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We have investigated the oxidation of Al(111) surfaces by means of polarization-dependent
surface extended-x-ray-absorption-fine-structure (EXAFS) measurements. The experiments
were performed above the oxygen K absorption edge (~535 eV) using the total electron-yield
detection technique. The oxidation range from monolayer chemisorption corresponding to an
ordered oxygen (1 x 1) overlayer to the formation of a thick surface layer of amorphous oxide
has been studied. For the chemisorbed monolayer (100—150-L O,) we find a strong polariza-
tion dependence of the EXAFS signal which allows the determination of the O—O intraoverlayer
separation 2.90 £ 0.05 A. The O—Al chemisorption bond length has been determined to be
1.79 £0.05 A. Within experimental error we find the same O—Al distance for the initial oxide-
like phase which accompanies the chemisorbed phase. At higher exposures (1000-L O,) the
vanishing low-energy-electron-diffraction pattern is accompanied by an increase in the O—Al
bond length (1.88 £0.03 A). This value is also observed for heavily oxidized surfaces. The O
K edge shows the formation of a strong ‘‘white-line’:like threshold resonance with increasing
oxygen exposure. This resonance is attributed to transitions to localized final states in Al,0;-
like molecular units. It is pointed out that detailed analysis of the absorption threshold may by
itself provide information on the local structure of surface complexes. Models for the progres-

sive oxidation process of Al(111) surfaces implied by our data are discussed.

I. INTRODUCTION

The interaction of oxygen with aluminum surfaces
is a textbook example of protective oxide formation
at metal surfaces. The properties of the surface ox-
ide layer have important industrial implications, for
example, for the bonding of aluminum parts in the
airplane industry.! From an academic point of view
the oxygen-aluminum system is of interest because
the bonding is of simple s-p character thus enabling
ab initio theoretical model calculations. In the past
such calculations have in fact been carried out using
a variety of theoretical techniques?™® for the earliest
stages of oxidation, i.e., the chemisorption of oxygen
on clean Al surfaces. The present paper attempts to
yield structural information on the O—Al surface
complexes formed with progressive exposure of the
clean AI(111) surface to oxygen and represents a
more comprehensive and detailed study than reported
previously in form of a letter.’

The oxygen-aluminum system in general®~'? and
the oxygen on Al(111) surface, in particular,'4-20
have been investigated by numerous experimental
techniques. Photoemission studies!® revealed two
distinct phases for the initial interaction of oxygen
with A1(111) as evident from different shifts of the
Al 2p core line. At small oxygen exposures
<100 L (1 L=107% Torrsec) an ordered (1 x1)
configuration was found corresponding to an Al 2p
chemical shift of 1.4 eV. Photoemission'® %% and

low-energy-electron-diffraction (LEED)'* 620 studies
revealed that oxygen chemisorbs in the threefold hol-
low site on the Al(111) surface with no Al atom in
the second Al layer underneath. This site was also
favored by theoretical calculations.? Work function
measurements'> 7 imply that around monolayer cov-
erage (~100—150-L O,) the O atoms are outside the
surface. The second phase corresponds to an Al 2p
shift of 2.7 eV which is the same value as for bulk
AlLO; relative to clean Al2' Thus this phase has
been associated with bulklike oxide formation where
O atoms penetrate through the surface Al layer.

For the chemisorption stage the O—Al bond length
R (or equivalently the oxygen distance Z above the
surface) has so far escaped an accurate determina-
tion. In all theoretical calculations Z is treated as an
adjustable parameter and, depending on the nature of
the calculation or the minimization criterion used,
widely different Z values have been reported. Lang
and Williams? obtained Z =1.75 & by minimizing the
total system energy of a simple atom-jellium model
and Z =1.32 A when Al pseudopotentials were in-
cluded to first order.” Salahub, Roche, and Mess-
mer® carried out a self-consistent-field X a scattered-
wave molecular-orbital calculation for oxygen on an
A1(111) cluster and compared the calculated valence
bands to the photoemission spectra of Flodstrom
et al.'® Within the accuracy limits of theory and ex-
periment agreement was found for 0.5 <Z <1 A.

A more direct extraction of geometrical informa-
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tion for ordered (periodic) surface complexes can be
made from LEED intensity measurements.?? Recent-
ly, a dynamical (multiple-scattering) LEED analysis
of oxygen on Al(111) spectra recorded at monolayer
coverage (~150 L) has been reported yielding
Z=(1.33+0.08)A or R =(2.12+0.05)A.2° This
LEED value is in good agreement with that obtained
from the jellium-plus-pseudopotential calculation® but
disagrees with the conclusions drawn from the more
sophisticated self-consistent X a calculation.® Here
we present the results of a surface extended-x-ray-
absorption-fine-structure (EXAFS) study of the
O—Al system. Our measurements which were carried
out in the surface sensitive electron-yield detection
mode?~2 reveal an O—Al chemisorption bond length
of R =(1.79 £0.05)A which corresponds to a Z
value of 0.70(40.10,—0.15)A. This value is in gross
disagreement with the LEED value but strongly sup-
ports the conclusions drawn from the self-consistent
field X « calculation® and valence-band photoemission
data.'®

We have also investigated the oxidelike phase cor-
responding to an Al 2p chemical shift of 2.7 eV.1¢
Around monolayer coverage we find the same O—Al
bond length for this phase as for the chemisorbed
phase. At higher coverage (1000 L O, plus heat) the
vanishing LEED (1 x 1) spot pattern is accompanied
by an increase in the O—Al bond length (R =1.88
A). This distance remains the same for a heavily ox-
idized surface which was exposed to air. We suggest
that the oxide phase has a spinel-like structure similar
to that of y—A1,0; (Ref. 26) with an increase of the
O—Al bond length as the surface becomes disordered.

We also discuss and analyze the ‘‘white-line’’ fine
structure of the O K (1s) absorption threshold. The
oxygen exposure-dependent spectra are discussed in
terms of theoretical models which account for the ex-
istence of strong absorption resonances near the ab-
sorption edge. So far calculations have only been
carried out for molecules??® but our studies indicate
that analysis of the threshold resonances may yield
valuable information on the local structure of surface
complexes. Thus we hope to stimulate theoretical in-
vestigations of the absorption threshold structure as a
function of adsorbate-substrate geometries.

