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Large magnetotunneling effect at low magnetic fields
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We have used a self-aligned lithographic process to fabricate magnetic tunnel junctions of
Lag 67Srg 3dMN0O45 down to a few micrometers in size. We have obtained a magnetoresistance ratio as large as
83% at low magnetic fields of a few tens of Oe, which correspond to the coercivities of the magnetic layers.
Transmission-electron-microscopy analysis has revealed the heteroepitaxial growth of the trilayer junction
structure, Lg gSrg3dMNnO3/SrTiOs/Lag ¢St 3dMNO5. We have observed current-voltage characteristics typi-
cal of electron tunneling across an insulating barrier. The large magnetoresistance is likely due to the nearly
half-metallic electronic structure of the manganife30163-182006)52636-6

The magnetotransport properties of manganese perovs- We have used the same approach to reduce the field scale
kites have been the subject of intense research recently. of magnetotransport by fabricating and studying magnetic
These oxides, La_ ,D,MnO; (D=Ca, Sr, Ba, etg, exhibit tunnel junctions using manganites. We will demonstrate

a large change in resistance when subject to a Tesla—ran%'éat epitaxial junctions in the form of(top electrode

magnetic field, so large that this effect has been called “coL20.6570.sMnOs/(barrier) SrTiOs)/[(bottom electrode

lossal” magnetoresistano€MR). Essential to the physics -20675r03MnOs] or LSMO/STO/LSMO have ~ been

of CMR is the existence of the mixed valence states o chieved as e_wdenced fron_1 the microstructures obtained
34 . st o . rom transmission electron microscopyEM). We have ob-

Mn™" (fraction: 1-x) and Mn"" (fraction: x). Bgth I0NS  tained a large magnetoresistance ratio of 83% at low fields of

possess a local spirb¢ 3/2) from their low-lyingtsg orbit- 3 few tens of Oe, which correspond to the coercivities of the

als. In addition, Mi#* (3d*) has an extra electron in the magnetic layers. The mechanism of the spin-dependent

eg orbital, which is responsible for conduction, whereas intransport is consistent with magnetotunneling. We have also

Mn** (3d3) this orbital is empty(i.e., having a hole The  measured the temperature dependence of the magnetotunnel-

spin of theey electron in Mr?* is ferromagnetically coupled N9 effect. _ o .

to the local spin oftg’g according to Hund’s rule. It is this We have grown the manganite tunnel junctions using a

. : e . multitarget pulsed laser deposition system. STO was chosen
strong intra-atomic exchange that fosters the sensitivity W'”hs the insulating barrier because of its close lattice match

which the electron transport responds to a changing magnet{gith LSMO. The LSMO/STO/LSMO trilayers were grown
structure. In order to observe CMR, which occurs near then situ on optically polished100-oriented STO substrates.
magnetic phase transition temperatufig)( a large field of  No subsequent thermal treatment was performed. Detailed
the order of Teslas is required since a low field would besynthesis conditions for the LSMO films can be found in
insufficient to suppress the thermal magnetic disorder. ReRef. 10. The thicknesses of both LSMO electrodes are about
ducing the field scale in the magnetoresistance of manganité®0 A , and the STO barrier thickness is in the range of
has been a major goal of many research groups. 30-60 A . Figure 1 is a high-resolution cross-sectional TEM

One approach to reducing the field scale is to take advarattice image of the interface region with the STO bar(&0
tage of the recent discovery of large magnetoresistdd&®  A) in one of the junctions. All of the layers are heteroepi-
in magnetic tunnel junction’s® These are sandwiches of two taxially aligned and sharp interfaces are observed between
magnetic layers separated by a thin insulating barrier. Théhe STO and the LSMO layers. Scanning electron micro-
tunneling resistance between the two magnetic layers degraphs of the top surface of the trilayers have shown a
pends on the relative orientation of the magnetizations in themooth morphology with some particulates which are typical
layers. Recently, Sunetal’ have demonstrated large of laser ablation. Our results demonstrate that artificial stack-
changes of about a factor of two in resistance at fields beloving of LSMO and STO layers is possible for fabricating
200 Oe in trilayers made of manganites and a Sglr-  novel structures with potentially enhanced properties. The
rier, when measured in the current-perpendicular-to-planepitaxial layered structure is particularly useful for studying
mode. However, the spin-dependent transport mechanismagnetotunneling because the effect is sensitive to the local
was not known and the microstructures of the trilayers werelectronic structure which is dependent on crystallographic
not characterized. orientations.
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micro-

Lag 6751 3dMNO4/SrTiOs/Lag 6,510 3dMNO4 trilayer junction. The
SrTiO3 barrier thickness is 6 nm.
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FIG. 3. (Top) the temperature dependence of the sponta-
neous magnetization and resistivity at zeraah T for a pure

