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Interface structure and magnetism of magnetic tunnel junctions with a CgMnSi electrode
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Magnetic tunnel junctions with a magnetically soft Heusler-alloy electr@de,MnSi/Al+oxidation
+in situ annealing/ Cg~e;/Mngslr17) 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. Fgv@8i 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 fers. A typical growth rate is 0.3 nm/s. Details of the prepa-

The interest in magnetic tunnel junctiofdTJ) increased  'ation are found elsewhefé. For investigating the
considerably in recent years, because MTJs are rated asGMnSi—AlO, interface by surface sensitive XAS, XMCD,
promising candidate for future sensor and memory devicesand AES four different half MTJs are grown:
Field-dependent resistance changesneling magnetoresis- (1) Stack A: V#2 "/ Co,MnSi4CM9 with d(CMS)=4, 8,
tance or TMB, of up to 60% at room temperatuf@T)2have 15, 61, and 100 nm/At* "™plasma oxidation for 200 s
been reported for MTJs with polycrystalline magnetic elec-+in situ annealing at about 450 °C for 40 min.
trodes. The theoretically predicted spin polarization of 100% (2) Stack B: \#2 "M/ Co,MNnSie nM:100 nny | 1.4 nm
in some Heusler alloysmakes them very attractive for in- +plasma oxidation for 200 s.
creasing the TMR effect. However, the implementation of (3) Stack C: W2 "/ Co,MnSit% " Al14 "Mt natural
these materials as magnetic electrodes into MTJs is a veryxidation.
challenging task. (4) Stack D: V2 "/ CoMnSito " Cob My Al L4 nm

The full Heusler alloy CeMnSi (CMS) is investigated  +plasma oxidation for 200 s.
here. Band structure calculations predict a gap at the Fermi' g, investigating the transport properties of full MTJs a

energy for the minority electrorfsThese calculations also magnetically hard CgFe,,> " layer, exchange-biased by a

show that antisite disorder will destroy this effect, hence’subsequent antiferromagnetic Mmﬂlo "M |ayer, is addi-

precise control of the microstructure is required. Recently,: . ; :
we reported on the room-temperature preparation and thtéonally deposited on a type ALO0 nm half junction. The

magnetic behavior of GMnSi thin films®6 It was shown, upper electrode is deposited after finesitu annealing step

that a vanadium seed layer induced1a0) textured growth without breaking the vacuum. Finally, the full MTJs are cov-

at room temperature. A postannealing procedure was devefred by an upper conduction layer and subsequently pat-

oped for these films to obtain the desired microstructurali€Med by optical lithography and ion beam etchigia-

magnetic and electrical bulk properties. In particular, a satudratic junction ares,=10 000-90 00Qum?). The full MTJs
ration magnetization of up to 4z per unit cell was are vacuum annealed for 1 h at 275 °C in a magnetic field of

achieved. 1 kOe to set the exchange bias of the upper Co—Fe electrode.

In this work the temperature dependent transport proper- The X-PEEM and XAS/XMCD measurements in total
ties of CgMnSi/AlO,/Co,oFe;, MTJs is correlated to the electron yield TEY) detection are performed at the PEEM-2
structural and magnetic properties of the,®aSi/AlO, bar-  beamline 7.3.1.1 at the Advanced Light Source, Berkeley,
rier interface, which are investigated by x-ray absorp-USA. The spectra are obtained by recording the sample cur-
tion spectroscopyXAS), x-ray magnetic circular dichroism rent as a function of the energy of right elliptically polarized
(XMCD), Auger electron spectroscopyAES), scanning x-rays(degree of circular polarizatioR;,,=75%). For XAS
electron microscopy (SEM), atomic force microscopy normal incidence is used, for XMCD the angle of incidence
(AFM), depth profiling with AES, and x-ray photoemission for the x-rays is§=30° with respect to the surface. XMCD
electron microscopyX-PEEM). 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 byand17).

