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Large magnetoresistance using hybrid spin filter devices
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A magnetic “spin filter” tunnel barrier, sandwiched between a nonmagnetic metal and a magnetic
metal, is used to create a magnetoresistive tunnel device, somewhat analogous to an optical
polarizer-analyzer configuration. The resistance of these trilayer structures depends on the relative
magnetization orientation of the spin filter and the ferromagnetic electrode. The spin filtering in this
configuration yields a previously unobserved magnetoresistance effect, exceeding 100062©
American Institute of Physics[DOI: 10.1063/1.1436284

Spin electronig“spintronic”) devices: based on utiliz-  experiments? and in tunnel junctions using a superconduct-
ing the spin as well as the charge of electrons, open up aimg spin detecto?. The concept of spin filtering is illustrated
entirely new class of electronics. Such devices could includén Fig. 1, using the well-known semiconducting Eu-
nonvolatile magnetic memories, reprogrammable I6giod  chalcogenide, Eu%;'? which is ferromagnetic belowT
quantum computersOne thing hampering the development ~16.8 K, as a spin filter. Above th&c of the EuS barrier,
of spin electronic devices so far is the lack of sufficiently both spin-up and spin-down electrons experience the same
polarized (nearing 100% spin polarizatiprrurrent sources, potential barriefFig. 1(a)]. Below T, due to the spin split-
for instance, for spin injection into semiconductbos repro-  ting of the conduction band in Eu8vhich forms the top of
gramable logid. So-called “half-metallic ferromagnets,” the tunnel barrigr the barrier height becomes spin depen-
fully spin-polarized ferromagnets, would circumvent this dent, as shown in Fig.(). As a result of the exponential
problem? but true half metals have proven extremely diffi- dependence of tunnel current on barrier height, one spin
cult to realize in practic However, rather than simply using channel has a much larger tunneling probability than the
a single nearly perfectly polarized material, the phenomenofRther. resulting in a nearly 100% spin-polarized current.
of spin filtering may also be exploited to create near 100%  With @ magnetic metal, we must consider the role of the

polarization. Here, we propose and demonstrate a differeriPin-polarized density of states in the electrode as well. The
approach, combining spin filter tunnel barrfmnd spin- tunnel current depends on the number of filled states in the

dependent tunneling® similar to a device proposed by
Worledge et al® The combination of anonmagneticelec- a) T>T,

trode with a spin filter tunnel barrier is used to effectively AQen,

mimic a half-metallic tunneling electrode and achieve nearly B

100% spin polarization. Using this “artificial half-metal” bi- hd _

layer, we additionally employ a second magnetic electrode, h=1 A
—

creating a nonmagnetic metal/ferromagnetic insulator/™*
ferromagnetic metal device. We utilize EuS as the magnetic

insulator, with Gd ferromagnetic and Al nonmagnetic elec- R M R EvS M
trodes. The tunnel current in this case depends on the relativ

magnetization orientation of the EusS filter and the Gd “ana- ¢) [~ d) [~
lyzer,” in analogy to a half-metallic ferromagnet/insulator/ ~4 ~4
ferromagnet tunnel junction. The spin filtering in this con-
figuration yields a previously unobserved magnetoresistanct

; e L - J o€ I} P Joc Jy pr;
effect, which we dub “spin filter injection magnetoresis- g may - min
tance” (SFIM), exceeding 100%, suggesting a filtering effi-

i . iy 1 y

ciency close to 100%. The present scheme would also cir-
cumyent !mpedance mismatch problems _ with Eu81 mf - Eu81 ml
semiconducting counter electrodes, and thus potentially al-
low spin injection from even a nonmagnetic metal into a ‘polarizer' ‘analyzer 'polarizer' ‘analyzer'

