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An inversion of spin polarization has been observed in spin-dependent tunneling (SDT) junctions
with Ta,Os and TaOs/Al,O; barriers. The resistance of an SDT junction is found to be lower with
magnetization of the ferromagnetic electrodes aligned antiparallel under specific voltage configurations.
The tunneling magnetoresistance effect changes sign with applied voltage and varies ffénto
—4% at room temperature. This inversion is believed to be due to the change in sign with bias of the
spin polarization of one of the two electrodes. The strong dependence on voltage suggests negative
spin polarization could arise from the densities of states for spins being different at the two electrode/
barrier interfaces. [S0031-9007(98)08200-3]

PACS numbers: 73.40.Gk, 75.70.Pa, 85.30.Mn

Spin-dependent tunneling (SDT) between ferromagwith TaOs/Al,O; barriers. A positive TMR effect is
netic (FM) electrodes across an insulating barrier was firsbbserved in these junctions when the applied voltage
reported by Julliere [1]. He observedld% change in is greater than—0.1 V. For junctions with barriers
the resistance of an SDT junction of Fe and Co electrodesf reversed composition, i.e., AD;/Ta0Os, this TMR
separated by a Ge barrier. A model of the spin polarizabehavior is reversed. These results indicate that the spin
tion of the tunneling electrons proposed earlier by Tedrowpolarization coefficient at the T@s/electrode interface is
and Meservey [2,3] was used to suggest a simple formulaf opposite sign than that at the &5 /electrode interface
for the tunneling magnetoresistance (TMR) ratio: under specific bias conditions.

. . A Sputtered Films Shamrock deposition system was

AR/Ry = Rap/Ry = 1= 2P1Py/(1 = P1Py). used to deposit the SDT structures on Si substrates. The
where R,;, is the resistance of the SDT junction with bottom electrode was 12-nm-thick gyFe,, exchange bi-
the magnetizations of the ferromagnetic electrodes alignedsed with an underlying 10-nm-thick FeMn layer. Thin
antiparallel to each other, an&, is the resistance layers of Ta and/or Al were deposited above the bottom
with magnetizations aligned parallel. Here, = (k,; —  electrode in thicknesses varying from 0.5 to 1.5 nm and
ko1)/(kost + koy) is the spin polarization coefficient of plasma oxidizedn situ to form the barrier. Processing
electrode o = 1,2 with k,; and k,; being the free- conditions for the samples are given in Table I. An 8 nm
electron wave vectors of the tunneling electrons closéNiFe layer was used as the counterelectrode. Photolithog-
to the Fermi level [2—4]. The SDT effect has recentlyraphy was used to pattern the junctions in size$ pfm X
attracted much interest due to success in both achieving) um, 10 um X 20 um, and30 pm X 60 um. Mag-
high TMR ratios and forming tunneling barriers with netoresistance measurements were done using a Keithley
good reproducibility [5—16]. Critical to the SDT material S110 Hall Effect System in conjunction with a CTI-
system is the choice of the tunneling barrier. Only a fewCryogenics C22 Helium compressor. In addition, x-ray
materials form good barriers for spin-polarized tunneling:photoelectron spectroscopy was used to study detailed oxi-
Al,Os5 [5-13], AIN [9], GdO, [14,15], NiO [14], MgO dation states of the barrier by depth profiling. Results
[16], and HfQ [16]. Amongst these, AD; has proved of these experiments and more detailed studies of oxida-
to be the most successful in SDT junctions [5—7]. Thistion times and barrier thicknesses are being published else-
is largely attributed to the excellent wetting properties ofwhere [17,18].
Al and its ability to oxidize readily. Reactively sputtered Figure 1 shows the resistance of5aum X 10 um
TaO5 has been attempted in SDT junctions by Pétal.  junction from sample sed as a function of the applied
[16], albeit without success. magnetic field under various applied voltages. The barrier

We have successfully fabricated & and composite in sample setA was formed by depositing layers of Ta
Ta,0s/Al,0; SDT junctions. In this Letter, we report (0.5 nm) and Al (0.5 nm) and then oxidizing for 1 min.
on SDT junctions using plasma-oxidized /Pd to form  The voltage applied corresponds to positive bias with
a composite Tg0s/Al,0; barrier. The TMR ratios of respect to the top electrode (in this case, theQilside
these junctions are found to be strongly dependent oof the barrier). The usual magnetic exchange-biased loop
the applied voltage. A negative TMR effect is observedis seen with an exchange bias-e150 Oe. The free layer
over a wide range of negative voltages for junctionsloop is slightly offset from zero field due to ferromagnetic
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TABLE I. TMR (AR/R) andR results for samples with different barriers. Values areSfarm X 10 um sized junctions. Data
for both room (297 K) and low (20—30 K) temperature measurements are shown. Maximum positive and ARgRsealues
observed are shown separately.