The MTJs are prepared at room temperature by dc- andhe remanent domain state of the samples is investigated by
rf-magnetron sputtering on thermally oxidizedXi0) wa-  X-PEEM with 6=30°. For AES and depth profiling a scan-
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ning Auger microscope phi 660 is used. The samples are 100
continuously rotated during sputtering with a
500 eV Ar/Xe* ion beam(angle of incidence 70° with re-

spect to the surface normab achieve optimum depth reso- 60

pinned Co_Fe, (@)

lution. The Auger electrons are excited by a 10 keV/200 nA S Co,MnSi
electron beam, which is scanned over an area of about DE: 40
70 um diameter. The measured Auger intensitigé) [de- F 50l 10K

fined as peak to peak heights of the differential spectrum 10mv
d(EN)/dE] of the different componentsare converted into 0 . . x ]
atomic concentrationX(t) by using relative sensitivity fac- 2 -1 °_ ! 2
tors § for the individual Auger lined:8 The surfaces of se- External Field [kOe]
lected samples are investigated by AkDigital Instruments
Nanoprobe llla and SEM(LEO Gemini.

The TMR (=[Rax— Rmin)/ Rmin) 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.

MTJ-CMS

0 50 100 150 200 250 300
IIl. EXPERIMENTAL RESULTS Temperature [K]

A. Tunnel magnetoresistance and area resistance product FIG. 1. (3 TMR major loop of MTJ-CMS. The measurement is

At first, the full magnetic tunnel junctions with a 100 nm Performed at 10 K with 10 mV biagb) TMR temperature depen-
thick type A CoMnSi electrode(MTJ-CMS) are compared dence of MTJ-CMS an_d MTJ-NiF@Ref. 9. The measurements are
to optimized full Mnyslr;,/CoygFes/ AlO,/NiggFe,, MTJs ~ Performed at 10 mV bias voltage.

(MTJ-NiFe) with respect to their temperature dependence of

the TMR. Details of the preparation and the properties of theéf the electrodes, TMR=cysPcored/[1-PcowsPcord: the
MTJ-NiFe having polycrystalline Ni-Fe and Co-Fe elec- TMR of 86% for MTJ-CMS corresponds ®cys=61%, be-
trodes can be found elsewhér@he low temperature and cause the low temperature spin polarization of;k&g is

low bias voltage major loop of MTJ-CMS is shown in Fig. Pcore=49% in our MTJs with AIQ barrier!? Although the
1(a). A maximum TMR of 86% is found. The switching of desired spin polarization of 100% is not reached yet, it has to
the soft CgMnSi and the pinned G&e; electrode is marked be emphasized that the experimental valu®gfis=61% is
with arrows. Because of the limited external field that can bdarger than the effective spin polarization of a variety of
applied during measurement, the pinned electrode is nddd-transition metal alloys in combination with AD; barriers
completely saturated at negative magnetic fields. Furthedimited to maximal 55943

more, the strong increase of the coercivity of the Co—Fe at (3) The temperature dependence of the TMR is more pro-
low temperature hinders the perfect antiparallel alignment ofiounced for MTJ-CMS.

the electrodes in zero magnetic fields, which slightly reduces For understanding this behavior the knowledge of the
the maximum resistand®,,,x and accordingly the TMR. structural and magnetic interface properties is of paramount

If the temperature dependent TMR of MTJ-CMS andimportance, because the Heusler alloys are very sensitive to
MTJ-NiFe are compared, three experimental facts are of maatomic disordef:4
jor importance which have to be explained on the basis of
structural and magnetic interface properties:

