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Abstract - Spin-dependent tunnel magnetoresistance of
Co(10nm)/ALG3(2.6nm)/M(tnm)/ NiFe(10nm) with M =
Co or CoFe was studied as a function of the thickness of
M,. The thickness (t) of the doped Co or CoFe was varied
between 0 and 3 nm.  We have experimentally showed
that the polarization of tunneling electrons can be varied
by modifying the interfacital condition between the
insulator and magnetic layers. The enhancement of the
tunneling magnetoresistance in samples of Co(10nm)/
AlLO;(2.6nm)/CoFe(tnm)/NiFe(10nm) 1is greater than
that in samples of Co(10nm)/ AlO5(2.6nm)/Co(tnm)/
NiFe(10nm) for t between 0.8 and 2.0 nm. The
enhanced tunneling magnetoresistance may be attributed
to the increase in the effective polarization of the tunnel
clectrons due to the spin-filtering effect from the
additional magnetic layer M. Besides, from the
oxidation process study of the Al-O insulator layer on
Corning glass, we have shown experimentally thai the
optimal condition for the oxidation of the Al-O insulator
layer in FM/AI-O/FM system can be obtained under the
pressure of 5x107 torr for 50% of Ar + 30% of O,
environment with both natural and plasma oxidations.
For optimal oxidation of the Al-O insulator layer in a
spin-dependent tunnel system, its thickness should be less
than 3 nm

TMR.
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1. Introduction

The studies of spin-dependent tunneling junctions
(SDT) are currently an active field of research because of
its possible technological applications in data storage
[1,2]. In general, the large tunneling magnetoresistance
(TMR) ratio between two ferromagnetic metal layers
(FM1I and FM2) separated by a thin insulator (I) can be
explained by the Julliere model [3], that polarization of
magnetic layers plays the dominant role. However,
many essential factors such as the interfacial effect in
TMR have not been clearly understood due to the
fabrication difficulties of SDT junctions. Onc of the
important interfacial effects is the spin-flip scattering by
metallic impurities at the interface between the insulator
and ferromagnetic electrodes. It is very interesting to
investigate the exchange mechanism in FMU/I/FM2
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system by adding a magnetic or a nonmagnetic metal
interface layer into the insulating layer or between the
insulating and magnetic layers as well as by the quality of
the insulating layer. The presence of metallic impurities,
such as Co, Ni, Cu, or Pd in the tunnel barrier of
Co/ALOs/NigoFeyy SDT junction have been reported to
result in a reduction of TMR ratio due to the spin-flip in
the spin-scattering process [4-6]. An enhancement of
TMR ratio at high bias voltage has been experimentally
studied in Co/AlLO5/Co/Al,O3/NigoFeyo system [7]; and
in the Coulomb blockade regime has been theoretically
studied in insulating Co-Al-O granular films {8]. In this
paper, we report an experimental study on the
enhancement of the polarization of the tunneling electron
by the addition of an extra Co or CoFe layer in the
interface of the ALO; and NiFe layvers in the
Co/ALOs/NiFe system. We also report oxidation effect
on an aluminum oxide insulator.

2. Experimental

The NiFe(10 nm)/M(t)/Al-O(2.6 nm)/Co(10 nm) SDT
junctions with M being cither Co or CoFe, and t varying
from 0 to 3 nm were grown by a rf and dc magnetron
sputtering system on 7059 corning glass substrates.  The
basc pressure was lower than 3 x 107 torr.  Co and NiFc
were deposited by DC magnetron sputtering with a
deposition rate of 0.3 ~ 0.4 nm/s and the insulator is
made by RF glow discharge (50% of Ar + 50% of O,) of
the Al deposited on the bottom Co elecirode. The
oxidization of the aluminum layer was performed by both
plasma and natural oxidization. Cross strip junctions
with ImmxImm dimension was designed to measure
junction resistance by current perpendicular to plane
(CPP) and 4-probe methods. Electrical propertics
including TMR and current-voltage relation (I-V curve)
were measured by using a DC source. AFM (atomic
force microscopy) was used to check the morphology of
films. All of measurements were made at room
temperature.