Sample A B C D E
Barrier layer (nm) Ta 0.5Al 0.5 Ta 0.75Al 0.75 Al 0.75/Ta 0.75 Ta 0.75 Al 1.25
Oxidation time (min) 1 4 4 15 2.5
At room temp:
R (MQ um?) 0.05 107 61 1.28 0.13
Max AR /R (%) 1.8 12 2.0 1.0 16
—2.2 —4.1 —0.8 —-0.7 e
At low temp:
R (MQ um?) 0.06 140 135
Max AR/R(%) 2.7 2.2 4.0
—-32 =72 —-1.0

coupling with the exchange-biased layer. The magnetiterials [19,20]. These are expected to occur at relatively
moments of the electrodes are aligned antiparallel to eadhigher voltages>*$1 V). Third, this inversion is not likely
other for fields between 15-150 Oe and are parallel foto be an artifact of junction geometry as the junctions have
higher and lower fields. At+0.43 V, the junctions have a high resistances (cf. Table I) and data were obtained by
lower resistance for antiparallel alignment, demonstratingwo-probe measurements. This is particularly evident as
an inverse TMR effect. As the applied voltage is raisedthe contribution of the leads to the junction resistance is
the magnitude of inverse TMR is reduced, the junctions exless thanl 50 ().
hibiting zero magnetoresistance close-6.11 V. Rais- Measurements of the bias dependence of TMR were per-
ing the voltage further induces a positive MR effect, whichformed over the entire possible voltage range. The break-
reaches a peak at0.2 V and decreases at higher voltages.down voltage of most devices was greater than 1.5 V.
The inverse TMR effect observed is rather striking.Results of magnetotransport measurements are summa-
First, both the electrodes used are NiFe, with a welrized in Table I. In Fig. 2 are shown TMR ratio versus
known positive spin polarization when measured througlapplied bias curves typical for sample satsB, C, D,
Al,Os tunneling barriers. Second, the inversion occurandE. Sample setd and B [cf. Fig. 2(a)] exhibit nega-
at small voltages £0.5 V). The only previous predic- tive TMR values for large negative voltages, i.e., when
tions of negative spin polarization known to the authorghe TaOs side of the barrier is positively biased. The
are those reported for spin-polarized scanning tunneling-V curves observed are slightly asymmetric indicating
microscopes with different tunneling tip and sample ma-different barrier heights for the 7@; and the A}O;
sides of the barrier. For sample sét [cf. Fig. 2(b)],
the negative excursion of TMR occurs at positive volt-
ages. This is because, the Ta layer being deposited atop
the Al layer, TaOs now lies adjacent to the top elec-
trode and is positively biased. It is possible that the
magnitude of TMR differs from that in sample s8t
because the oxidation now occurs with the Ta layer atop
the Al layer. In sample seD, a Ta-only barrier pro-
duces a negative-going excursion of TMR for high enough
positive and negative voltages [cf. Fig. 2(c)]. This sug-
gests that the TMR, being proportional BgP, near zero
bias (as discussed in the following paragraphs), is posi-
tive for small voltages and changes sign at higher voltages.
Sample sef¥ with an Al-only barrier served as a control
for our experiments. It exhibits the usual voltage depen-
dence of TMR with a maximum TMR of 16% at room tem-
FIG. 1. Typical R-H plots obtained at 297 K for samplé  perature [cf. Fig. 2(d)]. It is thus clear that the observed
(Ta 0.5 nmYAl 0.5 nm). An inverse TMR effect is seen be- effects arise from changing the barrier material alone.
low —0.11 V. Note the ordinate scale is in terms of absolute 5 ;ar0-pias anomaly, possibly related to different oxi-

resistance. Because of the nonlinda¥ characteristic, resis- fi hani ‘s al b di | 18
tance changes with applied bias and the curves shift verticallyd@tion mechanisms, is also observed in some samples [18].

