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Oxygen adsorption on FEW (110 and CadW (110 thin films: Surface magnetic properties
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The dependence of surface magnetic properties on oxygen coverage of ordered and unordefEtDFe/W
and Co/W110) films have been studied by the means of spin-polarized metastable deexcitation spectroscopy.
A recently developed deconvolution method allows the direct calculation of the surface spin densities effective
in the deexcitation process from measured secondary electron spectra,ftered surface states show
exchange splitting due to magnetic coupling which is dependent on surface order and coverage.
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I. INTRODUCTION iron (110 and hcp cobalf000]) surfaces, as is confirmed by
means of low-energy electron diffraction. In these films the
In recent years, numerous investigations of surface propsurface anisotropy causes the easy magnetization axis to lie
erties of clean and adsorbate covered substrates have be@mlane along th¢110] direction of the substrate. The films
carried out by different methods. A distinct surface sensitiv-were uniformly magnetized in this direction, collinear to the
ity can be achieved in electron emission by the impact oholarization of the incident He(35) beam. To be consistent
metastable He(2S) atoms of thermal energy, a method with most theoretical and experimental works.g. Refs.

called metastable deexcitation spectroscdMDS) (e.g.,  10,13,20,21, we define the spin-dependent asymmeXrgf
Refs. 1,2, for a general overview see Ref. This technique ejected electrons by

probes predominantly the outermost atomic layer. The spin

selective version of MDS uses an electron-spin-polarized 1 Nu(E)—Ngu(E)

He(2%S) atomic beamSPMDS.*® Through the spin selec- A(E)= Px N_(E)+N,(E)’ @

tivity in the deexcitation process at the surface, one has an ] ) ) P

excellent tool for obtaining information on the magnetic @nd the total intensity of ejected electrons by

properties of the outermost region of the surface and on the

influences due to adsorbates. If the deexcitation process is H(E)=Ny(E)+N4(E), )

dominated by a two-electron procelgesonance ionization assuming that full single-domain magnetization of the target

(RI) followed by Auger neutralizatiotAN)] the measured s preservedP, is the degree of polarization of the atomic

secondary electron spectra represent a convolution dfeam aniN,(E) [N,(E)] denotes the rates of ejected elec-

surface-state densities. Here, a deconvolution of experimenrons at kinetic energf with He(23S) spin parallel[anti-

tal data is needed in the analysis. paralle] to the majority electron spin which is opposite to
The studies of oxygen adsorption on Fe and Co thin filmghe direction of magnetization. Because of tEpositepo-

have been done by several grougsy., Refs. 5-P Espe-  |arization of the H& 1s hole, which is effective in the inter-

cially, the interplay between oxygen chemisorption on ironaction, apositiveasymmetryA indicates a dominance afi-
and magnetism of the surface has been extensivelyority electrons.

studied'°~** Oxygen is known to chemisorb dissociatively
on Fe and Cd*~*®The interaction with the substrate causes
a hybridization of the atomic states involved in the bond. The
adsorbate-induced bands couple magnetically via exchange Depending on the work functiow of the surface, the
interaction to the substrate leading to an energy splitting ofleexcitation of metastable helium atoms occurs either by RI
the bands. The exchange splitting of Qlerived states has with a subsequent AN, or by Auger deexcitatigD). If the
been reported to be dependent on the oxygen covE¥dde wave function of the & electron of the He(3S) atom over-
and on the surface ord&rRecently published deconvoluted laps sufficiently with an empty level of the surface, a tunnel-
SPMDS data of O/Fe/A§01) (Refs. 11,17 and O/Fe/ ing into this state will occufRI) at large distances from the
MgO(001) (Refs. 12,13,1Fprovide an opportunity of com- surface ¢z, =5 A). The resulting positive ion continues to-

