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Magnetic tunnel junctions with a magnetically soft Heusler-alloy electrodesCo2MnSi/Al+oxidation
+ in situ annealing/Co7Fe3/Mn83Ir17d and a maximal tunnel magnetoresistance effect of 86% at 10 K/10 mV
are investigated with respect to their structural and magnetic properties at the lower barrier interface by
electron and x-ray absorption spectroscopy. A plasma-oxidation-induced Mn/Si segregation and oxide forma-
tion at the barrier interface is found, which results in a strongly increased area-resistance product of the
junctions, because of an enlarged barrier thickness. For Co2MnSi thickness equal to 8 nm or larger, ferromag-
netic order of Mn and Co spins at the interface is induced by annealing; simultaneously, atomic ordering at the
interface is observed. The influence of the structural and magnetic interface properties on the temperature-
dependent transport properties of the junctions is discussed.
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I. INTRODUCTION

The interest in magnetic tunnel junctions(MTJ) increased
considerably in recent years, because MTJs are rated as a
promising candidate for future sensor and memory devices.1

Field-dependent resistance changes(tunneling magnetoresis-
tance or TMR), of up to 60% at room temperature(RT)2 have
been reported for MTJs with polycrystalline magnetic elec-
trodes. The theoretically predicted spin polarization of 100%
in some Heusler alloys3 makes them very attractive for in-
creasing the TMR effect. However, the implementation of
these materials as magnetic electrodes into MTJs is a very
challenging task.

The full Heusler alloy Co2MnSi (CMS) is investigated
here. Band structure calculations predict a gap at the Fermi
energy for the minority electrons.4 These calculations also
show that antisite disorder will destroy this effect, hence,
precise control of the microstructure is required. Recently,
we reported on the room-temperature preparation and the
magnetic behavior of Co2MnSi thin films.5,6 It was shown,
that a vanadium seed layer induced a(110) textured growth
at room temperature. A postannealing procedure was devel-
oped for these films to obtain the desired microstructural,
magnetic and electrical bulk properties. In particular, a satu-
ration magnetization of up to 4.7mB per unit cell was
achieved.

In this work the temperature dependent transport proper-
ties of Co2MnSi/AlOx/Co70Fe30 MTJs is correlated to the
structural and magnetic properties of the Co2MnSi/AlOx bar-
rier interface, which are investigated by x-ray absorp-
tion spectroscopy(XAS), x-ray magnetic circular dichroism
(XMCD), Auger electron spectroscopy(AES), scanning
electron microscopy (SEM), atomic force microscopy
(AFM), depth profiling with AES, and x-ray photoemission
electron microscopy(X-PEEM).

II. EXPERIMENT

The MTJs are prepared at room temperature by dc- and
rf-magnetron sputtering on thermally oxidized Si(100) wa-

fers. A typical growth rate is 0.3 nm/s. Details of the prepa-
ration are found elsewhere.5,6 For investigating the
Co2MnSi–AlOx interface by surface sensitive XAS, XMCD,
and AES four different half MTJs are grown:

(1) Stack A: V42 nm/Co2MnSidsCMSd with dsCMSd=4, 8,
15, 61, and 100 nm/Al1.4 nm+plasma oxidation for 200 s
+ in situ annealing at about 450 °C for 40 min.

(2) Stack B: V42 nm/Co2MnSi8 nm,100 nm/Al1.4 nm

+plasma oxidation for 200 s.
(3) Stack C: V42 nm/Co2MnSi100 nm/Al1.4 nm+natural

oxidation.
(4) Stack D: V42 nm/Co2MnSi100 nm/Co6 nm/Al1.4 nm

+plasma oxidation for 200 s.
For investigating the transport properties of full MTJs a

magnetically hard Co70Fe30
5 nm layer, exchange-biased by a

subsequent antiferromagnetic Mn83Ir17
10 nm layer, is addi-

tionally deposited on a type As100 nmd half junction. The
upper electrode is deposited after thein situ annealing step
without breaking the vacuum. Finally, the full MTJs are cov-
ered by an upper conduction layer and subsequently pat-
terned by optical lithography and ion beam etching(qua-
dratic junction areaSJ=10 000–90 000mm2). The full MTJs
are vacuum annealed for 1 h at 275 °C in a magnetic field of
1 kOe to set the exchange bias of the upper Co–Fe electrode.

