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Spin polarization of tunneling electrons was observed to decrease as the barrier thickness decreased. The
polarization measured by the Meservey-Tedrow technique has been separated into a positively and a negatively
spin polarized current arising fromsp- andd-like interfacial states. The model for separatingsp- andd-like
spin currents is expressed with an interface transmission probability, a decay rate within the barrier and
polarization for each of the channels. The present observation can also have an impact on the downscaling of
TMR elements.
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Transition metal ferromagnets and alloys show only 50%
or less1–4 positive spin polarization in tunneling experiments
resulting in a TMR signal of nearly 50%. The question arises
as to what are the fundamental limits on the resistance and
magnetoresistance of ferromagnetic to ferromagnetic
sFM/I /FMd tunnel junctions. A way to increase the TMR
signal is to search for materials with highinterfacial spin
polarization. On the other hand for the downscaling of TMR
devices ultra transparent tunnel barriers are required which
have not been systematically explored with accompanying
impact on the spin polarization. In both cases controlled ex-
periments and understanding of the spin-polarized transport
through a tunnel barrier is still missing. Some progress has
been made over the years towards understanding of the tun-
neling process from the theoretical5–12 and experimental
points of view.2,13–18Here we present experiments and analy-
sis to address the fundamental issues: thesp-like andd-like
electronic contributions to the spin polarized current as mea-
sured by a spin split superconducting spin detector using
planar tunnel junctions.

Soon after the discovery of spin splitting of quasiparticle
states in superconductors(SC) (Ref. 1) it was used as a de-
tector to determine the spin polarization of ferromagnets in a
tunneling experiment. From the beginning, the sign of the
spin polarizationP was a subject of intense discussion and it
is still debated. Stearns developed a two current model con-
sisting of majority and minority spin currents flowing in
parallel.5 Heavyd-electrons provide most of the magnetiza-
tion of transition metals but are quite localized while itiner-
ant electrons, dominating the spin transport, are polarized by
exchange interaction with the localizedd-electrons conse-
quently having a smaller polarization with opposite sign.
Based on this model understanding the origin of positive sign
(majority spins) observed in spin polarized tunneling experi-
ment is straightforward. In other words, a high spin polariza-
tion P is related to heavyd-like pockets in the Fermi surface
with a low Fermi velocity(and hence low contribution to the
tunnel current) while light sp-like electrons, highly mobile,
dominate the spin currents. Mazin12 has recently discussed
the correct way to describe the polarization in a transport
experiment—to define the spin polarization by the polariza-
tion of two currentsi j ,FM (j =sp andd) leading to a polariza-
tion weighted by the Fermi velocity squared.

At the interface with the insulator, bonding can suppress
or promote contributions to the tunneling current as it was
clearly observed in some recent experiments.16,17 The cur-
rents with different symmetriesj thus have to be weighted
with a transfer functionMj for the interface(current at the
interface,i j ,0). This is described by the matching of the Fermi
surface of the majority and minority spins in the FM to the
complex interface Fermi surface of the insulator,

i j ,0 = Mji j ,FM. s1d

In addition, the interfacial currents at the insulator interface
have a characteristic exponential decay lengthk j

−1 for each
band with symmetryj (Ref. 19) into the barrier(current
within the barrier,i j),

i j = i j ,0e
−k j t. s2d

Since thed states decay much faster within the barrier(of
thicknesst) than thesp states, as a consequence in the limit
of a thick barriert@kd

−1 only sp-like states will contribute to
the tunneling current. In Fig. 1 the normalized current is
plotted for kd

−1=0.5 Å, id,0=0.9 andksp
−1=0.68 Å, isp,0=0.1.

At 10 Å the contribution fromd-like states has dropped be-
low 5%.

In a related experimental study the tunneling from a mag-
netic Ni scanning tunneling microscope(STM) tip into GaAs
was measured by Alvarado.19 Surprisingly, in contrast to spin
polarized tunneling in planar junctions, a negative polariza-
tion of the tunneling current was observed and ascribed to
thed states, giving rise to new speculations on the tunneling
models. The question arises if it is possible to observe the
contribution of thed states in a planar spin polarized tunnel-
ing device if the barrier thickness is reduced below 10 Å
towards the limit of ultrathin tunneling barriers?

In the following experiments spin up and down currents
in a superconducting Al/Al2O3/Fe tunnel structure are sepa-
rated using the Zeeman splitting of the quasiparticle density
of states in the superconducting Al film, the Meservey Ted-
row technique.1 The superconducting electrode Al is oxi-
dized directly to form a tunnel barrier of any thickness with
excellent control and quality. Therefore it has essentially the
same properties for different oxidation times even in the
limit of ultratransparent barriers. Careful oxidation has been
carried out for various oxygen partial pressures ranging from
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1310−6 Torr to 2310−1 Torr O2. A significant activation
of the oxidation process starts for higher dosages of
1310−5 Torr s. The Al-O bonding relaxes to the bulk value
within one monolayer of the oxide,20 implying that starting
with the second monolayer the barrier height is comparable
to the bulk. The transparency of a one to two monolayer
thick barrier has been studied with ballistic electron emission
microscopy (BEEM) experiments.21 Metallic pinholes and
low energy defect channels form single electron conduction
channels. They are identified as a reason for a broadened
conduction band edge that is observed in theI /V character-
istics. Higher exposuress3310−2 Torr sd reduce this con-
duction channel sufficiently and the barrier is pinhole free.21