Semlcondu,Cto,r' . . . . FIG. 1. Schematic illustration of spin filtering and the MR effdej, above
The principle of spin filtering with magnetic semicon- Tc of the EuS filter the two spin currents are equé), below theT of
ductors has been demonstrated in field emissiorEus, the tunnel barrier is spin split, resulting in a highly spin polarized
tunnel current. With a ferromagnetiEM) electrode, the tunnel current de-
pends on the relative magnetization orientation. For parallel aligni®@nt
@ Author to whom all correspondence should be addressed:; Electronic mailc), a large current results, while for antiparallel alignmex®), (d), a smalll

pleclair@alum.mit.edu current results.
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120 ; : . persisting effect is due only to the field-induced magnetiza-
100 tion in the EusS layer Similar effects were observed in many
@ %0 other samples, with magnetoresistaiietR) effects ranging
~ from 30% or less to 130%. In all cases, the MR was approxi-
& 60 mately symmetric in bias for low biases. Returning to the 2
§ 40 K data, for sufficiently high fields €0.5T), when both
< 20 magnetizations are parallel a low resistance state is observed.
For some small fields, although the magnetization orientation
0 in these structures is not completely well defined, a near
. o0r antiparallel alignment is reached, and thus, a high resistance
IS state is observed. At 7 K, a large effect is still observed, and
. 40t the switching behavior is also more controlled, though still a
% complete antiparallel alignment is not reached. For com-
% 20t pletely antiparallel alignment, an even larger SFIM effect is
anticipated. Given the observed SFIM effects of more than
oLits S 130%, it can be determined using the aforementioned simple
-1.0 -0.5 0.0 0.5 1.0

model that for a Gd polarization of 45%,our filter effi-
B (D) ciency is 87.5%, in line with previous investigatich&ur-
FIG. 2. (a) MR as a function of magnetic field at 2 fvell below the Eus  ther, to indicate that a relative parallel @early antiparallel
Tc) and(b) at 7 K, and at 30 Kwell above the Eug ). alignment is possible, we have measured magnetization ver-
sus magnetic fieldteb K for separate EuS 5.0 nm/Gd bilay-

. . . ers. Two distinct switching events are observed, one at low
first electrode as well as the number of available states in thﬁeld corresponding to the EuS magnetization reversal, and
second. Using one magnetic electrode, Fig),lthe density ’

; . ) ) i one at higher fields corresponding to the Gd magnetization
of available states in the magnetic electrode is spin depenz, arsal. At 5 K, the EuS layer switched at approximately
dent, and the tunnel current will depend on the relative ori-5 o \while the Gd layer began to switch-aB00 Oe and
enta_ltion of the filtered spin@.e., the Eu_S magnetization di- \vas fully reversed at-2000 Oe, roughly in line with the
re'ctlorj and. the electrodg .magr)etlzatlon. For paralielyip penavior. The presence of two distinct magnetization
alignment, F|.g. o), only majority (spin up electrqns tunnel_ reversals indicates that the Gd electrode and EuS barrier can
through the filter, and_thus they can only_tunnel into majoritypa switched independentlyvith some preliminary evidence
states in the magngtlc electrode, .resultmg in a large t.unn%r antiferromagnetic coupling between EuS and).Gahd
current. For the antiparallel casig. 1(d)], the currentis oy he aligned parallel or nearly antiparallel. Parentheti-
minimal, since only the minority(spin down states are .,y we note that the additional fine structure in the MR

available in the ferromagnet. One may consider this deViC‘foops may be due to the fact that the MR effect is exponen-
analogous to a polarizer/analyzer optical configuration, albeiﬁa"y sensitive to the EuS magnetizatigdiscussed next