The structure of the present paper is as follows.
Section II gives experimental details. Experimental
results for the fine structure and EXAFS spectra are
given in Sec. III. Here we also compare partial with
total electron-yield measurements.?’ . The data are
analyzed and discussed in Sec. IV and structural
models for the progressive oxidation of Al1(111) are
presented. The paper is summarized in Sec. V.

II. EXPERIMENTAL DETAILS

Experiments were performed on the grasshopper
monochromator branch line®® of Beam Line I at the

Stanford Synchrotron Radiation Laboratory (SSRL).
For the present measurements a 1200 I/mm holo-
graphic grating had been installed. The sample
chamber consisted of a Vacuum Generators ADES
400 photoemission instrument which operated at a
base pressure of 1 x 107!° Torr.

The AI(111) crystal face was oriented to +0.5° by
the Laue backreflection method, polished to 1 wm on
a diamond wheel and then electropolished. The sur-
face was cleaned in situ by cycles of Art bombard-
ment and annealing to 400°C. The clean and oxygen
exposed surface was characterized by core level pho-
toemission spectra and LEED. The Al crystal could
be rotated by 360° about a vertical and by 180° about
a horizontal axis (see Fig. 1). The x-ray beam was
incident on the crystal at an angle ¢ from the surface
with the electric field vector E, the sample normal
and the [110] direction in the (111) crystal surface all
lying in the horizontal plane. We also recorded spec-
tra for an oxidized polycrystalline Al sample which
had been exposed to air and single-crystal and poly-
crystalline bulk Al,O; (corundum). Al,O; has an
accurately known O—Al bond length.*!

The electron-yield detector and its orientation rela-
tive to the sample are shown in Fig. 1. The detector
consists of a conventional spiraltron electron multi-

SAMPLE
~___ X‘RAY BEAM Gf“\
BN NS,
E VECTOR

/
/
/
/ A
£~ S 7 ANODE
\ v (Vq)
N _ )V’ coLLECTOR
- (V)

FIG. 1. Experimental geometry of the x-ray beam, the
sample, and the electron-yield detector. The x rays are in-
cident at an angle 6 from the sample surface. 6 is also the
angle between the horizontal E vector and the sample nor-
mal. The sample is rotatable about a vertical and a horizon-
tal axis. The detector consists of two high-transmission
grids G| and G, and a spiraltron electron multiplier.
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plier (Galileo model SEM 4219) and two electrically
isolated hemispherical metal grids of 2.5-cm radius
(Physical Electronics) which are all enclosed by a
stainless-steel housing. The detector could be moved
in situ (~2-cm translation and +10° in angle) by
means of a stainless-steel bellow in a gimbaltype
mount. Typical operation voltages for the spiraltron
were V3=+4250V, V,=+42500 V, and V5=+2600 V.
The grids were operated at ground (G,) and V,
=-360 V (G,) for the partial yield (PY) and
V=420V and V,=+30 V for the total yield (TY)
measurements. The solid angle of acceptance Q of
the detector is about the same as for the commonly
used Physical Electronics cylindrical mirror analyzer
(CMA).» The detector was operated using pulse
counting electronics with typical count rates in the
(0.5—1) x 10° counts/sec range for the TY measure-
ments. We note that at higher count rates it would
be advantageous to measure the output current as dis-
cussed previously.?

Normalization of the EXAFS spectra with respect
to the incident photon flux was accomplished by di-
viding the spectra recorded for the oxidized (‘‘dirty’’)
surface by those recorded for a clean surface. As dis-
cussed previously?®3* this procedure relies on the sta-
bility of the electron beam in the storage ring
SPEAR. In the final analysis only those spectra were
used which fulfilled a consistency criterion. We
demanded that the ratio of spectra (individual data
sets) be structureless which were recorded for the
same sample and polarization direction. The final
spectra for the ‘‘dirty”’ and clean surface consisted of
about 30 individual sweeps of approximately 10-min
duration, respectively. The ratio of the summed
““dirty”’ by the clean spectra is referred to as a normal-
ized electron-yield spectrum. For the final analysis of
" the spectra a background due to pre-edge absorption
processes was subtracted by extrapolating the pre-
edge absorption to energies above the O K edge.

III. EXPERIMENTAL RESULTS
A. Partial yield versus total yield

The principles of the various electron-yield detec-
tion techniques have been discussed before.?32% 33
For low-Z atoms the Auger detection mode?* cannot
be used because of strong interferences with the elas-
tic photoemission signal.?>>3¢ This is why previous
surface EXAFS measurements in the soft x-ray re-
gion?*2%.34.36.37 relied on the detection of inelastically
scattered electrons. Recent measurements of oxygen
on GaAs(110) (Ref. 37 ) indicated that the highest
surface sensitivity is achieved if only electrons of
kinetic energy E; > 300 eV are detected. The
analyzer window setting for this partial-yield detection
mode and for the oxygen on the Al system of interest is
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FIG. 2. Energy-level diagram and photoemission spec-
trum at a photon energy Av for a hypothetical sample con-
sisting of O and Al atoms. Window settings for the partial-
yield (PY) and total-yield (TY) detection modes are indicat-
ed in the lower right half.

illustrated in Fig. 2. Here we indicate on the left side
all core level binding energies of the O—Al system
and on the right side all transitions and the resulting
photoemission spectrum at a photon energy hv. The
lower kinetic energy limit of the partial-yield window
is chosen as high as possible but low enough such
that at the O 1s threshold (hv =530 eV) all pho-
toemission peaks corresponding to lower binding- -
energy core levels are included in the PY window.
For the O—Al system we used a low-energy cutoff of
360 eV. This was accomplished by applying a retard-
ing voltage ¥,=-360 V to the second detector grid
G, (see Fig. 1) while opérating G, at ground poten-
tial. For the total yield (TY) spectra all electrons
emitted from the sample were collected. This is done
most efficiently by operating G| and G, at small posi-
tive potentials.

