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Oxygen chemisorption on Al: Unoccupied extrinsic surface resonances and site-structure
determination by surface soft-x-ray absorption

Antonio Bianconi~
Stanford Synchrotron Radiation Laboratory, Stanford University, Stanford, California 94305

R. Z. Bachrach and S. A. Flodstrom~
Xerox Palo Alto Research Center, Palo Alto, California 94304

(Received 30 October 1978)

Surface soft-x-ray absorption (SSXA) spectroscopy using synchrotron radiation has been applied to study

oxygen chemisorption on aluminum (100), (110), and (111)single-crystal surfaces. Evidence is presented of
oxygen-related extrinsic surface resonances above the Fermi level on all faces. From analysis of the SSXA
spectra over a large energy range, local structural information has been obtained. The Al (111) surface

exhibits a SSXA spectrum dominated by the core transitions to the antibonding states of the Al-0 complex
in the chemisorption phase. Evidence of a chemisorption phase at oxygen exposures below 50 L has also been

obtained for the $1 (100) surface. Different charge transfer from Al to 0 occurs on the two faces, and we

suggest the formation of an Al-0 complex on the Al(100) with a small charge transfer from Al to O. The
transition to the formation of A1,03 has been characterized by the appearance of the oxide core exciton.

I. INTRODUCTION

Understanding the initial interaction of oxygen
with aluminum surfaces has been of considerable
experimental' ' and theoreticaI. ""interest. The
research has focused on occupied bonding levels
and core line shifts. Evidence of a chemisorption
phase on the Al(ill) face was found where single-
bonded. oxygen is outside the surface. ' This model
is in agreement with experimental data concerning
photoemission, ' ' work function, and plasmon cou-
pling with core lines. ' The chemisorption phase
on the (111)face is characterized by a 1.4-eV
chemically shifted Al*-2p core line resulting from
a smaller charge transfer from Al to the chemi-
sorbed oxygen than that of the Ais' 2p in the oxide
(2.8 eV). In spite of theoretical investigations
suggesting the -existence of oxygen chemisorbed
outside the Al(100) surface, little experimental
evidence has been accumulated. Most work on
the (100) face has been interpreted in an island
growth model where bulklike oxide nuclei are
first formed at surface active sites. However,
for very low exposures, less than 50L (1 langmuir
=10 ' Torr sec), where no Al-2p chemical-shift
peak is observed4' and the work function does not
change as a function of oxygen exposure, ' the na-
ture of the Al-0 interaction is not clear. Early
LEED data suggest that an ordered 0 overlayer
does form on this face. '4

In this paper we present results which provide
new information concerning the electronic bonding
and the local site structure of oxygen chemisorp-
tion and the evolution to an oxide on aluminum
(100}, (110), and (111)single-crystal faces. The

photoyield technique has been used to study the
aluminum unoccupied density of states and the
electronic antibonding states of the Al-0 corn-
plexes formed during the initial oxygen chemi-
sorption on aluminum. We have recently shown" ' "
that the photoyield technique can be used to mea-
sure surface soft-x-ray absorption spectra with
high surface contrast.

Surface soft-x-ray absorption cross section
(SSXA) has been measured by using the photoyield
or constant-final-state photoemission technique
with the final-state energy (Z*) tuned to coincide
with the valence-band (VB) interatomic Auger
transition Al-2p-0-2s at 45 eV. (The details of
these transitions are discussed in Sec. IIIA.) The
surface I.. .photoabsorption cross section is
measured by recording the intensity as a function
of the exciting-photon energy of the Auger elec-
trons which result from the nonradiative recom-
bination of the Al-2p core hole created by the ab-
sorption event. The high final-state energy used
in this work provides advantages over the more
conventional low-energy final state used in partial-
yield spectroscopy tuned to secondary electrons. "'"
First, the electron effective escape depth I (8*) is
a minimum, thus providing better surface con-
trast. In fact, I (E*) of 45-eV electrons is about
2 A, in aluminum. " Second, the measurement is
better tuned to those Al atoms interacting with the
chemisorbed oxygen. With this technique it is pos-
sible to measure the L„,spectrum over a 50-ev
energy. range free of direct photoemission peaks. "
Soft-x-ray absorption spectroscopy (SXA} has
grown rapidly in the last ten years by using syn-
chrotron radiation. SXA is a sensitive probe of
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the local structure around the absorbing atom. "
This spectroscopy concerns the electronic tran-
sitions from a localized atomic core level to un-
occupied excited states with surface sensitivity
established by the short electron escape depth.
The' main contribution to the matrix element of
the core transitions comes from the local char-
acter of the initial-state wave function overlapping
the final state. A molecular description of the
final-state wave function is often found to be suf-
ficient to interpret the spectra near the edge. This
aspect of the spectroscopy is very attractive for
studying adsorbates on solid surfaces since one
is interested in the local interaction with the sub-
strate, and molecularlike bonds are very impor-
tant.