3. Result and Discussion

The tunnel resistance of the fabricated SDT junctions,
glass substrate / Co (10 nm) / Al-O (2.6 nm) /Co or CoFe
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(t nm) / NiFe (10 nm), ranges from 2x10° to 10° Q.
This resistance is much larger than the resistance of
ferromagnetic electrodes (~ 10 to 30 €2). Hence, the
effect of the non-uniform current distribution in SDT
junctions [9] during measurement of the resistance of
SDT junctions by the 4-probe method can be excluded.
The product of the resistance and the junction arca (RA)
was found in the same range of 2-10 Q-cm” for all the
junctions. As an example, Figs. 1(a) and (b) show the
TMR loop for SDT of the Co (10 nm) / Al-O (2.6 nm) /M
(t nm) / NiFe (10 nm) system. In Fig. 1(a), M = Co, for
sample with t = 0.0 nm, the tunneling resistivity which is
defined as the product of the tunnel resistance and
junction area and the TMR ratio are 3.6 OQ-cm® and 3.5 %,
respectively.  The coercivity of the top and bottom
electrodes is approximately 6 and 23 Oe, respectively.
A TMR of approximately 9 % for the sample with t = 1.2
nm is shown in the middle part of Fig. l(a). In the
lower part of Fig. 1(a), the TMR ratio for the sample
with t = 3.0 nm is ~ 4%, however, under this condition,
the coercivity of the top and bottom electrodes is
approximately the same, because the inserted 3.0 nm
thick Co lfayer will be enough to dominate the top
electrodes. Fig. 1(b) presents similar TMR behavior for
samples with M = CoFe. A TMR of approximately
14 % for the samples with t = 1.3 am is shown in the
middle part of Fig. 1(a). An enhancement of the TMR
for samples with t less than 2 nm were observed. This
may be attributed to the increasing of the spin
polarization of the top NiFe layer due to the additional Co
or CoFe layer between the insulator and the NiFe layers.
For samples with t larger than 2.0 nm, its TMR decreases
manifestly as shown in the lower part of Fig. 1. It is not
clear yet that the polarization is a very step function of t.
Further quantitative analyses are in progress now and
will be reported later.

The I1-V  curves for these junctions showed
approximately the same behavior, with a slight variation
of the barrier width and height.  We can fit the curves by
Simmon’s appropriate formula [10]: J = aV + yV* to
obtain the effective barrier width (4) and height (¢),
where J is the current density in the SDT junction and V
is the bias between the two ferromagnetic electrodes.
Here, two coefficients, o and vy, are functions of & and ¢.
The effective barrier width and barrier height by fitting I-
V curves from Simmon’s formula as show in Fig. 2 are
2.1 nm and 1.2 eV for undoped samples, 2.6 nm and 1.3
eV for samples doped with Co, and 2.4 nm and 1.3 eV for
samples doped with CoFe, respectively. These values
are consistent with those of the previous studies [11,12],
indicating an insulating behavior.

From the AFM measurement, the root-mean-square
roughness is < 1 nm for all the samples. In general, it is
smaller than the thickness of the Al-O insulator layer.
To further understand the insulator layer, the oxidation
effect of an oxidized aluminum layer formed by either
natural or plasma oxidization of aluminum films was
studied by in-situ resistance measurcment of oxide
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Fig. 1a TMR loops of the SDT junctions with the
thickness of Co doped layer between NiFe and Al-O
layers as 0.0 nm, 1.2 nm, and 3.0 nm.
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Fig. Ib  TMR loops of the SDT junctions with
the thickness of CoFe doped layer between
NiFe and Al-O layers as 0.0 nm, 1.3 nm, and
3.0 nm.

growth of Al films as a function of the film thickness.
Five samples with the thickness of the Al layer as 67.4,
90, 150, 200, and 300 A have been studied systematically.
The variation of Al thickness was calculated from the
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Fig. 2 1-V curves for all the SDT junctions.

