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Chemisorption of oxygen atoms on aluminum (111):A molecular-orbital cluster study
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Self-consistent-field Xa scattered-wave molecular-orbital calculations have been performed for clusters
containing up to 22 aluminum atoms representing the {111)surface of aluminum in interaction with an
oxygen atom at various positions above, in, and below the surface. Reasonable agreement with experimental
photoemission results for the valence and Al-2p core regions of the spectrum was obtained for two distinct
positions of the oxygen atom, The first of these has the oxygen atom between 1 and 2 bohrs above an
unrelaxed surface, while the second has the oxygen atom in the first surface layer which has been relaxed by
enlarging the threefold site. Both of these models are consistent with available experimental data for some
coverage between zero and one monolayer. Additional, as yet unobserved, oxygen-related structure is
predicted in the valence region between —5 eV and the Fermi level similar to our previous predictions for
Al(100) + 0, which have subsequently been born out experimentally.

I. -INTRODUCTION

This paper is concerned with the chemisorption
of oxygen atoms on the {111)surface of aluminum
and is a sequel to our previous work on the (100)
surface. ' ' In order to save space, the reader is
referred to these earlier papers for the majority
of the historical background and a discussion of
the conceptual framework and technical implemen-
tation of the molecular-cluster approach to the
surface problems. In Sec. I we will limit ourselves
to bringing the bibliography up to date, as some
important experiments have been performed since
our previous papers, and to a brief description 'of

the success of our approach for the chemisorption
of oxygen on Al. (100) so as to put our new results
for the (111) surface in proper perspective.

With respect to this latter point, our previous
calculations indicated that, at the level of resolu-
tion currently obtained in photoemission experi-
ments, three oxygen-related features should be
present in the density of states for the initial
stages of chemisorption of oxygen on Al(100).
Peaks in the projected density of states (PDOS)
were calculated at approximately -9.5, -7, and
-3 eV relative to the Fermi level. The first two
peaks (-9.5 and -7 eV) have been observed many
times in photoemission studies both for polycrys-
talline films' ' and for single-crystal surfaces' ";
however, the third peak (-3 eV), which we pre-
dicted and attributed to essentially oxygen non-
binding orbitals, had not been unequivocally ob-
served. We suggested that an angle-resolved and
photon-energy-dependent study be performed.
Very recently, Eberhardt and Kunz' ' have pre-
sented the resul, ts of a photoemission study using

synchrotron radiation for oxygen chemisorption
on Al(100). Using 32-eV photons and collecting
electrons over all polar angles from 0 to 90', and
for very low exposures (2 and 10 L, 1 langmuir
=10 ' Torr sec) of oxygen they observe a clear
maximum between -2 and -3 eV, which grows
with increasing exposure. With this new experi-
mental information we may now claim complete
agreement between our calculated results and ex-
periment; three peaks were predicted and now
three peaks have been observed at very nearly the
same energies. Moreover, Eberhardt" has given
results for the polarization dependence of the
photoemission intensities which yield information
on the character of the wave functions which should
be associated with each of the two peaks (-9.5 and
-'I eV). He found that on going from s to P polar-
ization the peak at lower binding energy (-7 eV)
increased in intensity while that at higher binding
energy (-9.5 eV) did not, which can be interpreted,
in terms of a simplified atomic model, as indica-
ting that the peak at -7 eV contains a contribution
from 0 2P, orbitals (perpendicular to the surface),
while that at -9.5 eV does not. This is precisely
the conclusion which we had previously reached
from our cluster calculations {see Fig. 6 of Ref
3). Of the calculations in the literature' ""for
Al+0 system our calculation for a 25-atom alu-
minum cluster with an oxygen atom in the first
surface plane is the only one tn yield all three
peaks at the correct energies with the decomposi-
tion into components described above. Eberhardt
and Kunz~ also presented results for the Al-2P
core region which lend yet further support to our
calculations. Vfe had predicted that for the initial
stages of oxida. tion of Al(100), when the»«ma-
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jority of the surface aluminum atoms are in con-
tact with at most a single oxygen atom, one should
observe a shift to higher binding energy of the
Al-2t) core levels for these atoms of about 1.2 eV.
A similar shift for Al(111) had previously been ob-
served experimentally; however, the available ex-
perimental results for Al(100) showed only a 2.6-
eV shift which is indicative of the formation of a
bulklike oxide. Eberhardt and Kunz, ~orking at
higher resolution (the spin-orbit splitting of the
Al 2P level is resolved) and a photon energy of
111.3 eV, have reported a clear peak for Al(100)
plus oxygen at about 1.4 eV higher binding energy
than the unperturbed Al-2P signal. A similar peak
was also observed for Al(110) so it now appears
that at low oxygen exposure all three low-index
surfaces (100), (110), and (111)pass through an
intermediate chemisorptive state before bulklike
oxidation sets in.

