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Ordered stack of spin valves in a layered magnetoresistive perovskite
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The layered compound La,,Sr, ; ,,Mn,0O; (x=0.3) consists of bilayers of metallic MnBheets separated
by insulating material. The compound exhibits markedly anisotropic magnetoresistance at temperatures well
below the three-dimensional magnetic ordering temperafyre90 K in addition to colossal magnetoresis-
tance around’.. We present neutron-diffraction data which show that the magnetic structure of this material
switches from antiferromagnetic stacking of ttierromagnetically ordergdsheets in zero field to ferromag-
netic stacking in a field of 1.5 T. To our knowledge, the data are the first to be collected on any manganite as
a function of applied field, exactly as the magnetoresistance data themselves are collected. They provide a
natural explanation of the low-field magnetoresistance in the ordered phase in terms of spin-polarized tunneling
between the magnetic layers and suggest that the material is a bulk stack of spin-valve devices.
[S0163-182698)52946-3

In the past few years there has been a huge revival ofaturation field id4s,= 1 T for the samples used for Fig(&
interest in manganese oxides with cubic perovskite structureand Fig. 3a), and is as low as 0.1 T for samples cut to
R:_,A,MnO; (R=La, Pr, Nd andA=Ca, Ba, Sr, Ph be- minimize demagnetizatioh.The behavior forx=0.3 con-
cause of the very large magnetic field-induced changes itrasts markedly with that for the more studied 0.4 mate-
electrical resistandée” they can display. The fields are typi- rial. Forx=0.4, the resistivity above and below the ordering
cally several Tesla, however, which limits applications intemperature of 121 K, while very anisotropic, is qualitatively
technologies such as magnetic memory and sensors. One gpe same parallel and perpendicular to the Mipanes, and
proach to increase the low-field magnetoresistance is to corthe magnetoresistance in the ordered phase is both isotropic
struct thin-film tunneling devic@$ where the tunnel junction and much smaller than for the=0.3 specimen.
provides a weak, field-sensitive link between two ferromag- To determine the mechanism for the magnetoresistance at
netic manganites. Another possibility is to make ceramics=0.3 we have performed magnetic neutron diffraction from
with crystal structures consisting of multilayers of metallic single-crystal samples on the IRIS spectrometer at the pulsed
MnO, sheets separated by insulating material. The last ameutron source ISIS in the United Kingdom. Specimens ap-
proach has recently succeeded with, Lg Sr; , »,,Mn,O; for proximately 25 mm long and 4 mm in diameter with
x=0.3/8 =0.3 and x=0.4 were grown using the floating zone

La,_5,Sh 1 2,Mn,0;"8 is constructed from bilayer slices method. Crystals from the same batches as those used for the
of MnO, sheets taken from the cubic perovskite, each sliceneutron experiments exhibited the same temperature-
being separated by(aa, Sp,0, spacer layer which serves to dependent zero-field resistivity as reported previo(ti§lyhe
isolate the bilayer§Fig. 1(a)]. With doping ofx=0.3 holes lattice parameters at room temperature ware3.86 A, c
per Mn site the material orders magnetically beldy  =20.38 A for x=0.3, anda=3.88 A, ¢c=20.15A for x
=90 K. Above T, the electrical resistivityfFig. 2@)] per-  =0.4, consistent with previously reported valie3The x
pendicular to the planes follows the activated hopping law=0.4 sample had a mosaic spread-e8° but thex=0.3
also seen for cubic material, but the in-plane resistivity resample consisted of several crystallites within a spread of
mains metallic to 270 K. Below ; the resistivity is metallic ~8°. Because the instrument collects data over a range of
in both directions. As is common for the manganites, thel.5° in crystal orientation, much less than the mosaic spread,
magnetoresistance is greatly enhanced figafor currents  absolute intensity calibration was impossible and relative in-
both parallel and perpendicular to the Mpflanes. What is  tensity comparisons are meaningful only for reflections along
new for this bilayer material is that for temperatures far be-a ray in reciprocal space. Nevertheless, important conclu-
low T., very substantial magnetoresistan®4R) remains. sions can be drawn from the diffraction data, which for both
Furthermore, the low-temperature MR is highly anisotropiccompositions were collected in tlzec plane.
and saturates at very small fieflss Fig. 3a) shows. The The first step was to search for temperature-dependent
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FIG. 1. (a) Structure of La_,,Sr,,Mn,0O;. The Mn ions are at the center of the Ma©Octahedra. Circles denote La and 8)
Proposed magnetic structure of the Mn sublatticexfei0.4 withH =0, andx=0.3 withH=1.5T. (c) Electronic densities of states feand
H as in(b). The conduction band contains only states with spins polarized parallel to the moments skbyynvimle the valence band is
separated by a gap and is fully polarized in the opposite direction. Ordinary metallic traflapget arrow$ along thec axis involves
negligible energy loss and is therefore allowéd). Proposed magnetic structure for 0.3 with H=0. (e) Electronic densities of states for
x=0.3 withH=0. Carriers propagate aloregonly by tunneling across not only.a,Sn,0, layers but also intervening Mnilayers. The
electrical resistivity associated witl) and (e) is much higher than that associated with and(c).