Figure 2 illustrates the fabrication process of micron-scald-ao.6503MnO; epitaxial thin film; (bottom dynamic conduc-
tunnel junctions. We have used a self-aligned lithographidancedl/dV vs biasV at T=4.2 K of a tunnel junction with a
process to pattern the device structures. The blank trilaygfctangular 2.512.5 um? top electrode.
film (1x1 cn?) [Fig. 2Aa)] was first patterned by ion mill-
ing to define the base electrodBig. 2(b)]. The junction
areas were defined by patterning the top electrodes. lon mil2(c)]. Next the junctions were coated with a 1500-A layer of
ing was used for pattening the top electrode, with the etchingiO, by sputtering Fig. 2(d)]. The photoresist left after the
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timed to end at the top surface of the base electidtg.

previous ion milling step was used as the lift-off stencil to
open self-aligned contact holes to the top electrodag.
2(e)]. Finally, a metalization layer of 3000-A Au was depos-
ited and patterned to make connection to the top electrodes
[Fig. 2f)]. We have used the four-probe technique to mea-
sure thd -V curves and the tunneling resistance as a function
of field using conventional electronics. The magnetic prop-
erties were measured in a Quantum Design SQUID magne-
tometer.

To ascertain tunneling as the transport mechanism, we
have measured the dynamic conductancd/dqV) of a
sample as a function of biag, as shown in Fig. 3. The
parabolic shape of the conductance curve is indicative of
electron tunneling. We have also shown in Fig. 3 the spon-
taneous  magnetization [Mg(T)] and resistivities
[po(T),psr(T)] at zero field ad 4 T of apure LSMO film
which was made under identical conditions as those used for
making the junctions. The as-prepared LSMO film hak;a
of 347 K and a spontaneous magnetization of 622 emu/cm
3 at 4.2 K. The maximum change in resistance under a field
of 4 T is about 31%, which occurs neag. .

In Fig. 4, we show the field dependence of the tunneling

FIG. 2. Photolithographic patterning process for magnetic tunf€sistanceR) and theMR ratio, AR/R,,, of a junction(with
nel junctions. The left and right panels are cross sectional and plarea 2.% 12.5 pm?) measured af=4.2 K. HereR is mea-
nar views, respectively, of a magnetic tunnel junctieae text for
explanation.

sured at zero biag.e., V=0, the ac voltage for measurement
is about 1 mV, andR, is the saturated resistance when both
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FIG. 5. Temperature dependence of the maximum magnetore-
- sistance ratio A R/R;,) max for the same sample used in Fig. 4. The
% field required to obtain AR/Rp) na is always less than 110 Oe.
allel (antiparalle] to each other. In other words, the tunnel-
1 0 a0 o o0 000 as00 ing resistance would be sensitive to the relative orientation of
H (0¢) the moments in the electrodes. Indeed, at high fields, when

the moments are aligned along the field directi@rattains a

FIG. 4. (Top) magnetoresistance ratioR/R, and tunneling re- 10w valueR, . Whereas betweel; andH.,, R reaches the
sistanceR vs magnetic field aT=4.2 K for a tunnel junction with ~maximum valueR,,, because of the antiparallel orientations
a rectangular 2.812.5 um? top electrode. The field is applied Of the moments.
along the easy axis of the top electrode. The moment orientations of The magnetotunneling effect is caused by the asymmetry
both electrodes are shown at various fields, and the number preceti the density of state€DOS) of the majority and minority
ing each orientation indicates the direction of the sweeping fieldbands in magnetic metals-*® The larger the spin polariza-
(bottom AR/R vs field for the bottom electrode only. Note that MR tion, the larger the magnetotunneling effect. According to the

is extremely small for the pure LSMO film in the field range of model of spin-polarized tunneling;*? the MR ratio for our
interest. The arrows show the direction of the sweeping field. structures is given by

moments in the electrodes are parallel to each other at high ~ (AR/Ry)max= (R —R1)/R;1=2P?/(1-P?), (1)

fields. Also shown in the inset are the shapes of the top and

bottom LSMO electrodes and the direction of the applied ny—n,

field which is along the magnetic easy axis of the top elec- P= m @)

trode. As the field is swept from-1500 to 1500 Oe, the

junction first switches fronR, to a highR,, state at about whereR;; andR; are the resistances for the parallel and

H.1=56 Oe. Then abovk =160 Oe, the junction starts to antiparallelM configurations, respectivelfnote R;;=R,),

switch back to theR, state. Reversing the field from 1500 P is the spin polarization parameter for LSMO, which has