For a given sample the detection mode yielding the
highest signal-to-noise ratio should be chosen. Let N .
be the total and Ny be the background count rate
(obtained from extrapolation of the pre-edge region)
at a photon energy above the O K absorption edge
(““dirty”” sample). Then the signal-to-noise ratio to
be maximized is given by Sy = (N —N,)/~N. For
small signal-to-background ratios [Sg= (N — Ny)/N,
< 1] we obtain Sy = Szv/N. Normalized electron-
yield spectra for a sample of 100-L O, on Al(111) in
the region of the O K edge are shown in Fig. 3. The
signal-to-background ratio at the O K edge is
Sp=28.5% for the total- and Sz =17.5% for the
partial-yield spectra. The total electron count rate N
was a factor of 15 higher for the TY detection mode.
Thus in the present case the signal-to-noise ratio for
the TY mode is about a factor of 2 larger than for the
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FIG. 3. Comparison of surface EXAFS spectra taken
around the O K edge in the total- and partial-yield detection
mode for about a monolayer of oxygen on Al(111). The
pre-edge background extrapolated past the K edge is shown
as a dashed line. The partial-yield spectrum exhibits a two
times higher signal-to-background ratio than the total-yield
spectrum but the count rate was lower by a factor of 15.
Spectra were recorded at §=11°.

PY mode, although the later exhibits a higher signal-
to-background ratio (i.e., surface sensitivity). All
spectra discussed below were recorded using the TY
technique.

B. Absorption spectra

The fine structure around the O K edge is shown
in Figs. 3 and 4 for various oxidation stages. The
largest threshold effect is the intensity variation of
peak X with oxygen exposure as evident from Fig. 4.
In the range of monolayer coverage (100—150-L O,)
the intensity of peak X is comparable to that of the
EXAFS structures Y and Z while it is very pro-
nounced at higher oxygen coverage. A more quanti-
tative picture is obtained if we compare the height of
peak X to the height of the atomic absorption step at
the O K edge. For this purpose we extrapolate the
average absorption above the edge down to the K-
edge jump as indicated by the dashed lines in Fig. 4.
If 7y, is the value of the dashed line and y the peak
value of X at 546 eV the quantity S =(y —yo)/vo -
provides a measure for the relative intensity of the
“‘white-line’’ threshold structure X. We obtain
S =45%, 30%, and 15% for the spectra from top to
bottom in Fig. 4. As expected the strength of the to-
tal. oxygen absorption signal (edge jump in Fig. 4)
varied with exposure but was independent of §. We
observed the values S5 ~6% (100 L), ~8.5%
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FIG. 4. Fine structure around the O K edge as a function
of oxygen exposure. The top spectrum was recorded on a
polycrystalline sample exposed to air. The dashed line indi-
cates the ‘‘atomic’” absorption above threshold. Peak X is
the ““white-line’” threshold peak and peaks Y and Z are
EXAFS-related structures. The intensity of peak X relative
to the atomic absorption step was independent of the E vec-
tor orientation 6.
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FIG. 5. (a) Oxygen K-edge absorption spectrum of bulk
AlyOj3 recorded for a sample of Al,0; powder which was
deposited by means of sedimentation on clean copper. (b)
EXAFS structure above the O K edge after background sub-
traction.
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FIG. 6. Normalized electron-yield EXAFS spectrum for
100-L O, on Al(111) recorded at #=45°. Note that the
signal-to-background ratio is only about 6% at the O K edge.

(150 L), ~10% (1000L), and ~75% (oxidized Al)
for the signal-to-background ratios just above the K
edge, respectively.

Figures 5(a) and 6 show normalized EXAFS spec-
tra for the most concentrated (bulk Al,03) and the
most dilute [100-L O, on Al(111)] samples studied.
The oxygen dilution ratio is directly reflected by the
signal-to-noise ratio of the spectra. For the bulk
A1,03 spectrum we also show the EXAFS oscillations
obtained after background subtraction in Fig. 5(b).

IV. DATA ANALYSIS AND DISCUSSION
A. Near edge structure

The fine structure at the absorption threshold in
solids has long been of interest for a variety of rea-
sons. Besides studies of excitonic and many-body ef-
fects®® which concentrate on the structure within 1-2
eV above threshold recently there has been a revived
interest in the so-called ‘‘white-line’’ threshold struc-
tures.’?~*! White lines are strong absorption reso-
nances typically within the first 20 eV above the ab-
sorption threshold. In the past white lines have been
mainly discussed for the L3(2p3/,) and L,(2py;,)
transition-metal edges. Their strength has been
correlated with the d-like density of states above the
Fermi level and a large p — d dipole matrix ele-
ment.?*~*! Previous studies on the K edges of low-Z
atoms have also revealed intense white-line threshold
structures in almost all cases investigated.?*2%3%36 In
the following we shall discuss this phenomenon in
general and for the oxygen-on-Al system in particu-
lar.

Strong absorption resonances occur if final states of
the symmetry allowed by dipole selection rules.are
available and a strong overlap exists between initial-
and final-state wave functions (i.e., a large transition
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matrix element). For L, or L; edges the above cri-

.teria are met for many solids with d-like conduction-

band states. Because of the localized nature of the
latter large cross sections result. For K or L, edges
final states of p-like character are important which are
in general less localized than d-like states. Hence,
even if p-like final states are available one would not
in general expect a strong resonancelike behavior.

For molecules Dehmer?’ has discussed cases where
strong resonances exist above the K absorption
threshold. If the central atom forms polar bonds
with two or more electronegative neighbor atoms a
two-well potential may result.?’ The inner potential
well arises from the partially screened nucleus of the
central atom. The outer well is due to the Coulomb
attraction which an electron experiences at large dis-
tance by the molecular ion. The two wells are
separated by a potential barrier which is caused by
the electronegative neighbor atoms. States located in
the inner well are “‘bottled up’’ by the effective pseu-
dopotential barrier and will thus overlap significantly
with core states of the central atom. Thus strong
transitions are expected between initial-core and
inner-well final states. Transitions to outer-well final
states will be weaker due to smaller wave-function
overlap.

