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The magnetic, electric, and structural properties of polycrystalline sampleske80Q; . s with controlled
oxygen content have been investigated for nominal vafize® 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 boundégigs). The sample with5=0.04 presents a
resistivity (p) that exceeds in more than two orders of magnitudepttier 6=0. Also the low-field magne-
toresistance is enhanced #40% for §=0.04 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-temperatyfT) magne- tion of an insulating GiO5 shell that enhances the resistivity
toresistancéMR) in the SpFeMoQ; double perovskite has and promotes the appearance of a substantial LFMR.
renewed the interest on their transport and magnetic In the case of polycrystalline gfeMoQ; the situation is
properties: The ideal structure of this,BB’ Oy double per- even more complex. It has been shéwimat annealing treat-
ovskite consists of an ordered array of Fe and Mo atomgnents under vacuum strongly affect the resistivity of the
alternating on theB and B’ site. An antiferromagnetic samples, and this is attributed to the removal of oxygen at-

(AFM) coupling between thed® Fe’* ions and the itiner- 0ms from the gb’s. Usually, the as-made samples present
ant electrons of the @t Mo®* ions predicts a saturated insulating behavior, but after this treatment the resistivity is

magnetizationM =4 u5.> However, most of the experi- widely reduced and exhibits an insulator-to-metal transition
ments showed ; reduced. 13 This fact seems to be re- atTc. This behavior makes evident the effects of the gb’s on
s

lated to antisite defects, where some of the Fe and Mo iond!€ transport properties of this compound and the importance
interchange their crystallographic positidhsin the perfect of the interplay between these effects and the oxygen control.

. T e In spite of these experimental evidences, there have been
ordered mqterlal, each |’:e ionin tBeposition is surroundeq some claim¥ that the LFMR in double perovskites could be
by six Mo ions at theB’ site. However, when disorder is

t the AEM h int tion betw mainly related to the existence of antisite defects. Obviously
present the superexchange interaction between nearegfa,, interpretations are in knocking contrast and illustrate

neighbor Fe ions reduces the magnetization of the ferromagpe |imited understanding of the origin of the LFMR in these
netic (FM) Fe sublattice, thus reducings. Band structure yides.
calculation$ predict half-metallic behavior, where the elec- | the present paper we shall provide evidence that the
trons at the conduction band are expected to be highly spinsxistence of an insulating barrier at the gb’s ofFRMoQ;
polarized, even at RT. This fact, together with the high magplays a fundamental role in determining the LFMR. More
netic transition temperature T{~410 K) makes this precisely, in the SFeMoQ, ceramic samples having the
compound an ideal material to show an appreciable low-fielthighest LFMR we have identified the presence of a SrlyloO
MR (LFMR) in granular samples. (insulating phase at the gb’'s. We report measurements of
Although the LFMR response of granular samples is amagnetization ¥1), resistivity (p), voltage-current {-1)
property largely studied in several compoufidsts origin is  characteristics, and x-ray diffractidXRD) of polycrystal-
still controversial. In the celebrated manganites, severdine samples of SFeMoQ;. s with controlled oxygen con-
works have shown that this response can be understood asnt, for nominal value$=0 and 0.04. While the magneti-
arising from a spin-polarized tunneling of carriers across inzation is similar for both samples, tl#&=0.04 one exhibits a
sulating barriers occurring at the interfaces between ceramiquch higher resistivity and LFMR. These results are consis-
grains. It is well established that the barriers located at theéent with oxygen-induced gb effects. Indeed, detailed inspec-
grain boundarieggb’s) strongly affect the resistivity of the tion of the XRD data reveals that weak reflections attributed
samples, but the mechanism by which those barriers give ris® SrMoQ, appear in the oxygenateds£0.04) sample.
to the LFMR is not clear. Experimentally, it has been foundLikely this insulating shell at the grain surface constitutes the
that when the resistivity increases the LFMR also does. Iriinsulating barrier for spin-polarized tunneling.
the ferromagnetic CrQcompound, it has been showthat The M(T) data were obtained in a superconducting quan-
the partial reduction of the grain surface leads to the formatum interference devicSQUID) magnetometer in the
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30 similar magnetization in the whole temperature range stud-
\ ied, thus the difference in the oxygen content does not sig-
nificantly affect the magnetic properties. The saturated mag-
netization is also similar for both sampled{~2.7ug),
therefore the Fe/Mo ordering is not altered by the oxidation
process. In contrast, the resistivity behavior is strongly af-
fected. Figure (b) shows thep data as a function of tem-
perature for both samples, which exhibit insulating behavior
as in almost all cases of polycrystalline,BeMoQ.>? How-
ever, the oxygenated samplé=¢0.04) presents a resistivity
more than 18 times higher than the of the 5=0 sample.