New experimental information on the oxidation
of single-crysta. l surfaces of aluminum is being
obtained at a rapid rate in several laboratories,
and we mill nom briefly review recent develop-
ments. It is now clear that many properties are
significantly dependent on which crystal surface
is exposed so that results for polycrystalline
samples are of limited value as far as determining
the details of the oxidation process is concerned,
and so we will limit the discussion to work on
single crystals.

The present theoretical study and much of the
experimental work are aimed at obtaining informa-
tion on (i) the geometric and (ii) the electronic
structure of the Al+0 system. These two goals
are of course interrelated, and indeed experiments
which probe the electronic structure can be used
to deduce geometrical information if they are
coupled with reliable geometry-dependent theoreti-
cal results. The earliest results concerning the
surface structure of clean and oxygen-exposed
Al(111) which are relevant to the present discussion
are the low-energy electron-diffraction (LEED)
results of Jona, "which indicated that the clean
(ill) surface was unreconstructed. Upon exposure
to oxygen, the LEED pattern was observed to de-
teriorate slowly and progressively, and this was
interpreted as being due to the formation of an
amorphous oxide 1ayer. However, very recently
Flodstrom et al. ' observed for 150-L exposure
of Al(111) to oxygen, which corresponds approxi-
mately to a monolayer, a LEED pattern of the
same symmetry as that of the clean surface but
with different intensity versus voltage character-
istics, and interpreted this as evidence for an
ordered oxygen overlayer on a nonreconstructed
surface. They also suggested that at this stage
(i.e. , one monolayer) the oxygen atoms are in the

threefold centered site with no aluminum atom
directly below (i.e. , in the second layer) and at a
perpendicular distance between 50 and 90 pm out-
side the first surface layer of aluminum atoms.
It is worthwhile pointing out at this stage that the
surface structure in a chemisorption system is a
dynamic quantity, and indeed there may be some
evidence as we will outline below, for quite signif-
icant coverage dependence of the structure for
Al(111) +O. Thus, when speaking about "the struc-
ture" of the Al+0 system care must be taken to
specify the precise experimental conditions.

An important set of experiments on the work
function of clean and oxygen-exposed low-index
faces-of aluminum has been performed by Gart-
land and co-workers, "*"who also used the inten-
sity of the AI I, ,VV Auger transition in order to
determine the sticking probability as a function of
oxygen exposure. The behavior of both of these
quantities was found to be qualitatively different
for the (100) and (111)surfaces. The work func-
tion for Al(111) was nearly constant for oxygen ex-
posures up to about 30 L and then increased by
somewhat more than 1 eV to reach a plateau at
about 100 L. In terms of the usual simplistic sur-
face dipole interpretation of work function changes,
this behavior indicates that at low coverage the
oxygen atoms, which undoubtedly carry a partial
negative charge, are in the first surface layer,
thus yielding a zero net dipole moment perpendicu-
lar to the surface, At higher coverages (say,
a monolayer) the positive shift of the work function
is consistent with the oxygen atoms being outside
the surface, in agreement with the suggestion of
Flodstrom ef al."mentioned above. A kinetic
analysis of the Auger data indicated that at low
coverage each oxygen adsorbed removed an ad-
sorption site so that dissolution into the bulk region
must be minimal. Similar kinetics have been ob-
tained by Martinsson et al. '

Very recently Hofmann et aL."have measured
the work function for oxygen-exposed (100), (110),
and (ill) aluminum surfaces, using the Kelvin
method rather than the photoelectric method used
by Gartland ef aL"" There are significant dif-
ferences between the detailed results for the two
techniques, especially for the (ill) surface, which
have been discussed by Hofmann et a/. However,
both sets of results imply that at least two types
of oxygen site are involved in the early stages of
oxidation of Al(111). The first of these has the
oxygen atoms incorporated in or slightly below the
first surface layer, while the second which comes
into play at higher exposure leads to a relative in-
crease in the work function which implies that the
oxygen atom s are outside the surf ace.

Further evidence that at low coverage the oxy-
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gen atoms do not penetrate into the bulk region
has been given by Bradshaw et al. from an analy-
sis of plasmon coupling to the oxygen core levels
in the x-ray photoemission spectrum. They found
that the surface plasmon satellite line disappeared
rapidly upon oxygen exposure while the bulk plas-
mon line was nearly unperturbed. This was inter-
preted as indicating that the oxygen atoms remain
outside the surface during the initial interaction.
However, precise structural parameters obviously
cannot be deduced from these measurements and,
in particular, a model with the oxygen atoms co-
planar, or nearly so, with the first surface layer
of aluminum atoms cannot be ruled out.

A number of studies of Al(111)+0 have been
carried out by Hagstrom and co-workers' "using
a variety of techniques. Photoelectron studies
using synchrotron radiation revealed peaks at
about V. I and 9.8 eV below the Fermi level for
coverages ranging from 10 to 100 I . The width of
the peaks increased significantly with oxygen ex-
posure presumably owing to increased oxygen-
oxygen interactions. The part of the valence band
above about -4 eV has not been carefully studied;
however, as we will discuss below, further oxy-
gen-related structure should be present in this
region, similar to the case of Al(100) +O.