The localized final states in the cases discussed
above are a consequence of the pseudopotential barrier
set up by the electronegative neighbor atoms. Deh-
mer and Dill*® have shown that resonances above the
K-shell threshold in molecules should exist on more
general grounds. These so-called ‘‘shape reso-
nances’’ have their origin in the molecular field which
couples the dipole allowed p-wave electron to the en-
tire range of angular momentum states contributing
to the allowed o- and m-ionization channels. In addi-
tion, the spatial extent of the molecular field may
support resonant penetration of high-/ partial waves
through their centrifugal barrier into the molecular
core. These two circumstances combine to produce a
dramatic enhancement of the photoelectron cross sec-
tion. Both highly localized (discrete shape reso-
nances) as well as quasibound (continuum reso-
nances)- final states are possible. The existence of
such resonances should be a very general phenom-
enon with the resonance strength depending on the
spacial extent and symmetry of the molecular field.

The effects discussed above for molecules should
also be present in solids,2”*? in particular, surface
complexes which locally often resemble molecular
units. Recently Bianconi, Bachrach, and Flodstrom*
interpreted the oxygen induced changes of the
Al L, 3 fine structure for the AI(111), (100), and
(110) low-index faces in terms of Dehmer’s?’
double-well pseudopotential barrier model. With in-
creasing oxygen exposure Bianconi et al. found the
development of strong resonances within the first 15
eV above the Al L, ; threshold. These resonances
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were attributed to inner-well final states in the micro-
scopic structural unit of oxide formed by the positive
Al ion surrounded by the electronegative O ions.
Within this model the increase in resonance strength
with oxygen coverage is directly related to the in-
creasing /ionicity of the O—Al bond as evident from
the growing chemical shift of the Al 2p photoemis-
sion line.>!® As the bond ionicity increases, a poten-
tial barrier is formed due to negative charge compila-
tion on the oxygen atoms and the states in the result-
ing inner well give rise to the enhanced absorption
above threshold. ‘ .

As shown in Fig. 4 the O K edge exhibits the same
resonance behavior with increasing oxygen exposure
as the Al L, ; edge. This is not necessarily expected
because different initial- and final-state wave func-
tions are involved. In particular, we are now probing
excitations on the electronegative O rather than the
electropositive Al atom. If we maintain the two-well
potential picture used above to explain the Al L; ;-
edge effects we are led to the remarkable conclusion
that O 1s electrons are excited into inner-well states
inside the molecule rather than into outer-well states.
This indicates that the outer well is located beyond
the O nuclei. Similar behavior was found for SFg
where resonance absorption was observed both above
the L, ; edge of the electropositive S and the K edge
of the electronegative F atoms.?” As discussed by
Dehmer?’ inner-well states of s, p, and 4 symmetry
are available in the tetrahedral or octahedral environ-
ment expected for an Al,O;-like molecular complex.
Thus transitions from s or p initial-core states are al-
lowed. This is an agreement with the Al L, ;- and
K-edge spectra for Al,03; which both show a white-
line threshold structure.**

At present it cannot be excluded, however, that the
observed threshold enhancement for oxygen on Al is
due to a shape resonance. In this picture changes in
the threshold structure are expected because the local
structure of the O—Al surface complex changes with
O exposure. Because shape resonances arise from
final-state scattering effects the strength of the reso-
nance might be expected to increase as the central
atom is caged in by more neighbor atoms. This
would also explain the observed threshold variations.

In order to better understand the observed thresh-
old effects it is clearly desirable that model calcula-
tions be carried out. A detailed understanding of the
observed effects would allow us to discriminate
between the two suggested theoretical models. More
important, it might be possible to obtain structural in-
Jformation on surface complexes from analysis of the
absorption edge structure alone.

B. Theoretical EXAFS model

In the case of K-shell absorption the EXAFS signal

4057
is given by*s46
X(k) =2 == 3 A, sinl2kR, +,(0)] (1)
0 i

where / designates a neighbor shell at a distance R;
from the absorbing atom. The wave vector k (,7\")

_ is related to the energy (eV) by the relation

k=0.5123(hv—Eo—A)2 | 2)

where hv is the photon energy, £ is the energy at
the K-edge inflection point, and A is an adjustable
parameter.*”*® The total phase shift ¢; (k)
respresents?’ the sum of the phase shifts for the
backscattering atom and the central absorbing atom.
When the neighbor shell consists of identical atoms,
the total EXAFS amplitude A4;(k) is given by

—2R‘,/Mk)

A,(K) = (NYKRDF (k)e e . ®)

where F;(k) is the backscattering amplitude. The two
exponential terms are a Debye-Waller-factorlike term
and a damping term due to inelastic scattering of the
photoelectrons.

The most important parameter in polarization-
dependent surface EXAFS measurements is the effec-
tive coordination number N;* in Eq. (3) which is

given by*®
Ni
N*=3 3 cos’a; . 4)
j=1

The sum is over all atoms j (total number ;) in the
ith neighbor shell and «; is the angle between the
electric field vector E and the position vector T, from
the central atom to the jth atom in the /ith shell.
Equation (4) tells us that a neighbor atom j only con-
tributes to the EXAFS signal if the E vector has a
sizable component along its position vector T;;. For
inherently anisotropic systems like surfaces the polar-
ization dependence of the EXAFS signal therefore
provides an extremely powerful tool to sort out
neighbor atoms which are located in different direc-
tions from the central atom.’*5! In fact, the E vector
can be invisioned as a ‘‘search light”’ revealing all
neighbors in a given direction. We shall make use of
this concept later.

For atoms chemisorbed in ordered configurations
on single-crystal surfaces Eq. (4) has to be evaluated
for an assumed model geometry and a given experi-
mental E-vector orientation.?’ In many cases only
the (polar) E-vector orientation with respect to the
surface normal needs to be considered since the sym-
metry of the atoms in the surface plane eliminates
any azimuthal dependence of N*. The threefold hol-
low chemisorption site on a (111) surface is an exam-
ple and we shall discuss it in the following.

The case of an oxygen atom chemisorbed in the
threefold hollow site on an Al(111) surface is illus-
trated in Fig. 7. Here 0 is the angle between the sur-
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FIG. 7. Calculated effective oxygen coordination number
N* as a function of the O—Al distance R and the O distance
Z above the Al surface for O chemisorbed in the threefold
hollow site on Al(111) [Eq. (5)]. The assumed geometry is
also shown. Calculations were carried out for the two ex-
perimental cases #=11° and §=45°.

face normal and the electric field vector and Z is the
oxygen distance above the Al surface layer.