(1) The minimal area resistance producR,
=13.3 @) um? of MTJ-CMS is about 400 times higher than
that of MTJ-NiFe, although the Al thickness prior to oxida-  The surface topography of the half MTJs is investigated
tion is identical (1.4 nm and the oxidation conditions are by SEM. For type B samplegnot annealed after sputter
comparable. At room temperature MTJ-NiFe is deposition no topographical contrast is found for layer
characterizetby a mean barrier height of 2.89+0.10 eV and thickness up tad(CMS)=100 nm but thein situ annealed
a barrier thickness of 1.76+0.09 nm. Therefore, an increaseamplestype A) have a pronounced topographical contrast
of the barrier thickness of only 5 A for MTJ-CMS can ac- resulting from individual grains, slightly tilted with respect
count for its higher resistance because of the exponentidb each othefsee Fig. 2a)]. The typical in-plane grain size
dependence of the area resistance product on the barri€r of the CgMnSi electrode increases strongly with increas-
thickness for direct tunnelind. ing layer thickness from abouG=100 nm for d(CMS)

(2) The TMR at 10 K is significantly higher for MTJ- =15 nm up toG=300 nm ford(CMS)=100 nm. The driving
CMS (86% instead of 71% If the Julliere modét is used force for the grain growth duringn situ annealing is the
for relating the TMR effect to the effective spin polarizations reduction of the grain boundary energy. As shown in Sec.

B. Surface topography and magnetic microstructure
of the Co,MnSi electrode
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FIG. 3. Atomic concentration of type A samples as a function of
Co,MnSi thickness.

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 CgMnSi thickness ranging frond(CMS)
=4 to 100 nm no vanadium is detected, a vanadium diffu-
sion during thean 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-
FIG. 2. (a) Typical 20 kV SEM micrograph of type A sample: face, which results from the sample transport and storage in
V42 N Co,MNnSito0 Ny A 14 "My oxidation +in situ annealing; (b)  air (the localization of the C only at the surface of the
X-PEEM image(Mn L edge of the not magnetized sample. The samples is proved by depth profilingPlease note, that the
Mn L3 image is divided by the Mib, image to increase the con- depth profile of the full MTJ-CMS, gives no hint to a C
trast. White arrows mark the sensitivity direction. contamination at the upper barrier interfagke full junc-
tions are deposited without vaccum brgak
Il A, the ~2 nm thin tunnel barrier can successfully sustain ~ The measured atomic concentratiogof O, Al, Co, Mn,
the variation of the mechanical stress during grain growﬂ'ﬁ.nd Si show no clear trend within the scatter of the data for
and is not shorted. different CgMnSi thicknesses. The atomic concentratin
AFM measurements are performed to determine the tilt oPf Si, Mn, and Co is strongly reduced by the covering AlO
the individual grains with respect to the film plane. Even forlayer. The reduction of the Mn&86 e\), the Co1(772 eV)
the sample with the thickest dnSi layer (100 nm) and, and the Si21615 eV signal by a thin AJO; layer calculated
therefore, largest grains the maximum tilt is only 0.3°. Be-with ~ NIST  Electron  Effective-Attenuation-Length
cause of the higkl10)-texture and the small tilt angles of the Databasé>®can be well described by a first-order exponen-
grain surfaces with respect to the film plane, the,aSi  tial decay with effective decay lengths a f:12:1-01 nm,
grains are terminated wittl10)-planes(possible modifica- )\gfglzl.ZS nm, andxg‘;fzzz.41 nm, respectively. The result-
tions in the atomic and magnetic order of the interface WI"mg intensity reduction of these three Auger peaks leads to
be discussed belowThe surface roughness of the barrier is measuredatomic concentrations differing significantly from
not significantly altered by thén situ annealing process., the true atomic concentrations at the génSi—AlO, inter-
e.g., ford(CMS)=100 nm the rms roughness of stack A andface. The measuredg; is considerably enhanced with re-
stack B is 0.41 and 0.44 nm, respectively. The X-PEEM im-spect toXc, and Xy, Xc, With respect toXy,,. After correct-
age of the type A sample witl(CMS)=100 nm at the Mn  ing this effect in the first ordéf and averaging the resulting
L, ; edgegFig. 2b)] clearly shows its magnetically soft be- relative concentrations of Si, Mn, and Co with respect to the
havior. The original _dom_aun state, i.e., the sampledssatu-  yeousier film thickness, a corrected compositionXfe A
rated _after preparation, is characterl_zed_ by §ev/erallarge = C034iMN4125Shas; below the AIQ is found.
domains superimposed on a magnetization ripple due to local rqr checking the influence of thie situ annealing on the
fluctuations of the crystalline anisotropy and flux closure. 4iomic concentrations of stack A, these samples are com-
pared with the not annealed type B samples. After correcting
C. Atomic concentration study of the CeMnSi—AIO the influence of the EAL effett and averaging with respect
interface to the layer thickness, the corrected composition of the type