In agreement with other spectroscopies, our
measurements show differences in oxygen chemi-
sorption on the three low-index surfaces. ' ' The
results summarized here are presented in detail
in Secs. -IIIC-IIIE and discussed in Secs. 1VB-
IV E. On the (111)surface, a SSXA spectrum typi-
cal of the chemisorption phase' is found w'hich is
nearly invariant with the oxygen exposure up to
the onset of oxide formation. The formation of the
oxide is easily recognized by the appearance of
the excitonic "inner-well state"" on the spectrum
which remains invariant up to 10' L, characteris-
tic- of the thin layer oxide. "'" In the chemisorp-
tion phase, a new unoccupied oxygen-related ex-
trinsic surface resonance has been found at 85 eV.
In this energy range, an intrinsic surface reso-
nance is observed on the clean Al(111) surface.
With oxygen chemisorption the resonance shifts
toward higher energy, forming an extrinsic reso-
nance. An extrinsic resonance is also found on the
Al(100) surface at 84."I eV. The spectral feature
becomes sharper and stronger than the weak struc-
ture at 84 eV on the clean surface which corre-
sponds to an empty surface state, in a partial gap
along the X-M direction of the surface Brillouin
zone at 10.5 eV above E~." The strong intrinsic
surface resonance at 4.3 eV above Fermi leve12'
disappears with oxygen exposure. Our results
clearly confirm the formation of a chemisorbed
oxygen monolayer outside the metal surface at
exposures less than 100 L on the Al(111) surface.
On the Al(100) 'surface the oxide formation is
observed above 50 L. These data suggest that
oxygen is also chemisorbed for very low ex-
posure on this face, but with a sma11 charge
transfer from Al so that no chemically shifted
Al-2P core line is observed. A similar chemi-
sorption state has been recently observed" on
the Si(111)2x1 surface. A model of oxygen
"c'ovalently" bonded to the silicon surface has
been proposed. "
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FIG. l. Experimental apparatus used to measure the
SSXA spectra by the constant-final-state photoemission
technique on the 4' beam line at the Stanford Synchro-
tron Radiation Laboratory.

The experiment was performed on the 4 beam
line'4 at the Stanford Synchrotron Radiation Lab-
oratory using monochromatized synchrotron ra-
diation emitted by the storage ring SPEAR. The
samples were oriented high-purity electrolitically
polished single crystals of aluminum. " Trans-
mission electron microscopy showed an almost
perfect (111)surface, a very good (100) surface
having some defects, and a (110) surface display-
ing a large amount of faceting and other surface
defects. The initial surface was cleaned in situ by
successive argon sputtering at 300 'C and then
annealed at 400 'C for 0.5 H at apressure of 2 x 10 '0

Torr. Cleanliness was checked by Auger-electron
spectroscopy and valence-band photoemission
spectroscopy using 50-eV photons to increase the
surface sensitivity. Only the (110) face showed
residual oxygen corresponding to approximately
0.5-L exposure. Low-energy electron diffraction
(LEED) analysis showed good surface order after
the final annealing. Incoming p-polarized light
illuminated the sample at 5'-10 from grazing in-
cidence. The final-state kinetic energy of the
electrons was selected with a double-pass cylin-
drical mirror analyzer. The surface soft-x-ray
absorption spectra (SSXA) were measured with the
constant-final-state photoemission technique. The
technique consists in measuring the number of
electrons emitted, N(E*=const. , Kv), at a fixed
kinetic energy as a function of the photon energy.
The electron analyzer detects a cone at 0 =42' so
that only Auger electrons E~ =45 eV coming from
an average 2.9-A layer [2 l (E*)cos8] contribute
to the measured spectrum. In Fig. 1 a scheme of
the experimental apparatus is shown. The reso-
lution of the SSXA spectra is determined by the
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monochromator resolution, which is about 0.1 eV
at 100 eV and varies as (I'co)'. All the SSXA spec-
tra were normalized to the incoming photon flux, '