R = (%a2+Z2)'/2 is the O—Al bond length where

a =4.04 A is the Al fcc lattice constant.? Evaluation
of Eq. (4) yields

N* 2

a (%a2)+z2 12

Thus, whether and how N* varies with 6 depends on
the actual position Z of the oxygen atom. For a dis-
tance Z =%a\/§= 1.17 A (corresponding to R =%a
=2.02 A) N* is isotropic and equal to three. Calcu-
lated values for N* as as a function of Z or R are
shown in Fig. 7 for our two experimental geometries
#=11° and #=45°. Also shown in the figure is the
ratio between N* at 45° and 11°.

Besides the chemisorption site considered above
there are two other sites of interest for the AI(111)
surface. These sites lie between the first and second
layer of Al atoms as shown in Fig. 8. As illustrated
by Fig. 8(a) two distinctly different hollow sites A
and B in the surface Al layer can be distinguished
when their orientation with respect to the second Al
layer is considered. Underneath site 4 the second
layer exhibits another threefold hollow site which is
rotated by 60° with respect to that in the first layer
[see Fig. 8(d)]. For site B an Al atom is located in
the second layer directly underneath [see Fig. 8(c)].
For the chemisorbed site outside the surface layer
[Fig. 8(b)] sites 4 and B are equivalent with respect
to the Al nearest neighbors. For the oxide phase,
however, in which the oxygen atom is assumed to

a’ s 2 2 2
—sin’8 + Z*%cos’8| . 5)

(a) (b)
%‘Loyer | (RO
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FIG. 8. (a) Model of the first two Al layers for a clean
AI(111) surface. Two threefold hollow sites 4 and B in the
first layer can be distinguished with respect to the second
layer. Site A has another threefold hollow site underneath
while site B is on top of a second-layer Al atom. (b) Pro-
posed geometry of O atoms chemisorbed in a (1 x 1) config-
uration on AI(111). Adsorption occurs on site 4 in posi-
tions which are a continuation of the Al lattice (fcc stack-
ing). (c) Ideal tetrahedral O coordination underneath site B.
The O—Al bond length is 1.75 A. (d) Ideal octahedral O
coordbination underneath site 4. The O—Al bond length is
2.02 A.

penetrate through the first layer, sites 4 and B give
different results. As shown in Fig. 8(c) an oxygen
atom underneath site B is fourfold coordinated. Plac-
ing the O atom at the center of the tetrahedral inter-
stice at Z = —%aﬁ= —0.58 A yields an O—Al bond
length R =-"‘—a\/§= 1.75 A. The effective coordina-
tion number N* is isotropic and therefore equal to
the real coordination number N =4. If the O atom is

placed at the center of the octahedral interstice at
Z =—+a/3=-1.17 A [Fig. 8(d)] the O—Al bond
length is R =%a =2.02 A. The isotropic effective
coordination number is N*=6. Note that this is a
special case of Eq. (5).

Finally we discuss the effective coordination
number of an O atom in the geometry shown in Fig.
8(b) (i.e., a 1 x 1 overlayer) with respect to other O
atoms in the overlayer. The O—O distance is the
same as the Al—Al separation in the surface, i.e.,
R,=a/~2=2.86 A. Each O is surrounded by six
others. N* is obtained from Eq. (5) setting Z =0
and considering that there are six instead of three
neighbors. We obtain

N*=9sin%9 . (6)

For our two experimental cases we find N*=4.5
(0=45°) and N*=0.3 (8=11°).
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C. EXAFS analysis
1. Phase shifts

The accurate determination of neighbor separations
by means of EXAFS is dependent on the availability
of reliable phase shifts. For high-Z atoms calculated
phase shifts have been successfully used to determine
nearest-neighbor distances to 0.01—0.02-A accuracy.?’
The determination of distances from low-Z atoms by
means of EXAFS is at present more difficult. The
most important problem is the limited EXAFS energy
range available above the low-Z K edge. This is due
either to limitations of the presently available mono-
chromators’! or the interference of one of the abun-
dant absorption edges below 1000 eV. In most cases
a range of less than 400 eV above the K edge is
available which corresponds to a wave-vector region
of k <10 A-!. This restriction makes the use of cal-
culated phase shifts less reliable since they are most
accurate at high-k values (k > 8 A1) and in many
cases unreliable for k <4 A=1.4":50 The problem is
enhanced by the fact that nearest-neighbor distances
from low-Z atoms are in general shorter than from
heavier atoms resulting in fewer EXAFS oscillations
per given energy or wave-vector interval.

In the present study we have tried to avoid the un-
certainty associated with calculated phase shifts when
possible. As an experimental standard for the O—Al
phase shift we employed a sample of bulk Al,04
(corundum) for which the O—Al bond length
R =1.915 A was known from x-ray diffraction.?!

The EXAFS oscillations for bulk Al,0; as a func-
tion of k are shown in Fig. 9(a). We recorded spec-
tra for three different samples of AL,O;: (1) single-
crystal corundum, (2) polycrystalline Al,03; powder,
and (3) a sapphire sample with a (0001) surface
orientation. The spectra showed slightly different ab-
sorption structures near the O K-edge threshold
(hv < 580 eV) but identical EXAFS at higher photon
energies. Analysis of the EXAFS structure yielded
identical results for the O—Al nearest-neighbor shell
which is evident in the Fourier transform in Fig. 9(b)
as the dominant peak around 1.5 A. Knowing that
this peak corresponds to a O—Al bond length of
R =1.915 A we can derive a scattering phase shift for
the O—Al system.? The derived phase shift using
A =0 [see Eq. (2)] is shown in Fig. 10. As observed
before for the O—Si and N—Si phase shifts the O—Al
phase shift is very closely linear in k and can be ex-
pressed as

¢=3.65-0.72k . 7

This can be compared to the calculated phase shift by
Lee, Boon-Keng Teo, and Simmons®® which in the
range kK > 4 A-1 can be fitted to the quadratic expres-
sion

bd=co+7a=5.573—-0.9648k +0.0251k% . (8)
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FIG. 9. (a) EXAFS structure as a function of wave vector
for bulk Al,0; as shown in Fig. 5. (b) Fourier transform of
the signal in Fig. 9(a).

Here ¢, is the total central O atom and 7,, the Al
backscattering phase shift. The calculated phase shift
was found to yield an approximately 0.05-A shorter
O—AI distance than the experimental one. This is in
agreement with our findings for the O—Si system?’
where the calculated phase shift underestimated the
bond length by 0.03 A.