IIl. MODEL AND DECONVOLUTION

parison to our O/Fe/\\110) data. wards the surface and subsequently AN takes plagg (
~2-3 A) with an electron from the solid tunneling into the
Il. METHOD OF MEASUREMENT 1s hole of the helium ion. The energy released is transferred

to another electron which may be ejected from the solid.
The details of our experimental setup are givenWithout RI taking place, the metastable atoms come close to
elsewheré®°Here we want to focus only on aspects neededhe surface and AD will then occur as dominant deexcitation
to interpret the obtained data. We use thin films20 A) of  process with the emission of thes 2lectron of helium. Rl is
Fe or Co grown epitaxially on a Y10 crystal at room suppressed if the excitedszhelium level lies below the
temperature. A subsequent annealing of these films to abofermi level of the surface or if there is an insufficient overlap
400 K leads to patterns corresponding to well-defined bcevith empty states due to an adsorbate layer. But here in an
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whereny(e) is the density of states of the down-tunneling
metal electrons at binding energy=e€q, n,(E,—€) is the
density of the up-emitted electrons, aHg; is the initial to
final state transition matrix element of the form

Hfi:f fst(rz)l//{k/(rl)F(“l_r2|)¢u(|’1)¢d(r2)dr1dr2
(4)

assuming no exchange interaction between the two electrons.
Here ¢, and ¢4 are the orbital wave functions of the surface
electronsy; s is the wave function of the Hels hole, ¢, is
an empty vacuum state, afq|r,—r,|) is the screened Cou-
lomb potential between the two involved electrons apd,

Is their position vectors.

To obtainn, andny from N(E) the form ofH;; must be
known. For this the following simplifying assumptions are
made, which are shown to be justified by the results of the
deconvolution process e.g., Fig. 6, where the structures seen
in ultraviolet photoelectron spectroscoyPS are matched
by our deconvolution results:

(i) Neglecting correlation and exchange effects and as-
Y suming a constant thickness of the potential barrier between
ion and surface f[F(|r,—r,|)dr,dr,=const), Eq(4) can be

Metal He-Ion factorized to
FIG. 1. Auger neutralization of Heion (for details see text
experimentally accessible binding-energy rari§e10 eV} Hfi“j X’Is(fz)%(fz)dfzf Yy (ry) pu(ry)dry.

Rl is not suppressed, since the adsorbajg €ates are in-

volved in the bond and accept electrons from the surface. (ii) Since all final vacuum stateg, are open, transition
Theories on MDS and SPMD&Refs. 20-28 draw the  rates for the “up” electron depends only on the initial state

conclusion that the experimental energy distributibi$E)  ¢,. The transition rates for the down electron depend on

and Ny(E) are self-convolutions of the density of statesinitial state ¢4 and on the overlap o, and y;s at distance

p1(€) (majority electronsandp, (e) (minority electrongef-  z, (Fig. 1), where tunneling occurs, is averaged in mea-

fectivein the AN process. The different argumerts| €] surement oN(E).

denote different scales of kinetic ener@yof the ejected (iii) Initial states¢p, and ¢4 depend only on initial bind-

electron and binding energy of the involved solid-state ing energies of the two electrons. So

band electrons. The state density which is effective, here

means that the true state densities are weighted by the tran- [Hi|?~ | da(€)|?| pu(Em— €)% (5)

sition probability. Based on the theory developed by

Hagstrun??2* primarily for ion neutralization spectroscopy,  (iv) Assuming a similar orbital symmetry of all participat-

the mechanisms taking place are outlined here in brief.  ing band electrons originating from the same surface region,
The RI and AN steps in the deexcitation process are efé, and ¢4 can be set equal, dropping indices in E5).

fective at well-separated distances from the surface and so (v) So Eq.(3) is transformed into a Laplace convolution

can be treated independently. RI is assumed to occur withntegral

unit probability, independent of the spin of the incoming he-

lium atom?® Therefore the spin-dependent process has to be _ [Em
the Auger neutralization of Heions having a polarizedsl N(E)= Jo Ud()Uu(En—e)de, ©6)
hole.