The X-PEEM and XAS/XMCD measurements in total
electron yield(TEY) detection are performed at the PEEM-2
beamline 7.3.1.1 at the Advanced Light Source, Berkeley,
USA. The spectra are obtained by recording the sample cur-
rent as a function of the energy of right elliptically polarized
x-rays (degree of circular polarizationPhn=75%). For XAS
normal incidence is used, for XMCD the angle of incidence
for the x-rays isu=30° with respect to the surface. XMCD
spectra are taken by saturating the sample in an alternating
magnetic field applied along the x-ray propagation direction
(the corresponding TEY spectra are denoted byI+ and I−).
The remanent domain state of the samples is investigated by
X-PEEM with u=30°. For AES and depth profiling a scan-
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ning Auger microscope phi 660 is used. The samples are
continuously rotated during sputtering with a
500 eV Ar+/Xe+ ion beam(angle of incidence 70° with re-
spect to the surface normal) to achieve optimum depth reso-
lution. The Auger electrons are excited by a 10 keV/200 nA
electron beam, which is scanned over an area of about
70 mm diameter. The measured Auger intensitiesI jstd [de-
fined as peak to peak heights of the differential spectrum
dsENd /dE] of the different componentsj are converted into
atomic concentrationsXjstd by using relative sensitivity fac-
tors Sj for the individual Auger lines.7,8 The surfaces of se-
lected samples are investigated by AFM(Digital Instruments
Nanoprobe IIIa) and SEM(LEO Gemini).

The TMRs;fRmax−Rming /Rmind is measured as a function
of temperature ranging from 10 K up to RT. The external
magnetic fieldH for measuring the magnetoresistance is ap-
plied (anti-)parallel to the exchange-bias direction of the
Co–Fe electrode.

III. EXPERIMENTAL RESULTS

A. Tunnel magnetoresistance and area resistance product

At first, the full magnetic tunnel junctions with a 100 nm
thick type A Co2MnSi electrode(MTJ-CMS) are compared
to optimized full Mn83Ir17/Co70Fe30/AlOx/Ni80Fe20 MTJs
(MTJ-NiFe) with respect to their temperature dependence of
the TMR. Details of the preparation and the properties of the
MTJ-NiFe having polycrystalline Ni–Fe and Co–Fe elec-
trodes can be found elsewhere.9 The low temperature and
low bias voltage major loop of MTJ-CMS is shown in Fig.
1(a). A maximum TMR of 86% is found. The switching of
the soft Co2MnSi and the pinned Co7Fe3 electrode is marked
with arrows. Because of the limited external field that can be
applied during measurement, the pinned electrode is not
completely saturated at negative magnetic fields. Further-
more, the strong increase of the coercivity of the Co–Fe at
low temperature hinders the perfect antiparallel alignment of
the electrodes in zero magnetic fields, which slightly reduces
the maximum resistanceRmax and accordingly the TMR.

If the temperature dependent TMR of MTJ-CMS and
MTJ-NiFe are compared, three experimental facts are of ma-
jor importance which have to be explained on the basis of
structural and magnetic interface properties:

(1) The minimal area resistance productRmin
=13.3 GV mm2 of MTJ-CMS is about 400 times higher than
that of MTJ-NiFe, although the Al thickness prior to oxida-
tion is identical s1.4 nmd and the oxidation conditions are
comparable. At room temperature MTJ-NiFe is
characterized9 by a mean barrier height of 2.89±0.10 eV and
a barrier thickness of 1.76±0.09 nm. Therefore, an increase
of the barrier thickness of only 5 Å for MTJ-CMS can ac-
count for its higher resistance because of the exponential
dependence of the area resistance product on the barrier
thickness for direct tunneling.10

(2) The TMR at 10 K is significantly higher for MTJ-
CMS (86% instead of 71%). If the Julliere model11 is used
for relating the TMR effect to the effective spin polarizations

of the electrodes, TMR=2PCMSPCoFe/ f1−PCMSPCoFeg, the
TMR of 86% for MTJ-CMS corresponds toPCMS=61%, be-
cause the low temperature spin polarization of Co7Fe3 is
PCoFe=49% in our MTJs with AlOx barrier.12 Although the
desired spin polarization of 100% is not reached yet, it has to
be emphasized that the experimental value ofPCMS=61% is
larger than the effective spin polarization of a variety of
3d-transition metal alloys in combination with Al2O3 barriers
limited to maximal 55%.13

(3) The temperature dependence of the TMR is more pro-
nounced for MTJ-CMS.