Curves for positive bias are shown separately to the right for By matching free-electron wave functions at the elec-
clarity. trode/barrier interface, Slonczewski extended the original
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_ (ka'T - ka'l) (K2 - ka'Tktrl)

(kO'T + ka'l_) (K2 + ka'T_kUl) ’ ) )
where k, the wave vector in the barrier region, is taken
to be the same for tunneling electrons of either spin.
As discussed by Meservey and Tedrow, the observed
TMR ratio, being proportional t® P,, can be negative
if the electrode spin polarization®,; and P,, given by
the above equation are of opposite sign [6]. This could
happen due to either of the two terms in the numerator.
The above formulation has been modified by Bratkovsky
to include contributions from effective mass [12].

Recently, in doing calculations of the spin-polarized
surface densities of states for Co from first principles,
Tsymbal and Pettifor have found the polarization sof
electrons alone is of opposite sign from the combined
polarization ofs, p, andd electrons [22]. They conclude
that the nature of the bonding at the electrode/insulator
interface can influence the character of the tunneling
electrons and thus both size and sign of the polarization.

In our studies, since the same material, NiFe, is used
for both the top and bottom electrodes, it is possible that
the interfaces have a profound effect on the tunneling of
electrons. Because of the very different band structures
of TaOs and ALO;, and consequently different bonding
characteristics, the relative contribution framelectrons
and fromd electrons to the tunneling current could be
markedly different at the two interfaces even though the
electrode materials are the same. The character of tunnel-
ing electrons could change, thus giving the ferromagnetic
electrodes spin polarizations of opposite signs.

The strong dependence of TMR at low voltages in
our junctions suggests that an inversion similar to that
predicted by Burgler and Tarrach [20] could occur quite
close to the Fermi level. A similar peaked feature
0.1-0.2 eV in width could produce the TMR curves of
Fig. 2. We have done calculations along similar lines
! : : : : and incorporated the treatment of spins by Slonczewski
- . [21] on a hypothetical band structure shown in Fig. 3(a).
ool t . 1 . 1 . | The shaded regions represent states lying between the

-0 05 00 0.5 L0 two Fermi levels that contribute to the tunneling current.
Voltage (V) As can be seen, the spin polarizations of FM1 and FM2

FIG. 2. Voltage dependence of TMR for (a) samplas are opposite in sign for a bias 6f0.2 V, resulting in a

(Ta 0.5 nm/Al 0.5 nm) and B (Ta 0.75 nnfAl ‘0.75 nm), negative TMR. In Fig. 3(b),_ when 'Fhe _blas 0.2 V,
(b) sampleC (Al 0.75 nnyTa 0.75 nm), (c) sample® (Ta  both FM1 and FM2 have spin polarizations of the same
0.75nm), and (d) samplE (Al 1.25 nm). Sampled exhibits  sign, and the resultant TMR is positive. The full TMR
negative TMR at negative bias and positive TMR for biasversus bias curve is shown in Fig. 3(c). The general shape
grebggi;eﬂlﬁgt_ﬁilsgfn Ilgassgrr?dpgegﬁdﬂlﬁebgglZrti\?grgggjpsl?onn 'S of this curve resembles closely the experimental curves
TR/IpR occurs above+8.1 V. For sampIeD,ga Ta-only barrier obtained [cf. Fig. 2_(a)]. To simplify the palculatlon, the
causes a negative excursion for both h|gh enough positive an@ffects Of the effeCtlve mass Of the tunne“ng eleCtI’OhS and
negative voltages. With an Al-only barrier, sampleserved as  the barrier shape due to differing barrier heights on the Ta
a control and has the usual always positive TMR decaying aand the Al sides were not included.
higher voltages. In summary, both T#Ds and composite T:#s/Al,0;
barrier junctions exhibit TMR effects of abofe at room
definition of the spin polarization coefficielt, to pro- temperature and% at low temperatures. An inversion of
pose possible contributions from electrode-barrier intermagnetoresistance that is voltage dependent is observed
face effects [21]: in some TaOs and composite AlO;/TaOs junctions.
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FIG. 3. Simple calculation for explaining inverse magnetoresistance. A hypothetical density of states mimicking gross features in
calculated band structures is used here purely for illustration. The two metals, FM1 and FM2, have an exchange splitting of 0.5 eV
and different band structures witfy;, higher thanE,, by about 0.3 eV. Shaded regions show portions of densities of states that
take part in the tunneling process. (a) FM2 biased-@2 V with respect to FM1, (b) FM2 biased &t0.2 V, and (c) the resultant

TMR versus bias curve. Note the general shape of the curve reproduces the features seen in the experimental data [cf. Fig. 2(a)].
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