Figure 1 shows schematically the AN process. Given théntroducing the effective state densities Uy (€)
energy balance E;o— (eq+ ¢) = (€, + ) +Eyiy  Of the  =|d(€)|?nyq)(€) or “transition densities” probed biN(E).
“down’-tunneling (4) and the “up”-ejected (,) electron, all (vi) U(e) is the sum of the effective spin densitigg( €)
electron pairs that hold the relatiomy+e,=E;s—2¢ (majority) andp | (€) (minority). Assuming that up and down
—E,in=En, result in an ejected electron with energy;,, . electrons originate from the same surface regldye) and

The intensity distributionN(E) of ejected electrons is Ug(€) can be set equal. Using unpolarized H& MDS,
therefore given by N(E) so is a self-convolution ofJ(€). In SPMDS, because

of the polarization of the He 1s hole, only an electron with
Em h - . . . .
N(E)NJ IHsi|2ng(€)ny(Ep— €)de, 3) matching spin orientation tunne_ls. Due to this the d(_ensr[y of
0 down electrondJy is probed spin selectively, revealing the
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spin densitiep; andp, . Note that the Hé 1s hole has the
oppositepolarization of the incident Hebeam, so thaN,
probesp .

Thus the measured intensities are

Em
N(E)p= fo p(e)lpi(Em—e€)+p (Em—e)]de,

Em
N(E)a:JO pi(€)p1(Em—€)+p (En—e€)]de. (7)

Taking into account that the incident He{®) beam has
nonunity polarizatiorP,, Eq. (7) must be rewritten to

Em(1+P

2

P
piuy(€)+ ——pip(e)

N(E)a(m:J

0

X[pi()(Em—€) +p1)(Em—e)lde,  (8)

where the degree of polarizatidh of the dowritunneling
electrons matches the polarization, of the incident
He(23S) beam and the upjected electrons have no polar-
ization other than that gained by a possible difference of spi
densitiesp; andp, .

After rearrangement of terms, E() can finally be writ-
ten in the symbolic form

1+P 1-P
N(E)a="5—(p*p)(Em)+ —5—(p,*p|)(En)

+(p1*p)(Em), 9

1+P 1-pP
N(E)p:T(pl*pl)(Em)"_ T(PT* p1)(Em)

+(pr*p)(Em), (10

where the symbol #” denotes a Laplace convolution that is

unique and reversible. So, in principle, the inversion of Egs. '

(9) and (10) should deliverp, [p,]. Difficulties arise from

the fact that there are not only self-convolution terms in Eqs

(9), (10) but also a “coupling” term p,*p ). In addition,

measuredN(E) are superposed by secondary electron back

ground and noise.
Numerous attempts have been maesy., Refs. 1,2bon

the numerical inversion of self-convolution processes in dif-
ferent types of electron spectroscopy. We extend the iterativ

algorithm of Dose and Fausft&?’ on the treatment of spin
polarization. Briefly, the strict equality of Eq§9), (10) is
dropped in favor of the smoothest functidds(E) [N,(E)],

PHYSICAL REVIEW B 66, 134427 (2002

functions which is determined by the error of the experimen-
tal data. It's important to note that the confidence interval
allows us to test the reliability of the results and to draw
definite conclusions concerning structures.

Deconvolution is done in two steps, first by unfolding the
experimental data with the differential energy resolution
function AE=f(E) of the detector to gain data with correct
relative intensities, before the actual deconvolution is made.
The function AE=f(E) was experimentally measured as
well as numerically simulated for the spectrometer.

A strict test of our algorithm has been done by deconvo-
lution and reconvolution of numerous test datasets. In addi-
tion to the treatment of our own experimental data, we tested
the reliability of the results of our algorithm by comparing
them with the data of Ferret all! on clean and oxygen
covered Fe/A@O01) which show similarity to our data on
unannealed Fe/\¥10. In Ref. 11, deconvolution starts with
“guessed forms of p, and p,, which are varied until
satisfying consistence with experimental data is reached. The
results are given in Fig. 2, which shows good agreement
between our method and the method of Ref. 11. Further, we
tested our method on a different system where structures at
rI'Jligher binding energie€6—8 e\) are present, namely clean
cleaved GaAd10), investigated by Pasquatt al?® This
comparison is shown in Fig. 3 and demonstrates that struc-
tures are reproduced in the full energy range.