which was measured using a photomultiplier with
a sodium salicylate converter. Data acquisition
and handling were done by a computer (PDP 11/40}
connected on line. The clean Al surface at a base
pressure of 2&10 "Torr was exposed to molecular
oxygen statically introduced in the vacuum cham-
ber. The sample was exposed to 1-L 0, or less
at a gas pressure of 10 8 Torr followed by con-
secutive exposures of 10 L at 10 ' Torr. Pres-
sures of 10 ' Torr were used for the 100-L and
higher exposures. The data have been taken over
a year in different runs and good reproducibility
of the results, following similar procedures of the
oxygen exposure, has been found.
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III. RESULTS

A. Interatomic Auger recombination

The interatomic Auger recombination of the L, ,
hole is plotted in Fig. 2, which shows N(Z, K&o

= const. ), the electron energy distribution curves
(EDC) of an aluminum (ill) surface at several
oxygen exposures (1 langmuir = 10 ' Torr sec).
The lower curve shows the spectrum of clean al-
uminum using a photon excitation energy I'v = Vv

eV which is just above the L.. .threshold at V2.V2
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FIG. 3. Schematic picture of the interatomic Auger
recombination of the Al-2p core hole followed by the
emission of a 45-eV electron in the continuum.

eV. When one uses photons with enough energy to
create a hole only,in the 2p core level, the spec-
trum of the Auger-electron transitions is simpler
than the Auger spectrum excited by high-energy
electrons. ' The peak at 63 eV corresponds to the
L12 3VV Auger transition of aluminum metal. " After
oxygen exposure, this peak changes and a new peak
induced by oxygen chemisorption appears at 45
eV. We have assigned the peak'at 45 eV to an in-
teratomic Auger transition since its energy does
not depend on the photon energy and it is Bose to
the Al-2p-0-2s core-level&eparation of 50.5 eV."
The electronic transition 0-2s-A1-2p.was observed
at I'+ =50.5 eV by Fomichev' in x-ray fluorescence
spectra. Since the aluminum work function is
=4.8 eV, one would expect the Al-2p-0-2s VB in-
teratomic Auger transition to be below 46.2 eV.
The peak at 45 eV is the only Auger peak below
46.3 appearing with oxygen chemisorption, so the
assignment is unambiguous. Figure 3 shows a
schematic picture of the interatomic Auger pro-
cess. To measure the SSXA spectra we have re-
corded the intensity of this interatomic Auger
peak as a function of the photon energy. We have
called this technique interatomic Auger yield
spectroscopy (IAYS} to distinguish it from the
conventional partial-yield spectroscopy {PYS),
whex'e one is collecting only secondary electrons.
The improved surface sensitivity of our tech-
nique" is Rt Ie8.st A,s good as ths, t obtainable Lith
electron-energy-loss spectroscopy (ELS)~' using
low-energy electrons (typicaQy 100 eV), but with
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energy resolution better than that of ELS. More-
over, ELS generally measures derivative spectra
so the shape of the absorption peaks, like excitons
and resonances, which is important in the inter-
pretation of the spectra, cannot be recorded.
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8. SSXA of the clean crystal surfaces