Standards to determine the phase shift for the
0O—O0 scattering case are more difficult to find since

TIT T[TV TIT [T T T T TTTrIITTIT T T

O-AQ PHASE SHIFT (radians)
att b by b el

_3|1||1|1|1]1|111
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FIG. 10. O—Al phase shift derived from corundum
choosing the inflection point of the O K edge as k =0. The
phase shift is very nearly linear and can be expressed as
¢ =3.65—0.72k.
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in solids O atoms are usually not surrounded by first-
nearest-neighbor (NN) O atoms. The use of
second-NN O—O distances for a phase-shift determi-
nation is considered quite unreliable. In addition to
other factors, the signal from second-NN is often
quite weak and thus less reliable. We have therefore
used a calculated O—O phase shift in our analysis
which is given by

d=do+70=3.419—0.960k +0.0256k2 . 9

2. 100—150-L spectra

The surface EXAFS signal X(k)k? above the O K-
absorption edge for a sample of 100-L oxygen on
Al(111) is shown in Fig. 11 for two polarization
directions 9. The shown signals were obtained from
the raw data by the data reduction procedures dis-
cussed in Ref. 29. The oscillations in Fig. 11(a)
(0=11°) are very nearly sinusoidal while those in
Fig. 11(b) (#=45°) exhibit a strong nonperiodic beat
frequency. Such behavior is characteristic for sys-
tems where more than one neighbor shell contributes
to the EXAFS signal. The strong polarization depen-
dence is most clearly evident at wave vectors
k>6 A

(a)
21 100L 0z on AL(I1)

8=11°
o A
__.2_
%
= f f — i
. (b)
oL 100L 0z on AR(IIN
6=45°

0 2 4 6 8 10
WAVE VECTOR (A7)

FIG. 11. (a) EXAFS signal X(k)k? above the oxygen K
edge for a sample of 100-L O, on Al(111) and §=11°. The
noisy signal is the original data. The smooth line represents
the main frequency and is the Fourier filtered signal corre-
sponding to peak 4 in Fig. 11(a). (b) Same as in Fig. 11(a)
for #=45°. The smooth line represents the two superim-
posed dominant frequencies corresponding to the Fourier fil-
tered nearest-neighbor peaks 4 and B in Fig. 11(b).

The Fourier transforms of the noisy EXAFS sig-
nals X(k)k? in Fig. 10 are shown as solid lines in Fig.
12, respectively. Also shown as a dashed line in Fig.
12(b) is the transform of the EXAFS oscillations
X (k)k? which enhances the contribution from the
high-k region of the signal. Thus the differences
between the two signals in Figs. 11(a) and 11(b) be-
come more apparent. The transform for §=11° in
Fig. 12(a) is dominated by a single peak 4. This
peak is also observed for # =45°. In addition, for
this polarization a second strong peak B is observed
which for the X (k)k* weighted signal has almost the
same intensity as peak 4. The transforms for a
slightly higher oxygen exposure of 150 L look very
similar as those in Fig. 12 except that for the § =45°
case peak B becomes about 30% weaker with respect
to peak 4. We have filtered out peaks 4 in Fig.
12(a) and peaks 4 plus B in Fig. 12(b) and back-
transformed them into k space. The so-obtained fil-
tered EXAFS signals are shown as smooth solid lines
in Fig. 11, respectively.

Peak A is attributed to the nearest-neighbor O—Al
distance R (see Fig. 7). We have determined R us-
ing the experimentally derived phase shift given by
Eq. (7) and shown in Fig. 10. The analysis was car-
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FIG. 12. (a) Absolute value of the Fourier transform
|F(r)| of the noisy EXAFS signal in Fig. 10(a). Note that
the peaks in |F(r)| are displaced from the true distance by a
phase shift. (b) |F(r)| of the noisy signal x(k)k? in Fig.
10(b) (solid line) and of the signal X(k)k3 (dashed line).
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TABLE I. Derived bond lengths for oxygen on AI(111).

Oxygen 0-Al 0-0
exposure distgnce distgnce
(Langmuirs) 0? (A) (A)
100 11° 1.81 £0.03
100 45° 1.76 £0.05 2.90 £0.05
150 11° 1.80 £0.03
150 45° 1.81+£0.03 2.95+0.10
1000 heated e 1.88 £0.03
aSee Fig. 7.

ried out using both the method proposed by Lee and
Beni*’ and that of Martens e al.*®* The two methods
yielded identical results which are summarized in
Table I. The obtained distances in the range of
monolayer coverage (100—150-L oxygen) all lie
within 0.05 A. However, the value for 100-L O, ex-
posure and 6 =45° is shorter than the other three.
For this case the EXAFS signal [Fig. 11(b)] is more
complex and the interference of the signals from the
first- and second-neighbor shells [peaks 4 and B in
Fig. 12(b)] might cause a slight error in the distarice
determination, especially with the limited k range
available.

Thus far we have ignored the presence of smaller
amounts of an oxidelike phase in addition to the
chemisorbed oxygen on Al(111).'* As shown in Fig.
13 the two phases are revealed by a chemical shift of
the Al 2p photoemission line to higher binding ener-
gy which is 1.4 eV (peak B) for the chemisorbed and
2.7 eV (peak C) for the oxidelike state. In fact, the
latter phase is called ‘‘oxidelike’” because its chemical
shift relative to clean Al (peak 4 in Fig. 13) is the
same as for A,03.2' In the monolayer coverage
range (100—150-L O,) the oxide phase cannot be
avoided and we find that the Al 2p photoemission in-
tensity corresponding to the oxide phase is at least
one-third of the intensity corresponding to the chem-
isorbed phase. If we assume that for the oxide for-
mation the O atoms penetrate through the surface
layer [as, for example, in Figs. 8(c) and 8(d)} the
first two Al layers or twice as many Al atoms are af-
fected for a given number of O atoms as for the
chemisorbed phase above the surface. Thus if we as-
sume an intensity ratio of 2 between the 1.4 eV and
2.7 eV shifted Al 2p core lines we expect about four
times as many O atoms in the chemisorbed than in
the oxide phase. The relative contribution of the two
kinds of differently coordinated O atoms to the EX-
AFS signal also depends on the effective coordination
number N*. Here we shall neglect other dependen-
cies (e.g., Debye-Waller-factor effects) because they
are more difficult to assess. In Al,O3; each O atom is