IV. RESULTS AND DISCUSSION
A. O/F&W(110

Figures 4 and 5 show our measurements of the electron
intensity (panel a and asymmetrypanel b as a function of
the vacuum kinetic energy of the ejected electrons for unan-
nealed(Fig. 4 and annealedFig. 5 Fe/W(110) films. Also
(in panel g, the deconvoluted effective state densifesand
p, are shown.
For clean Fe films, the behavior at high kinetic energies
near the Fermi level is attributed tal3lectrons. For these
electrons a positive asymmetry is measured, which corre-
sponds to a dominance of minority electrons in the surface
vacuum region. The theoretical calculatidhgredict for
bulklike Fe atoms a dominance ofajority-spin states at the
Fermi edge. These calculations show that the surface layer
density of state$DOS) are narrowed due to the lower coor-
8ination number, with the result that the minority-spin con-
tribution overwhelms the majority-spin & for the surface
layer. In the vacuum, minority-spin states become dominant
especially in the region close ¢ .%° This dominance is in

Np, and Ng,. It turns out’ that there is only one free param-

with the measurements of the Onellion and co-workers

eter needed to control the contradicting requirements ofroup from F€110) on a GaAs substrateand the Moroni

smoothness and exactness of the fit. The value of the pararand co-workers from Fe/A@00 (Refs.

eter is usually noncritical. We model; [p ] with cubic

11,17 and
Fe/MgQ(100).12Y/ !

splines, which are the smoothest two times differentiable Spin-polarized UPSSPUPS studies of clean Fe/\{110

functions interpolating a given dataset.

films® show bulklike behaviofmajority dominanceat the

We want to stress that this algorithm enables us to decor-ermi energy and within an interval of about 1 eV below,

volute our data without prior assumptions on the formg of

independent of whether the excitation is done with Hed (

andp, and to compute the confidence interval of the found=21.22 eV) or with Nel fr=16.85 eV) radiation. This
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FIG. 2. Intensity(a) and asymmetryb) of selected experimental data from Feetoal. (Ref. 1J). (i) clean Fe/Ag film(ii) 0.7-L O,, (iii)
1.6-L O, (1 L=10 ° Torrs). Filled circles denotes data of Fembal, solid lines are results of backconvolution of deconvoluted data
gained by our methofkee solid lines i(c) and (d)]. Note that Ferrcet al. defines the asymmetry with opposite sign of Ef. Further
deconvoluted charge) and magnetization densitiéd) of selected data from Feret al. (Ref. 11) by comparison(i) clean Fe/Ag film (ii)
0.7-L G,, (iii) 1.6-L O, (1 L=10"% Torrs). Deconvolution results are given as “charge densit{E) = p, + p, [“magnetization density”
m(E)=p;—p,]. Filled circles denotes deconvolution data of Fegtcal, solid lines are results of our deconvolution.

behavior is in contrast to SPMDS findings. It is attributed toassigned to s states’? also found in SPUP& With further

the different surface sensitivities of the two methods, withexposure the oxygen structure decreases, which may be in-

SPMDS probing the outermost region. terpreted that the chemisorbed oxygen has been partially
The size of the asymmetry maximum depends on theéransformed to nonferromagnetic iron oxide.

crystallographic quality of the prepared iron film. With an-  Figure 6 shows a comparison of UPS measureni®atsi

nealed films we obtained 24%, whereas the unannealed filmsur deconvoluted MDS data from Fig. 5. As found by angle-

only showed about 15%. In Ref. 11, the maximum asymmeresolved x-ray photoemission spectroscopi¢XPS)

try is only 6% for Fe/Ag100), annealed films on MgO show measurements the oxygen structure consists of thglevel

9% (Ref. 12 [5%].1 at the low-energy side and thg, level at the high-energy
We measured the asymmetry of the unannealed and aside. In MDS, similar to UP$? these levels are broad and

nealed Fe/W110 films as a function of oxygen exposure up cannot be separated. The analysis of this structure by our

to 80 L (1 L equals 10° Torrs), the results are shown in deconvolution method provides the seize of the energy split-