As discussed in our previous wotkthe CoMnSi alloy B Samples isXype 5= C036:4MN43:650:1+2 in accordance with
only orders atomically and magnetically during tmesitu X, o. Therefore, the in-situ annealing procedure does not
annealing process. Therefore, in principle, a thermally insignificantly alter the measured atomic concentrations, and,
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accordingly, thermally induced segregation processes at the
Co,MnSi-AlOQ, 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 ch

samples from the ideal bulk composition of {gdn,cSiss (%)
must be analyzed. The relative sensitivity factors used for <
quantification of the Auger intensitiedbase on reference a4
measurements of elemental samples, i.e., pure Si, Mn, and 8
Co. This may result in systematic errors due to matrix &
effects’ To overcome this problem the type C sample is used F 3

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 2]
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 -5 0 5 10 15 20 25 30 35 40

A and B samples. Although the natural oxidation of the Photon energy [eV]

1.4 nm thick Al layer leads to an AIQAI capping bilayer,

the electron attenuation can be simulated by a single 1.8 nm F|G. 4. XAS spectra of a type A and a type C sample with
thick Al,O; layer, since the calculatétattenuation by an Al d(CMS)=100 nm. The photon energy is defined with respect to the
layer is very similar to the attenuation by the same layeimaximum of thel; absorption edge. The arrows indicate additional
when it is completely oxidized. The corrected reference confeatures in the XAS of type A samples in comparison to the type C
centration for the type C sample ¥ype c=C047MnN3Siy7. sample.

The comparison with the data of the plasma oxi-

type C

dized samples Xiype g=C036:4MN43:6Skr142  ANA Xiype A The XAS spectrum at the Ch; ; edge for the type A
=C034.,MN,1,,Sih,4,1 reveals a Mn and Si segregation during sample(100 nm CgMnSi, see Fig. # shows an additional
plasma oxidation. shoulder at~4 eV above the maxima of the, 5 intensities

The probable driving force for the segregation is the for-but the observed absorption edge shape is neither compatible
mation of MnQ, (this will be verified in Sec. lll Dand SiQ  with pure metallic Co nor with the typical multiplet structure
at the lower barrier interface because of their large oxygef CoOZ1° Although the type A sampléas well as all other
affinity.’® For roughly estimating the barrier thickness of type A samples and the type B samjpie plasma oxidized
plasma oxidized samples, depth profiling of a type A sampldor 200 s resulting in the Mn/Si segregation, we have no
(100 nm thick CeMnSi) and the type D sample is per- indication for the presence of CoO in the near barrier region.
formed. The thickness of the insulating barrier is estimated All type A samples with CeMnSi thickness ranging from
from the sputtering time needed to remove the oxidized sur8 to 100 nm show the additional 4 eV feature, only the type
face layer(assumed to be proportional to the thickneg®r A sample with the thinnest GMnSi layer (4 nm) and the
the type A sample, this sputtering time is about 1/3 largeitype B sample do not. As will be discussed, this perfectly
than for the type D sample. Accordingly, the insulating bar-accords with a significanfor, respectively, for the latter
rier for the type A sample is about 1X31.8 nm=0.6 nm samples a vanishing<MCD signal indicating ordered inter-
thicker. The increased barrier thickness explains the higlfiacial spins. Therefore, this additional feature can be attrib-
area resistance product of MTJ-CMS discussed in Sec. Il Auted to certain atomic and magnetic orders of thgMNG5i

o ] _ alloy at the lower barrier interface.
D. Magnetic interface properties and chemical states For Mn, the situation is differertsee Fig. 4. The type C
of half MTJs sample shows a structureldss; absorption edge shape typi-

