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Large room-temperature intergrain magnetoresistance in double
perovskite SrFe ;_,(MoorRe),04

T. H. Kim,® M. Uehara,” and S-W. Cheong®
Department of Physics & Astronomy, Rutgers University, Piscataway, New Jersey 08854

S. Lee?
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

(Received 30 September 1998; accepted for publication 26 January 1999

We report significant intergrain magnetoresistafié&R) in polycrystalline double perovskites of
SrFg _,(Mo or Re),0O; at room temperatureSystematics of the temperature dependence of IMR
indicates that the observed large room-temperature IMR in;gki®, ;O3 originates from the
ferrimagneticnature of insulating grain boundaries as well as the half-metallicity of this perovskite.
Our results indicate that a new avenue for spin-polarized tunneling junctions is to utilize insulating
interface layers with ferromagnetic or ferrimagnetic coupling. 1899 American Institute of
Physics[S0003-695099)00412-X]

The half-metallic ferromagnets have attracted much in-ordering!! This double exchange process implies the high
terest as a source of fully spin-polarized charge carriers fodegree of spin polarization of the conduction electrons.
tunneling junctions:? One of recent interests in half-metals Similar electronic and magnetic properties are expected
has focused on the large intergrain magnetoresistdMR®)  in SrFeg,;Re; ;05 with 3d°(Fe*™) and Hd*(R€), where the
in granular materials whose transport properties are domiNaCl-type ionic ordering of F& and RE" occurs™* There
nated by spin-polarized tunneling through insulating graincan be an antiferromagneti8M) coupling between itinerant
boundariesGB).*>~® This negative IMR—a phenomenon at 5d! (S=1/2) spins and localized, half-filledd3 (S=5/2)
temperaturesT) below the Curie temperaturd ¢)—results  spins through the double exchange mechanism. Indeed, this
from the enhanced intergrain tunneling by reducing the relasystem is metallic and FIM witfi of 475 K4 On the other
tive angle of the magnetizations in adjacent grains by applyhand, there exist a large number of adjacent Fe ions in
ing magnetic field. This type of tunneling MR is technologi- SrFe,sRe, {05 because of the Fe ions in Re sifg6 Fe ions
cally important. However, the fadt decay of IMR and the ey formula unit for the complete ionic ordering@he super-
small magnitudd<<1%) at room temperaturéRT) even for exchange coupling between neighboring Fe ions is expected
materials withT¢>RT present applicational limitations. The 1, he AM, consistent with the observed, relatively small satu-
half-metglllc ferromagnets studied so far mg(ilﬂ)de perovskitg4tion moment? Note that the properties of SrEgRe, ;05
manganites, Crpand phyrochlore TMn,O,."""We have i, Fe3+(3d% and R&*(5d?) is significantly different
e e < s o 1 o o hoseof SO0 SIS, Te415K)

T . ) N a FIM insulator with a large saturation moméfit.
report significant low-field IMR in the double perovskites of Polycrystalline SrFg,Mo,,,0; and SrFg;Re; 405 were,

SrFg _,(MoorRe)0; at RT as well as low. . X oS
We, first, consider the electronic and magnetic propertiegrSt’ prepared by standard solid state reaction in inert gas

of SrFa_ (Mo orRe)Os SrFa,Moy,0, forming in the atmosphere. The stoichiometric materials of SgCBg,0;,

double perovskite structure with the NaCl-type Fe/Mo ionicMOO3’ and ReQ were mixed, and then sintered at 1050°C

ordering, shows a metallic behavior and a large saturati0F1Or 24 h under Ar atmosphere. Thereafter, the specimens

moment withT. of 410—450 K12 The extended orbital of V€'® sintered at 800 °C ¥d. h under~25 kbar pressure by -
4d! (Mo®") probably accounts for the metallicity, and the using a plston-gyl|nFjer-type high pressure app.aratus. T_h's
S=5/2 spin of F&" (3d®) is expected to be mostly localized. high pressure sintering ensures complete cher_nlcal_ reactions
It is reasonable to assume that the itineraait @S= 1/2) spin and also induces better mtergranulgr con.nectlon, important
is antiferromagnetically coupled with the localized, half- fOr transport measurements. X-ray diffraction patterns of all
filled 3d5 spins avoiding the Hund’s rule energy, which is a the samples were taken with a Rigaku x-ray geigerflex dif-
kind of the double exchange mechani&hiThis consider- fractometer using CKK « radiation. MagnetizatiofiM) was

ation is consistent with the observed ferrimagnefiM) measured by using a superconducting quantum interference
device(SQUID) magnetometer, and resistivifg) was mea-