Figure 4 shows the I„,SSXA spectra of the
Al(111) and Al(100) clean surfaces together with
the bulk SXA spectrum measured by optica1 trans-
mission measurements of an aluminum polycrys-
talline film evaporated in situ. Surface resonances
on the clean surface have been identified in the
SSXA spectra at -VV eV and at -85 eV." These
features are not present in the bulk spectrum
which is Qat and structureless up to about 10 eV
above the I, , edge. Another aspect is the ex-
tended x ray -absorption fine structure (EXAFS)
modulations above 90 eV which shift toward higher
energies in the Al(111) spectrum. ln the bulk spec-
trum, "the peak at 97 eV and'the minimum at 104
eV in Fig. 4 correspond to the first large EXAFS
modulation of the photoabsorption cross section
due to final-state interference effects produced
by atoms around the absorbing one. From the
analysis of the surface EXAFS structures in the
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FIG. 5. SSXA of the three low-index crystal surfaces
near the 1.2, 3 threshold, in the energy range dominated
by the intrinsic surface resonances.
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SSXA spectra, we have found" a contraction of the
spacing between the erst two surface layers b, d
=0.19+0.05 A on the Al(111) surface and no re-
laxation on the Al(100) surface. Figure 5 shows
the SSXA spectra of the clean crystal surfaces in
the energy range of unoccupied surface resonances.
The (110) had some residual oxygen corresponding
to 0.5 L of oxygen. Therefore the observed struc-
tures are partially induced by oxygen chemisorp-
tion. The intensity and the energy of the unoc-
cupied resonances is clearly face dependent, as
is also found for the occupied surface resonances.
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FEG. 4. SSXA spectra of the Al(111) and Al(100) sur-
faces compared in the lower part of the figure with the
bulk SXA spectrum of a thick aluminum film.

C. Oxygen chemisorption on the (111)surface

Figure 6 shows the SSXA spectra of the Al(111)
surface at several oxygen exposures. At only
0.4-L-O, exposure one can observe the typical
features of the chemisorption phase. ' These fea-
tures remain unchanged up to above 100 L. With
respect to the clean spectrum, the peaks D and E
shift toward higher energy and a broad band ap-
pears with the threshold T, at 74.4 eV extending
up to 81 eV. These structures are superimposed
on the aluminum L, , spectrum which shows the
characteristic spin-orbit split I, , threshold at
72.V2 and 73.15 eV. Figure 7 shows the SSXA
spectra riear the L, , edge in more detail. At 10
L, two weak oxygen-induced structures S, and S,
can be clearly seen. All the oxygen-induced struc-
tures are due to transitions to the antibonding Al-0
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FIG. 6. SSXA spectra of the Al(111) surface at several
oxygen exposures.

levels. Since core transitions ire a sensitive
probe of the local structure, "our data indicate
the formation of a stable microscopic structure
of the oxygen chemisorbed on the surface, i.e., of
the "surface molecule" from a few chemisorbed
oxygen atoms to monolayer formation at =100 L.
Above 50 L, in agreement with core-level photo-
emission data, 4' some oxide clusters are formed
as indicated by the appearance of the weak struc-
tures corresponding to the "inner well resonanc~
es""A and B of the oxide. Above 500 L, the
SSXA spectra show the transition from the chemi-
sorption phase to the oxide phase and the char-
acteristic features of the oxide spectrum appear.
The strong new excitonic peak A and the structure
8 typical of the A1,0, I.. .spectrum" arise. They
are above the threshold T, of the transition from
the AP' 2p level of the oxide, which is expected at
-76.3.ev." The binding energy of the AP' 2p level

TABLE I. Energies of spectral features.

Oxygen exposure
(L)

