinteredd50 sample we pre-
pared another one withd50.04, making use of a high sen
sitive thermogravimetric analyzer~TGA!.12 This oxidation
was carried out inside the thermobalance at 400 °C unde
Ar-O2 mixture, with an oxygen partial pressurep(O2)56
31025 atm. We monitored the mass gain of the sample d
to its oxidation. After a certain time the gas flow was inte
rupted and the sample was quenched to liquid nitrogen t
perature. Then, from the gained mass we calculated the
oxygen stoichiometry and obtained the sample labeled ad
50.04.

In Fig. 1~a! we presentM (T) curves for the studied
samples, measured withH55 kOe. Both samples hav

FIG. 1. ~a! M (T) data of the as-made (d50) and the oxygen-
ated (d50.04) samples.~b! Resistivity vsT curves. Note that ther
for d50.04 is about 102 times higher than that ford50.
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similar magnetization in the whole temperature range st
ied, thus the difference in the oxygen content does not
nificantly affect the magnetic properties. The saturated m
netization is also similar for both samples (Ms'2.7mB),
therefore the Fe/Mo ordering is not altered by the oxidat
process. In contrast, the resistivity behavior is strongly
fected. Figure 1~b! shows ther data as a function of tem
perature for both samples, which exhibit insulating behav
as in almost all cases of polycrystalline Sr2FeMoO6.1,2 How-
ever, the oxygenated sample (d50.04) presents a resistivity
more than 102 times higher than ther of the d50 sample.
Since the magnetic properties of both samples are very s
lar and the cell parameters were also found to be identi
the difference in the resistivity is a clear signature of t
enhanced grain boundary effect in the sample withd50.04.
These results indicate that both samples are essentially
same and the difference in the oxygen content must be c
strained to the gb region, not affecting the bulk of the co
pound deep inside the grains. Thus, for thed50.04 sample
we expect the actual oxygen content within the grains to
similar to the as-made sample, while gb’s are oxygen ric

In a previous work2 we have shown that the resistivity o
the present compound decreases notably when the oxyg
the gb’s is removed. When this occurs, the ceramic sam
display the properties of the bulk, thusr is metallic as in the
case of single crystals.13 Chmaissemet al.14 studied the elec-
tric properties of polycrystalline Sr2FeMoO6 samples pre-
pared under different conditions. They showed that some
them were insulating and others metallic. In the parent co
pound Sr2FeReO6, Kobayashiet al.15 have found similar be-
havior. The samples made under vacuum show metallic
sistivity, and after an annealing process in a stream of Ar
they become insulating while the magnetization is n
altered.15 These surprising results would be related to diffe
ent oxygen contents, i.e., the metallic samples would h
the lower oxygen content in the grain boundaries region.

It is clear that the properties of the gb’s in the Sr2FeMoO6
double perovskite are strongly coupled to their oxygen c
tent. Based on the present results, we conclude that the
gen atoms placed at the gb’s contribute to reinforce the
tergrain tunneling barriers. In this frame, a consequ
increase of MR is also expected for thed50.04 sample. This
is indeed the observed behavior in Fig. 2, where we show
MR5@r(H)2r0#/r0 as a function ofH at several tempera
tures between 5 and 250 K. As observed in oth
compounds,9,15 as a result of the increased tunnel barrier t
sample withd50.04 effectively presents a higher LFMR. A
low T, the LFMR for d50.04 is about 40% higher, and th
difference slightly decreases with increasingT. In the case of
the Sr2FeReO6 compound,15 the MR is also magnified afte
the annealing process that produces an increase of the r
tivity.

At this point it is absolutely clear that the oxygenat
sample (d50.04) has very different transport properties
the gb’s, with a higher insulating barrier that leads to
increase ofr and LFMR. Now we wonder which is the
physical origin of this enhanced barrier. The answer to t
question is found in the XRD data. In Fig. 3 we show a blo
up of the diffractograms at RT of both samples, for 2Q be-
6-2
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tween 18° and 36°. All the lines corresponding to t
Sr2FeMoO6 compound are exhibited at the very same po
tion by the spectra of both samples, and a Rietveld pro
refinement of the complete spectra indicates that they h
the same lattice parameters. On the contrary, only thd
50.04 sample clearly displays a weak peak at 2Q'27.7°.
This peak corresponds to the~112! reflection of a small
amount of the SrMoO4 compound. Therefore, since bo
samples present the same magnetization and lattice pa
eters and such a different resistivity response, we conc
that in the oxidation process the nonmagnetic SrMoO4 im-

FIG. 2. Magnetoresistance~MR! vs applied field at several tem
peratures. At any temperature the MR of thed50.04 sample is
higher than that of thed50 one.