Oe causes a similar sequence of switching processes. Thet been determined so far, and,n, are the DOS of the

maximum MR ratio, AR/Rp) max= (Rmax— Rp)/Ry, is about  majority and minority electrons. Recently, large MR of the

83%, which is obtained at fields of a few tens of Oe. This isorder of 20% has been observed in several magnetic tunnel-

in sharp contrast to the high-field scal€esla ranggre- ing systems involving transition metals such as Co, Fe, and

quired to observe the CMR in pure LSMO. permalloy®~® The magnitude of the MR is consistent with a
The sharp changes R in Fig. 4 are associated with the typical P~0.3 in these metalt. In our LSMO/STO/LSMO

moment reversals in the two electrodes. The switching fieldgunction, if we take AR/Rp) na~=83%, relation(1) leads to

H., andH,,, correspond to the magnetic coercivities of the P~0.54 for LSMO. This value is much larger than that of a

bottom and the top electrodes, respectively. In the lower patypical magnetic transition metal. Pickett and SiHghave

of Fig. 4, we show the field dependence of MR for the bot-calculated the band structures of LgCa,MnO,. Their re-

tom electrode only. At aboutl.;, a fast change in MR is sults reveal that the manganite»at 0.33 resembles a half-

observed, indicating moment switching in the bottom elecimetal, i.e., the minority DOS at the Fermi surface is very

trode. A hysteresis loop measurement on bulk LSMO filmdow. The calculated DOS leads to B~0.37, which is

also gives a coercivity of 48 Oe at 4.2 K. The other switch-smaller than our experimentBl~0.54 for LSMO. This may

ing field, H.,, is approximately the demagnetization field, be due to the different dopant uséc., C3, or to the fact

Hx=47wMd/w=156 Oe, of the top rectangular electrode, that the dopants are assigned to ordered lattice sites in theory

whered is the film thicknes$50 nm), w width (2.5 um), and  rather than randomly distributed as in real materials.

M, magnetizatior(622 emu/cr). We have also measured the magnetoresistance at various
In manganites, the conduction electrons are expected temperatures. In Fig. 5 we present fhelependence of the

be polarized due to the strong intra-atomic Hund’s exchanggAR/R) nax, Which decreases steadily as temperature in-

For spin-polarized tunneling, the tunneling current would becreases. The magnetotunneling effect seems to vanish at

large(smal) if the magnetizations of both electrodes are par-about T~200 K, which is lower thanT.~346.5 K for
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LSMO. In comparison, we note that the CMR effect is most  Finally, we note that Wiesendanger all’ have reported
pronounced neaiT. and it disappears a3 approaches the observation of vacuum tunneling of spin-polarized elec-
zerd™* (see Fig. 3 This is due to the enhanced magnetictrons from a ferromagnetic CrQtip into Cr.
scattering and the possible dynamic Jahn-Teller distortions |n conclusion, we have successfully fabricated micron-
nearT..*> The T dependence of the magnetotunneling effectscale manganite heterojunctions which show large MR ratios
is not understood at this moment. There are a few possiblgf up to 83% in small external fieldéens of Og¢. Cross-
causes '_[hat_nee_d to _be explored further. First, since magngectional TEM has shown good heteroepitaxy between the
e ions o el na” LiowSis 0y and the SITIQ lyers. The curent

ge sp ) , y voltage characteristics are consistent with an electron tunnel-
enhanced electron-magnon scattering, which can cause Spjfy nechanism. We have determined the electron polariza-

flipping. Secondly, the polarization parameter itself in tion parameter £0.54) for Lays:SfosMnOs using the

L.SMO may be temperature depen.dent. Band theory Calcqlaﬁwodel of spin-polarized tunneling. The magnetoresistance is
tions have shown that the electronic structures of mangamt%und to be strongly dependent on temperature
d .

are intimately coupled to the underlying magnetic structur
because of the large Hund’s couplitfjThe magnetic struc- We wish to thank W. J. Gallagher, J. C. Slonczewksi, T.
ture in manganites is expected to become very dynamic &. McGuire, S. S. P. Parkin, R. Laibowitz, C. Jahnes, P. L.
elevatedT, which could weaken the spin polarization. An- Trouilloud, S. L. Brown, R. A. Altman, and J. C. Connolly
other possible cause for the dependence may be a less- for stimulating discussions and help. This work was sup-
than-ideal insulating barrier which may contain some impu-ported by National Science Foundation Grants Nos. DMR-
rities and defects. Further work is underway to clarify the9414160 and DMR-9258306, IBM, and U.S. Department of
thermal effect. Energy Grant No. DE-FG02-92ER45475.
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