sheet resistance of Al.  In general, before oxidiation, the
resistance of the films increased approximately from 1 to
20 € for films with thickness varied from 67.4 to 300 A
as shown in the top part of Fig. 3.  Under the pressure of
5%10 torr for 50% of Ar + 50% of O, environment,
samples start to oxidize naturally, and the resistance
increases abruptly within a few seconds.  If we keep the
same pressure condition, the resistance is not changed,
which means that oxidation is saturated. After fitting
these experimental data to the relation of the resistance as
a function of the thickness of Al for all the samples, as
shown in Fig. 3, the oxidation laver for all the Al films is
approximately 6 A. An oxygen stable samples after
natural oxidization could be oxidized again by plasma
oxidization process. As shown in Fig. 3, only the data
of Al films with thickness of 67.4 and 90 A were used to
fit the relation.  Because the change of their resistance to
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Fig. 3 The variation of the resistance and Al
thickness of the oxidation as function of time
for Al films with thickness of 67.4, 90, 150,
200, and 300 A.
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the oxidation condition is sensitive to this analysis. The
plasma oxidization starts roughly after 5 minutes of the
natural oxidation and under the same pressure and gas

conditions. We observed that the resistance increases
again. This means oxidation continues for the Al films.

In general, the Al thickness drops abruptly by ~ 4 times
compared to that by natural oxidization. The total
thickness of the oxidation of the Al films is ~ 30 A.

Fig. 4 shows the TEM picture of a cross section of an
undoped sample on a Si substrate with a thin Si0, buffer
layer. A Si substrate was used instead of a glass

-

AlO 2.66 nm

Fig. 4 TEM cross-section picture of a NiFFe/Al-
0O/Co spin-dependent junction.

substrate to fabricate ample preparation. The thickness
of the layers for NiFe, Al-O, Co, and Si0; are 13.66, 2.66,
11.38, and 1.66 nm, respectively (resolution is +0.02 nm).
The interfacial roughness of all the layers is (£ 1| nm)
quite small, if we compare it with the thickness of the
individual layers. The Al-O layer was formed under
both natural and plasma oxidization. The thickness of

Al-G is quite uniform. Both TEM and AFM
obscrvations clearly show the good quality of the
junctions.

The TMR ratio measured as a function of t shows a
maxtmum for SDT junctions, glass subsirate // Co (10
nim) / Al-0 (2.6 nm) /Co or CoFe (t nm) / NiFc (10 nin).
with t between 0.0 and 3.0 nm are shown in Fig. 5. For
thinner samples with t less than approximately 0.8 nm
(region I in Fig. 5), the TMR increases with the thickness
of the inserted Co or CoFe layer. This indicates that the
spin-filiering ability of the inserted Co or CoFe layer
increases with increasing its thickness from 0 to ~0.8 nin.
The polarization of transmited electrons at  the
ferromagnet-insulator interface should be cnhanced by a
kind of spin filtering effect due to the existence of the
inserted Co or CoFe layer. Upadhyay et al }13]
reported that the polarization of Co increases rapidly
from 0 to 38 % with increasing the thickness of Co from
0 to 1 nm by fitting the spin up and down transmission
coefficients of the transport experiment of superconductor
(Pb)/ ferromagnetic material (Co)/normal metal(Cu). In
region 1, the spin filtering effect is dominated for SDT
junction.  This is because the inserted Co or CoFe layer
is thick cnough to play the spin-filiering mechanism.
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Fig. 5 The variation of the TMR as a function of the
thickness of doped Co and CoFe layers.

