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Polarization of Fe(001) covered by MgO analyzed by spin-resolved x-ray
photoemission spectroscopy
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Single-crystalline(002) Fe thin films were prepared by molecular beam epitaxy and covered by epitaxial
MgO barriers. The MgO growth was confirmed to be layer by layer as shown by reflection high-energy
electron diffraction, which allowed us to prepare Fe films covered by only two atomic planes of MgO for spin
polarization measurements. On the one hand, regular x-ray photoemission spectroscopy measurements evi-
denced a weak hybridization between Fe and O. Moreover, a large Fe magnetic moment at the interface with
MgO was shown by x-ray magnetic circular dichroism measurements. These two observations are in agreement
with theory. On the other hand, we show that the Fe density of states can be measured by photoemission
through the oxide barrier, since the oxide valence band only starts at 4 eV below the Fermi level. Spin-resolved
x-ray photoemission measurements performed at ESRF allowed us to demonstrate that the electrons emitted
from the (001) Fe layer through the barrier are polarized. A polarization fully integrated space and
corrected from remanence near 42% was measured.
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[. INTRODUCTION whereP; andP, are the polarization of each electrodes. The
higher the polarizations, the better the TMR is. This is the

For many years, a lot of work has been dedicated to theeason why a lot of studies have been dedicated to the deter-
study of magnetic tunnel junctiofMTJ’s) due to their large  mination of the polarization of magnetic materials. One way
potential in applications especially in spintronfc&.MTJ is  to measure directly the polarization of a material is to per-
constituted of two magnetic layers separated by an oxidéorm spin-resolved photoemission spectroscopy near the
layer, with a thickness close to the nanometer. Due to thigermi level. Such a measurement has to be performed in
low thickness, electrons pass through the oxide barrier byacuum on a well-controlled contamination-free surface in
tunneling? Moreover, the spin state of a conducting electronorder to detect electrons that only come from the material.
is conserved during its transport from one electrode to théndeed, if another material is present, the density of states of
other through the barriér.The different concepts of new this former material will be included in the measurement.
spintronic components were based on this spirHowever, the polarization of a free surfaceigriori not the
conservatiod. Indeed, if we imagine that in the first elec- pertinent polarization to predict the TMR. Indeed, as the po-
trode all the conducting electrons are polarizedth a spin  larization is fixed by the density of states of the electrons at
up), this spin-up current passes through the barrier only ithe highest energy levels, nelag, these electrons also par-
some spin-up empty states exist in the second electrodécipate in the chemical bonding with a layer deposited on it
Thus, in the ideal case of two 100%-polarized electrodes, and especially with an oxide. Consequently, there is abso-
current takes place if both magnetization directions are pattutely no reason that the polarization of a material deter-
allel and becomes equal to zero if the magnetization direcmined on its free surface remains the same when it is cov-
tions are antiparallel. ered by the oxide barrier.

In practice, the usual ferromagnetic materials used in The first goal of this study is to measure the polarization
MTJ’s (Fe, Co, Ni, associated compounds), are not fully  of a magnetic material covered by the oxide barrier—that is,
polarized. However, the density of electronic states at thehe pertinent polarization for MTJ's. The basic idea is the
Fermi level for spin up and spin down are not equal, leadindollowing. The Fermi level of an oxide is in the gdmore
to a nonzero polarization. In that case, an asymmetry of therecisely in the middle of the gap if there is no impurijies
current(or resistanceR) is observed for the parallel and an- Consequently, from the Fermi level down to the highest en-
tiparallel magnetic configurations of the electrodes whichergy of the valence band there is no density of states if the
lead in first approximation to the so-called tunneling magne-oxide is pure and if no surface states existleed, impurities
toresistancé TMR) defined a$ or surface states generate some new energy levels located in