coordinated by 4 Al atoms yielding N*=N =4. This
number needs to be compared to the 9-dependent N*
value for O on Al(111) plotted in Fig. 7. For an
O—Al distance around 1.8 A we obtain N*=2.5 for
0=45° and N*=1.5 for 6=11°. Since the number
of chemisorbed O atoms is about a factor of 4 larger
than that of O atoms in the oxide, the former are ex-
pected to contribute 2.5 (1.5) times as much to the
EXAFS signal. We conclude that the 100 L, 45° R
value in Table I is the least and the 150 L, 11° value
is the most sensitive to a contribution from the oxide
phase. The slightly shorter distance R =1.76 A ob-
tained at 100-L O, exposure and § =45° might there-
fore be the more accurate value for the O—Al chem-
isorption bond length. However, since all values lie
within 0.05 A we conservatively quote a value of
(1.79 £0.05) A for the O—Al chemisorption bond
length. As shown in Fig. 7 this value corresponds to
a vertical separation of Z =0.7(40.10, —0.15) A from
the outermost plane of Al nuclei assuming chem-
isorption in the threefold hollow site. In order to ex-
plain the insensitivity of the derived R value for the
nearest-neighbor distance with respect to the angle of
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FIG. 13. Al 2p photoemission spectrum for 150-L O, on
Al(111) recorded at hv =130 eV. Peak 4 is due to bulk Al
atoms, peak B to Al atoms which are bonded to chem-
isorbed oxygen, and peak C to Al atoms which are part of
local oxidelike units.
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incidence and oxygen exposure the O—Al bond
length in the oxidelike surface complex has to be the
same as for the chemisorbed phase within the error
limits quoted above.

Peak B is assigned to the O—O distance in the
chemisorbed overlayer. Since the oxygen atoms lie in
a plane parallel to the surface the O—O distance
should only be observable at large-0 values [see Eq.
(6)]1. It should be negligible at §=11° (N*=0.3)
but significant at  =45° (N*=4.5), in agree-
ment with the fact that peak B is only observed at
9=45°. While it is clear from the polarization depen-
dence that peak B corresponds to a distance between
atoms which lie parallel or nearly parallel to the sur-
face plane we still need to examine whether it could
be due to O—Al second-nearest-neighbor scattering.
For O atoms in the threefold hollow site and a dis-
tance of 0.7 A outside the surface plane the three
second-nearest-neighbor Al atoms are 3.37 A away.
Peak B falls at a distance around 2.9 A both using
0—0 or O—AI scattering phase shifts. We can thus
exclude this possibility. We note, however, that the
shoulder on the right side of peak B in Fig. 12(b)
(dashed curve) corresponds to a distance of ~3.4
and might thus indicate the three Al second-nearest
neighbors. Using the calculated O—O phase shift
given by Eq. (9) we find peak B to correspond to a
distance of (2.90 +0.05)A. Here we have used the
more reliable value for the 100-L,  =45° case listed
in Table I. This value is in excellent agreement with
the expected 2.86 A separation from a given chem-
isorbed O atom to its six nearest O neighbors in a
(1x1) overlayer. We note that the derived distance
is also distinctively different from the 2.72 A
second-nearest O—0 distance in aluminum oxide.?*

Finally we need to comment on the fact that in Fig.
12(b) peak B which is attributed to O—O scattering is
larger relative to peak 4 (O—Al scattering) for the
X (k) k3 than for the x(k)k? Fourier transform. Since
the backscattering amplitude F (k) for O (Z =8) falls
off faster with increasing k than for Al (Z =13) the
x (k) k3 transform is expected to increase the weight
of peak 4 (O—Al) over peak B (0—0) and not vice
versa as observed in Fig. 12. We propose that the ef-
fect seen in Fig. 12(b) has its origin in an anisotropic
mean free path of the photoelectron at the surface.

As seen from Eq. (3) the total EXAFS amplitude
contains a k-dependent term e_zk"mk), where A (k) is
the photoelectron mean free path. For bulk samples
A (k) is usually assumed to be isotropic. On surfaces,
however, it has to be anisotropic and should in fact
be different for scattering directions parallel and per-
pendicular to the surface. Thus, in our case A (k)
may be quite different for the O—O scattering case
(parallel to surface only) than for the O—Al one.

We note that similar effects also seem to invalidate
amplitude transferability from bulk to surface sys-
tems as observed for SiO, and O on Si{111).%*

3. 1000-L spectra and oxidized surface

The EXAFS signal x(k)k* for a sample of 1000-L
0O, on AI(111) is shown in Fig. 14. The spectrum
was recorded at # =11° after the sample had been
heated to 200 °C for 5 min. The Fourier transform
of the noisy signal in Fig. 14(a) is shown in Fig.
14(b). It is dominated by a peak A4 around 1.5 A
which we attribute to the O—Al nearest-neighbor dis-
tance displaced by a phase shift. Using the phase
shift given by Eq. (7) peak 4 corresponds to a dis-
tance R = (1.88 +0.03)A. This distance is about 0.1
A larger than those obtained for monolayer coverage.
We have also reanalyzed our earlier data on a heavily
oxidized Al surface?* with the phase shift in Eq. (7).
We obtain the same value (1.88 +0.03)A for the
O—Al distance as for the 1000-L O, spectrum. This
distance is slightly different than that derived previ-

~ously (1.93 A) using a calculated phase shift.? Also

in our earlier work?® we did not vary A in Eq. (2) as
should be done according to Lee and Beni*’ and Mar-
tens et al.*®
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FIG. 14. (a) EXAFS signal X(k)k3 for a sample of 1000-
L O, on AI(111) heated to 200°C for 5 min, recorded for
6#=11° (noisy signal). The smooth line is the Fourier fil-
tered signal corresponding to peak 4 in Fig. 14(b). (b)
|F(r)| of the noisy signal in Fig. 14(a).
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D. Discussion of structural models

~ Our results on the O K-edge fine structure and ex-
tended fine structure suggest certain models for the
progressive oxidation of A1(111) surfaces. Starting
with the spectra taken around monolayer oxygen cov-
erage we find strong support of a (1 x 1) oxygen
overlayer configuration suggested previously by
LEED.!* 1620 Qur value of (2.90 +0.05)A for the
in-plane O—O distance is in excellent agreement with
the a/~/2=2.86 A Al—Al separation in the (111)
surface plane. The arrangement of the chemisorbed
O atoms is shown in Fig. 8(b).