In superconducting tunneling, the gap region of the super-
conductor reveals immediately if the barrier is pinhole free:
since additional conduction channels open if pinholes are
present, besides tunneling, would lead to conduction within
the gap region. A detailed discussion of using this criterion to
identify pinhole free junctions is well known and was re-
cently discussed by Åkermanet al. specifically for the case
of MTJs.22 In the following, tunneling will only be discussed
for O2 dosages higher thanpO2

=8310−2 Torr s.
For ultrathin barriers the interface plays a more important

role and the model can be very complex23,24 for a realistic
system. Essentially replacing an array of barriers simulating
the rounding of the barrier by a solid one leads to a reduction
of the effective barrier height. An analysis using the Sim-
mons or Brinkman formula24,25with a value for the barrier of
2.4 eV fits theI /V spectra on a wide range of the barrier
thickness.26 We define a concept of two barrier thicknesses: a
structural thickness, defined by the real oxide barrier thick-
ness, and atunneling thicknessas seen by the tunneling elec-
tron. The difference can be attributed by a distribution of
barrier thickness on the atomic scale. The regions contribute
to the macroscopic tunneling current in parallel. Hence the

tunneling thicknesswill be determined by regions with a
thinnest barrier.

For the experiments an Al film is deposited as a supercon-
ducting electrode. The Al film is optimized for smoothness
srms roughness,one monolayerd. Homogeneity of the film
is a prerequisite for the demanding experiment
shigh superconducting critical field.4 Td. To yield these
properties the films are grown in a narrow region of opti-
mized thickness and temperature ranges,100 Kd. The bar-
rier thicknesst was varied by decreasing the thickness of
the Al layer and varying the plasma oxidation timespO2
=8310−2 Torrd from 1 s to 180 s and natural oxidation time
from 20 s to 100 sspO2

=7.5310−2 Torrd leaving a,3.8 nm
thick film of Al. In this way the only thing to change is the
barrier thickness. Shadowing and edge effects are excluded
by using a definition mask which can yield a junction of area
80380 mm2 in the middle.

Tunnel conductance measured at 0.45 K as a function of
bias voltage is displayed in Fig. 2 for different barrier thick-
nesses from 6.4 Å to 16 Å. In zero field, the conductance
curves show the energy gap of the superconducting density
of states in Al. These quasiparticle excitation peaks are
broadened by the finite temperature. For the thinner barrier
junctions (with correspondingly high conductance) a small
additional broadening by current driven effects or heating is
observed. An effect on the polarization by a small asymmet-

FIG. 1. (a) Parameters determing thesp- and d-like currents
through the Al2O3 oxide barrier carrying a polarizationPsp andPd.
(b) Calculation with Eq. (2) of the text using isp,0=0.1, ksp

−1

=0.68 Å andid,0=0.9, kd
−1=0.5 Å.

FIG. 2. Tunneling spectra measured with the Meservey-Tedrow
method for a Al/Al2O3/Fe junction. The conductance curves have
been shifted by a constant amount for clarity. Shown are the data for
0 T (filled symbols) and 3.3 T(open symbols). The fits are given by
the solid lines as described in the text.
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ric reduction of the conduction peak values has been esti-
mated to be not significant and within the error bars. Insig-
nificant conductance at zero bias in the absence of an applied
field shows the high quality of the junctions. In the presence
of an applied field of 3.3 T parallel to the film plane the
quasiparticle density of states is split into spin up and spin
down peaks separated by the Zeeman energy. The asymmetry
of the conductance peaks is due to spin polarized tunnel cur-
rent from the ferromagnet. The exact values of the spin po-
larization are analyzed with a model based on a theory by
Maki.27 For high resistance junctions the conductance peaks
reveal the well-known polarization of Fe: around 44% for
thicker Al2O3 barriers.1 A significant change appears for a
junction resistance below about 10V (corresponding to a tun-
neling thickness of about 8 Å): for the thinner barriers the
spin down channel starts to increase and the spin polarization
drops by a factor of 2 to a value of 22%. Figure 3 shows a
plot of the polarization values as a function of the barrier
thickness as seen in a tunneling experiment—the polarization
starts to decrease below 10 Å Al2O3 barrier thickness.

In order to understand the drop in polarization we assume
that the tunneling current is carried byisp and id currents
having different decay lengthsksp andkd as given by Eq.(2).
The total polarizationP of the spin current now arises from
two currents having polarizationPd andPsp,

19

Psisp+ idd = Pspisp+ Pdid. s3d

Combining Eq.(3) with Eqs. (1) and (2) one can write the
effective polarization as

P =
Pspisp,0e

−kspt + Pdid,0e
−kdt

isp,0e
−kspt + id,0e

−kdt . s4d

The thickness dependence of the polarization is thus de-
scribed by six parameters. The interfacial currentsisp,0 and

id,0 normalized to the total current are related by

isp,0 + id,0 = 1. s5d

The polarization for thesp-like contribution is well known
for the limit of thick barriersPsp=44% and reduces the free
parameter to 4.