A&(111) [Al,(100)
50 10 0 5 2x10

Sg+0.3 eV
52+0.3 eV
A +0.1 eV
B +02 eV
D +02 eV
E +0.5 eV

73.8 74
75 75

76.9
79.5

84.8 85 86 84 84.7
100 100.7 101.6 98.5 99.5

73.7
75
76.9
79
85.4

101.5

is 'l5.8 eV below the Fermi level. ' ' In the oxide
SSXA spectra, the peakD broadens, decreases,
and shifts toward higher energy at the same time
as peak E. From the first oxide formation up to
about the 5-A-thick oxide layer" formed at 10'-L
0, , the SSXA spectra remain essentially un-
changed. The spectra are dominated by the "inner-
well resonances" A, B,D, E of the microscopic
structural unit of the oxide formed by the Al" ion
surrounded by the electronegative 0 ions. These
data show that two stable Al-0 configurations ap-
pear on the (111)surface, one corresponding to
the chemisorption phase, with 0 outside the Al
surface, and the other corresponding to the oxi-
dation phase, above 500-L exposure. In Table I
are reported the energy positions of the main
structures of the SSXA spectra.
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up to 30 I.. This indicates that the final states,
i.e., the antibonding Al-0 levels, do not change in
this range of exposures to molecular oxygen. The
characteristic threshold T, at 74.4 eV of the SSXA
spectra of the chemisorption phase on the (111)
surface is not observed on the (100) surface. Since
this threshold has been associated with the inter-
mediate oxidation state of aluminum, character-
ized by the 1.4-eV chemically shifted Al* 2p level,
our results are in agreement with Ref. 4, where
no similar intermediate shift has been found on
the (100) surface exposed to oxygen following the
same procedure as in this work. Figure 9 shows
the SSXA spectra near the I.. .edge for a better
display of these features. Before the oxide form-
ation occurs, a broad weak band also appears be-
tween the L, , edge and about 80 eV, correspond-
ing to the similar band on the (111) surface. The
SSXA spectrum at 50-L exposure shows an inter-
mediate shift of the peaks D and E since some ox-
ide clusters start to appear on the surface at this
exposure. Below this exposure, the oxygen-in-
duced features are typical of a chemisorption phase
of oxygen. In Table I, the energy of the structures
of the SSXA spectra at 5- and 2000-L exposures,
characteristic of the chemisorption and oxide
phase, respectively, are presented. .

J
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FIG. 8. SSXA spectra of the Al(100) surface at several
oxygen exposures.
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D. Oxygen chemisorption on the (100) surface

Figure 8 shows the SSXA spectra of the Al(100)
surface at several oxygen exposures. The clean
surface and the nearly completely oxide-covered
surface are, respectively, at the bottom and the
top of the figure. The SSXA spectrum typical of
the oxide is observed above 50-L-O, exposure.
The peaks A and B being as strong as the peak E
characterize this spectrum. The oxide spectrum
is similar to that formed at higher oxygen ex-
posures on the Al(111) surface. The strong peak
in the clean spectrum at 4.3 eV above the L. .
threshold, due to, a core transition to unoccupied
surface state, broadens and decreases with oxy-
gen exposure and at 50 L nearly disappears.
The structures D and E of the clean spectrum
shift by O.V and 1 67, respectively, toward higher
energy. The shift which appears at the lowest ex~
posure we have performed (1 L) remains unqhanged
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PIG. 9, SSXA Spectra riever the l 2, 3 thresho1d of the
Al(100) Surface at several oxygen exposures,
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E. Oxygen chemisorption on the (110)surface

Figure 10 shows the SSXA spectra of the (110)
surface at several exposures. The strong peaks
A and B appear at lower exposures than in the
other surfaces studied. This indicates faster ox-
ide formation than on the other surfaces. The
oxide spectra are similar to the spectra of the
thin oxide layer formed on the other surfaces,
but the peak A is split as in y-alumina. " The
cleanest surface has a residual oxygen corre-
sponding to 0.5-L oxygen exposure. The features
of the SSXA spectrum. of the surface at this ex-
posure are similar to that of the chemisorption
phase on the (111)face. The characteristic thresh-
old T, of the core transitions from the Al 2p level
are observed. Figure 11 shows the spectra near
the. ' L'2 3 edge with more detail . The interface
transitions S, and S, (see Ref. 16) are present in
the oxide spectra below the threshold of the core
transitions from the Al" 2p level at 76 eV.

l i l L t. l l l I
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IV. DISCUSSION

A. C1ean surfaces: resonances and structure

FIG. 10. SSXA spectra of the Al(110) surface at
several oxygen exposures.

A1 A2

I

AI(110)

I

74 78 80
PHOTON ENERGY teV)

I

82

FIG. 11. SSXA spectra near the L2 3 threshold at
several oxygen exposures of the Al(110) surface.