3 _— sured using the four probe technique.
Present address: Francis Bitter Magnet Lab, Massachusetts Institute of

Technology, Cambridge, MA 02139. Figure 1 shows the x-ray results on two specimens. In
PPermanent address: Department of Physics, Aoyama-Gakuin UniversitSrFe,sRe 503, a small amount of the FeRsecond phase
Tokyo 157, Japan; electronic mail: minseon@mit.edu exists with the major phase of the ordered perovskite

9Also at: Bell Laboratories, Lucent Technologies, Murray Hill, NJ 07974 Fo Re O h s M O.sh | ingl
9Permanent address: Department of Physics, Korea Advanced Institute o$r &/3Re,303, whereas SrhgMo,,,0; shows a clean single

Science and Technology, Dageon, Korea 305-701. phase pattern. The patterns correspond to a cubm3m)
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FIG. 1. X-ray diffraction patterns of Srke,M,0; (M=Mo, Re. Upper
and lower patterns correspond to SykRe, ;05 and SrFg,Mo,,,05, respec- 0.8

tively. The second phase (FefRpeaks are noted By < ‘ o g
«© K ~
@ 06} ; _——doaT
symmetry @=7.87A) with a slight tetragonal distortion, % ! °©
consistent with ionic orderin{y z 041 4. %
The results ofp and M measurements as a function of = . ES 1022
field at RT are shown in Fig. 2. SrggMo,,,05 exhibits the 0.2r "
large negative MR of 6% in 15 kOe. This large IMR effect at 0.0 0.0

RT is remarkable in comparison with that of other half- 0.0 0.2 0.4 0.6 0.8 1.0
metallic ferromagnets such as perovskite manganites, T,

0/ 5-8 ot
TIoMr;0; and CrQ (<1%).”™ The characteristic feature of FIG. 3. Top panel: the magnetic field dependence of the normalized resis-

IMR is a rgpid dr.Op in |0W fields, fOHOWEd_ by a SlF’W de'_ tivity of SrFe;,M0,,05 at various temperatures. Bottom panel: the normal-
crease in higher fields. This crossover field is associated witlted MR* of SrFe;,Mo,,0;, defined as MR=[p(0)— p(2kOe€)]/p(0),

the onset field of magnetization saturation in the hysteresiglotted as a function of the reduced temperatuféT¢) with those of

loops shown in the bottom panel of Fig. 2. The saturation''2MNz0s CrQ; and La g:51,:MNO; (taken from Ref. 5

value at RT (1.3g) is significantly smaller than the full

magnetization moment of 36 at low T. This value of  (0.9,.). p of SrFeRe; ;05 becomes maximum at the co-

3.61. s rather close to the expected onqug, for the FIM o6 field whereM =0, and the crossover field for IMR is

coupling between Fg(3d*S=5/2) and MG"(4d";S consistent with the magnetization saturation field. The hard