the oxide gap If this is the case, it becomes possible to
TMR= ﬁ: 2P1P> (1) measure the density of state of the magnetic layer below the
R 1-P.Py’ oxide barrier, from the Fermi level down to the beginning of
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the oxide valence band, and consequently to measure themperature. Regular XPS measurements were also per-
polarization of the electrode covered by the oxide. In order tdformed at thel, 3 Fe edge using an Al anode in order to get
test this idea, we had to choose an appropriate electrodgbme information about the hybridization between Fe and
oxide system. This choice is actually limited by some intrin-MgO at the Fe/MgO interface. Finally, in order to demon-
sic constraints. On the one hand, as the photoemission pr@rate that the measurement of Fe polarization through MgO
cess leads to the emission of an electron from the analyzegag possible, we performed HR-UPS measurements by us-
material to vacuum, the escaping depth of the electronrcng a Scienta equipmerBES200 with a He 1l UV source
through the material is equal to a few atomic planes. Conse(hvz4o'8 eV). It should be noted that the integrated photo-

quently, an oxide barrier thickness as small as possible has {Q,ssjon spectra for this energy are close to the density of
be chosen in order to minimize the attenuation of the elec:

X o X ~~states(DOS) of Fe (convoluted with the Fermi-Dirac distri-
tronic emission from the electrode through the oxide barrlerb .
) . ) ution) as generally the case fod3metals.
(exponential with the thicknegsOn the other hand, the elec- Si th | d in the MBE chamber i
trode surface has to be totally covered by the oxide barrier. Ince the samples were prepared in the chamber in
Indeed, if some electrode surface regions are not covered k&ancy and measured_ at LURE and.ESRF, an exposure to air
the oxide, the photoemitted electronic current coming from'/as necessary, leading to some risk of degradation of the
these regions will be much higher than those coming fromc,amples surface. In order to avoid this problem, the sgmples
the regions covered by the oxide. The epitaxial Fe/NQf) dedicated for XMCD m.easurement. at.LURE were simply
layer by layeP® This behavior allows us to minimize the €mission measurements, the capping was a 100-nm-thick Sb
MgO layer thickness down to two atomic planes. layer. The samples were always transported in,aalino-

This study was secondly motivated by theoretical predic-sphere, the exposition of the samples to the air being limited
tions about electronic properties of the Fe/MgO interface: do less than 1 h. We have checked that a heating up to 700 K
small hybridization between Fe and MgO is expected, leadwas sufficient to desorb almost all the Sb layer. However,
ing to a high Fe magnetic moment at the interface, like orabout 1 ML(monolayey of Sb still remained on the surface
the free Fe surfaceSuch an improved magnetic moment at and a heating up to 800 K was thus necessary to eliminate it.
the electrode/oxide barrier interface should lead to an im\e consequently checked that the Fe/2 ML MgO system was
proved polarization. In addition, no minority-spin transport isnot destroyed by such a heating process. For this purpose,
expected at thd" point in the Brillouin zoné® Conse-  Xps spectra were collected just after the MgO growth at
quently, a high polarization rate is expected along[®@1]  room temperaturéRT) and after several heating up to 850 K.
crystallographic direction. _ No difference was observed between the spectra. This means

The samples were prepared by molecular beam epitaxiat no interdiffusion took place between Fe and MgO, when
(MBE). The growth, structure, and chemical aspects wergqq js firstly deposited at R¥ The experimental process at
characterized by scanning tunneling microscéS¥M), re- e ESRF was thus the following. First, the Sb capping layer
flection high-energy electron diffractiofRHEED); and Au- 55 desorbed using heating temperatures up to 800 K. Sec-
ger and x-ray photoemissiofXPS) regular spectroscopies. onq the chemical and crystallographic quality of the surface
The electronic properties near the Fermi level were charaGyere checked by AES and/or XPS and low-energy electron
terized by high-resolution ultraviolet photoemission spec-itfraction (LEED). No C contamination was observed after
troscopy(HR-UPS. The magnetic behavior of the Fe layer o hrocess, and a sharpc1 surface structure was observed
near the interface was studied by using x-ray magnetic Cirpy LEED.
cular c.iichroism(XMCD).at satgration at LUREon SU23 At LURE, the XMCD measurements were performed by
beamline at SuperAco ringind in remanence at ESRF, and iging 4 fixed circular polarization and by flipping the applied
the spin polarization by spin-resolved x-ray photoemlssmr}nagnetic field. The circular polarization rate was 40%, and
spectroscopySR-XPS at ESRF(on ID8 beamling the angle between the surface and the x-ray beam was 45°.
Both remanent and saturated magnetization were measured
by applying magnetic fields up to 1 T. The measurements
were performed around 20 K. At ESRF, the XMCD and SR-