Fig. 4 (unannealed Feand Fig. 5(annealed Fe for earlier  ting (exchange splittingbetween the majority and minority

published results see Refs. 8,31. With oxygen exposure sigd,, bands which is shown in Fig. 7 together with SPUPS

nificant changes are observed. At an exposure of about 1-21esults® for comparison. The exchange splitting decreases

a structure occurs with a positive asymmetry with a maxi-with higher oxygen exposure and is also dependent on sur-

mum at about 5.5 eV kinetic energy. This structure can bdace order where the annealed films show generally higher

2) 1200 [ e Pasqualietal. 1995 | o) = i f
- ( asquali et al. | Pasquali et al. 1995 I
b, 16+ e own deconvolution ik
1000 P AL
2
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7 80 S e l@}?&‘ ﬁ?
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FIG. 3. (a) MD spectrum of clean cleaved GaA40) (Ref. 29. (b) Deconvolution of MD spectrun(solid line) (Ref. 29 compared with
our deconvolution resultffilled circles with error bars indicating confidence interyals
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a) A N(E) (minority) | b)| @ Asymmetry AE) [%] 0 c) © majority spin &
Y N,(E) (majority) ,'I * 5 @ minority spin B

clean

[arb. units]

FIG. 4. Spin channel ratds),
asymmetry(b), and deconvoluted
state densities(c) for different
oxygen exposure on unannealed
Fe(110.
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splittings. This is in agreement with the data on F&§)  on surface order and occurs for unannealed films at about 3

(Refs. 11,17 (unannealed fillnand Fe/Mg@100 (annealed L. The annealed films show negative asymmetry only in a

film).12%7 region up to 1.5 eV belovEr (Fig. 5), whereas unannealed
From about 2-L to 4-L oxygen exposure, the asymmetryfilms have this region extended up to 5.5 eV belBw (Fig.

for electrons near the Fermi edge changes sign. This depends The change of sign is in agreement with measurements

a) A N(E) (minority) Fa
i @115
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4
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2

é ,_ FIG. 5. Spin channel rates),

N ] 6L asymmetry(b), and deconvoluted
E » w‘/\l\ state densities(c) for different
E, a ‘,-“f\ o™ oxygen exposure on annealed
; 5 + R Fe(110).
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a) O/Fe/W(110) UPS hy = 21,22eV b) O/Fe/W(110) MDS 0,35 -
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\ for earlier published results see Ref. 8. There is a theoretical
A calculation of the surface-layer-projected spin density of
e 3 7 &5 25230 e 3 7 85 23 230 states for uncovered Q@001 available*® This calculation
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predicts a dominance of minority-spin electrons near the

FIG. 6. Spin integrated intensities for different oxygen exposure=€rmi energy. The measured positive yield asymmetry agrees

on (a) annealed Fe measured with URSitracted from Ref. J0and ~ With that. The maximum achieved asymmetry is 15%, inde-
(b) MDS (own data. pendent of further annealing. This may be attributed to layer

by layer growth of Co on WL10) below 450 K37 Compared

performed on O/Fd10/GaAs? O/Fe/Ag001), "7  to clean Fe/W110), the Caq, feature in the deconvoluted
O/Fe/MgQ001),*2131" and also with a theoretical state densitie§Fig. 8(c)] is much broader, also in compari-
calculatior® that predicts a dominance of majority electronsSon to SPUPS measurements or(@®1 (Fig. 9).%° This is
in the surface vacuum region of Of@&0). It should be attributed to dispersion effects, as (0001 shows dispers-
noted that this calculation is based op( x 1) structure of iNg minority bands near the Fermi edge. In UPS
the oxygen, whereas the experimentally obtaicédx 2) measurements this leads to significant differences in the
and c(3x 1) structures are preselft®® As can be seen in Photoelectron spectra measured at different emission angles
Fig. 5(c) the change of sign is associated with the decrease d| dispersion. _
the substrate kg feature at~—0.6 eV binding energy and For oxygen covered G000)) there is, as far as we know,
the rise of a structure at —2 eV binding energy that can be NO surface-layer-projected spin-density calculation in the lit-
attributed to Fg, emissions of the forming iron oxide. Also erature. But for a bce-Gal0) five-layer slab, covered with
the Fe core levels show a oxygen-induced shift in bindingPne-layer oxygen, a calculation ex@fs.‘l’hls calculation
energy, as can be seen by means of XPS and magnetic linedftows that at the Fermi edge the dominance of the minority-
dichroism® In SPUPS measuremenrtfsthe structure at SPin electrons in the oxygen layer remains the same as in the
~—2 eV binding energy is only vaguely visiblsee Fig. 6 CO substrate. This agrees with our measurement. The
for comparison At very high oxygen exposures>(600 L)  0xygen-induced structure at about 5.5 eV is also present
FeO transforms to R®,, which forms a magnetic bilayer here. The asymmetry increases at this kinetic energy from
with the substrate, so that this structure shows an asymmet&g'0 Up to 5% and remains constant up to an exposure of 24
in SPUPS® L. This reflects the lower chemical reactivity of oxygen with
With further increasing the coverage, the overall asymmelhe cobalt film than with iron. In the structure near the Fermi
try decreases and is finally reduced to zero, pointing to £"€rgy, the asymmetry decreases slowly with increasing ex-
complete transformation of the surface to iron oxide and, agoSurewithout changing sigriThis behavior is markedly dif-
a consequence of this, the forming of a magnetic dead zon"ent from that for iron. The SPUPS studies of clean and
(in the outermost region of the surfac€omparing Figs. 4 0Xygen-covered Q0001 film showe& that more majority
and 5, we note that this occurs for the annealed films aglectrons are emitted in an energy interval of about 1 eV at