For understanding this behavior the knowledge of the
structural and magnetic interface properties is of paramount
importance, because the Heusler alloys are very sensitive to
atomic disorder.4,14

B. Surface topography and magnetic microstructure
of the Co2MnSi electrode

The surface topography of the half MTJs is investigated
by SEM. For type B samples(not annealed after sputter
deposition) no topographical contrast is found for layer
thickness up todsCMSd=100 nm but thein situ annealed
samples(type A) have a pronounced topographical contrast
resulting from individual grains, slightly tilted with respect
to each other[see Fig. 2(a)]. The typical in-plane grain size
G of the Co2MnSi electrode increases strongly with increas-
ing layer thickness from aboutG=100 nm for dsCMSd
=15 nm up toG=300 nm fordsCMSd=100 nm. The driving
force for the grain growth duringin situ annealing is the
reduction of the grain boundary energy. As shown in Sec.

FIG. 1. (a) TMR major loop of MTJ-CMS. The measurement is
performed at 10 K with 10 mV bias;(b) TMR temperature depen-
dence of MTJ-CMS and MTJ-NiFe(Ref. 9). The measurements are
performed at 10 mV bias voltage.
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III A, the ,2 nm thin tunnel barrier can successfully sustain
the variation of the mechanical stress during grain growth
and is not shorted.

AFM measurements are performed to determine the tilt of
the individual grains with respect to the film plane. Even for
the sample with the thickest Co2MnSi layer s100 nmd and,
therefore, largest grains the maximum tilt is only 0.3°. Be-
cause of the high(110)-texture and the small tilt angles of the
grain surfaces with respect to the film plane, the Co2MnSi
grains are terminated with(110)-planes(possible modifica-
tions in the atomic and magnetic order of the interface will
be discussed below). The surface roughness of the barrier is
not significantly altered by thein situ annealing process.,
e.g., fordsCMSd=100 nm the rms roughness of stack A and
stack B is 0.41 and 0.44 nm, respectively. The X-PEEM im-
age of the type A sample withdsCMSd=100 nm at the Mn
L2,3 edges[Fig. 2(b)] clearly shows its magnetically soft be-
havior. The original domain state, i.e., the sample isnot satu-
rated after preparation, is characterized by severalmm large
domains superimposed on a magnetization ripple due to local
fluctuations of the crystalline anisotropy and flux closure.

C. Atomic concentration study of the Co2MnSi–AlO x

interface

As discussed in our previous work,5 the Co2MnSi alloy
only orders atomically and magnetically during thein situ
annealing process. Therefore, in principle, a thermally in-

duced segregation of some alloy components at the barrier
interface or a diffusion of vanadium from the seed layer to
the barrier is possible. This is addressed by AES investiga-
tions of the surfaces of the half MTJ stacks A–C.

The AES results are summarized in Fig. 3. For all type A
samples with Co2MnSi thickness ranging fromdsCMSd
=4 to 100 nm no vanadium is detected, a vanadium diffu-
sion during thein situ annealing from the 42 nm thick buffer
to the lower barrier interface can be ruled out. All samples
show a C contamination of typically 20%–30% at the sur-
face, which results from the sample transport and storage in
air (the localization of the C only at the surface of the
samples is proved by depth profiling). Please note, that the
depth profile of the full MTJ-CMS, gives no hint to a C
contamination at the upper barrier interface(the full junc-
tions are deposited without vaccum break).