In this paper we present results of an extensive
series of molecular-orbital calculations for clus-
ters representing the Al(111) surface in interac-
tion with an oxygen atom at various positions
above, in, and below the surface. These calcula-
tions are aimed at providing an explanation in
terms of the calculated electronic structure for
these various geometrical arrangements, for the
experimental data outlined above, and also to
serve as a guide in the design and interpretation
of future exper iments. As in our previous work
on Al(100) +0, the principal point of contact with
experiment will be through comparison of the cal-
culated energies and local densities of states atthe
oxygen atom and its surrounding aluminum neigh-
bors with photoemission data for the valence and
Al-2P core levels. Such comparisons can yield
geometric information, albeit in an indirect fash-
ion. Structural arrangements which yield results
in marked disagreement with experiment can be
safely ruled out once confidence in the theoretical
method is established. In the present case such
confidence is built on (i) near convergence of the
clean cluster results (bandwidth and general form
of the density of states) to the bulk limit, (ii) pre-
vious success of the same method and procedure
for a similar study of the oxidation of Al(100), and
(iii) the good agreement found with the experiment-
al data for reasonable choices of the position of
the oxygen atom.

One new aspect of the present study is that for
the first time in the theoretical study of chemi-
sorption on a metal, consideration has been given
to the possibility of surface reconstruction on
chemisorption. Thus two calculations have been
made for large clusters (19 and 22 Al atoms) in
which the central threefold site is enlarged in
order to allow longer Al-Q bonds for an oxygen-
atom in the first surface plane. As we argue in
Sec. II., such a structure is consistent with all
available experimental information for the earliest
stages of oxygen exposure.

II. MODELS, METHOD, AND PARAMETERS

The cluster models that we have chosen to rep-
resent the (111)surface of aluminum are depicted
schematically in Fig. I. All of the clusters con-
sidered have threefold symmetry about the z axis,
and oxygen chemisorption was considered only on
this axis in order to maintain the symmetry
(point group 8» or g,„). For Al(111) there are
two distinct threefold sites. That depicted in Fig.
1(a) has no atom on the z axis in the second layer
and we will denote this situation by a superscript
(A), e.g. , the 19-atom cluster shown in the figure
is denoted Al~» '. The other threefold site has an
atom on the z axis in the second layer and is de-
noted by a superscript (8). The atomic coordin-
ates for the largest cluster considered in each
series, Al„"' and Al„', are given in Table I. In
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FIG. 1. View of (a) the All+& cluster and (b) the Ali2sti

cluster parallel to the (x,y) plane. The solid circles
indicate atoms at Z =0.0, the open circles, atoms at
Z =-4.4130 bohrs, and the dotted circles atoms at
-8.8260 bohrs. Coordinates are given in Table I.
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TABLE I. Atomic coordinates {bohrs, 1 bohr = 52.9177
pm) of one atom of a symmetrically related group, num-
ber of equivalent atoms in group (&), and coordination
numbers (nn) for clusters of 19 (Al&9~) and 22 (A122&)
aluminum atoms. The remaining coordinates can be
generated by symmetry operations.

Atom

Al~» Al1
Al 2
Al 3
Al 4
Al5
Al6

-2.7024
0.0

-5.4048
0.0
0.0
0.0

-1.5602
-6.2409
-6.2409
-3.1204

6.2409
0.0

0.0
0.0
0.0

-4.4130
-4.4130
-8.8260

3
3
6
3

1

9
5

8
5
3

22
Al 1
Al 2
Al 3
A14
Al 5
Al6

-2.7024
0.0

-5.4048
0.0

-2.7024
-2.7024

-1.5602
-6.2409
-6.2409

0.0
-4.6807

1.5602

0.0 3
0.0 3
0.Q 6

-4.4130 1
-4.4130 6
-8.8260 3

9
6

12
7'

5

each case these clusters contain at least the near-
est neighbors of an adsorbate placed at the origin
and the nearest neighbors of these aluminum
atoms. In addition to these atoms, the Aljg clus-
ter contains a further atom Al 6 in the third layer
which is directly visible to the origin and so it
was felt prudent to include it. These clusters
are equivalent in the above sense to the Al» clus-
ter, which we found satisfactory for the (100) sur-
face. In order to investigate the convergence of
the results towards those of the bulk or the semi-
infinite solid as these clusters are built up, we
have performed calculations in the A. series for
clusters of 3 (atoms 1), 6 (atoms 1 and 2), 9
(atoms 1, 2, and 4), 12 (atoms 1, 2, and 3), 18
(atoms 1-5), and 19 atoms, and in the 8 series
additional calculations for clusters of 19 (atoms
1-5) and 22 atoms. (See Fig. 1 for types of atoms. )
For each of these clusters, calculations were per-
formed for oxygen chemisorption by placing an
oxygen atom at Zo =0.0 and at Z, =2.0 bohrs. For
Al, ", and Al„additional calculations were per-
formed for g, =1.0 bohr and for negative values of
g, corresponding to the center of the octahedral
interstice for At~9"l (2'o =-2.2065 bohr) and the
center of the tetrahedral interstice for Al~~,a~

