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New Ideas on Spin-Polarized Tunneling
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We report tunnel magnetoresistance (TMR) measurements g8rCi®;/Lay;Sr3MnO; junctions.
The half-metallic Lg;Sr3;MnOs electrode is used as a spin analyzer. The larg8%) inverse TMR
indicates a negative spin polarization of Co, in agreement with the density of states (DOS) of the
d band in Co. The bias dependence of the TMR, with a maximum inverse TMR0at V and a
crossover to normal TMR above¢0.8 V, reflects the structure of this DOS. Our results demonstrate
that the choice of the insulating barrier can strongly influence and even reverse the spin polarization of
tunneling electrons. [S0031-9007(99)09225-X]

PACS numbers: 73.40.Gk, 73.40.Rw, 75.70.Pa

Magnetic tunnel junctions, i.e., structures composed ofl band is below the Fermi level for Co or Ni). The
two ferromagnetic layersF; and F,) separated by a current interpretation of this positive polarization is that
thin insulator barriefI), have recently attracted attention the tunneling of-character electrons is favored [7,8]. For
for their large tunnel magnetoresistance (TMR) whichalumina barriers and Co electrodes, this can be justified by
appears when an applied magnetic field changes the andiest principle calculations [9] which explain the positive
between the magnetizations of the two ferromagnetigolarization by the “strong bonding between the minority
electrodes [1]. Most of the experiments have beerspin d-orbitals of Co and thep orbitals of Al at the
carried out with Ni, Co, Fe, and their alloys as magneticinterface” and by the resulting reduction of the minority
electrodes and an AD; barrier [1,2]; a few results have sp-DOS on Al. In other words, the spin polarization
also been reported with NiO, MgO, and HfMarriers of the evanescent wave in the barrier depends on the
[3,4]. Inthe Julliere model [5], the TMR ratio is given by character of the bondings at tii&I interface. In contrast

AR Rap — Rp 2P, P, with results for AbOs, we v_viII see that, in experiment§

— = = , (1) we report here, the polarization of electrons tunneling

R Rap L+ PP from or into cobalt across a SITiO(STO) barrier is
whereRap and Rp are the resistances in the antiparalleldefinitely negative (note that a negative polarization for a
(AP) and parallel (P) states, respectively, ahdand P,  transition metal has also been found in scanning tunneling
are the electron spin polarizations of the two electrodes. microscopy experiments with a Ni tip [10], consistently

All the measurements with transition metal electrodeswith calculations forF /vacuum interfaces [11]).
and an A}O; barrier reported until now have shown a Ferromagnetic oxides have also been used as an elec-
positive TMR, thatisRap > Rp, Which we call “normal”  trode, particularly mixed valence oxides of the type
TMR. This implies that the sign of the spin polarization La; -, Sr,MnO; (LSMO). In the ferromagnetic phase of
coefficientP is the same for all the transition metals andthese manganites, the conduction is due to the transfer
alloys used as electrodeP can also be determined by of majority spine, electrons between Mn sites and the
measurements on/Rl,0;/S junctions where the spin minority spin band is empty. This means half-metallic
splitting of the gap of the superconductd) is used to (HM) character (that is, metallic character for one spin di-
analyze the spin polarization of the electrons tunnelingection and insulating character for the other) or, in other
from or into the ferromagnetic electrod®. Extensive words, 100% spin polarization of the carriers. Direct evi-
data have been obtained in this way witiAF,O;/Al dence of this HM behavior has been provided by Park
junctions by Meservey and Tedrow [6] and positiveet al. [12] by spin resolved photoemission measurements
P have been found in all cases. These coefficient®n La);SK3;MnO; compounds. A perfect half-metallic
are often introduced into Eq. (1) to predict the TMR behavior would lead to a 100% value for the TMR in
of F;/Al,Os/F, junctions and this generally leads to HM/I/HM tunnel junctions. On the experimental side,
an approximate agreement with the experimental dataneasurements on junctions with HM electrodes [13-16]
However, the positive sign found for the polarization have been performed and, in LSMSTO/LSMO junc-
coefficient P is surprising, especially for metals such tions, have shown a very large TMR effect corresponding
as Co or Ni in which a negative polarization could beto an effective polarization of 80% for LSMO [13,14].
expected due to the smaller density of states (DOS) at the As the spin polarization of the carriers in LSMO is
Fermi level for the majority spin direction (the majority known to be positive and close to 100%, we use the
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LSMO electrode as an analyzer of the spin polarization 204
of Co in LSMO/STO/Co junctions (in the same spirit of 200 T=5K

what has been done with a superconducting electrode [6]).
Our clear observation of a large negative TMR indicates
that the spin polarization of the electron tunneling from

or into Co is negative, as the polarization of ihdand.

We will also show that the bias dependence of the TMR

reflects the structure of the DOS of the @dand.