The sample preparation was processed at the LPM iiXXPS measurements were performed in the remanence mode.
Nancy. The Fe layers were grown on M@DJ1) clean single- Both applied magnetic field and x-ray polarization were
crystalline substrates prepared situandin situ outgassed flipped before the absorption measurements. Four absorption
up to 1200 K. Auger electron spectroscqES) allowed us  spectra were thus recorded and combined, which allowed us
to check that there were no impurities on the surface. Ino eliminate some asymmetry due to the apparatus as often
particular, no C contamination was detected. Fe was subliebserved. The x-ray circular polarization rate was 99%. The
mated by using a Knudsen cell heated at 1500 K, leading tmmagnetization was calculated by using the sum rules on
a growth rate of 1.8 nm/min. The Fe layers were 100 nmXMCD measurements with the process proposed in Ref. 11.
thick. They were grown at room temperature and heated uphe SR-XPS measurements were performed in the same
to 800 K after the deposition in order to smooth the surfaceconditions, and the polarization was determined using the
Again, no C nor O contamination was detected by AES. Theprocess described in Ref. 12. The SR-XPS experiments were
MgO was evaporated at a growth rate around 1 nm/min byerformed with an incident photon energy of 500 eV. Like in
using an electron gun. The MgO layer was deposited at roorilR-UPS measurements, the photoemission spectra obtained

Il. EXPERIMENTAL DETAILS
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FIG. 1. lllustration of the Fe/
MgO(001) system quality: (a)
200% 200 nnt STM image of the
starting (001) Fe buffer layer,(b)
RHEED patterns along th¢ll]
azimuth of the square lattice of Fe
and (c) of the 2-ML-thick MgO

d) ' ' layer, and(d) RHEED oscillations

observed on thé00) streak during
| n N i the MgO growth on Fe at room
temperature.

(00) intensity (arb. units)

| |
0 100 200

deposition time (s)

on Fe are similar to the Fe DOS. The total resolution duringsurfaces, with large terraces as shown by STM and sharp 1
the experiments was 0.28 eV. All the electrons emitted by the< 1 surface structure as observed by RHEEY. 1).** It
surface with an angle of 20° were collected. Consequently, should be noted that such Fe surfaces prepared by heteroepi-
the full density of state was measurg@ategrated irk spacé.  taxy on MgQO001) are not as smooth as Fe whisker
The spin detection was ensured by using a Mott detédtor. surface€ Four level of terraces are present on this image,
The polarization was (;alculated using a Sherman functior[bading to a height difference of 4 ML between the lowest
equal to 0.142 determined on a CuO reference. The Fermj,q highest terraces. However, the height of an individual
level was accurately determined by measuring a gold refergtep is 1 ML. At least, due to some emerging dislocations
ence ;ample in electrical contact with the sqm_ple. In bo”&oming from the misfit between the MgO substrate and Fe
experiments at LURE and ESR.F' _the magnetic field was apléyer, some steps of 2 ML height are sometime present. Nev-
plied along the(100) Fe easy axis in the surface plane. ertheless, such a surface quality is sufficient to our purpose,
and the heteroepitaxial Fe/M@@1) solution is of techno-
. EXPERIMENTAL RESULTS logical interest compared to whiskers in order to realize mag-
netic tunnel junctions.
The RHEED patterngFig. 1) observed on the deposited
We first would like to show that the Fe/Md@@01) system MgO layer confirmed the epitaxial relatiof001) [110]
is a model system for our purpose, concerning both the moiMgOIl(001) [100] Fe. RHEED oscillations typical of a layer-
phologic, crystallographic, and chemical aspects. The Fbéy-layer growth mode were observéeg. 1), which allowed
buffer layer preparation allowed us to get mod@0l) Fe  us to control accurately the time needed to complete one