The measured atomic concentrationsXi of O, Al, Co, Mn,
and Si show no clear trend within the scatter of the data for
different Co2MnSi thicknesses. The atomic concentrationXi
of Si, Mn, and Co is strongly reduced by the covering AlOx
layer. The reduction of the Mn2s586 eVd, the Co1s772 eVd
and the Si2s1615 eVd signal by a thin Al2O3 layer calculated
with NIST Electron Effective-Attenuation-Length
Database15,16can be well described by a first-order exponen-
tial decay with effective decay lengths oflMn2

eff =1.01 nm,
lCo1

eff =1.28 nm, andlSi2
eff =2.41 nm, respectively. The result-

ing intensity reduction of these three Auger peaks leads to
measuredatomic concentrations differing significantly from
the true atomic concentrations at the Co2MnSi–AlOx inter-
face. The measuredXSi is considerably enhanced with re-
spect toXCo andXMn, XCo with respect toXMn. After correct-
ing this effect in the first order17 and averaging the resulting
relative concentrations of Si, Mn, and Co with respect to the

Heusler film thickness, a corrected composition ofX̄type A
=Co34±1Mn41±2Si24±1 below the AlOx is found.

For checking the influence of thein situ annealing on the
atomic concentrations of stack A, these samples are com-
pared with the not annealed type B samples. After correcting
the influence of the EAL effect17 and averaging with respect
to the layer thickness, the corrected composition of the type

B samples isX̄type B=Co36±4Mn43±6Si21±2 in accordance with

X̄type A. Therefore, the in-situ annealing procedure does not
significantly alter the measured atomic concentrations, and,

FIG. 2. (a) Typical 20 kV SEM micrograph of type A sample:
V42 nm/Co2MnSi100 nm/Al1.4 nm+oxidation+in situ annealing; (b)
X-PEEM image(Mn L edge) of the not magnetized sample. The
Mn L3 image is divided by the MnL2 image to increase the con-
trast. White arrows mark the sensitivity direction.

FIG. 3. Atomic concentration of type A samples as a function of
Co2MnSi thickness.
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accordingly, thermally induced segregation processes at the
Co2MnSi–AlOx interface are not very pronounced.

The atomic concentration at the interface may also be
altered during the plasma oxidation process. To check this,
the deviation of the corrected composition of type A and B
samples from the ideal bulk composition of Co50Mn25Si25
must be analyzed. The relative sensitivity factors used for
quantification of the Auger intensities7 base on reference
measurements of elemental samples, i.e., pure Si, Mn, and
Co. This may result in systematic errors due to matrix
effects.7 To overcome this problem the type C sample is used
as a reference. It is not annealed, ruling out thermally in-
duced surface segregation of some components. Further-
more, the naturally oxidized 1.4 nm thick Al layer protects
the buried Heusler surface from oxygen, because the natural
oxidation depth is limited to about 1 nm. The electron at-
tenuation effect is corrected in the same way as for the type
A and B samples. Although the natural oxidation of the
1.4 nm thick Al layer leads to an AlOx/Al capping bilayer,
the electron attenuation can be simulated by a single 1.8 nm
thick Al2O3 layer, since the calculated15 attenuation by an Al
layer is very similar to the attenuation by the same layer
when it is completely oxidized. The corrected reference con-
centration for the type C sample isXtype C=Co47Mn36Si17.
The comparison with the data of the plasma oxi-

dized samples X̄type B=Co36±4Mn43±6Si21±2 and X̄type A
=Co34±1Mn41±2Si24±1 reveals a Mn and Si segregation during
plasma oxidation.

The probable driving force for the segregation is the for-
mation of MnOx (this will be verified in Sec. III D) and SiOx
at the lower barrier interface because of their large oxygen
affinity.18 For roughly estimating the barrier thickness of
plasma oxidized samples, depth profiling of a type A sample
(100 nm thick Co2MnSi) and the type D sample is per-
formed. The thickness of the insulating barrier is estimated
from the sputtering time needed to remove the oxidized sur-
face layer(assumed to be proportional to the thickness). For
the type A sample, this sputtering time is about 1/3 larger
than for the type D sample. Accordingly, the insulating bar-
rier for the type A sample is about 1/331.8 nm=0.6 nm
thicker. The increased barrier thickness explains the high
area resistance product of MTJ-CMS discussed in Sec. III A.