The half MTJ stacks A, B, and C are now discussed withcally for delocalized @ electrons, like in metallic MR? In
respect to their element specific magnetic and chemical progontrast, all plasma oxidized samplégpe A and type B
erties measured by XAS and XMCD. Typical XAS measure-have a pronounced multiplet structuiedicated by the ar-
ments(normal incidencgof Co and Mn are shown in Fig. 4. rows in the lower part of Fig. 4independent from GMnSi
As already mentioned in Sec. Ill C, the natively oxidized Al thickness and annealing procedure. The multiplet structure
cap layer prevents the oxidation of the buried,K0Si sur-  clearly hints at an increased localization of thete8ectrons.
face below the oxidized Al film for the type C sample. The The energy positions of the additional peaks agree quite well
XAS spectrum of Co is characterized by structurelesg ~ with calculated XAS spectra assumingﬁﬁs,2 ground-state
absorption edges, which are typical for Co with delocalizedterm?* Especially, this line shape is found for oxidized .
3d electrons(e.g., metallic Cp but the resonance lines for As shown in Sec. Il C a Mn/Si segregation at the lower
the CgMnSi films are significantly wider than for pure ¢d. barrier interface for plasma oxidized samples is observed.
This hints at strong changes of the bandstructure at the Cbhe formation of MnQ is now verified by the development
sites in the Heusler alloy with respect to the pure metallicof the Mn-multiplet structure in all plasma oxidized samples
Co. (up to now, the chemical state of Si in the segregation layer
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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 withCMS) =8 nm.

The relative XMCD signal, is defined as

Y

.45

o
E -6p+(8/3)q
3
1.4 A =
g0 total rPp, COSO
E, 14
l with
7135
r:f (I"+1"-s.f)dE
L3+L2
1.30 M T L} T T T
810 840 870 900 930 p= (I* = 1")dE
Photon energy [eV] L3
FIG. 5. Post edge region of the @g ; edges for some type A - (I* = 1")dE
samples(4, 61, and 100 nm GMnSi thicknesy and the type C q L3412 ’

sample.
and with1* andl~ the TEY signal of the sample saturated in

could not be investigated by XAS because of experimenta}, positive(|\7| | “5) and a negativél\7lml5) magnetic field.
restrictiong. Usually, the MnQ multiplet structure for pure e gata taken at 30% grazing incidence are normalized with
oxide films is significantly sharpéf. This means, that the aqhect to the current in the storage ring and the transmission
measured shape of the M 5 edges of all plasma oxidized nction of the monochromator. The background functon
type Aand B samples results from a superposition of 2 signa! js 5 two-step-function with thresholds set to the peak po-
from MnG, in the segregation layer and a signal from thegjtions of theL, and L, white lines and with relative step
underlying (not oxldlzed Mn of the Hey_sler alloy. In con- heights of 2/3L,) and 1/3(L,). This definition ofA, will

trast to Co, which showed the additional shoulder 4 eVye 1564 to compare the different samples qualitatively with
above the resonances, no clearly visible change of the abaqhect 1o their element specific magnetic interface proper-
sorption edge shape after annealing is found. ties. Please note, that according to the XMCD sum féles

In HeusI5e£4aII0ys the pulk magnetic and atomic .order a%his definition of Aia IS equivalent to the total magnetic
correlated*>“the same is expected to hold at the interface. . oment given in units ofug per atom and number ofd3