A. Growth and structure
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FIG. 3. High-resolution UPS spectrum performed at room tem-
perature with He Il source on a fré@01) Fe surface and on@021)
Fe/3 ML MgO sample. In the inset is shown close-up of the photo-
: : emission signal coming from Fe with higher statistics for both
' ' i TR S samples.
740 730 720 710 700
Binding Energy (eV) experiments by the occurrence of a FeO layer at the inter-
face. If such an FeO interlayer actually exists, our results
FIG. 2. XPS spectra performed at room temperaturéph (50 clearly show that Fe and O are not hybridized like in bulk
nm)/Fe2 ML), (b) same sample covered by 2 ML Mg@®) same as  FeO.
(b) heated at 570 K, an¢l) thick Fe layer.

B. Electronic properties

atomic layer. It should be noted that these RHEED oscilla- The HR-UPS experiments were performed to demonstrate
tions are easy to see with the naked eye: the amplitude of theoth the ability of the technique to measure the Fe DOS
oscillations is as large as 2/3 of the full scale of the chargethrough MgO and the Fe DOS modifications when covered
coupled devicgCCD) camera. We have also checked thatby MgO. In Fig. 3 is shown a typical angle-integrated pho-
the AES spectra performed on the deposited MgO layers angemission spectrum obtained ori®1) Fe layer covered by

on the MgO substrate were exactly the same. This indicates 3-ML MgO layer. In order to compare this measurement
that the stoichiometry of the deposited MgO layer is correctwith the free F€001) surface, a similar experiment was per-
in agreement with the results reported in Ref. 15. Concerningormed on the same sample after having removed the initial
the Fe and MgO lattices coincidence, it seems to be welMgO layer(by Ar sputtering and annealing at 750.Kn the
established that the Fe atoms sit above the O i6Ssich an  following, we discuss first the measurement performed on
oxygen on-top position was also found to be more stablehe free surface and second the spectrum’s modifications
than the Mg in-top position in the calculations by Li and with the MgO covering, both with an angular integration of
Freemarl. Concerning the Fe-O hybridization, these authors+8°. We third discuss on the observations for an increasing
also predicted a very low electronic transfer from Fe to Oangular integration.

(0.3e7). As a strong Fe-O hybridization like in FeO and  The photoemission spectrum measured on the free Fe
Fe,O; leads to strong modifications of the photoemission Fdayer (dashed linesis in perfect agreement with those ob-
2p core levels' this result may be easy to test by XPS. Fortained in the literature at the same excitation energy and
this purpose, we performed XPS experimetwdth the Al angular integration rangé+8°). In this system, numerous
anode first on a 2-ML-thick Fe layer grown at RT on(@021) spectroscopic studi€s?*have shown that both the spin po-

V buffer layer, second on the same sample but covered by Rrization and band spectral weight are strongly dependent
ML of MgO grown at RT, and third on the same sample on the range of angular integration used and on the energy of
heated up to 570 K. These spectra were finally compared tthe excitation light. Close to the Fermi level, the main peak
the XPS spectra obtained on a thick Fe film. The results arebserved around 0.3 eldenoted A in the inset of Fig.)3s
shown in Fig. 2. No new satellite peaks and no chemical shifascribed to spin-polarized bands, as shown by the strong
of the Fe 2 core levels were observed, which means that ndncrease of the spectral weight observed by increasing the
FeO or FgO; hybridization like took place. Moreover, the photon energy. The average energy position of this feature
heating at 570 K did not change at all the XPS spectrumresults from thek integration of a well-defined dispersive
This means that no interdiffusion between V, Fe, and MgOband over~=1/3 of the full Brillouin zone around thE point
took place and that the Fe/MgO hybridization did notdue to the angular integration range. Previous normal emis-
change. These results consequently support the analysis of kion spin-polarized photoemission spectroscdplS mea-