with a less-than-perfect analyzer, or a magnetic tunnel juncang any instabilities in the EuS magnetization will be expo-
tion with one half-metallic electrode. The magnitude of thenentially amplified in the MR signal.
expected SFIM effect may be estimated within a simple two-  agdjtional evidence of the nature of the spin filtering
current model;*3 assuming spin conservation in the tunnel- phenomenon can be obtained from the temperature depen-
ing process, ad\R/Ry=2PP¢/(1-PyPs), wherePn is  gence of the junction resistance. If spin filtering is present,
the spin polarization of the ferromagnetic electroéleis the  gne can expect the junction resistance to decrease as the
efficiency (polarization of the spin filter, andAR/R; is the  temperature decreast¥-2Specifically, belowT ¢, the bar-
change in resistance between parallel and antiparallel magje, height for spin-up electrons is much loweby
netization configurations normalized by the resistance in the.g 18 eVt 2than for either spin-up or spin-down electrons
parallel state. For a ferromagnetic electrode polarization OfaboveTc. Thus, spin-up electrons preferentially tunnel be-
50%, and a filter efficiency of 909%8,0ne may expect a cayse of this lowered barrier, leading to a resistance decrease
SFIM effect of more than 160%. at low temperatures in addition to the high spin polarization.
Devices were fabricated using conventional ultrahighy;gre quantitatively, the tunnel resistan@er a vanishing

vacuum sputtering techniques with situ shadow masks  external biascan be expressed within a simple free-electron
onto oxidized Si100 wafers. The EuS tunnel barrier was tunneling modét”3as

grown at 300°C, while the metallic layers were grown at

am_biem temperature. Figure 2 shows resistance versus mag- R“~exp[—d<p%’f(T)], @1 (T)=9F34:So(T), (D)

netic field, measured at a dc bias ef5mV, for a

Si/SiO,/Ta 5 nm/Al 3 nm/EuS 5 nm/Gd 15 nm structure at 2 whered is the barrier thicknesq; is the temperaturey is the

K (well below the EuST¢), 30 K (well above the EuS ), average tunnel barrier heighlty; is thed—f exchange con-
and at 7 K [/Tc~0.4). At 2 K, an effect of~100% (in stant for EuS?! S=7/2 is the spin quantum number of a
some cases more than 13D% observed, clearly indicating EW™" ion, o(T) is the reduced magnetizatid (T)/M (T

the efficiency of the spin filtering. However, at 30 K, above =0) of EuS, and the (|) denote spin uf@own) electrons.

the EuST., almost no magnetoresistance %%) is ob-  We expect, then, that the temperature dependence of the tun-
served, indicating clearly that the observed effects are due el resistance should scdkexponentially with the magneti-

the presence of a ferromagnetic spin filter barftee small ~ zation of the EuS filter. Shown in Fig. 3 is the normalized
Downloaded 08 Oct 2009 to 131.155.151.77. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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106k | bk T EuST., the tunnel resistance decreases as temperature in-
creases, consistent with of tunnel transport. We may con-
clude that we are indeed observing magnetoresistance due to
spin filtering tunneling via the EuS tunnel barrier.
Summarizing, we report a large magnetoresistance effect
in AI/EuS/Gd structures, resulting from the combination of a
spin filter tunnel barrier and a ferromagnetic electrode. These

dI/dV (a.u.)
<
™

R (T) /R (T=40K)

05103 TAE 04p : ) ideas may have potential utility for spin injection into semi-
' 005 000 005 conductors or for hybrid devices. The large polarization
~ . V (Yolts) achievable using spin filtefsas well as the lack of any im-
0 10 T2((I)<) 30 40 pedance mismatch problénwith semiconductors, makes

spin filtering a nearly ideal method for spin injection into
FIG. 3. Normalized resistance vs temperature behavior for several values é‘femicondU.Cto_rS, enab”n_g alternate spintronic devicEs.
magnetic field: B=0.0 T (circles, B=0.3 T (squarey and B=0.8 T (tri- nally, a spin-filter operating at room temperature would be
angle$. Inset: dI/dV-V characteristics ta5 K for a representative Al/ possible, utilizing the myriad of ferro- and ferri-magnetic
EuS/Gd device. ferrites and garnefS, or potentially the recently predicted
. . ) room temperature diluted magnetic semiconductdwshich
tunnel resistancéaken at a dc bias of 250 m\&s a function  can pe made magnetic and insulating above room tempera-
of temperature, in several applied fields, for an AI/EuS/Gdyre.
junction. Indeed, a clear decrease of the tunnel resistance is
observed below thd ¢ of EuS, which provides proof that The authors would like to acknowledge J. S. Moodera
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