(Zo
=-1.1033 bohrs). In order to examine the effect
of a possible reconstruction of the surface upon
oxygen adsorption, two additional calculations
were carried out for Al, ~" +0 and A1,2 +0 with Zo
=0.0, in which the triangle formed by the three
nearest-neighbor aluminum atoms was arbitrarily
expanded by 10%, leaving the other aluminum
atoms in their previous unrelaxed positions. %e

III. RESULTS AND MSCUSSION

In a cluster study which purports to model an
infinite or semi-. infinite solid it is important to
ensure that a sufficient number of atoms have been
included to yield converged results for the property
of interest. The convergence of the present series
of calculations is illustrated in Fig. 2, which shows

(p) ~(A)
3

bw=6.2

9
b =86

(e) Ag(A)

C)

I—

5

(b) ~(A)
6

bw =6

I

(d) as'A

-IO -5 EF=O —lO -5 EF=0
ENERGY (eV) EN ERGY (eV)

FIG. 2. Density of states (arbitrary units) of the oc-
cupied valence band for representative clusters of var-
ious sizes vs orbital energy (eV) relative to the Fermi
level. The curves were generated by replac&g each
discrete cluster eigenvalue by a Gaussian of width para-
meter 0.68 eV. bw is the width (in eV) of the occupied
valence band.

will refer to these relaxed clusters as Al,," and
Al'8~~.

The calculations were performed with the self-
consistent-field Xn scattered-wave molecular-
orbital (SCF-Xo.-SW-MO) method which is well
documented elsewhere. " ~' The aluminum sphere
sizes were chosen as —,

' the bulk Al-Al distance,
as in our previous work. For the oxygen sphere,
a radius of 1.12 bohrs was used for all cases in
order to avoid unreasonably small values which
would result if one used tangent muffin-tin spheres.
This corresponds to the radius of a sphere which
will just fit in the octahedral interstice of close-
packed aluminum atoms. Most of the calculations,
therefore, involve nonzero overlap of the aluminum
and oxygen spheres. Our previous study of Al(100)
+0 indicated that the properties of interest are
quite insensitive to reasonable variations in the
radius of the oxygen sphere. As in our previous
work, in the. solution of the secular equations,
partial waves up to l =1 were included for Al and
0 and up to l =2 in the extramolecular region. The
exchange parameters were taken from the com-
pilation of Schwarz" and have the value n =0.72853
for aluminum and n =0.744 47 for oxygen. In the
intersphere and extramolecular regions the alu-
minum value was used.
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the density of states (DOS) of the occupied valence
band for some representative clusters. The curves
were generated by replacing each discrete energy
level by a Gaussian of width parameter 0.05 Ry
and then summing:-the Gaussians point by point.
Also shown for each cluster is the value of boo,

the occupied. valence bandwidth. The curves are
very similar to those previously presented' for
clusters of similar numbers of atoms, represent-
ing the (100) surface. The smaller clusters have
a bandwidth which is far too small and also large
gaps in the DOS. As more atoms are added the
bandwidth increases and the gaps fill in. The
largest. member. of each series has a DOS which
is similar in all important respects to that pre-
viously found for the Al» cluster of C4„symmetry,
which was succesfully used to represent Al(100).
In particular, the bandwidth is calculated to be
9.6 eV for Al~„" and 10.5 eV for AL,~~, which
represent, respectively, . 85% and 93% of the bulk
bandwidth deduced from x-ray studies. " The
DQS for the larger clusters is approximately free-
electron-like with, however, significant structure
particularly in the region between -5 eV and the
Fermi level, as discussed previously. ' Thus we
conclude. that All~,"~

.and AL~,sI are likely to be rea-
sonably converged models of the (111}surface for
our purposes. The smaller clusters would be less
reliable and indeed examination of &he projected
DOS (PDOS) curves for the oxygen atom (see be-
low) shows significant qualitative differences be-
tween clusters containing less than 18 atoms arid

Al,',"' or AL,'~a'. This is illustrated in Fig. 3, where
we compare the PDOS curve for oxygen at Z0 2 0'

bohrs for a, 9-atom cluster A19 f atom types 1,
2, and 4) with the correeponding curve for Al~»"~

+O. These curves were generated in a similar
fashion to the DOS curves except that the Gaus-
sians were weighted with the calculated charge in-
side the oxygen sphere. A cursory examination
of Fig. 3 is sufficient to show that the two clusters
yield quite different results. In the remainder of
this paper we will therefore consider only the two
largest clusters.