Although bulk aluminum is a free-electron-like
metal, its surface behavior shows effects due to
localized charge. Filled surface states and reso-
nances have been found on the single-crystal sur-
faces'"'" by photoemission spectroscopy. We
have found also unoccupied intrinsic surface reso-
nances above the Fermi level. " Peaks in the
SSXA spectra are expected for localized final
states. In band-structure language, the final states
should correspond to critical points of the Bril-
louin zone where V~Z(k) =0, i.e., to maxima of
the joint density of states of the transitions from
a core level. On Al(100), the surface resonances
at 4.3 eV above the L, , threshold correspond to
core transitions to final states in partial gaps in
the surface projected bands, "~" while for the (111)
surface no gaps corresponding to the observed un-
occupied surface resonances have been found.
Structural information on the Al surfaces were ob-
tained-by LEED' and were extracted from SSXA
spectra by the analysis of surface extended x-ray
absorption fine structures" ( SEXAFS). SEXAFS
shows a contraction of the interatomic distance
between the first surface layer atoms and the un-
derlying atonis by b,x =0.15+0.05 A. on the (111)
and no appreciable contraction on the (100) sur-
face. The LEED data on the (111)face indicate no
surface-structure reconstruction following oxygen
chemisorption. Further theoretical calculation,
based on all these experimental results, wi11 be
necessary to clarify the electronic properties of
Al surfaces.
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B. Oxygen chemisorption on the (111)surface

The first stpp of oxygen interaction with the
Al(111) surface is the formation of an oxygen
monolayer chemisorbed outside the surface. ' In
this phase, a charge transfer from Al to 0 is
revealed by the 1.4-eV chemically shifted Al* 2p
level. We have identified the extrinsic surface
resonances due to core transitions to the. anti-
bonding Al-0 orbitals in this configuration. The
local symmetry, the nature, and the electronega-
tivity of atoms surrounding the one absorbing de-
termines the shape of the soft-x-ray absorption
spectra. Within about 20 eV of the L, , edge,
transitions to molecular excited states of the
molecular Al-0 complex, i.e., of the microscopic
structural unit of the chemisorption phase, domi-
nate the spectrum. The experimental evidence
that the oxygen-induced structures do not change

. from 0.4 L up to the monolayer formation at 100 L
shows that only the short-range order is impor-
tant to determine the main features of the SSXA
spectra. To interpret the SSXA spectra of this
face, the transitions from the two initial states
Al* 2p and Al 2p have to be considered; these
contribute to the spectrum for the surface with
chemisorbed oxygen exposures of less than 1500
L. The threshold T, in Fig. 8 of the transitions
from the Al* 2p level is expected and observed at
the V4.4-eV binding energy of the Al* 2P level be-
low the Al Fermi level. The coincidence with the
expected value indicates that no gap opens up in
the Al-0 bonding and antibonding levels in the
chegaisorption phase and the first allowed oxygen-
induced states are just above the Fermi level. The
lack of any sharp excitonlike line at this energy
gives evidence of an oxygen chemisorption site
outside the metal surface. " In fact, the core hole
created shouM be screened by the metal free-
electron Fermi sea. The broad oxygen-induced
resonance between T, and 81 eV in Fig. 7 is as-
signed to Al-sp, -0-2p antibonding final states.
The main contribution of the antibodding states
comes from the Al orbitals as shown by theoretical
calculations. " This consideration and the oxygen-
induced symmetry mixing explain why the extrinsic
resonance D in the SKfA spectrum of the chemi-
sorption phase is strongly related to the intrinsic
resonance D which shifts and broadens with oxy-
gen chemisorption. The structure 8, below T,
threshold cannot be assigned to a transition from
the Al ion inner shell in the intermediate oxidation
state and therefore it should be assigned to an in-
teratomic transition from the Al 2p level of the

etal to the antibonding states of the Al-0 com-
plex. Extension of the theoretical calculations"
to unoccupied states of the chemisorption phase of

oxygen on the (111)surface using either the ener-
gy band" or cluster" approaches, when compared
with our experimental data, should give new in-
formation on the microscopic bonding.

