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We examine the role of Mn diffusion in the thermal stability of tunneling spin polarizationP by
directly measuringP of Al/AlO x/Co/FeMn and Al/AlOx/Co90Fe10/FeMn junctions using
superconducting tunneling spectroscopysSTSd. We confirm Mn diffusion in our junctions using
x-ray photoelectron spectroscopy after an ultrahigh vacuum 500 °C anneal. Surprisingly, and in
contrast to the current belief, no drop inP is observed using STS. Therefore, though Mn diffuses
significantly, it cannot be solely responsible for the drop in tunneling magnetoresistance observed
after postdeposition anneals above 300 °C. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1856291g

Magnetic tunnel junctionssMTJsd demonstrate large
room temperature tunneling magnetoresistance1 sTMRd
which makes them suitable for application in magnetoresis-
tive random access memoriessMRAMsd.2 A standard TMR
stack generally consists of an antiferromagnet/ferromagnet/
insulator/ferromagnet multilayer, where the antiferromag-
netic sAFd layer is used to pin the direction of the magnetic
moment of the adjacent ferromagnetic layer, and the
ferromagnet-insulator-ferromagnetsF/I/Fd sandwich is re-
sponsible for the TMR effect. The AF layer generally con-
tains a Mn alloyse.g., Fe50Mn50, Pt50Mn50d to allow device
operation at elevated temperaturessabove 150 °Cd.3 Pres-
ently, one of the major areas of research in MTJs is the
miniaturization of these elements for application in MRAM
and their integration with CMOSscomplementary metal ox-
ide semiconductord processing.4 Successful integration of the
MTJ in MRAM requires the device to be thermally resistant
against standard high temperature CMOS processing steps
s400–450 °Cd.5 However, postdeposition anneals of tunnel
junctions below 300 °C enhances TMR, and those above
300 °C lead to its severe degradation.6 The physical mecha-
nism behind this drop in TMR after anneals above 300 °C is
not yet completely understood. Several causes have been
suggested for this drop, among which Mn diffusion from the
AF layer into the F electrode and towards the F/I interface is
believed to play the principle role.6,7

In this paper, we combine a study of the thermal stability
of tunneling spin polarizationsPd based on the superconduct-
ing tunneling spectroscopysSTSd technique8 with an x-ray
photoelectron spectroscopysXPSd analysis of Mn diffusion.
The spin polarization of the tunneling electrons in the F/I/F
junction is the fundamental parameter responsible for the
TMR effect9 and is very sensitive to the interfacial density of
states at the F/I/F interfaces.10 Any change inP should ensue
from chemical and/or morphological changes at or near the
F/I interface. We demonstrate thatP in our Al/AlOx/
Co/FeMn and Al/AlOx/Co90Fe10/FeMn junctions is ther-

mally stable up to 500 °C, even when Mn diffuses towards
the I/F interface.

Detection of the influence of Mn diffusion in a conven-
tional tunnel junction stack, for example, one consisting of
FeMn/Co/AlOx/Co/Ta, is difficult to probe experimentally
with XPS, since the escape depth of the photoelectrons is
much less than the standard thickness of the top Co and Ta
layers. Therefore, we deposited Al/AlOx/Cos200 Åd /
FeMns100 Åd /Cos200 Åd layers on silicon substrates using
dc magnetron sputteringsbase pressure,10−8 mbard, in situ
annealed them at 500 °C in ultra high vacuumsUHV, pres-
sure,10−8 mbar during anneald for 30 min, and then studied
them with in situ XPS sAl Kad. Logically, we assert that if
Mn diffuses to the surface of the 200 Å thick top Co layer, it
should also diffuse towards the AlOx/Co interface below the
FeMn layer. Also, any significant Mn accumulation near the
surface of 200 Å thick top Co layer should be detectable by
XPS. The AlOx barrier layerswhich is 10–22 Å thickd was
formed by partially plasma oxidizing the 40 Å Al bottom
electrode for 200 seconds.11