The atomic interface order of the Heusler alloy can be studholeS (spin magnetic dipole term<T,> neglected, if the

led by analyzing the XAS spectra of Co with respect to their \1cp sum rule@* were applicable without any restriction.
extended x-ray a_ll_)s_orption fin_e StrUCM@(A.F S).* Due to The number of @ holes can be taken from band structure
the surface sensitivity of XAS in TEY detection EXAFS con- oo jations, but a fully quantitative interpretation is compli-
tains information about the local environment of Co atoms alated by several factors: For Mn the-23d electrostatic in-
the interface. The post edge region of the IGg edges(see  oa0ti0n becomes importa#®2 This leads tojj mixing

Fig. 5)shovys the same EXAFS oscillations for all types Owahich is neglected in the XMCD sum rules. Nakajim;a
samples withd(CMS) ranging from 8 to 100 nm. For all 4 26 showed, that the electron yield saturation effect can re-
duce the measured magnetic spin monmepby 10%—-20%,
the influence on the orbital momemt is even worse. Further

051 complications result from spin- and energy-dependent varia-
7 04 tion of the TEY?” and the neglect of the spin dipole term
€ 03 <T,>.728
5 921 Typical measurements of the XMCD asymmeitfy1~ for
& 0.1 Mn and Co are shown in Fig. 6. The relative XMCD signals
= 00 Aota for all type A and B samples are summarized in Fig. 7.
T -0.11 The XMCD asymmetry has the same sign for Mn and Co,
0.2 the element specific magnetic interface moments are aligned
r —r r T parallel to each other. The shape of the asymmetry is inde-
630 645 660 760 780 800 820 pendent of the CMnSi layer thickness from 8 to 100 nm

Photon energy [eV
oy [eV] for all type A samples. Therefore, the ratio of the orbital and

FIG. 6. Typical XMCD asymmetry*—I~ of Mn and Co(type A the spin magnetic momefiy/my) of those samples does not
sample, CeMnSi thickness 100 nin depend on the GMnSi thickness. Only for the type A
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07] ] V seed layer and the surface of the film. Depth profiles of
0.6] QQ______’_— ] type A and B samples witldl(CMS)=8 nm showed, that a
0.5 ] weak interdiffusion at the V/CMnSi interface duringin
0.4 8/' ] situannealing at 450 °C is present. Both may result in higher
2 03] ] atomic disorder in the nucleation zone quenching the mag-
< 5ol — not annealed netic moments at room temprature.
0.1] v AN
2'(1)' O 1 E. Discussion
"0 20 40 60 80 100 Finally, the structural and magnetic properties of the
Co,MnSi Thickness d(CMS) [nm] Co,MnSi/AlO, interface have to be discussed with respect
to the transport properties of the full MTJ-CMS.
FIG. 7. Summary of the relative XMCD signAlyg of Mn and The high area resistance product results from the larger
Co for stack A and B samples. The results of the type B sample arbarrier thickness because of Mn/Si segregation and oxide
labeled withnot annealedThe lines are guides to the eye. formation. The first reason for the limitation of the tunneling

spin polarization to 61% up to now is atomic disortférat

sample with d(CMS)=4 nm and the type B sample no the interface. The plasma oxidation induced segregation re-

XMCD signal is detected and, hence, the interfacial magsults in an inhomogeneous distribution of the atoms in the

netic moments are not ferromagnetically ordered. This idnterface region as a function of depth, making perfect

closely related to the magnetic bulk properties investigate@tomic order of the CMnSi impossible. For elevated tem-

by magnetometry. Only fo(CMS)=8 nm and aftein situ  peratures the disorder results in enhanced magnon

annealing a magnetic bulk moment of 4.3-44 close to  scattering® of the tunneling electrons, which deteriorates the

the expected value of pg'# is found. TMR temperature dependence. Second, the presence of para-
Furthermore, the interfacial magnetic order is correlatednagnetic ions in the barrier may reduce the TMR efféct.