=112). FM behavior probably originates from the large magnetic
SrFeRes0; shows a gmal[er IMR effec(tL.S%.at 15 anisotropy due to the crystallographic anisotropy of Fe envi-

kOe) and a hard FM behavior with a small saturation value, oot in this Fe-rich compourd. The electronic and

magnetic disorder due to the Fe ions in Re site may also be

Y AL B R responsible for the somewhat smaller IMR effect and the
StFe,,Re,,0, " ey large p (~3 Qcm at RT; p~0.01Qcm at RT in
. G I ¥ SrFg,M0,,,0). Another reason for the smaller IMR in
g 0.88 i SrFesRe; 505 can be the low degree of spin polarization
= ,‘_-f‘f [N 300K because the wide band ofi5 Re€’*) may not be completely
T 0.98F SrFe ,Mo,,0, . % split below T¢.
M’N w2 In order to gain further insights into the origin of large
0.94} o P ("'a IMR at RT, we have investigated thiedependence of IMR
PP VR S P S S T in SrFg;,M04,,05. Top panel of Fig. 3 shows that the mag-
15¢ PO nitude of the rapidp drop in low fields increases with de-
5 10} Can creasingT (IMR=27% at 8 K in 9 kOg
£ os} Haco0000000000 A striking systematics can be found in the comparison of
S 40 | SrFe—Re—0 &MW the experimental results of tiledependence of IMR in vari-
= 05 Looooi’ioo‘o’i, O%OGM“’M ous half-metallic ferromagnets as shown in the bottom panel
"o Mo, 0 i 300K of Fig. 3. The low-field MR of SrFg,Mo,,,0;, defined as
S o0 e B MR*=[p(0)—p(2k0Oe€)]/p(0), is plotted as a function of
] S e e the reduced temperaturd/(T¢) with those of T)Mn,Os,
20 -16 12 8 -4 0 4 8 12 16 20 CrO, and LagSlh3Mn0z.°>"" The MR of CrO,(T¢
H (kOe) =395K) decays rapidly, while FMn,0;(Tc=120K)

FIG. 2. Top panel: the magnetic field dependence of the normalized resisshows the slowest MR decrease withT. The MR® of

tivity SrFe;,M0,,,05 and SrFesRe; 05 Bottom panel: the magnetic hys- S_rF_QIZMOUZOE% (Tc=410-450K) reveals the slow deCf'J‘y
teresis loops for SrEgMo,,,0; and SrFe Re; 0, at 300 K. similar to that of T}Mn,O,, and the MR of perovskite
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Lag 750 3aMN0O5 (T=1365 K) decays fast with increasiriy ~ similar to that of bulk magnetization. This observation is
similar to that of CrQ. Obviously, there is no correlation clearly consistent with the slow reduction of MR for
betweenT. and theT dependence of MR However, it  SrFe;;Mo;;0; and TbMn,O;, which in fact follows roughly
appears that th& dependence of IMR critically depends on the square of bulk magnetization.
the magnetic property of grain boundd$B). At the GB in In summary, we have investigated the IMR effects in
SrFg,,Mo0,,0; where the FIM coupling due to the double poncrystaIIme specimens of ordered  perovskite
exchange mechanism is absent because of lack of electr&Fa,Mo,05"*?%and SrFg:Re;{0;. We found large IMR
itinerancy, the superexchange coupling between localizedt RT in SrFe,Mo,,,0; where the magnetic coupling at in-
Fe** and Mo" spins is also expected to be FIM. In other sulating GB is expected to be similar to the FIM coupling
words, the magnetic coupling at GB is still FIM even thoughWwithin metallic grains. These results, combined with previ-
the GB can be insulating. This situation is similar to that ofous reports, indicate that the field effect of electron tunneling
TI,Mn,0,.%® TI,Mn,0; is a FM metal belowT, probably  in FM metal-insulator-FM metal junctions can be greatly en-
due to the double exchange coupling, and the insulating GBanced when the insulating layer is FM or FIM.
of TI,Mn,0; is also expected to be FM because the superex-
change coupling between Kihions is FM due to the rela-
tively small bond anglé~135° of Mn**—O-Mrf*. These
situations are clearly in contrast with the perovskite manga-
nites and Cr@ cases where insulating GB is expected to be
AF, different from the bulk ferromagnetisfr?."®In fact, the  1r . de Groot, F. M. Mueller, P. G. van Engen, and K. H. J. Buschow,
AF nature of GB should be more clear in Gr@®an in per- Phys. Rev. Lett50, 2024(1983.
ovskite manganites because of the@y(an AF insulatoy— iEOYLeﬁamS)'eéG- /l\- kP_ri?]Zy PhgsngdSﬁ (19?_5-(3 X vy
like GB of Cro, :samples7_.'8 Therefore, we can conclude that kéte'sarl:,' gy é'fe:rinﬁ,h)}s: R§3§1’3(§i 43"(19'95'_ long, 1. V. ven
IMR decrease slowly with increasing when the magnetic 43z, sun, w. J. Gallagher, P. R. Duncombe, L. Krusin-Elbaum, R. A.
coupling at insulating GB is similar to that of metallic bulk. Altman, A. Gupta, Y. Lu, G. Q. Gong, and G. Xiao, Appl. Phys. L&8,