Keeping isp,0 fixed, two different limiting cases can be
considered:(i) For a smaller contribution ofd-like currents
id,0=0.75, analyzing with Eq.(4) yields a polarization of
Pd=−1. A high negative spin polarization is needed to simu-
late the decrease in spin polarization. Keepingksp

−1 fixed at
0.35 Å the decay length for thed-like current inside the bar-
rier is kd

−1=0.30 Å. (ii ) For a high contribution ofd-like
currents ofid,0=0.98 the polarization value isPd=−0.027.
Only a low negative polarization value is needed to get the
same drop in polarization due to the high contribution of the
d-like states to the total current. Keepingksp

−1 fixed at 0.35 Å
again, we get a decay length for thed-like current of kd

−1

=0.29 Å. The decay lengths are comparable to theoretical
calculations known for other barrier materials.6

This reveals that polarization and spin injected currents at
the interface arenot completely independent for the thick-
ness ranget.6 Å within the model: a highly negative po-
larized d-like spin polarization leads to a similar drop of
polarization as a high contribution ofd-like current with
quenched polarization. The inset in Fig. 3 shows the system-
atic dependence: the fitted polarization valuePd is plotted
versusid,0. For values ofid,0 between 0.75 to 0.99 the depen-
dencePdsid,0d shows almost a linear drop of the polarization
with increasingid,0. In the following we show that this de-
pendence can also be seen analytically by defining a param-
etera

a = Pd
id,0

isp,0
, s6d

and the difference in the inverse decay length

f = ksp− kd. s7d

Using these new quantities, Eq.(4) can be rewritten as

P =
Psp+ a e−ft

1 +
id,0

isp,0
e−ft

< Psp+ a e−ft. s8d

The latter approximation can be made if the factor
id,0/ isp,0e

−ft!1, which is a rather good approximation for
not too small contributions of thesp-like current. The sim-
plified approach yieldsa=−3.04s40d, Psp=0.44s1d, and f
=0.4s1d Å−1 and describes the data within the thickness
range from 6 to 16 Å(Fig. 3). Using Eqs.(5) and(6) we get
an analytical function forPdsid,0d, Eq. (9), that is plotted in
the inset of Fig. 3,

Pd = − 3.04
s1 − id,0d

id,0
. s9d

Taking values of the interfacial currents for Fe using the
conductance evaluated from the surface density of states
from (Ref. 8), the interfacial current arising fromd-like

FIG. 3. Spin polarization extracted from the conductance spectra
by using Maki’s theory for several field values(2.3, 2.6, and 3.3 T
and also zero field). The analytical function(continuous line) was
calculated by Eq.(4) assuming two spin currents(ps- and
d-electron-like). Dotted line is an approximation using Eq.(8). The
inset shows the dependence of the polarizationPd on the value
assumed for the interface currentid,0. The points are fitting values
for Pd keepingid,0 fixed. The dotted line is calculated by Eq.(9).
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states is three times the value ofsp-like states. In this case,
we calculate forPd=−100% spin polarization of thed-like
states, a very high negative polarization as it is expected
from the two current model.5 This high polarization value for
the d states is not usable for a device with an Fe electrode
and Al2O3 barrier: extrapolated to the direct interface the
spin current arising fromsp- and d-like states together will
be only −64% and decreases very rapidly towardsP=0%.
Other types of barriers with different interface bonding pro-
moting only the highly polarizedd states may be a way
out.16

One can attribute a low value of the spin polarization of
the spin current in ultrathin barriers to alternative mecha-
nisms thand-like contributions to the tunneling current, e.g.,
small metallic pinholes or a spin flip during the tunneling
process. The first mechanism is unrealistic when one ob-
serves essentially no leakage current in the conductance
spectra at 0.45 K as mentioned before. Channeling with
spin-flip through low energy defects in the barrier or spin
relaxation within states inside the barrier28,29 would quench
the polarization but not change the sign and always be
present even in thicker barriers and thus can be excluded by
our analysis. In addition these defect states are mostly local-

ized in the tail of the density of states and not at small
voltages.24

In summary, we have directly observed for the first time a
reduction of the polarization of the tunneling current by a
factor of 2 for ultrathin barriers using the Meservey-Tedrow
technique. It can be described by applying a two current
model with the two contributions of the spin current from
itinerant sp- and localizedd-like electrons within an exten-
sion of a model proposed by Stearns already in the seventies.
This fundamental study gives a new insight in the tunneling
process and shows new ways to find devices with high spin
currents by engineering the interface bonding. In addition to
the fundamental question addressed, we reveal that tailoring
TMR elements using thinner Al2O3 barriers in order to keep
the resistance low will inherently coincide with a low spin
polarization.
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