The maximum TMR is reached 9 and 14 % for SDT
junctions with 0.8 ~ 2 am thickness of inserted Co and
CoFe, respectively.  This indicates that the spin filtering
effect is larger for inserting CoFe than that of Co. In
region I11, the thickness of the inserted Co or CoFe layer
is > 2.0 nm, which is thick enough to dominate the
magnetic behavior of the top magnetic electrode in
FM/Insulator/FM  SDT  junction. This can be
demonstrated from the variation of the cocrcivity of the
top and bottom magnetic layers. We have observed that
the difference of the coercivity between the top and
bottom magnetic layers decreases with the thickness of
the inserted Co or CoFe layer. 1In other words, the anti-
ferromagnetic interaction between the top NiFe and the
bottom Co layers separated by a thin Al-O insulator with
thickness < 3.0 nm is reduced by increasing the thickness
of the inserted Co or CoFe layer. This can be also
related to the shrinking of the plateau of the maximum
TMR region as shown in Fig. 1. The platcau of the
maximum TMR is ~ 20 Oe for sample with t = 0.0 nm,
however, 1t is approximately zero for samples with t = 3.0
nm. The easily and hardly magnetized spins ¢xist in
both top and bottom electrodes. In the region with
thicker inserted Co or CoFe layer, the switching magnetic
field of casily magnetized spins of two ferromagnetic
electrodes are almost the same. The hardly magnetized
spins can be explained in the orange pecl model by the
presence of roughness of ferromagnet-insulator interface
{14}, In region M, the formation of a perfect
antiparallel magnetic alignment of the top and bottom
electrodes is weaker than that in region II, and only the
rotation of hardly magnetized spins contributes to
tunneling magnetoresistance.

In summary, from the oxidation process study of the
Al-O insulator layer and an extra magnetic layer in the
interface of the Al-O and NiFe layers in Co/Al-O/NiFe
system, we have shown experimentally that the optimal
condition for the oxidation of the Al-O insulator layer in
a spin dependent tunnel system and the enhanced spin
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polarization in SDT junctions by an extra Co or CoFe
layer. The polarization of tunneling electrons can be
varied by properly modifying the interfacial condition
between the insulating and magnetic layers; and we have
observed that this effect is greater for inserting CoFe
layer than that of inserting Co layer.

References

[11 1 8. Moodera, L. R. Kinder, T. M. Wong, and R.
Meservery, Phys. Rev. Lett. 74, 3273 (1995).

12} J. S. Moodera and G. Mathon: J. Magn. & Magn.
Mater. 200 (1999) 248.

3] M. Julliere, Phys. Lett. 54A, 225 (1975).

[4] R. Jansen, and J. S. Moodera, J. Appl. Phys. 83,
6682 (1998).

[5] J. 8. Moodera, J. Nowak, L. R. Kinder, and P. M.
Tedrow, Phys. Rev. Lett. 83, 3029 (1999).

[6] S.J Xiong, and Y. D. Yao, Phys. Rev. B, Submitted
(2000).

{71 F.Montaigne, J. Nassar, A. Vaures, F. N. Van Dau,
F. Petroff, A. Schuhl, and A. Fert, Appl. Phys. Lett.
73, 2829 (1998).

[81 S. Mitani, S. Takahashi, K. Takanashi, K.
Yakushiji, 5. Mackawa, and H. Fujimori, Phys. Rev.
Lett. 81, 2799 (1998).

{91 R. 1 M. van de Veerdonk, J. Nowak, R. Meservey, J.
S. Moodera, and W. J. M. de Jonge: Appl. Phys. Lett.
71,2839 (1997).

{10} J. G. Simmons: J. Appl. Phys. 35, 2655 (1964).

{11} F. Montaigne, J. Nassar, A. Vaure's, F. Nguyen Van
Dau, F. Petroff, A. Schuhl and A. Fert, Appl. Phys.
Lett. 73, 2829 (1998).

[12) C. L. Platt, B. Dieny, and A. E. Berkowitz: Appl.
Phys. Lett. 69, 2291 (1996).

|13} S. K. Upadhyay, R. N. Louie. and R. A. Buhrman,
Appl. Phys. Lett. 74, 3881 (1999).

[14] D. H. Han. J. G. Zhu, and J. H. Judy, J. Appl. Phys.
81, 4996 (1997).

213

NI | -El ectronic Library Service