higher oxygen exposures indicating a lower reactivity of theth® Fermi edge after excitation with Neh¢=16.85 eV)
ordered surface. and Arl (h»=11.83 eV) light, but more minority electrons

are emitted using Hel light. This behavior is different to our
SPMDS findings and shows the different surface sensitivity
B. O/CaW (110 of the two methods.
The measured intensities and asymmetries as a function of The oxygen-induced binding-energy shift of the substrate
oxygen exposure for G0001)/W(110) are shown in Fig. 8, 3d feature is also present hdisee Figs. &) and 9. Oxygen
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on Co, like on Fe, shows an exchange splitting in the
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FIG. 8. Spin channel ratds),
asymmetry(b), and deconvoluted
state densities(c) for different
oxygen exposure on @@00J).

O,p-derived surface statdsee Fig. 10

By means of SPMDS, we have determined magnetic and
electronic properties of chemisorbed oxygen overlayers on

V. SUMMARY

magnetized Fd10 and C@000)) films. A recently devel-

oped algorithm allows us to deconvolute our data thereby
revealing the surface state densities effective in MDS. The
algorithm enables us to deconvolute the data without making
any prior assumptions on the form of results and in addition
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P © © e o
5. 3 B B B

)
8

—e—AE, O/Co/W(110)

_: —0—AE_ O/Co/W(110) SPUPS hv=16.85eV o

] —m—AE_ O/CoW(110) SPUPS hv=21.22eV
1 (both Getzlaff et al. 1996)

-

O\

.\.

T~

t—t

\{

[=]
N

6 8 14 16 18 20
Oxygen exposure [L]

FIG. 10. Exchange splitting of Q-derived states for different
oxygen exposure on @@001). MDS (own deconvoluted datand

UPS (extracted from Ref. 38measurements in comparison.
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to determine the confidence interval. This provides an opporvanishing asymmetry of majority and minority state compo-
tunity of direct comparison with the state density informationnents. The magnitude of exchange splitting depends on sur-

gained by other surface spectroscopic meth¢8PUPS,
AES, MCD, etc).

face order. Higher-ordere@nnealegl films show higher ex-
change splittings, indicating a stronger magnetic coupling.

Low oxygen exposure leads to atomically bonded, chemiContrary to SPUPS findings, Fe films show a change of sign
sorbed oxygen as can be seen by the occurrence d@f the asymmetry right belovEr with oxygen exposure
O,p-derived bands and their detected exchange splittingabove 3 L, confirming a theoretically predicted dominance of

This reflects a magnetic coupling between the chemisorbenhajority electrons

in the surface vacuum region of

oxygen and the magnetized film. For higher exposures, foro/Fg110). This shows the specific sensitivity of MDS in the
mation of nonmagnetic oxides was observed resulting iroutermost region of the surface.
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