FIG. 3. Blow up of the x-ray diffractograms of th
Sr2FeMoO61d samples. The peak at 27.7° ford50.04 corresponds
to the nonmagnetic and insulating SrMoO4 impurity phase.
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purity phase is induced to appear at the gb’s. It is well kno
that the oxygen diffusion coefficient is much higher at t
gb’s than in the bulk, so the oxidation process must nec
sarily be much more important at the gb’s. Also, the lo
temperature used during the oxidation for obtaining thed
50.04 sample (400 °C) is not enough to substantia
modify the bulk of the compound. Thus, the SrMoO4 phase
is expected to be located at the gb’s, with the consequ
enhancement of the intergrain insulating barrier. The sp
polarized transport across this barrier promotes a substa
rising of the LFMR. We have to note that, since the par
compound is Sr2FeMoO6, selective precipitation of SrMoO4
at the gb’s must also precipitate a Sr/Fe-rich phase in
neighborhood. Although the XRD pattern does not show a
trace of Fe precipitates, recent detailed magnetic meas
ments in the paramagnetic phase of these oxides have in
revealed the existence of minor traces ('0.05%) of ferro-
magnetic Fe impurities.16 A more deep insight must be don
in order to understand the precise microstructure of the
region.

As a possible signature of the presence of the gb insu
ing barrier, we presentV vs I characteristics where a nonlin
ear response is observed only for the oxygen-rich sample
Fig. 4 we show the excess currentDI as a function of applied
voltage for thed50.04 sample. TheDI is defined as

I 5
V

R0
1DI ~V!, ~1!

whereR0 is the resistance in the limitV→0. Then,DI is the
voltage-induced excess current with respect to the linear
sponse. In Fig. 4 a nonlinear behavior (DIÞ0) is clearly
observed at low temperatures, and the effect diminishes w
increasingT. TheDI atT55 K corresponds to a decrease
the resistance of approximately 4% betweenV50 and
1.3 V. NonlinearV(I ) characteristics in granular sample
may arise from a number of reasons. Coulomb blockade7,17

has been identified in samples formed by nanometric gra
and is usually accompanied by ar(T)}expA(D/T) depen-
dence. However, our samples are micrometric and the

FIG. 4. V vs I characteristics for thed50.04 sample. TheDI is
the excess current with respect to the linear response, thus thDI
Þ0 indicates a nonlinear behavior.
6-3
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served temperature dependence ofr @Fig. 1~b!# does not fol-
low the predicted behavior. Therefore, grain charging is
at the origin of the observed nonlinearity. In contrast, no
linear V(I ) characteristics naturally appear in the tunneli
process.18

In a recent paper, Garcı´a-Hernández et al.10 suggested
that the LFMR in the FeMo double perovskites is main
determined by the concentration of antisite defects. In
case, this concentration is expected to be the same for
samples. The oxidation treatment for obtaining thed50.04
sample was performed at 400 °C, a very low temperatur
which the Fe/Mo ordering cannot be changed.5 The similar
magnetizations in both samples and the remarkable co
dence of the intensities of the~101! superstructure peak5 con-
firm that expectation. Then, our increase of the LFMR
univocally related to the enhancement of the intergrain b
rier, and not to a disorder-induced effect.

Recently, in order to explain the effect of the intergra
tunneling barrier on the LFMR, Dai and Tang19 have sug-
gested the existence of a spin-independent conduction c
nel. This conductance would be given by higher-order ine
tic hopping through localized states due to imperfections
the barrier. As the barrier thickness increases this term wo
become less important as compared with the elastic tun
ing of the spin-dependent channel,19 thus enhancing the
LFMR. On the other hand, it is well established that t
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angleu between the magnetizations of neighboring grains
zero field determines the LFMR.8 Recent results20 suggest
that when the intergrain barrier diminishes, the itinerant el
trons in the surface of each grain become delocalized
tween the two neighboring grains. This delocalization wou
take place by reducing the misalignment between the lo
ized t2g spins located at the surface of the two grains, th
reducing the effectiveu. This reduction implies a decrease
the LFMR as the intergrain barrier is diminished.

In summary, we studied the magnetic and electric prop
ties of the Sr2FeMoO61d compound, ford50 ~the as-made
sample! and 0.04. We found that the oxidation process
obtain thed50.04 sample just induces the formation of
nonmagnetic SrMoO4 impurity phase in the grain boundarie
region. This impurity leads to the enhancement of the in
grain tunneling barrier, with the consequent increase of
resistivity and the low-field magnetoresistance. On the ot
hand, since the impurity phase is located in the grain bou
aries region, the magnetization and structure of the sam
are not altered. This behavior opens the possibility of a m
ticulous control of the magnetotransport properties of
high-temperature half-metallic ferromagnets through
oxygen-induced grain boundary effects.
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