D. Magnetic interface properties and chemical states
of half MTJs

The half MTJ stacks A, B, and C are now discussed with
respect to their element specific magnetic and chemical prop-
erties measured by XAS and XMCD. Typical XAS measure-
ments(normal incidence) of Co and Mn are shown in Fig. 4.
As already mentioned in Sec. III C, the natively oxidized Al
cap layer prevents the oxidation of the buried Co2MnSi sur-
face below the oxidized Al film for the type C sample. The
XAS spectrum of Co is characterized by structurelessL2,3
absorption edges, which are typical for Co with delocalized
3d electrons(e.g., metallic Co) but the resonance lines for
the Co2MnSi films are significantly wider than for pure Co.19

This hints at strong changes of the bandstructure at the Co
sites in the Heusler alloy with respect to the pure metallic
Co.

The XAS spectrum at the CoL2,3 edge for the type A
sample(100 nm Co2MnSi, see Fig. 4) shows an additional
shoulder at,4 eV above the maxima of theL2,3 intensities
but the observed absorption edge shape is neither compatible
with pure metallic Co nor with the typical multiplet structure
of CoO.19 Although the type A sample(as well as all other
type A samples and the type B sample) is plasma oxidized
for 200 s resulting in the Mn/Si segregation, we have no
indication for the presence of CoO in the near barrier region.

All type A samples with Co2MnSi thickness ranging from
8 to 100 nm show the additional 4 eV feature, only the type
A sample with the thinnest Co2MnSi layer s4 nmd and the
type B sample do not. As will be discussed, this perfectly
accords with a significant(or, respectively, for the latter
samples a vanishing) XMCD signal indicating ordered inter-
facial spins. Therefore, this additional feature can be attrib-
uted to certain atomic and magnetic orders of the Co2MnSi
alloy at the lower barrier interface.

For Mn, the situation is different(see Fig. 4). The type C
sample shows a structurelessL2,3 absorption edge shape typi-
cally for delocalized 3d electrons, like in metallic Mn.20 In
contrast, all plasma oxidized samples(type A and type B)
have a pronounced multiplet structure(indicated by the ar-
rows in the lower part of Fig. 4), independent from Co2MnSi
thickness and annealing procedure. The multiplet structure
clearly hints at an increased localization of the 3d electrons.
The energy positions of the additional peaks agree quite well
with calculated XAS spectra assuming a6S5/2 ground-state
term.21 Especially, this line shape is found for oxidized Mn.20

As shown in Sec. III C a Mn/Si segregation at the lower
barrier interface for plasma oxidized samples is observed.
The formation of MnOx is now verified by the development
of the Mn-multiplet structure in all plasma oxidized samples
(up to now, the chemical state of Si in the segregation layer

FIG. 4. XAS spectra of a type A and a type C sample with
dsCMSd=100 nm. The photon energy is defined with respect to the
maximum of theL3 absorption edge. The arrows indicate additional
features in the XAS of type A samples in comparison to the type C
sample.
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could not be investigated by XAS because of experimental
restrictions). Usually, the MnOx multiplet structure for pure
oxide films is significantly sharper.22 This means, that the
measured shape of the MnL2,3 edges of all plasma oxidized
type A and B samples results from a superposition of a signal
from MnOx in the segregation layer and a signal from the
underlying (not oxidized) Mn of the Heusler alloy. In con-
trast to Co, which showed the additional shoulder 4 eV
above the resonances, no clearly visible change of the ab-
sorption edge shape after annealing is found.

In Heusler alloys the bulk magnetic and atomic order are
correlated;4,5,14 the same is expected to hold at the interface.
The atomic interface order of the Heusler alloy can be stud-
ied by analyzing the XAS spectra of Co with respect to their
extended x-ray absorption fine structure(EXAFS).23 Due to
the surface sensitivity of XAS in TEY detection EXAFS con-
tains information about the local environment of Co atoms at
the interface. The post edge region of the CoL2,3 edges(see
Fig. 5) shows the same EXAFS oscillations for all types of A
samples withdsCMSd ranging from 8 to 100 nm. For all

other samples the EXAFS oscillations have a much larger
period as a function of photon energy. This indicates, that the
atomic interface order of those samples is significantly dif-
ferent than for the type A samples withdsCMSdù8 nm.