R(Q)

The tunnel junctions studied are composed of 35 nm 130 — . V-
of LSMO for the bottom electrode, 2.5 nm of SrEiO 120 ® ESMO v’
(STO) for the barrier, and 30 nm of Co for the top 100 80 -60 40 20 0 20 40 60 80 100
electrode. The sample is protected by 5 nm of Au. The H(mT)
LSMO and STO thin films were grown using pulsed laser a0’ ' ' 7 '
deposition under an oxygen pressure of 350 mTorr at .| (b
about a temperature of 70C. The Co layers and the Au SAMPLE 1

capping layers were deposited by molecular-beam epitaxy — 1x0*{ T=20x [ ——]
(sample 2) or by sputtering (sample 1). The trilayers =
are etched using a conventional UV lithography in order E 7
to define a mesa structure (with a diameter of 10 or =
20 um) for tunneling measurements (with a dc technique)
[17]. The magnetization was measured with a SQUID  xi10*-
magnetometer.
Thel (V) curves clearly show a non-Ohmic behaviorand ~ x10""—© 0 5 o o
the expected asymmetry corresponding to the asymmetry H(mT)
of the structure. The fit with theoretical expressions [18] G.1. () Resistance versus applied magnetic field for a
indicates a mean barrier height of about 1.2 eV. We alsg’>- - VETS
note that_the in-plane resistance of t_he LSMO bottongoif"rend %gSSTig Iéil\c/c_) J-Fjr?gt'fensi:;;nier( is(slimﬁrfuﬁ)]' inTtT]%
electrode is only 0.02% of the tunnel resistance, and we Cagp configuration, which we call an inverse TMR. (b) Mag-
therefore rule out any additional geometrical effect [19]. netization versus field curve measured on the same sample at
Figure 1 shows the magnetoresistance (at a voltage0 K.
of —0.4 V) and magnetization curves recorded on the
same sample. The two-step reversal in the magnetization
curve [Fig. 2(b)] indicates a good decoupling of the twoin the two electrodes. But, in this latter case, the
magnetic layers, so that an AP alignment is obtainedhegative polarization of R€®, is quite expected due to
between the two coercive fields. The interesting effecthe conduction mechanism by hopping between minority
is the inverse TMRshown in Fig. 1(a). When, in a spin states in the E®, oxide and is not related to the
decreasing field, the magnetization of the LSMO layerimportant problems currently raised by the tunneling from
switches at about-3 mT, the resistance of the junction ferromagnetic transition metals, i.e., the respective role
decreases rapidly, by a factor of 1.7 for this sample. lof s andd electrons [7,9], the influence of the insulator
remains nearly constant unti-40 mT and then, with on the polarization [9], and the correlation between the
the progressive reversal of the Co layer, returns to itbias dependence and the or d-band DOS. Whereas
saturation value. The magnetic fields corresponding téhe positive polarization of Cadn junctions with AbO;
the different transitions in thB(H) curves are larger than is ascribed to thes electrons([7,9], the negative one
those observed for the magnetization curve, which is notve observe agrees with trmonventional picture of the
surprising when one considers that tunneling is sensitiv€o 4 band with a higher DOS aEr for the minority
to the magnetization of the interface which can switch aspin direction(a negative polarization also confirmed by
higher field than the bulk. The same behavior is observedalculation of the DOS at the surface of the Co [11]).
for the 10 and 2Qum diameter junctions of sample 2. In According to preliminary calculations [20], this is due
that case, the TMR is around 30%, a lower value certainlyo the predominance ofl-d bonding between Co and
due to the lower quality of the LSMGBTO interface. Ti or Sr at the interface. We now describe how the
As the spin polarization of the LSMO igositive,the  bias dependence of the TMR reflects the structure of the
inverse TMRobserved in LSM@STO/Co junctions is d-band DOS and confirms the interpretation.
the signature of anegative polarization for Can this As shown in Fig. 2, when a negative voltage is applied
type of junction. The inverse TMR recently observed inbetween the LSMO and the Co electrodes, one observes
Fe;0,/STO/LSMO junctions [16] is also probably due an increase in the magnetoresistance. The TMR reaches
to a combination of positive and negative polarizationsits maximum value for an applied voltage aroun@.4 V

1x10™4
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MMM for LSMO (majority spine, band) at several biases. The
] DOS for Co comes from calculations performed by Wang
@ =% 1 [8] for a fec(001) Cgvacuum interface. The DOS of

; LSMO is taken from a direct observation by spin-resolved
] photoemission spectroscopy [21].
] (8) V = 0 [Fig. 3(a), point &) in Fig. 2]: Since, in Co,
] the d-character DOS aE is higher for the minority spin

) p—

[ SAMPLE 1
-40 |- 10pm
[ T=5K

& 20 st savme1 =3 direction, the most probable transitions (represented by
£ y :ﬂ% . Pissvoage-+115v | ] the arrow) are those between the minority (spiel band
10 [4 4 %\MPLEZ 14 400 200 0 200 400 1 of Co and the majority (spifi) band of LSMO occurring
[ T=30K I H(Oe) ] in the AP configuration. This explains the inverse TMR
' © ] observed at low bias.
0r J,‘ — (b) V. = —0.4 V [Fig. 3(b), point @) in Fig. 2]: The
P INVERSE TMR | NORMAL TMR ] inverse TMR is maximum because, in the AP configu-
L[\ ST TN S ot S/ T ration, the electrons can tunnel from the Fermi level of
2 15 4 05 0 05 1 15 2 LSMO to the peak in the spih DOS at about 0.4 eV
Bias voltage (v) aboveEr in the d band of Co (see arrow). At a higher