Figure 1sad shows the XPS spectra for Mn electrons
measured before and after a 500 °C anneal. As expected,
as-deposited samples show no evidence of Mn peaks in the
intensity scan, confirming the absence of Mn at or near the
surface of the 200 Å thick top Co layer. However, after the
anneal, two explicit peaks appear near the energies of known
Mn p-level peaks, which for pure Mn, are expected to be at
638.8 eVs2p3/2d and 650.05 eVs2p12d, respectively.12 This
result is a proof of Mn diffusion from the FeMn layer to-
wards the surface of the 200 Å thick top Co layer. Careful
examination of the spectra show that the Mn peaks are
shifted to higher binding energies, evincive of an oxidized
state of Mn in the Co layer. In our sample, the 2p3/2 Mn
oxide peak is found to be around 641.4 eV. The literature
values for the 2p3/2 peaks of various manganese oxides are
found to lie between 641–642 eV.12,13The formation of Mn
oxide near the surface of the top Co layer is purely due to the
background partial pressure of oxygen in the chamber, which
is introduced by the degassing of adsorbed oxygen from the
sample plate during the anneal. Although we do not com-adElectronic mail: p.v.paluskar@tue.nl
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pletely exclude the possibility of oxygen driven Mn diffusion
sreported for a 30 Å thick CoFe layer by Ref. 14d towards
the surface of the top Co layer, we strongly believe that our
200 Å thick top and bottom Co layers should inhibit such a
process.

Figure 1sbd indicates the corresponding XPS spectra for
Co 2p3/2 s778.1 eVd and 2p1/2 s793.0 eVd peaks. It can be
seen that the spectral intensity of peaks for the as-deposited
sample is much larger than when the sample has been an-
nealed, confirming the decrease of Co near the surface of the
layer. However, no oxidation of Co is evident, since there is
no distinguishable shift in the peaks. Co 2p3/2 peaks are ex-
pected at 778.1 eV, and those for its oxides are expected
between 779.8–780.2 eV.12,13 These results are in accor-
dance with the fact that thesnegatived free energy of forma-
tion is lowest for cobalt oxides, intermediate for manganese
oxides, and highest for aluminum oxides,15 making it diffi-
cult for Co to oxidize in the presence of Al and Mn. Figure 2
shows the Mn to Co spectral intensity ratio in our XPS mea-
surements as a function of anneal temperature. The ratio is
calculated by removing the background in the measurements,
fitting the peaks to expected Mn and Co peaks, and then
deriving the area under the curve. It is notable that the
Mn/Co ratio at or near the surface of the 200 Å top Co layer

starts increasing around 300 °C, which has been reported as
the onset temperature for TMR collapse.6

To measure the effect of Mn diffusion onP, cross-
striped tunnel junctions with and without FeMn were pre-
pared similar to the XPS samples. A 60 Å Ta capping layer
was added on top. The junctions have an area of 400mm
3400 mm and a resistance-area product of roughly
105 kV mm2. Current-voltage sI –Vd, and conductance-
voltage sdI /dV-Vd characteristics are measured in a four-
terminal configuration using a standard lock-in technique.
Our Al bottom electrodes become superconducting at about
2.2 K sRef. 8d and have critical fields of 4.5 T. Figure 3
shows representative measurements of an Al/AlOx/Co and
an Al/AlOx/Co90Fe10 junction at 0.3 K. In zero field the
conductance reflects the superconducting density of states
with its sharp peaks at the band-gap edge. In a magnetic field
the conductance shows four maxima due to the Zeeman split-
ting of the density of states. TheP is directly revealed by the
asymmetry in the maxima8 and extracted by a fit of the
model based on the Maki theory.16,17This model accounts for
the effect of orbital-depairing and spin-orbit scattering on the
superconducting density of states.8 The extracted P
s38% ±1%d for Co ands48% ±1%d Co90Fe10 junctions are
in fair agreement with earlier work.18