and Freeman, even for temperatures up to 570 K. Howevesurements(at the I' point) performed at low energyh(
Meyerheimet al8 interpreted their surface x-ray diffraction ~50—70eV) have demonstrated the strong minority-spin
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character of thisd band (for Eg<0.5eV), whereas the To summarize, we first demonstrate the possibility to
majority-spin band is deepéior Eg>0.5 eV)1°-2|t should  measure the Fe DOS through the oxide barrier by photoemis-
be noted that this contribution around 0.3 eV does not comsion. Second, even if we could not go as far as to say that the
from a surface state. Indeed, photoemission and scannimginority-spin channel was destroyed around th@oint as
tunneling spectroscopyTS investigations of the fre@01) predicted (since the experiments were not spin resojyed

Fe surface allowed us to identify surface state bandE at these preliminary experiments allow us to confirm some
located on the one hand at 0.2 aldovethe Fermi level and Strong modifications of the Fe DOS around thpoint when
on the other hand at more than 2 é¢low the Fermi covered by MgO as suggested by the calculations.
leve| 24-2¢

With the MgO covering, the situation is much different.
First, we have observed on a thick MgO layer that the typical
MgO DOS in the PES spectra starts around 4 eV below the The magnetic properties of the Fe/MgO system were
Fermi level due to the strong insulating nature of the Mgostudied at LURE. The remanent magnetic moment was mea-
thin film. Assuming a Fermi level lying in the middle of the sured on a 100-nm-thick Fe film protected by a 3-nm MgO
MgO energy gap(7.9 eV), these results are in good agree- film. The remanent magnetization was found to be 94% of
ment with the STM and UPS results already publishide the saturated magnetization. Moreover, in order to determine
consequently get a clearance of 4 eV below the Fermi levelhe magnetic moment of Fe at the Fe/MgO interface, special
where the PES signal coming from MgO is zero. This is insamples were prepared. A model sample for this purpose
this energy range that the DOS of the Fe layer below thé&hould be one atomic Fe plane in between two MgO layers.
MgO |ayer may be “seen.” For thinner MgO Covering like in However, the Fe grOWth mode is three dimensional on MgO.
Fig. 3, a non-negligible DOS is actually observed inside theConsequently, we chose to grow the Fe layer on a V buffer
gap, which can be undoubtedly ascribed here to the Fe DORYer since Fe grows layer by layer and keeps its bcc struc-
measured through the MgO barrier. As the mean free path &ére on V. The choice of V was also supported by the reduced
this excitation energy is rather small, the photoelectrons arBagnetic moment of Fe in contact with®VIndeed, since a
emitted from the last Fe layers. Thus the experimental Féarge magnetic moment is predicted for Fe in contact with
DOS measured here is mainly representative of the Fe/Mg®gO,” the XMCD signal should be greatly affected by re-
interface. Note that this measured DOS remains unchangddlacing the Fe/MgO interface by the V/Fe interface. Finally,
with an annea”ng up to 900 K. Compared to the free Féhe Fe film thickness should not be too thin since the Curie
DOS, the low-energy 3-ML MgO/Fe DOS is strongly re- temperature is well known to decrease with the thickness.
duced close to the Fermi level and the main featdenoted Two samples were thus prepared on MgO subtrates:
B in the inset of Fig. B appears now deepéaroundEg V50 nm/ F& wmL/ V3w /MJO; nm and Vso nm/ Fe&s mi /MYO; .
~0.6 eV) compared to the Fe DOS of the uncovered Ed he 50-nm-thick buffer layers were first grown at RT and
surface. It is thus natural to conclude to a strong reduction onnealed at 1000 K. The Fe layers were grown at RT and
the low-energy spectral weight mainly attributed to the dis-2nnealed at a limited temperature equal to 500 K since we
persive feature in the 0.2 e«/EB<05 eV range for the free observed that Fe/V bulk interdiffusion starts at 670 K. The
Fe. Therefore, this result gives clear experimental evidenc®gO and V overlayers were grown at RT. It should be noted
that the electronic structure of the last Fe ldgeinvolved in  that we are able to grow buffer layers without oxygeon
the MgOJ/Fe interface is locally different from the fré@01)  the surface as detected by Auger spectros¢bfine XMCD
Fe. Moreover, due to the moderakentegration range in- Signals measured at saturatis00 Oe was sufficienton
volved here, we can deduce that this spectral weight redudhese layers were compared to the XMCD signal obtained on
tion concerns mainly thk,~0 states. As long as these miss- the thick Fe film taken as a reference. We consequently get
ing states are assumed to be spin polari@édninority-spin ~ three XMCD measurements as shown in Fig. 4, for three
character from Refs. 19_21the consequence should be aunknOWn parameters: the Fe moments at the interface with
strong positive polarization enhancement close to the Fernfi90O and V and the escape depthof the electrons in Fe
level, especially for the normal emission electrons which arevhich defines the attenuation constanof the absorption
supposed to mainly contribute to the spin-polarized tunnefignal with the thickness ak=exp@\). The absorption