In the primal model of electron tunneling across an in- 3266(199%.
tergranular insulating barrier, MR is given bWp/p ;’;;Q‘f?lngggasw Cheong, N. P. Ong, and B. Batlogg, Phys. Rev. Lett
= — (JP/IAKT)[M?(H,T)—M?(0,T)] whereJ, P, andM cor- 6y, Hwang and S-W. Cheong, Natufeondon) 389, 942 (1997).
respond to the exchange coupling constant, polarization of H. Y. Hwang and S-W. Cheong, Scien2@8 1607 (1997.
the tunneling electron, and magnetization, respectivéfy. °J: M. D. Coey, A. E. Berkowitz, LI. Balcells, F. F. Putris, and A. Barry,
This model does not take account of the magnetic properuesih‘éschsvz\ﬁz Lﬁttgﬂyiséz(gﬁ (1986.
of the insulating barrier. The electronic transport through in<°p. J. Singh, Phys. Rev. BS, 313(1997.
terfacial spins can be governed by the double exchange- typ%S Nakayama, T. Nakagawa, and S. Nomura, J. Phys. Soc24p@19
hopping from a grain to a GB, followed by another hopplnglle ngkagawa K. Yoshikawa, and S. Nomura, J. Phys. Soc.2hr880
from the GB to a neighboring graffi.When the grain spins (1969.
are aligned in applied field, the conduction in this second3c. zener, Phys. Re\82, 403 (1951.
order tunneling model is given bw—oc<1+ 2S,Scosf 14M. Abe, T. Nakagawa, and S. Nomura, J. Phys. Soc. 3fn360(1973.

; ; M. A. Anderson, K. B. Greenwood, G. A. Tayler, and K. R. Poeppelmeier,
+SS cod ) where 6 is the angle between the spins of the Prog. Solid State Chere. 197 (1993,

GB (Sp) and the grain(S). Even in this model, low-field 1ss.yy. cheong, H. Y. Hwang, B. Batlogg, and L. W. Rupp, Jr., Solid State
MR* basically follows theT dependence df1? whereM is Commun.98, 163 (1996.
the magnetization close to grain surface. The Tadecay of ”é- f HeIIBm?nthan'd B. Aﬁe\'{esh Phys. \7\;3\/[5 '—gﬂ- 1|_‘]‘:f2|5:(19z®é W.ch

* H : ee raiman, A. Y. Awang, . D. Ratcli ,an -W. eong
MR* in perovskite Lg eSSt 3MnO;—where the magnetic (unpublished
coupling at GB is expected to be different from the bulkis; . park, E. vescovo, H.-J. Kim, C. Kwon, R. Ramesh, and T. Venkate-
magnetic coupling—has been attributed to the fastecay san, NaturgLondon) 392, 794 (1998.
of surface magnetization, decreasing faster than bu|k°After the completion of our work, we have received a preprint by K.-I.

9 Kobayashi, T. Kimura, H. Sawada, K. Terakura, and Y. Tokura, Nature
magnetlzatloﬁ. On the other hand, when the magnetic cou- (London 395 677 (1998. The authors report the IMR effect in

pling at GB is similar to the bulk FMor FIM) coupling, we SrFg;;Mo,,05, but their result is not as pronounced as ders., 10% at
expect that the surface magnetization reduction Witls 4 K in 2 kOe, but our result is 22% & K in 2 kOe.
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