to the certain atomic order indicated by the Co EXAFS os-The oxidation induced segregation results in Mn ions that are

cillations found for type A samples witd(CMS)=8 nm. located in the extended tunneling barrier. Mn ions usually are

Indeed, the correlation of atomic and magetic order is a typiparamagnetic and, therefore, can act as scattering centers for

cal fingerprint for full Heusler alloy$4 tunneling electrons. Furthermore, the stronger temperature
The Ay Of type A samples increases rapidly by in- dependence of the TMR for MTJ-CMS in comparison with

creasing the film thickness from 4 to 8 nm. For largerMTJ-NiFe indicates, that the density of unpolarized defect

d(CMS) a further slight increase of\yy is found for  states in the tunneling barrfe is higher for MTJ-CMS.

Mn (Co) from 0.40+0.020.55+0.0) at d(CMS) This is reasonable because of the mechanical stress during

=8 nm to 0.44+0.020.60+0.0) for d(CMS)=100 nm. the thermally induced grain growth in MTJ-CMS.

This is accompanied by the increase of the grain sizes

Sec. Ill B). Band structure calculatioffsgive the numbers__of V. CONCLUSIONS
3d holes for Co(2.24 and Mn (4.52. To correct thejj
mixing for Mn its spin momenin is multiplied by the factor In summary, magnetic tunnel junctions with a magneti-

x.2° The value ofy is not precisely known, but lies in the cally soft Heusler alloy electrodéCo,MnSi/Al+oxidation
range from 1.QRef. 30 to 1.52° Neglecting all other com- +in situ annealing/ CgFe;/Mngglr;;) and a maximal tunnel
plications of the applicability of the sum rules mentioned magnetoresistance effect of 86% at 10 K/10 mV are inves-
above, the ratio of the total magnetic moments for Co andigated with respect to their structural and magnetic proper-
Mn can be estimated in first order. FdiCMS)=100 nm this  ties at the lower barrier interface for different SnSi
gives mM"/mC°=1.5-2.2(depending on the values fof),  thickness, oxidation methods, and annealing procedures. A
from bandstructure calculations a magnetic moment ratio oplasma oxidation induced Mn/Si segregation at the lower
mMn/mto~ mg"“/mg":zyl is expected(the calculated or- barrier interface is found, which depends neither signifi-
bital moments for Co and M# as well as the total magnetic cantly on the CeMnSi thickness, nor on the subsequémt
moment of Sit:32are very small and can be neglected here situ annealing at 450 °C. The segregation results in a strong
A reduced magnetic moment ratio is reasonable, because ofcrease of the area resistance product of MTJ-CMS in com-
(1) the MnQ, formation in the segregation layévin oxides  parison to optimized Co—Fe/Al@Ni—Fe junctions with
are usually paramagnetic at R&nd(2) the residual atomic equal Al layer thickness prior to oxidation. As for bulk
disorder in the interface region because of the segregatiol€o,MnSi, in situ annealing induces ferromagnetic order of
The low temperature magnetic properties of the Mn ions inMin and Co magnetic moments at the interface fosNDSi
the segregation layer as well as the temperature dependenitéckness=8 nm; simultaneously, a certain atomic ordering
of Ay for Mn and Co will be addressed by temperatureat the interface is indicated by the Co EXAFS oscillations.
dependent XMCD investigations in the near future. The magnetic moments of Mn and Co are aligned parallel.
The reasons for the vanishing bulk/interface magnetic orAn estimation of the ratio of the total magnetic moments for
der ford(CMS)=4 nm at room temperature are not clear upMn and Co showed, that""/mc° is smaller than expected
to now. It may result from structural differences in the as-from band structure calculations because of the formation of
grown films between the nucleation zo@e., adjacent to the paramagnetic Mn ions in the segregation layer and residual
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