diffraction peaks, especially at temperatures belqw The  ponent of magnetic moment perpendicular to the scattering
only peaks found in theh(0l) zone were for integeln andl. vector. The rise of the odd order (§@eflections on warming
The solid circles in Figs. ®)—2(d) represent the temperature [Fig. 2(d)] implies that between 60 K and the ordering tem-
dependence atl=0 of the intensities of th€100), (004), perature, the moments rotate away from ¢haxis to acquire
and (005 diffraction peaks. It is apparent that lowering the a substantial component within the sheets. Interestingly, the
temperature througff, switches on scattering at the odd rapid rise in the(005) reflection, which is also accompanied
order reflections. The Bragg profiles are as sharp as those foy the growth of short-range magnetic correlations, sets in at
nearby nuclear reflections, implying magnetic coherencehe 60 K shoulder irp(T). The main topic of the present
lengths as long as those characteristic of the underlyingpaper, however, is the low-temperature, anisotropic magne-
atomic order, which we measure to be in excess of 500 Aoresistance, which is distinct from the colossal magnetore-
within and perpendicular to the bilayers. Because the crystadistance neafl;. Other phenomena, most notably polaron
structure is body centered tetragonal only reflectionshfor formation due to electron-phonon coupling, may well play
+k+1 even are expected for simple ferromagnetic ofdee  the dominant role in that instané®as is well documented in
Fig. 1(b)]. The temperature independence of t884) peak the cubic perovskite casé.
intensity and therefore the absence of a magnetic contribu- We turn now to the spin order in a magnetic field of 1.5 T,
tion at (004) implies that the spin orientations in a given applied within the plane of the bilayers along the crystallo-
bilayer are reversed in adjacent bilayers. The relative oriengraphicb axis, that is, perpendicular to the plane in which
tation of the spins in the two sheets that make up a bilayediffraction peaks are measured. The value of 1.5 T was cho-
can be deduced from comparif@03 and (005 intensities. sen to be sufficiently large that the resistivity perpendicular
Specifically, parallel alignment of nearest-neighbor spins irto the planes is well into the saturated regime. All odd order
adjacent sheets in the bilayer modulates thd)(p@ak inten-  reflections of the form (d) disappear. Furthermore, the
sity as co§ ml/(c/a)], which when combined with the Mn ion  strong magnetic contribution §100) found forH =0 imme-
magnetic form factor yields the intensity ratio (Q0803)  diately below T, also disappeargthe weak and largely
=18, not far from the experimental value of 23. In con-  temperature-independent diffraction found (&00 is also
trast, antiparallel alignment would make the ratioseen forx=0.4 and must arise from either a small structural
(005)/(003)=0.025. distortion that breaks the tetragonal symmetry or an un-
The low-temperature and =0 magnetic structure shown known impurity phase The essential absence of odd order
in Fig. 1(d) provides the simplest explanation of the neutronreflections implies that the magnetic moments in adjacent
results given above. The coupling between different bilayershilayers now point in the same direction, so that the bilayers
unknown prior to this experiment, is antiferromagnetic. Onare stacked ferromagneticalliFig. 1(b)] rather than antifer-
the other hand, the order within the bilayers is ferromagneticcomagnetically[Fig. 1(d)] as in zero field. That th€004)
as expected given the ferromagnetism of the similarly dopeéhtensity, which monitors the ferromagnetism, increases
cubic perovskites La ,Sr,MnOs.2° The moment directions monotonically as the temperature is lowerffig. 2(c)]
in Fig. 1(d) are obtained from the low-temperature result thatmeans that the component of the ordered moment within the
the (00) reflections nearly vanisfthe fact that they do not plane of the bilayers reaches a maximum at zero temperature.
do so entirely implies a small canting of the mome¢rsted For H=1.5T, three-dimensional order becomes clearly vis-
the law that neutron scattering is sensitive only to the comible at about 125 K, rather higher than the zero-field critical
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05 E zero field E portion of our wide mosaic crystal being sampled is exactly the
. ] same as for the much stronger ferromagnédi@4) reflection.
0'00 100 200 300 also reveals how the less field-sensitive colossal magnetore-