The SSXA spectra of the thin oxide layer are
characterized by the "inner -well states" A, I3, Z
of the Al, O, molecular units. "" The excitonie
transition A to the Al (s-like) final state is associ-
ated with the existence of the ionized Al" ion com-
pletely surrounded by electronegative oxygen ions.
The oxygen ions should be incorporated in the
metal to form a molecular A1,0, unit and to 'insul-
ate the 2p hole from the metal conduction electrons
to allow the existence of this core exciton or dis-
crete inner-well state. "'"

C. , Oxygen chemisorption on the (10G) surface

The chemisorption of oxygen on the Al(100) sur-
face has been the object of several theoretical
investigations. "' The first approach is the
"surface molecule" cluster model in which an
atom or molecule at the surface and a limited
number of near-neighbor substrate atoms form a
molecular cluster. " The second approach is based
on an energy-band model"' "in which two-dimen-
sional periodicity of the adsorbite on the surface
plane is assumed. Chemisorption of 0 outside the
metal surface has been proposed. "" Photoemis-
sion experiments show that the A13'-2p core-level
shift corresponding to an oxide appears above 50-
L-O, exposure without the appearance of a smaller
"'chemisorption" shift as is observed on the (111)
face,"and therefore do not show the presence of a
chemisorbed phase. The SBXA spectra of this face
confirms the photoemission result since the char ae-
ter istic threshold T, of the transition from the core
level of the Al ion in the intermediate oxidation state
is not observed but also indicates the presence of a
chemisorbed phase. The data of Qartland' -indi-

cate that an island oxide growth mechanism char-
acterizes the 100 surface. Below 50-L exposure,
no chemically shifted Al-2p peak was observed if
oxygen is ehemisorbed, although the valence band
shows the 0-2p resonance band at -7.4 eV below
the Fermi energy. This would indicate little
charge transfer from metal to oxygen site. We
suggest that in the Al-0 interaction on the (100)
face, the charge can be removed from the occupied
surface state observed on the clean surface '"'"
and a chemisorption phase also exists on this sur-
face for exposures at low pressure below. 50 L.
For higher exposures, we agree with the island
oxide growth model."The work function data
are in agreement with our resists since they do
not show any change below 50 L.'

The A peak characteristic of the molecular Al,0,
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cluster formation appears only above 50 L. The
oxygen chemisorption removes the intrinsic sur-
face resonance at 4.3 eV above the edge. The
core transitions to the antibonding Al-0 levels
just above the Fermi level form a weak broad
band extending up to 7 eV above the edge similar
to the band observed on the (111) chemisorption
phase. '/he extrinsic surface resonance D at 84.7
eV becomes stronger and is shifted toward higher
energies in comparison with the corresponding in-
trinsic resonance. This different trend with oxy-
gen chemisorption of this resonance in compari-
son with the D resonance on the (111)face is clear-
ly related to the different "surface molecule" on
the two surfaces with oxygen chemisorbed outside
the surface. The final state of this transition can
be associated with the highest flat band near the
X4 critical point of the band-structure calculation
of the two-layer Al(100) film with a 1&& 1 oxygen
overlayer in hole centered configuration (see Fig.
3 of Ref. 13) calculated by Painter. ~' The alumin-
um. orbitals contribution to this final state should
be quite large, and the interaction with the 0 orbi-
tals modifies and shifts these conduction bands of
the surface with chemisorbed oxygen.

D. Oxygen chemisorption on the (110)surface

This surface shows faster reactivity with oxy-
gen to form oxide. This very open surface
exhibits at 50-L exposure practically only oxide
on the surface. The 0.5-L spectrum, however,
suggests that also on this surface a chemisorption

phase is possible. The large similarity of this
spectrum with the spectrum of the chemisorption
phase on the (111)face indicates the existence of
the intermediate oxidation state of Al ions inter-
acting with oxygen. Further studies will be nec-
essary to better understand the chemisorption on.

this surface.

V. SUMMARY:"
'

New aspects of the oxidation of the (100), (110),
and (111)single-crystal faces have been revealed
using surface-soft-x-ray absorption spectroscopy.
The presence of oxygen-related extrinsic surface
resonances above the Fermi level on all three
faces has been shown. The initial interaction of
oxygen has been shown to proceed by a chemi-
sorption phase on all three faces, but with differ-
ent charge-transfer aspects. The transition to the
formation of Al,O, has been characterized by the
appearance of the oxide core exciton.
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