We will now consider the interaction of Al„"'
and Al„with an oxygen atom placed at various
positions on the z axis. For the moment only the
unrelaxed surface will be considered; we. will con-
sider the possibility of surface relaxation below.
The (111) surface is significantly more densely
packed than the (100) surface previously consi-
dered. This is illustrated in Fig. 4, which shows
the geometrical arrangement, of the two surfaces
side by side. The small circle in each case rep--
resents a spher'e which will just fit in the octahed-
ral interstice. As 'a point of compar ison, the two
situations shown correspond, for g, =0.0, to

W
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'Cl ~

I

W CCI~ lK

W~

CL
CL

Ag

~o

l0' 5 EF0
ENERGY 8ELOW EF~I

FIG. 3. Comparison of the projected density of states
for the oxygen atom vs orbital energy (eV relative to
Fermi level) for aluminum clusters interacting with an
oxygen atom at Z, =2.0 bohrs. (a) Ale'+O g) Al~9&+O.
solid lines, total PDOS, dashed lines, contribution from
p„and p~ orbitals; dotted lines, contribution from p» dot-
dashed lines, contribution from. s orbitals.

C3
x

(ioo)

FIG. 4. Comparison of the geometries of ideal {100)
and (111) surfaces. of a face-centered-cubic crystal. The
four lef'tmost large circles represent a {100)surface
while the three rightmost large circles represent a (111)
surface. The smaller circles are of the appropriate
size to fit exactly into an octahedral interstice.

Al-O bond lengths of 202 and 165 pm, respective-
ly, for Al(100) and Al(111), which may be com-
pared with the Al-0 bond length of 197 pm for the
oxide Al, O, . The interlayer spacing is also quite
different for the two surfaces being 202 pm for
Al(100} and 234 pm for Al(ill). Thus one might
expect that for the same value of g, the electronic
structure of the Al+O- system would be quite dif-
ferent for the two surfaces which is in fact the case
as, we discuss below.
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FIG. 5. Projected density of states for the oxygen
atom vs orbital, energy (eV relative to Fermi level) for
aluminum clusters interacting with an oxygen atom at
various I)ositions;(a) Al(+9 +0, Zp ———2:.2. boh-rs; {b) A1212~-

+0, Zp=. &.& bohrs; (c) Algg-+0 Zp=0. 0; (d) Alps +0,
Zp.=0.0; (e) Al9~+. 0, Zp ——1.0 bohrs; (f) Al&2++0, Zp

——1.0
bohrs (g) Ag+&~+0, Zo ——2.0 bohrs; (h) AlP&~+0, Zo ——2.0
bohrs. See F ig. 3.for"symbols.

For the valence region, our results are pre-
sented in Fig. 5 in the form of PDQS curves. The
curves have also been decomposed into components
due to s, P, (perpendicular to the surface, repre-
sentation g, .of C,„) and the sum of P„and P, (paral-
lel to the surface, representation e of C,„) partial
waves in order to help characterize the bonding.

For each type of site, (A) and (B), results are
shown for the oxygen atom in the interstice [octa-
hedral for (A), tetrahedral for (B)] immediately
below the central threefold site; for the oxygen
in the first surface plane, Zp 0 0 and for two dis-
tances, gp = 1.0 bohr and Z, =2.0 bohrs above the
surface. If one accepts that these models are con-
verged and that the computational method is suf-
ficiently accurate as indicated by its success for
Al(100) +0, then Fig. 5 can be used to deduce geo-
metrical information by comparison with experi-
mental photoemission data. For the present case,
peaks have been observed at about -7.1 and -9.8
eV for a wide range of oxygen exposure. The form

of the experimental photoemission bands are quite
reminiscent of those for Al(100) +0, with the
structure at -7.1 eV being significantly more in-
tense. The region above -5 eV has not been dis-
cussed; however, all of the curves in Fig. 5 show
significant oxygen-related structure in this region
which is due to essentially nonbonding orbitals
(see below). We are confident that this structure
will eventually be observed experimentally, as it
was for Al(100) +Osubsequent to our calculations.
Using the two peaks at -7.1 and -9.8 eV as criteria
we may now examine the curves of Fig. 5 to see
which oxygen position, if any, is consistent with
these data.

First, for negative values of Z„Figs. 5(a) and

5(b), the PDOS curves bear little resemblance to
experiment. For oxygen in the octahedral inter-
stice [Fig. 5(a)] there is no peak near -7 eV,
while for the tetrahedral interstice [Fig. 5(b)] an
intense peak is predicted at -11.6 eV, while no
such peak has been observed experimentally. Thus
our calculations add further evidence to the experi-
mental conclusion mentioned in the Introduction
that the oxygen atoms do not lae below the first
layer of aluminum atoms during the initial stages
of oxidation. Figures 5(c) and 5(d) show the re-
sults for Zp=0. 0, i.e. , the oxygen atom in the un-
relaxed first surface plane. This position of the
oxygen would be consistent with a constant work
function during the initial stages of chemisorption
and also with the kinetics results, since an oxygen
atom at Z, =0.0 (or any positive value) clearly
eliminates an adsorption site. The PDOS curves,
however, indicate that for this geometry the
dominant feature of.the spectrum should be a peak
at -11.4 eV due to in-plane P orbitals of the oxy-
gen. No such peak has been observed for expo-
sures as low as 10 L (where the work function still
has very nearly its clean-surface value). We
therefore conclude that the oxygen cannot be at
Zp 0 0 for an unrelaxed surf ace.