Temperature (K) sistance correlates with the more gently field-induced ferro-
magnetic order neaf.. The low-temperature behavior of
FIG. 2. Temperature dependence(ef resistivity parallel and  the resistivity is similar to that seen in artificially constructed
perpendicular to the bilayers far=0.3 with various applied mag- magnetic multilayers where antiferromagnetically coupled
netic fields; (b)—~(d) selected Bragg intensities for=0.3 at zero  |qvers of ferromagnetic iron are separated by nonferromag-
field and 1.5 T, ande)—(f) Bragg intensities fox=0.4 and zero  atic metallic spacing layef€-2° An external field over-
I:g?r'ofne%k:e‘;‘i’grlg:glf;Lg;’egr(;:r(’);’:’1'2 gizb;;‘ieéggaggeftgf?g‘r;ag_whe!ms the antiferromagnetic layer-to-layer coupling and so
netic (antiferromagneticin (b)—(f)’ ehm_mates the_sqa'tterlng of ellectrons by thg Wa}lls, thus re-
' ducing the resistivity. What Fig. 3 shows with directness is
the analogous destruction of antiferromagnetic order in the
temperature of 90 K. A similar sized shift in the peak of thebilayer manganite.
interplane resistivity in a field is also sefffig. 2(a)]; inter- The dramatic features of La,,Sr, , ,,Mn,0O;, x=0.3 are
polation between the 1 dn3 T data leads to an expected that the ferromagnetic layers arg) separated by what
shift at 1.5 T of 25 K in the resistivity maximum. This result appear—from the-axis resistivity above .—to be insulat-
underscores the connection between the interplane magnetiny (La, Sp,0, spacing layers, andii) are ferromagnetic
ordering and the bulk properties of {&,Sr; ; »,Mn,0;, X metals by virtue of the double exchange mechanism. Feature
=0.3. (i) implies that tunneling, rather than scattering as for the
Our proposed magnetic structure for tkre 0.3 sample in  giant magnetoresistan€&MR) multilayers, is likely to be at
1.5 T is similar to the ferromagnetic order found fo=0.4  the heart of the low-temperature magnetoresistance of
in zero field>'31*For example, Figs.(®) and 2f) show the  La,_,Sr ., »,Mn,0;, x=0.3. Featurdii) means that in con-
rise of a strong magnetic reflection @04) but not at(100.  trast to the ferromagnetic metals in the GMR multilayers, the
The discovery of coherent antiferromagnetic stacking offerromagnetic sheets in La,,Sr, . »,Mn,0O; contain fully
ferromagnetically ordered bilayers which switches to ferro-polarized conduction electrons in a band separated by a gap
magnetic stacking in a magnetic field has important consefrom valence bands containing only oppositely polarized
guences for the explanation of the anisotropic magnetoresistates. Tunneling of electrons between adjacent sheets with
tance in the ordered phase, illustrated in Figs) &nd Xe).  the same polarizations is allowed whereas tunneling between
The change in magnetic structure is accompanied by appositely polarized sheets is forbidden because of the need
marked reduction in the interplane resistivity but a muchfor multiple spin flips. The zero field, antiferromagnetically
smaller change in the in-plane resistivity. Figure 3 shows théayered structure is therefore expected to have a much higher
close correlation between the sharp switching of the resisresistivity than the in-field, ferromagnetically layered struc-
tance and the similarly sharp switching of the magneticture. Precisely such spin-polarized transport across an insu-
structure from antiferromagnetic to ferromagnetic. The figurdating barrier has been observed between two thin films
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(400 A) of LaygACa/Shy3MnO; (Refs. 5 and Hand has perovskites. When the large low-temperature magnetoresis-
also been suggested as an explanation for the crystal graifRnce was originally found for the=0.3 layered manganite,
boundary-induced magnetoresistance in cerahiésand it was also attributed to random ferromagnetic domain
thin films? of the cubic perovskite manganites. As for both boundaries whose probable orientation, on account of weak

the individually fabricated junctions and the polycrystalline férromagnetic interactions, is parallel to the Mn€heets.

ceramics, there are also leakage currents associated wil'US: L3-2xST+2Mn,07 with x=0.3 was thought to be a
andom stack of tunneling spin-valve devife§vhat the

defects—most notably domain structure—in the layered’ field-switchable B Ks | dat lis that
manganite. These leakage currents will be shunted in parallﬁ?arp’ Ield-swilchable bragg peaxs in our data reveal IS tha
is material is actually an ordered stack of such devices, and

with the switched tunneling currents, and so will result in ; X .
switching between what are ostensibly less and more meta 0 ihai thc large low-temperatusexis magnetoresistance Is
n intrinsic effect. The measurements thus provide a concise

“? s':(atss];. Indeed, f?( JL@ Iargrl:r tharl_t(_).3 ti;(iht_)ilz_iyers _?re microscopic picture of how the bilayer manganites unify the
Stacked ferromagnetically,small quantiies o thiS IMpUrity +hree main topics of modern research on magnetoresistance,
phase could account for the shunting and also be responsiblg,mely the colossal magnetoresistance of the manganites,
for a crystallite-dependent small temperature variation of 0Ufe giant magnetoresistance of intermetallic multilayers, and

even order peak iqtzeznsities belowl00 K. _ _the tunneling magnetoresistance of thin-film devices.
In the ceramicé}??the tunneling magnetoresistance is an

extrinsic effect brought about by the random introduction of We are grateful to J. Borchers, H. Hwang, A. Millis, R.
insulating ferromagnetic domain boundaries into the cubidsborn, and J. F. Mitchell for helpful discussions.
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