current’’ This is in agreement with the calculations pre- meéasurements and sum rule applications on these three
sented in Ref. 8. samples are shown in Fig. 4. Assuming that the moment of

In addition, we performed similar experimentsn the  Only one Fe atomic plane is affected at the interfaces and that

free Fe surface and on Fe covered by Mgbut with an  the absorption signal of one atomic plane is decreased by a
increasing angular integration. On the one hand, we did ndigctor ofk” when covered by atomic planes, the isotropic
observe any noticeable modification of the Fe/MgO PESabsorptionr, and the absorption with right-left circular light
spectrum, still characterized by a pe@® at 0.6 eV below ownp May be written as a function of the absorption for one
Er. On the other hand, the maximum feat#® observed atomic planes;. In the case of the first samplghick Fe

on the free surface progressively vanished and a spectrurhMgO) we get

similar to the Fe/MgO one was thus observed. These obser-

C. Magnetic properties

vations again confirm that the main modification of the PES 0
signal of Fe when covered by MgO occurs around the _ Ko, = 71 2
point. 7o nZO Tk @
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FIG. 4. Absorption and XMCD spectri@eft scal¢ measured at 10 K ofll) Fe100 nm)/MgO(3 nm), (2) V(50 nm/Feg6 ML)/MgO(2
nm), and (3) V(50 nm/Fe6 ML)/V(3 ML)/MgO(2 nm). The integrated total absorption and XMCD curves needed for the sum rule
application are also drawmight scal@. The spectra were not corrected for the angle between the sample and the x-rafAb68aemd for
the polarization raté40%).

XMCD'™ () nick Fe=mTMIY1—K) + u™%=2.30+ 0.02ug/at,
ON=O0p 1+ T (6)
~ Fe/MgO 2.0 1,134 4y, Fey L5, FelV
__FelMgO __Fe/MgO % +(K+ko+kK°+ k") u ™+ ko
_Ulﬁl 9 +nzl kn‘le—Ulﬁn S+ 1—kUlN’ ) <,U~>V/Fenv|go: (1+k+k2+k3+k4+k5)
XMCDIOI k =2.23+ O.O4;LLB/at, (7)
UP:Uo(l_ 2>: Eg/MgO‘FﬁO'lPa (4)
} (1+ k%) uFeV+ (k+ k2 + K3+ k) uFe
where 07¥™M9° is the absorption of the atomic Fe plane i {u)vrenv= 1k K TR K) =1.68
contact with MgO. Using these three equations, the total
XMCD signal in this particular case becomes +0.04ug/at, (8