Figures 5(e) and 5(f) show the results for Z,
=1.0 bohr, which now are clearly starting to re-
semble the experimental spectrum. For the (A)
site, peaks are calculated at -10.0 and -7.6 eV,
while for the (B) site the values are -9.6 and
-7.8 eV. Both of these peaks are due to orbitals
which are parallel to the surface. The features
due to p, (perpendicular) orbitals are found only
at lower binding energies giving rise to peaks at
-5.4, -3.5, and -0.5 eV for the (A) site and at
-5.9, -3.5, and -0.5 eV for the (B) site. Thus
having the oxygen near Zp =1.0 seems to be af,

least an improvement over the previously discus-
sed positions. However, there are two features
of the PDQS curves which indicate that Z, =1.0 is
not the exact position. First, the relative inten-
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sities of the PDQS peak at about -10 and -7.6 eV
are reversed with respect to experiment. Qf
course such a comparison is not rigorously justi-
fied because of the possibility of matrix element
effects; however, our past experience with Al(100)
+p was that for similar orbitals at similar ener-
gies the relative intensities were calculated to be
qualitatively correct. . Second, both of the calcula-
ted curves at gp=1.0 bohr have a peak near -5.5
eV which has not been observed.

If one follows the evolution of the peaks due to
parallel P orbitals on going from Zp =0.0 to Zp=1.0
[compare Fig. 5(c) to 5(e) or Fig. 5(d) to Fig. 5(f)],
one observes a shift of the highest-binding-energy
peak to lower binding energies [-11.4 to -10.0 eV
for the (A) site, -11.4 to -9.6 eV for the (8) site]
and at the same time an increase in intensity of
the peak near -7.5 eV. Thus further increase of
the oxygen-surface distance should tend to bring
the PQQS into better agreement with experiment.

The results for gp =2.0 bohrs are shown in Fig.
5(g) for the (g) site and Fig. 5(h) for the (8) site.
The above trend is indeed evident, although it is
somewhat exaggerated, indicating that gp 2 0
bohrs is somewhat too far out for the oxygen. For
the (A) site the calculations gives peaks at -3.5,
-6.2, and -9.2 eV, the last being quite weak corn
pared with that at -6.2 eV. For the (8) site, peaks
are found at -2.6 and -5.5 eV with a weak shoulder
at about -9 eV. Thus for Zp =2.0 bohrs, the rela-
tive intensities of the various peaks are in better
agreement with experiment than for gp =1.0 but
the energies of the peaks are somewhat worse.
It is clear on examining the trends in the various
peaks and their components as a function of Z,
that at some distance between gp =1.0 and 2.0
bohrs, agreement between the calculations and
experiment will be found within the accuracy limits
of both. A value of gp =2.03 bohrs would yield an
Al-0 distance of 197 pm, which is the Al-9 bond
distance in Al 0, so that the above position range
seems reasonable. This geometry is also con-
sistent with all available experimental evidence
with the possible exception of the work-function

.data for low coverage, which imply a value near
gp =0.0 if they are interpreted in terms of the sur-
face dipole model. The latter model is of course
highly simplistic and so the geometrical inter-
ferences are far from being unequivocal.

For gp=2. 0 bohrs, the PDOS for Al,9'+0 and
indeed its decomposition into components are quite
similar to what we found for Al(100) +0 using a
25-atom cluster and placing the oxygen at Zp 0 0.
The highest-binding-energy peak at -9.2 eV for
Al, 9 +P is primarily due to P„and P, orbitals;
the peaks at -6.2 and -3.5 eV receive significant
contributions from both types of P orbitals. Mea-

surement of the polarization dependence of the
photoemission for this surface similar to those
made for Al(100) +Q by Eberhardt" would be highly
desirable in order to verify this aspect of our cal-
culations. In order to be.ter characterize the
peaks we have generated contour plots of the rele-
vant wave functions which reveal that again, simi-
lar to the case of Al(100) +0 mentioned above,
the two highest-binding-energy peaks correspond
to orbitals which are bonding be.tween the alumin-
um and oxygen atoms, whereas the orbitals which
contribute to the peak at -3.5 eV are best classi-
fied as nonbonding. Four representative contour
plots are presented in Fig. 6 in order to illustrate
this point. Figures 6(a) and 6(b) show orbitals of
e symmetry plotted in a plane through the oxygen,
parallel to the surface. The orbital at -6.7 eV
[Fig. 6(a)] has a significant bonding interaction
between the oxygen and the aluminums, while very
little interaction. is present for the nonbonding e
orbital at -3.V eV [Fig. 6(b)]. Similar comments
apply for the orbitals of a, symmetry which are
plotted in the yz plane in Figs. 6(c) and 6(d).