M [emu/g]

0.045 . ; . -
Since the magnetic properties of both samples are very simi-
lar and the cell parameters were also found to be identical,

0.040 the difference in the resistivity is a clear signature of the

E enhanced grain boundary effect in the sample with0.04.
a These results indicate that both samples are essentially the
o 0035 same and the difference in the oxygen content must be con-

strained to the gb region, not affecting the bulk of the com-
pound deep inside the grains. Thus, for e 0.04 sample
we expect the actual oxygen content within the grains to be
T - . . T similar to the as-made sample, while gb’s are oxygen rich.
0 100 T K 200 300 In a previous work we have shown that the resistivity of
(K] the present compound decreases notably when the oxygen at
FIG. 1. () M(T) data of the as-made3&0) and the oxygen- the gb's is removed. When this occurs, the ceramic samples
ated (5=0.04) samples(b) Resistivity vsT curves. Note thatthp  display the properties of the bulk, thpss metallic as in the
for 5=0.04 is about 1dtimes higher than that fof=0. case of single crystafS.Chmaissenet all* studied the elec-
tric properties of polycrystalline SFeMoQ, samples pre-
5-300 K temperature range. The resistivity and YHe) pared under different conditions. They showed that some of
curves were measured by the usual four-probe method, béhem were insulating and others metallic. In the parent com-
tween 5 and 300 K and with applied magnetic fielt up  pound SyFeReQ, Kobayashiet al*> have found similar be-
to 9 T. The samples for the resistivity measurements wer@avior. The samples made under vacuum show metallic re-
obtained by cutting the sintered pellets in the form of barssistivity, and after an annealing process in a stream of Ar gas
and the XRD experiments were performed on crushed pellethey become insulating while the magnetization is not
in a Philips PW 1700 diffractometer using Gur radiation.  altered™® These surprising results would be related to differ-
Ceramic samples of §FeMoQ; were prepared by the ent oxygen contents, i.e., the metallic samples would have
solid state reaction technique, as was reported elsewherghe lower oxygen content in the grain boundaries region.
The raw materials were calcinated at 950 °C under an Ar-H It is clear that the properties of the gb’s in theSEMoQ;
mixture. The obtained powders were pressed into pellets andouble perovskite are strongly coupled to their oxygen con-
a final sinterization treatment was performed under vacuuntent. Based on the present results, we conclude that the oxy-
at 1100°C. The XRD data indicate a single-phase materiajen atoms placed at the gb’s contribute to reinforce the in-
with anl4/m tetragonal symmetry. The lattice parameters oftergrain tunneling barriers. In this frame, a consequent
the as-made samples obtained by Rietveld refinethersre  increase of MR is also expected for the:0.04 sample. This
a=b=5.5771(2) A andc=7.9053(3) A. No secondary isindeed the observed behavior in Fig. 2, where we show the
phases were also detected by scanning electron microscopyR=[p(H)—pol/po as a function oH at several tempera-
(SEM) observations. This as-made sample corresponds tmres between 5 and 250 K. As observed in other
that labeleds=0. compounds;*® as a result of the increased tunnel barrier the
By slow oxidation of the sintered=0 sample we pre- sample with=0.04 effectively presents a higher LFMR. At
pared another one with=0.04, making use of a high sen- low T, the LFMR for §=0.04 is about 40% higher, and the
sitive thermogravimetric analyzeffGA).}? This oxidation difference slightly decreases with increasihign the case of
was carried out inside the thermobalance at 400 °C under ahe SpFeReQ compound?® the MR is also magnified after
Ar-O, mixture, with an oxygen partial pressupfO,)=6  the annealing process that produces an increase of the resis-
X 10 ° atm. We monitored the mass gain of the sample dudivity.
to its oxidation. After a certain time the gas flow was inter- At this point it is absolutely clear that the oxygenated
rupted and the sample was quenched to liquid nitrogen tensample ¢=0.04) has very different transport properties at
perature. Then, from the gained mass we calculated the nethe gb’s, with a higher insulating barrier that leads to an
oxygen stoichiometry and obtained the sample labeled as increase ofp and LFMR. Now we wonder which is the
=0.04. physical origin of this enhanced barrier. The answer to this
In Fig. 1(a) we presentM(T) curves for the studied question is found in the XRD data. In Fig. 3 we show a blow
samples, measured withi=5 kOe. Both samples have up of the diffractograms at RT of both samples, f& be-
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FIG. 4. V vs| characteristics for thé=0.04 sample. Thal is
o the excess current with respect to the linear response, thusithe
#0 indicates a nonlinear behavior.