The relative XMCD signalAtotal is defined as

Atotal = −
− 6p + s8/3dq

rPhn cosu

with

r =E
L3+L2

sI+ + I− − s.f.ddE

p =E
L3

sI+ − I−ddE

q =E
L3+L2

sI+ − I−ddE,

and withI+ andI− the TEY signal of the sample saturated in

a positivesMW ↓ ↑PW d and a negativesMW ↑ ↑PW d magnetic field.
The data taken at 30% grazing incidence are normalized with
respect to the current in the storage ring and the transmission
function of the monochromator. The background functions.
f. is a two-step-function with thresholds set to the peak po-
sitions of theL3 and L2 white lines and with relative step
heights of 2/3sL3d and 1/3sL2d. This definition ofAtotal will
be used to compare the different samples qualitatively with
respect to their element specific magnetic interface proper-
ties. Please note, that according to the XMCD sum rules24

this definition of Atotal is equivalent to the total magnetic
moment given in units ofmB per atom and number of 3d
holes (spin magnetic dipole term,TZ. neglected), if the
XMCD sum rules24 were applicable without any restriction.
The number of 3d holes can be taken from band structure
calculations, but a fully quantitative interpretation is compli-
cated by several factors: For Mn the 2p–3d electrostatic in-
teraction becomes important.20,25 This leads toj j mixing,
which is neglected in the XMCD sum rules. Nakajimaet
al.26 showed, that the electron yield saturation effect can re-
duce the measured magnetic spin momentms by 10%–20%,
the influence on the orbital momentml is even worse. Further
complications result from spin- and energy-dependent varia-
tion of the TEY27 and the neglect of the spin dipole term
,TZ..28

Typical measurements of the XMCD asymmetryI+–I− for
Mn and Co are shown in Fig. 6. The relative XMCD signals
Atotal for all type A and B samples are summarized in Fig. 7.
The XMCD asymmetry has the same sign for Mn and Co,
the element specific magnetic interface moments are aligned
parallel to each other. The shape of the asymmetry is inde-
pendent of the Co2MnSi layer thickness from 8 to 100 nm
for all type A samples. Therefore, the ratio of the orbital and
the spin magnetic momentsml /msd of those samples does not
depend on the Co2MnSi thickness. Only for the type A

FIG. 5. Post edge region of the CoL2,3 edges for some type A
samples(4, 61, and 100 nm Co2MnSi thickness) and the type C
sample.

FIG. 6. Typical XMCD asymmetryI+–I− of Mn and Co(type A
sample, Co2MnSi thickness 100 nm).
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sample with dsCMSd=4 nm and the type B sample no
XMCD signal is detected and, hence, the interfacial mag-
netic moments are not ferromagnetically ordered. This is
closely related to the magnetic bulk properties investigated
by magnetometry. Only fordsCMSdù8 nm and afterin situ
annealing a magnetic bulk moment of 4.3−4.4mB close to
the expected value of 5mB

14 is found.
Furthermore, the interfacial magnetic order is correlated

to the certain atomic order indicated by the Co EXAFS os-
cillations found for type A samples withdsCMSdù8 nm.
Indeed, the correlation of atomic and magetic order is a typi-
cal fingerprint for full Heusler alloys.4,14

The Atotal of type A samples increases rapidly by in-
creasing the film thickness from 4 to 8 nm. For larger
dsCMSd a further slight increase ofAtotal is found for
Mn (Co) from 0.40±0.02s0.55±0.01d at dsCMSd
=8 nm to 0.44±0.02s0.60±0.01d for dsCMSd=100 nm.
This is accompanied by the increase of the grain sizes(see
Sec. III B). Band structure calculations29 give the numbers of
3d holes for Co (2.24) and Mn (4.52). To correct thej j
mixing for Mn its spin momentms is multiplied by the factor
x.20 The value ofx is not precisely known, but lies in the
range from 1.0(Ref. 30) to 1.5.20 Neglecting all other com-
plications of the applicability of the sum rules mentioned
above, the ratio of the total magnetic moments for Co and
Mn can be estimated in first order. FordsCMSd=100 nm this
gives mMn/mCo=1.5–2.2(depending on the values forx),
from bandstructure calculations a magnetic moment ratio of
mMn/mCo<ms

Mn/ms
Co=2.931 is expected(the calculated or-

bital moments for Co and Mn32 as well as the total magnetic
moment of Si31,32 are very small and can be neglected here).
A reduced magnetic moment ratio is reasonable, because of
(1) the MnOx formation in the segregation layer(Mn oxides
are usually paramagnetic at RT) and (2) the residual atomic
disorder in the interface region because of the segregation.
The low temperature magnetic properties of the Mn ions in
the segregation layer as well as the temperature dependence
of Atotal for Mn and Co will be addressed by temperature
dependent XMCD investigations in the near future.