Further confirmation for a value of gp in the
vicinity of 2 bohrs for the unrelaxed surface may
be obtained from a comparison of the Al-2P photo-
emission results" with our calculations. Experi-
mentally, the first stages of oxidation yield a shift
of the Al-2p line to higher binding energy by about
1.4 eV. Such shifts are usually interpreted in
terms of charge transfer from aluminum to oxy-
gen, the positive charge on the aluminum atom
causing a Coulombic stabilization of the Al-2p
eigenvalue. As the adsorbate approaches the sur-
face, the charge transfer, and consequently, the
shift are expected to increase, and indeed this was
found to be the case in our calculations for Al(100)
+O. Our calculated Al-2P orbital eigenvalues for
the aluminum atoms (Al 1) adjacent to the oxygen
in the first surface layer are shown in Table II.
These are unrelaxed values and therefore may not
be directly compared with the experimental ioniza-
tion energies; however, all of the levels are of
very similar character (Al 2P), and therefore any
differential relaxation should be small so that the
values of the shifts (b, is the difference between
e» for the clean cluster and for the oxygen con-
taining cluster) should be meaningful. Our calcula-
tions indicate a behavior which is somewhat more
complicated than-the simple Coulomb effect men-
tioned above. For the shortest Al-0 distances con-
sidered (Z, =0.0) we actually calculate a net de-
stabilization of the Al 2P level. This is, at first
sight, surprising; however, it must be remembered
that in this geometrical situation any electrons
transferred to the oxygen are not too far removed
from the aluminum and so, in a strictly Coulombic
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FIG. 6. Contour maps of
selected xnolecular-orbital
wave functions for Al&& + 0,
ZG = 2.0'bohrs. (a) and (b)
show orbitals of e symme-
try plotted in a plane through
the oxygen, parallel to the
surface; (c) and (d) show or-
bitals of a& symmetry plot-
ted in the (y, z) plane [per-
pendicular to the surface
(see Table I)]. The solid
(positive) and hatched (neg-
ative), regions near the
oxygen atom represent reg-
ions of many closely spaced
contour s. Solid lines indi-
cate positive value of wave
functions. Dashed lines in-
dicate negative value of
wave functions. The levels
shown are at (a) —6.7, (b)
—3.7, (c) —6.4, and (d) -3.4
eV with respect to the Fermi
level and correspond to per-
centage charges within the
oxygen sphere of (a) 10.2%,
(b) 7.0%, (c) 14.8%, and (d)
13.4%.

picture, the destabilizing field of the oxygen would
have to be considered as well as the stabilizing
field of the positively charged aluminum. As the
Ak-0 distance increases, the calculated shift also
increases and attains a value somewhat greater
than +1 eV for Z, =2.0 bohrs (and also for the
octahedral interstice of Al„" +0; however, this
position has been ruled out on the basis of the
valence. photoemission data). Thus for a value of
g, near 2.0 bohrs one finds agreement with experi-
ment, adding further evidence for the possibility
of this position for the chemisorbed oxygen atom.

As we saw above, if the oxygen atom is placed
at Zo 0 0 for an unrelaxed cluster, the resultant

PD0S curve is not consistent with the photoemis-
sion data. This is not too surprising if one com-
pares the Al-0 distance involved, 165 pm, with

that for a "normal" Al-0 bond, about 197 pm. We
have therefore examined the effects of a possible
local expansion of the' surface which increases the
size of the threefold site. For the Al„"~ +0 and

AE228 +0 clusters we have arbitrarily expanded

by 10% the triangle formed by the three central
aluminum atoms. This yields an Al-0 distance
of 182 pm. The PDOS curves for these two calcu-
lations are shown in Fig. 7.

It is clear from a comparison of Fig. 7(a) with

Fig. 5(c) or Fig. 7(b) with Fig. 5(d) that a 10% ex-

TABLE II, Orbital eigenvalues &2& (Rydbergs) for the Al-2p derived levels of Al 1 for 19-
and 22-atom aluminum clusters interacting with an oxygen atom. & is the shift in eV with re-
spect to the corresponding clean-cluster result.