Our present measurements cannot distinguish
between the various possible threefold sites on the
(111) surface (e.g., between sites 4 and B). Howev-
er, earlier experimental and theoretical results sug-
gest that O chemisorbs in the threefold hollow sites 4
outside the surface. Our value for the O—Al bond
length R = (1.79 +0.05) A corresponding to a value
Z =0.70(+0.10, —0.15) A above the Al (111) plane
then completely determines the structure of the
chemisorbed O—Al surface. It is interesting to note
that the O atoms are located in positions which are a
continuation of the Al lattice (fcc stacking). Howev-
er, the interplanar distance Z is reduced considerably
(Z=0.70 A) relative to the interplanar separation of
a/~/3=2.33 A for bulk Al (see Fig. 8).

For the oxide phase which accompanies the chem-
isorption phase we find the same O—Al bond length
within experimental error. This strongly suggests the
geometry shown in Fig. 8(c) for this phase. Here an
O atom is bonded to four Al atoms as in AL,O;
(corundum) and y — AL,03.2 The ideal O—Al bond
length for the shown tetrahedral interstice position is
%a\/?= 1.75 A which is remarkably close to our ex-
perimental value (1.79 +0.05)A. The site shown in
Fig. 8(c) can be occupied simultaneously with the
chemisorption site. As for the chemisorption site the
O atoms form a (1 x 1) configuration relative to the
clean A1(111) surface. This can explain that a sharp
(1 x 1) LEED pattern exists up to relatively high
(~1000 L) oxygen exposures corresponding to more
than monolayer coverage.

Our results for the O—Al bond length around
monolayer oxygen coverage are in conflict with the
findings of a recent multiple-scattering LEED
analysis. Martinson er al.?® deduced a O—Al separa-
tion of R =(2.12 £0.05)A corresponding to
Z =(1.33 +0.08) A for the chemisorbed stagé. Their
LEED spectra were recorded in the same 100—150-L
0, exposure range as used here. The large R value
reported by Martinson et al. would be truly excep-
tional as judged from available O—Al bond lengths in
bulk crystals (1.66—1.98 A),5255 in the AlO molecule
(1.62) (Ref. 55) or from the Slater sum of atomic ra-
dii (1.85 A).5 We thus believe the LEED value to
be incorrect.
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At oxygen exposures where the (1 x 1) LEED spot
pattern has disappeared (e.g., 1000 L plus heat) we
observe an increased O—Al bond length (1.88
+0.03) A. This is accompanied by the formation of
a white-line threshold structure. We attribute this to
formation of aluminum oxide which locally resembles
the structure of corundum®? or y — A1,0;.26 Now the
chemisorbed oxygen atoms have also penetrated the
surface Al layer and formed bonds with second- and
possibly third-layer Al atoms. A larger O—Al bond
length results. For example, the site directly under-
neath the chemisorption site [Fig. 8(d)] would ideally
yield an O—Al bond length of +a =2.02 A. Our

value of R =1.88 A is in fact identical to the O—Al
separation in the spinel-like y — A,O; (Ref. 26) and
close to the average O—Al distance 1.915 in corun-
dum A1,0;.3' By comparison of the bond lengths we
conclude that at heavy oxygen coverage a surface ox-
ide forms which has a structure similar to that of
v —ALO;. This was in fact already suggested by
Verwey in 1935.%

In our model the oxidelike phase always consists of
v — Al,O3-like units. However at low coverage the
O—Al bond length is reduced because of the con-
straints placed by the Al lattice [Fig. 8(c)]. At higher
coverage (>1000-L O,) reconstruction of the Al sur-
face atoms occurs and the bond length can now as-
sume the 1.88-A value found in bulk vy — Al,0;. One
point which remains to be discussed is that the Al 2p
chemical shift is identical for the oxidelike phase
around monolayer coverage [Rg-a=(1.79 £0.05)
A1, the disordered oxide phase [Ro-x = (1.88
40.03)A] and bulk ALO; (Ro_s=1.915 A). This
would indicate a very similar total charge transfer
from the Al to the neighboring O atoms in all cases.
For our model the oxygen coordination N of the Al
atoms is lower (N << 3) for the initial oxide phase
than for the high coverage phase and ALLO; (N =6).
Thus if the total charge transfer from Al is the same
in all cases a larger charge transfer per O atom would
result for the low coverage oxide. This would result
in a shorter bond length as observed.

V. CONCLUSIONS

From analysis of the O K-edge fine structure and
extended fine structure we have deduced a model for
the progressive oxidation of A1(111) surfaces. Using
additional information provided by previous studies
we have completely determined the structure of the
O—AIl chemisorption complex. It appears that a con-
sistent picture of the structural and electronic proper-
ties of the (1 x 1) oxygen on AI(111) surface does
now exist if our results are combined with the pho-
toemission data of Flodstrom et al.'¢ and the self-
consistent-field X « calculations of Salahub et al.®
Our results indicate deficiencies in atom-jellium-type
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calculations? even when pseudopotentials are includ-
ed to first order’ and also strongly disagree with the
conclusions drawn from a recent LEED intensity
analysis.? We also suggest a model for the forma-
tion of the oxidelike phase which is characterized by
a larger Al 2p chemical shift than for the chem-
isorbed phase. An atomic arrangement is proposed
which resembles that in y — A1,0; where an O atom
is surrounded by four equidistant Al atoms.?® As the
oxidation progresses reconstruction of the Al atoms
near the surface occurs and the O—Al bond length
increases. The O K edge is found to change signifi-
cantly with oxygen exposure. This is discussed in
terms of formation of aluminum-oxidelike molecular
units with increasing oxidation. It is pointed out that
this phenomenon may have significant future applica-
tions in the study of adsorbate systems. Analysis of

the threshold structure may by itself provide informa-
tion on the local structure of surface complexes.
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