Figure 4 showsP as a function of postdeposition anneal
temperature for junctions which dosclosed squaresd and do
not sopen circlesd contain an FeMn layer. Remarkably,P
does not suffer any degradation in response to anneal up to
500 °C for both types of ferromagnets, independent of the
presence of FeMn. Also, the absolute values ofP for a par-
ticular ferromagnet does not change before and after the an-
neal, irrespective of Mn diffusion into the layers. This result
is in qualitative agreement with the work of Kim and
Moodera,19 who report that Mn concentrations as high as
30% in Al/AlOx/CoyMn1−y junctions have only a weak
negative effect on theP. In addition, the anneals do not
affect other junction parameters such as junction resistance
and the superconducting band gap of our Al electrode. The
thermal robustness ofP above 300 °Csevident in Fig. 4d is
in sharp contrast with the effect of postdeposition annealing
on the TMR of MTJs. In order to clarify this apparent con-
tradiction further experiments are indispensable. The stable

FIG. 1. sColor onlined In situ XPS sAl Kad intensity spectra for
sad Mn peaks observed on the 200 Å top Co layer in the
Al/AlO x/Cos200 Åd /FeMns100 Åd /Cos200 Åd stack before and afterin
situ postdeposition UHV anneal at 500 °C. The dash-dottedsMnd and solid
sMnxOyd lines indicate the expected 2p3/2 and 2p1/2 peak locations.sbd Co
peaks for the same sample, the intensity of the Co 2p3/2 and 2p1/2 peaks
decreases after the anneal.

FIG. 2. Mn/Co intensity ratio measured in our XPS spectra as a function of
postdeposition anneal temperature.

FIG. 3. sColor onlined Conductance of Al/AlOx/Co sad and
Al/AlO x/Co90Fe10 junction sbd at 0.3 K in zero field and an applied field of
several Tesla. The solid lines are theoretical fits.
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P in our junctions suggest that the TMR degradation may not
be due to a degradation of the intrinsicP of the AlOx/Co or
AlOx/Co90Fe10 system, but instead a result of extrinsic influ-
ences, such as the diffusion of impurity atoms into the barrier
or to one of its interfaces. It is notable that our junctions are
annealed in UHVsbase pressure 10−9 mbard, as compared to
earlier work by Cardosoet al. and Leeet al.6,14,20who used
vacuum chamber pressures around 10−6 mbar. We have al-
ready shown in junctions without FeMn, that UHV anneals
preserveP as compared to similar junctions annealed in an
Ar gas environment, that was known to possess a low con-
centration of gas impurities.21 Two other facts contributing to
separate effects should be taken into consideration:s1d In our
Al/I/F system, only the I/F interface can be studied. This I/F
interface is much different from the F/I interface due to the
crucial oxidation step used to form the Al oxide, ands2d the
diffusion of Mn can alter the magnetic properties of the AF/F
layersssee, for example, Refs. 6, 14, and 20d.

We now turn our attention to another interesting obser-
vation. Typically, anneals below 300 °C enhances TMR.
One explanation of this enhancement in TMR is an improve-
ment of P due to migration of oxygen from the bottom F
electrode into the AlOx barrier.22 This stoichiometric redis-
tribution of oxygen in the barrier results in a sharper inter-
face and improved barrier properties. Consequently, the bar-
rier height should increase, and spin-independent tunneling
should decrease, both leading to higher TMR. Another expla-
nation which concerns both electrodes is the possibility of a
change in the ferromagnet structure at the interface after the
anneal. However, our measurements do not show an increase
in P when the Al/ I /F stack is annealed at 100–300 °C,

which indicates that there is no change at the I /F interface or
in the structure of the F electrode which contributes to en-
hancement ofP, and subsequently, TMR. Therefore, the sec-
ond explanation, i.e., change in the F electrode structure is
not supported by our measurements.

In summary, we investigated Mn diffusion in Al/ I /F
junctions and its effect on theP of the electrons tunneling
from the ferromagnet. Contrary to the current belief, we have
shown thatP in Al/AlO x/Co and Al/AlOx/Co90Fe10 junc-
tions is thermally stable up to 500 °C, despite the likelihood
of Mn diffusion towards the I /F interface.

This research was supported by NanoNed, a nanotech-
nology program of the Ministry of Economic Affairs, and by
the Dutch Foundation of Fundamental Research on Matter
sFOMd.
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