XMCD o= ONT 0P When—:_-(,u)l are the average magnetic moments d_etermined
oo by using the sum ruleg;™M9° and ¢V the magnetic mo-
_ Fe/MgO _ - ment of Fe in contact with MgO and V, and™the magnetic
:(1_k)(01’\‘01p e Ulp) _ moment of Fe surrounded by Fe. We assume fiat is
01 o1 equal to the magnetic moment of bulk Fe (2.22at at low

(5) temperature The resolution of these three equations leads to
the following solutions:
The terms Aoy /o;)™™9° and Aoy /0)™ are no more
than the equivalent XMCD signals that should be obtained
for a unique atomic Fe plane in contact with MgO and in
bulk Fe, respectively. As the total magnetic moment is cal-

k=0.90+0.03, which impliesA~1.5=0.5 nm, (9)

Fe/MgO_
culated by applying the sum rules on the absorption and prM9=3.3+0.3up/at, (10
XMCD signals!! we thus obtain the following equation for
this sample and by analogy for the others samples as wFeNV=0.7+0.3ug/at. (11
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FIG. 5. Left: XMCD at thel , ; Fe edge obtained at remanence on a Fe/N®®IL) sample(not corrected for the incident angle and
polarization ratg Right: corresponding spin-integrated and spin-resolved x-ray photoemission spectra obtained with a photon energy of
500 eV (top) and corresponding polarizatigbottom).

A MO theoretical value of Ag/at was predicted, specific study is necessary to conclude about this point and
whereas an experimental value of L.@4at was reported this is not the goal of this paper.
for u"®V.2" The fact that we found a higher value fafF®M9°
and a lower one fop.™®V is, however, not surprising. Indeed,
we assume in this model that the magnetic moment of Fe
was affected over only one atomic plane at the interface. This The XMCD and SR-XPS measurements were performed
is not so sharp in practice, and a more realistic model shouldn a (001) Fe buffer layer covered by 2 ML MgO. Before
take into account a variation of the magnetic moment ovestarting the SR-XPS measurements at ESRF, the magnetic
two atomic planes for instance. In this former case, our avproperties of the samples were checked by XMCD measure-
erage magnetic moments determination should lead to ments performed in remanence. The magnetic moments de-
slightly lower Fe magnetic moment at the interface withtermined by applying the sum rules were in total agreement
MgO and a much higher one at the interface with V. Anwith the previous results. We actually obtainéeig. 5 a
asymmetry in the Fe/V and V/Fe interfaces is also possiblemagnetic moment of (2.150.02)ug/at for a remanence of
Again, including this effect in the calculation should lead t094%. Thus the magnetic moment at saturation is equal to
a much differeni™", but to a similaru™M9. This analy-  (2.29+0.02)ug/at to be compared to E6). In Fig. 5 are
sis also shows that the electron escape depth is around lalso shown the spin-integrated and spin-resolved photoemis-
+0.5 nm in perfect agreement with the experimental detersion spectra(corrected for the Sherman functioand the
mination performed by Nakajimat al?° on Fe(they found resulting polarization measured at room temperature. It
1.7+0.2 nm). This leads to a reasonable value for the deptlshould be noted that the reduced energy range investigated is
of detection in XMCD measurements ok 3Jcorresponding a result of the MgO features affecting the spectra below 4 eV.
to 95% of the emitted electronsround 4.5-1.5nm. To A positive polarization aE was observed, which should
summarize, this analysis clearly demonstrates that the Head to a positive TMR. This result is in agreement with
magnetic moment at the interface with MgO increases up teecent TMR measurements performed (001 Fe/MgO/Fe
around Jug/at in agreement with theory. tunnel junction& for which a positive TMR has been ob-
Finally, it should be noted that we observed no evidencdained.
at the Fel , 3 edges for oxidation on all the samples investi- ~ Another important point is to compare these SR-XPS
gated, as expected according to the XPS analysis. One maypectra of Fe covered by MgO with previous works per-
also notice a variation of the orbital moment for the threeformed on the free F801) surface, in order to estimate the
samples (the orbital moment is proportional to the full influence of the MgO capping. However, the comparison is
XMCD curve's integration; see Ref. L1However, this pertinent only on results integratedkrspace. First, it should
variation was observed to hardly depend on the way the alle noted that we observed a PES signal similar to the mea-
sorption spectra were corrected for the background. A morsurement performed by angular integrated HR-UPS. This is