The reasons for the vanishing bulk/interface magnetic or-
der for dsCMSd=4 nm at room temperature are not clear up
to now. It may result from structural differences in the as-
grown films between the nucleation zone(i.e., adjacent to the

V seed layer) and the surface of the film. Depth profiles of
type A and B samples withdsCMSd=8 nm showed, that a
weak interdiffusion at the V/Co2MnSi interface duringin
situ annealing at 450 °C is present. Both may result in higher
atomic disorder in the nucleation zone quenching the mag-
netic moments at room temprature.

E. Discussion

Finally, the structural and magnetic properties of the
Co2MnSi/AlOx interface have to be discussed with respect
to the transport properties of the full MTJ-CMS.

The high area resistance product results from the larger
barrier thickness because of Mn/Si segregation and oxide
formation. The first reason for the limitation of the tunneling
spin polarization to 61% up to now is atomic disorder4,14 at
the interface. The plasma oxidation induced segregation re-
sults in an inhomogeneous distribution of the atoms in the
interface region as a function of depth, making perfect
atomic order of the Co2MnSi impossible. For elevated tem-
peratures the disorder results in enhanced magnon
scattering33 of the tunneling electrons, which deteriorates the
TMR temperature dependence. Second, the presence of para-
magnetic ions in the barrier may reduce the TMR effect.34

The oxidation induced segregation results in Mn ions that are
located in the extended tunneling barrier. Mn ions usually are
paramagnetic and, therefore, can act as scattering centers for
tunneling electrons. Furthermore, the stronger temperature
dependence of the TMR for MTJ-CMS in comparison with
MTJ-NiFe indicates, that the density of unpolarized defect
states in the tunneling barrier9,35 is higher for MTJ-CMS.
This is reasonable because of the mechanical stress during
the thermally induced grain growth in MTJ-CMS.

IV. CONCLUSIONS

In summary, magnetic tunnel junctions with a magneti-
cally soft Heusler alloy electrodesCo2MnSi/Al+oxidation
+ in situ annealing/Co7Fe3/Mn83Ir17d and a maximal tunnel
magnetoresistance effect of 86% at 10 K/10 mV are inves-
tigated with respect to their structural and magnetic proper-
ties at the lower barrier interface for different Co2MnSi
thickness, oxidation methods, and annealing procedures. A
plasma oxidation induced Mn/Si segregation at the lower
barrier interface is found, which depends neither signifi-
cantly on the Co2MnSi thickness, nor on the subsequentin
situ annealing at 450 °C. The segregation results in a strong
increase of the area resistance product of MTJ-CMS in com-
parison to optimized Co–Fe/AlOx/Ni–Fe junctions with
equal Al layer thickness prior to oxidation. As for bulk
Co2MnSi, in situ annealing induces ferromagnetic order of
Mn and Co magnetic moments at the interface for Co2MnSi
thicknessù8 nm; simultaneously, a certain atomic ordering
at the interface is indicated by the Co EXAFS oscillations.
The magnetic moments of Mn and Co are aligned parallel.
An estimation of the ratio of the total magnetic moments for
Mn and Co showed, thatmMn/mCo is smaller than expected
from band structure calculations because of the formation of
paramagnetic Mn ions in the segregation layer and residual

FIG. 7. Summary of the relative XMCD signalAtotal of Mn and
Co for stack A and B samples. The results of the type B sample are
labeled withnot annealed. The lines are guides to the eye.
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disorder at the interface. The spin scattering of tunneling
electrons on these ions, the residual interfacial atomic disor-
der due to the segregation, enhanced magnon scattering as
well as a higher contribution of unpolarized defect states on
the conductance are the main reasons for the current limita-
tion of the effective spin polarization to 61% instead of
100% predicted by theory and a higher temperature depen-
dence of the TMR in comparison to optimized
Co–Fe/AlOx/Ni–Fe junctions.
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