purity phase is induced to appear at the gb’s. It is well known
lao that the oxygen diffusion coefficient is much higher at the
gb’s than in the bulk, so the oxidation process must neces-
las sarily be much more important at the gb’s. Also, the low
temperature used during the oxidation for obtaining &he
H[T) H[T] =0.04 sample (400°C) is not enough to substantially
modify the bulk of the compound. Thus, the SrMp@hase
FIG. 2. Magnetoresistand®R) vs applied field at several tem- is expected to be located at the gb’s, with the consequent
peratures. At any temperature the MR of the0.04 sample is enhancement of the intergrain insulating barrier. The spin-
higher than that of thé=0 one. polarized transport across this barrier promotes a substantial
rising of the LFMR. We have to note that, since the parent
tween 18° and 36°. All the lines corresponding to thecompound is SiFeMoQ;, selective precipitation of SrMoO
Sr,FeMoQ; compound are exhibited at the very same posi-at the gb's must also precipitate a Sr/Fe-rich phase in the
tion by the spectra of both samples, and a Rietveld profiléieighborhood. Although the XRD pattern does not show any
refinement of the complete spectra indicates that they havigace of Fe precipitates, recent detailed magnetic measure-
the same lattice parameters. On the contrary, 0n|y dhe ments in the paramagnetic phase of these oxides have indeed
=0.04 sample clearly displays a weak peak &~227.7°. revealed the existence of minor traces(.05%) of ferro-
This peak corresponds to tHd12) reflection of a small Magnetic Fe impuritie¥? A more deep insight must be done
amount of the SrMo@ compound. Therefore, since both in order to understand the precise microstructure of the gb
samples present the same magnetization and lattice parar@gion.
eters and such a different resistivity response, we conclude As a possible signature of the presence of the gb insulat-

that in the oxidation process the nonmagnetic Sriyla®- ing barrier, we present vs | characteristics where a nonlin-
ear response is observed only for the oxygen-rich sample. In

e Fig. 4 we show the excess curreXit as a function of applied
Ezoog voltage for thes=0.04 sample. Thal is defined as

MR [%]
8

8=0.04

Y
I—R0+AI(V), 1)

whereR, is the resistance in the limit— 0. Then,Al is the
voltage-induced excess current with respect to the linear re-
sponse. In Fig4 a nonlinear behaviorAl#0) is clearly
observed at low temperatures, and the effect diminishes with
increasingl. TheAl atT=5 K corresponds to a decrease of
the resistance of approximately 4% betwe¥r0 and
1.3 V. NonlinearV(l) characteristics in granular samples
may arise from a number of reasons. Coulomb blockatle

FIG. 3. Blow up of the x-ray diffractograms of the has been identified in samples formed by nanometric grains
Sr,FeMoQ,, s samples. The peak at 27.7° f6==0.04 corresponds and is usually accompanied bypdT)«<expy(A/T) depen-
to the nonmagnetic and insulating SrMp@npurity phase. dence. However, our samples are micrometric and the ob-
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served temperature dependence ¢Fig. 1(b)] does not fol-  angle# between the magnetizations of neighboring grains at
low the predicted behavior. Therefore, grain charging is notero field determines the LFM&RRecent resultd suggest
at the origin of the observed nonlinearity. In contrast, nonthat when the intergrain barrier diminishes, the itinerant elec-
linear V(1) characteristics naturally appear in the tunnelingtrons in the surface of each grain become delocalized be-
process?® tween the two neighboring grains. This delocalization would
In a recent paper, GamiHernadez et al*® suggested ftake place_by reducing the misalignment between 'ghe local-
that the LFMR in the FeMo double perovskites is mainly iZ€d tog Spins located at the surface of the two grains, thus
determined by the concentration of antisite defects. In ouféducing the effectivé. This reduction implies a decrease of
case, this concentration is expected to be the same for boti® LFMR as the intergrain barrier is diminished.
samples. The oxidation treatment for obtaining #e0.04 In summary, we studied the magnetic and electric proper-

sample was performed at 400 °C, a very low temperature eHeS of the SsFeMoGQ;..; compound, for5=_0 (t_he as-made
whic[?] the FeF/)Mo ordering cannot be ch);\née'ﬂne gimilar sample and 0.04. We found that the oxidation process to

magnetizations in both samples and the remarkable coincfzbtaln the5=0.04 sample just induces the formation of a

; " nonmagnetic SrMo@impurity phase in the grain boundaries
dence of the intensities of tf&01) superstructure peélcon- . . . . :
firm that expectation. Then, our increase of the LFMR isreglon. This impurity leads to the enhancement of the inter

. llv related h h ¢ the | i b grain tunneling barrier, with the consequent increase of the
univocally related to the enhancement of the Intergrain bar;agstivity and the low-field magnetoresistance. On the other
rier, and not to a disorder-induced effect.

hand, since the impurity phase is located in the grain bound-
Recently, in order to explain the effect of the intergrain purtty b g

’ X i 49 aries region, the magnetization and structure of the sample
tunneling barrier on the LFMR, Dai and Tarithave SUg-  5re not altered. This behavior opens the possibility of a me-

gested the existence of a spin-independent conduction chagz jous control of the magnetotransport properties of the
nel. This conductance would be given by higher-order 'nelashigh—temperature half-metallic ferromagnets through the

tic hopping through localized states due to imperfections irbxygen-induced grain boundary effects.

the barrier. As the barrier thickness increases this term would

become less important as compared with the elastic tunnel- This work was supported by CNEA, CONICET, ANPCyT
ing of the spin-dependent chanrf@lthus enhancing the (PICT99 03-0526§F and Fundadio Antorchas. We acknowl-
LFMR. On the other hand, it is well established that theedge Dr. B. Alascio for carefully reading this paper.
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