D. Spin polarization through the MgO barrier
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not surprising since first we have observed that the HR-UPS IV. CONCLUSION

spectrum obtained on the Fe/MgO interface was not sensitive

to the angular integration and second because PES spectraln summary, we have shown that the DOS of a metallic
are not strongly different for He Il or 500-eV photons in the electrode covered by an oxide is accessible by photoemission
case of 3 metals. It is also worth noticing that the spin- measurements. The photoemission experiments performed
resolved density of states of tH601) Fe free surface ob- on the model Fe/Mg@®01) system actually allow us to
tained by See and Klebandtfis similar to our observations, clearly distinguish the Fe DOS in the MgO gap. Spin-
in both shape and intensity in the range of energy investiresolved photoemission experiments were thus performed to
gated herdalthough it is difficult to compare exactly as the getermine the Fe polarization covered by MgO. We clearly
statistics and energy resolution are not compajaiere-  ,pqoryeq that the Fe polarization found to be equal to 42% in

over, the calculated spin-resolved DOS proposed in this pgpe \yhole Brillouin zone was not destroyed by the top MgO
per are clearly in good agreement with our resésleast barrier

our spin data agree better with theory than their dathere . . .
is Coﬁsequenth? no drastic change i)rll ﬂhéwtegratgd DOS . Th|s observation was also supported by the weak hybrid-
when Fe is covered by MgO. The 38% polarization rate obization between Fe and O and by the enhancement of the Fe

tained here at remanence finally leads to a 42% poIarizatioE“"‘gnetIC moment at the interface with MgO, both effects

fully integrated ink space. This polarization is a little higher P€iNg predicted by theory. Moreover, the preliminary high-

than the polarization measured on a free Fe surface on tH&solution UPS experiments on free and MgO-covered Fe
same apparatus. Again, this is consistent with the calculategrfaces aI_Iowe_d us to evidence some strong modifications in
Fe magnetic moment at the interface with MgO which wasthe [001] direction of the Fe DOS when covered by MgO.
found to be higher than on the uncovered surfaBénally, ~ Taking into account previous STS and SR-XPS measure-
even if the electron transport in a tunnel junction is muchments performed on the free Fe surface, these modifications
more complex than in the Jullie approac® Eq. (1) gives may be explained by a strong decrease of the Fe minority-
TMR as large as 40% at room temperature usthg=P,  spin DOS near the Fermi level, in agreement with theory.
=42%. Larger TMR values cannot be ruled out for this Fe/Thus the 40% TMR calculated by using the fukyntegrated
MgO/Fg001) system since our polarization measurementpolarization found here is certainly a lower value for Fe/
was fully integrated irk space, whereas the current is con-MgO/Fe tunnel junctions. The large TMR obtained recently
centrated along thg001] direction in (001) epitaxial tunnel on Fe/MgO/Fe tunnel junctions by several groups support
junctions. Indeed, much larger TMR for the Fe/MgQiFl)  this assumption. Spin- and angle-resolved experiments per-
system were predicted by the8yand recent TMR results formed on the Fe/Mg@0Y) interface are necessary to defi-
obtained by several groufs®® support this theoretical nitely confirm this point, but the XPS and spin detector
prediction. counting rates should be enhanced to reach this goal.
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