) , . , energy, the spinl DOS of Co decreases progressively,
E(')G- 2. TMR ratio as a function of the applied dc bias for,hich’is consistent with the progressive decrease of the
um Co/STO/LSMO junctions of samples 1 and 2. The
inverse TMR is maximum at about0.4 V and reaches-50% TMR betW?en__OA and—2 V. ) )
and —30% for samples 1 and 2, respectively. At positive bias (C) Positive bias andt = +1.15 V [Fig. 3(c), point €)
the TMR decreases rapidly and a normal TMR of, respectivelyin Fig. 2]: For positive bias, the Fermi level of LSMO
1.5% and 1% is measured &tl.15 V for samples 1 and 2. goes down into the energy range of the spish band of
;hpeo's?t?\?é 'gigs‘eo?‘irTsal\/TMR measured at 5 K on sample 1 foicq \which opens the possibility of tunneling from the spin
' ' 1 d band of Co to the spifj d band of LSMO in the
P configuration. Consequently, the inverse TMR drops
(—50% for sample 1 and-30% for sample 2) and then rapidly. At+1.15 V, the Fermi level of LSMO is at about
decreases slowly. The maximum value is obtained at ththe energy of the peak in the spind band of Co, the
same voltage for the two samples and for all the junctionsunneling from the spirf DOS of Co to LSMO (arrows)
demonstrating the intrinsic character of the phenomenorin the P configuration exceeds that from spiDOS of
For a positive applied voltage, the TMR decreases rapidl{Co to LSMO in the AP configuration, and the TMR is
and changes its sign &t0.8 V. A normal TMRof 1.5%  normal.
is obtained for an applied voltage around 1.2 V, as shown It thus turns out that the maximum of inverse TMR
by the inset of Fig. 2. at —0.4 V, the crossover to normal TMR above about
To see the correlation between the bias dependence 6f0.8 V, and other features of the bias dependence reflect
the TMR and the structure of the DOS of theband of the structure of the DOS of thé band of Co, in contrast
Co, we have represented in Fig. 3 the relative positionsvith the absence of structure in the bias dependence ob-
of the DOS for Co (majority and minority bands) and served for conventional junctions with an,8l; barrier.

(a) Y=0 (b) V=204V (c)V=+1.15V

Co "d" electrons Co "d" electrons

La Sr MnO 3ev La Sr MnO Co "d" electrons
0.7 03 3 0.7 03 3 l‘ 3ev L307Sr03Mn03

Spind

SpinT Spin!  SpinT SpinT . . 3ev
Spind  SpinT ¢ minority majority

majority  minority majority majority minority majority SpinT
majority
FIG. 3. Relative positions of théd DOS in Co and LSMO for (a) a bias around zero, (b) a negative bias(o V, and (c)
a positive bias of+1.15 V. The DOS of Co interface is taken from Ref. [11] and that of LSMO from Ref. [21]. In each case,

arrows indicate the route of higher tunneling rate which occurs between majority states of LSMO and minority states of Co in the
AP configuration [(a),(b)] or between majority states of LSMO and majority states of Co in the P configuration (c).
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Quantitatively, if we assume a polarization factor of 0.8ments on tunnel junction, conventional AR experiments do
for LSMO at low temperature [14], a fit of the TMR at not determine the sign of the polarization and also cannot
5 K and—-0.4 V with Eqg. (1) leads to an effective polar- reflect the influence of an insulating barrier.
ization coefficientPc, = —0.25. We thank J. Nassar and J. M. George for their help for
As the temperature increases, the TMR decreases rathigre experimental work and acknowledge fruitful discus-
rapidly, as this has always been observed for junctionsions with J. Barnas, P. M. Levy, F. Petroff, and M. Viret.
with LSMO [13,14]. However, on our junctions, the The work was partly supported by the European Commu-
TMR does not vanish and is still 5% at RT for sample 1.nity and the NEDO of Japan.
This type of junction, with its TMR keeping up at
relatively large negative bias, can even be of interest
for applications, at least with HM oxides exhibiting a
higher Curie temperature [22]. At room temperature, the [1] J-S. Mooderaet al., Phys. Rev. Lett74, 3273 (1995).
bias dependence of the TMR exhibits the same structurd?l W-J. Gallagheret al., J. Appl. Phys.81, 3741 (1997);

related to the DOS of the/ band in Co but is less g'a?afp%tl a&ﬁjlsAfgtlt'gmé;sS%lggg)l (1998); J. Nassar
pronounced than at 5 K. _ [3] C.L. Plattet al., J. Appl. Phys81 5523 (1997).
In conclusion, we sum up the results of this work. [4] B. Doudinet al., Phys. Rev. Lett79, 933 (1997).
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