+0 20
—E'2P —C2P

ZG = 1.0 ZG = 0.0
-f2'

Zp lg1 ZG 22

Al&")
19

22

A&(~E)
i'9

Ai&'E&
22

5.419

5.488

5.471 0.71

5.580 1.25

5.422 5.507 1.16 5,456 0.46 5.419 -0.04

5.494 5.575 1.10 5.517 0.31 5.475 -0.26 5.504 0.14

5.505 1.13



CHKMISOHI'TION OF OXYCEN ATOMS ON AI, UMINUM {II I):...

aj

ENLARGE
ZO

LLl
CO

~ CPJ

Olf-

eg eK

CA~
O gga~
QJ CO

CL'
CL

/ .' iJ &

Ag"'+o22'
ENLARGED SIT'E

z 0.0

(bj

I

lo. l ll

I

I
I
I

I
l
I
I
1
I
I
I

/ g.~ I

l0 5 Fp 0
ENERGY BELOW Ep(eV)

q,*i8.4a 4 * Q-B.I eV «E&-3.3'e V

(CP

Oe'8. 6% 4= Ep-6.5 eV Ge= 28. 3% 4 ~ Ez-40 eV

FIG. 8. Contour maps of selected molecular-orbital
wave functions for A12N2~~+0, Zo= 0.0. (a) and (b) show
orbitals of e symmetry plotted in the surface plane
(x, y); (c) and (d) show orbitals of q symmetry plotted
perpendicular to the surface l(y, z) plane] (see Table I).
The levels shown are at (a) —8.1, (b) -3.3, (c) —6.5,
and (d) -4.0 eV with respect to the Fermi level and cor-
respond to percentage charges within the oxygen sphere
of (a) 19.4%, (b) 7.3%, (c) 8.6%, and (d) 28.3%. See Fig.
6 for symbols.

FIG. 7. Projected density of states for the oxygen
atom vs orbital energy (eV relative to Fermi level) for
(a) the Al&+9@ and (b) A12+&@~ cluster interacting with an
oxygen atom at Zo ——0.0. For these clusters the triangle
formed by the three central aluminum atoms has been
expanded by 10%. See Fig. 3 for symbols.

pansion has a drastic effect on the electronic
structure. Both of the expanded clusters give re-
sults which are in quite reasonable agreement with
the experimenta1 photoemission data, Al„" +Q
having peaks at -7.2 and -9.2 eV and AL~,esca +0

having peaks at -7.5 and -10.1 eV, all with rea-
sonable relative iritensities. In both cases, both
of these peaks are primarily due to P orbitals
parallel to the surface. Indeed the only qualitative
difference between the two types of site is a
small peak due to P, orbitals near -6.7 eV for
A122 +Q. This cluster has an aluminum atom
directly below the oxygen in the second layer and
so some bonding interaction is present. Further
structure is again found between -5 eV and the
Fermi level. Qnce again, analysis of the wave
functions shows that the peaks near -9.5 and -7.5

eV are due to Al-Q bonding orbitals while that
near -3.5 eV is due to essentia11y nonbonding
oxygen p orbitals. Figure 8 shows four represen-
tative contour plots for A122

~ +Q. Similar orbitals
exist for Al~~e~ +Q with the exception of that shown
in Fig. 8(c), which involves o bonding between the
oxygen and the aluminum atom directly below in
the second layer. This latter atom is not present

in the Al, ~ cluster, and therefore such interac-
tions are not possible. While the presence of this
orbital for the (8) site and its absence for the (A)
site does not lead to any qualitative difference in
the PDQS at this level of resolution, it might in
the future prove possible to detect its presence or
absence by studying the photon energy, polariza-
tion, and angle dependence of the photoemission
intensity and thereby, to distinguish between the
two possible sites, if indeed, at some oxygen ex-
posure, the geometry is similar to that considered
here.

Finally, we note that expanding the threefold
site for go =0.0 causes the Al 2p levels (see Table
H) to shift in the direction observed experimental-
ly. The calculated shifts of 0.71 eV for Al„"~'+Q
and 1.25 eV for Al„+Q are in adequate agree-
ment with the experimentally observed shift of
1.4 eV, especially considering the arbitrariness
of the extent of expansion. This leads to the con-
clusion that a locally expanded surface with Z, =0
is compatible with the experimental data.

Thus it appears from the above discussion that
at the current level of sophistication of both ex-
perimental and theoretical methods one is unable
to distinguish unequivocally betwe-en two possible
structural models for the initial stages of oxida-
tion of Al(111). The first has the oxygen outside
an unreconstructed surface, in the vicinity of Zo
=2.0 bohrs, while the second has the oxygen in
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the first surface layer (Zo =0.0) of a locally ex-
panded surface. The arrangement with the oxy-
gens outside the surface has the appeal of sim-
plicity, since an ordered overlayer can be formed
without disturbing the arrangement of the metal
atoms. It would, however, lead to a quite compli-
cated explanation of the work function changes; in
particular, an explanation of the increase near
30 L, which is still below a monolayer coverage,
would probably require the consideration of adsor-
bate-adsorbate interactions if the individual oxy-
gen atoms maintain their low-coverage positions.
Qn the other hand, the low-coverage model with

oxygen atoms in a locally expanded surface leads
to a simple explanation of the work-function data,
but requires a more dynamic view of the oxidation
process. In this model. , at low coverage the oxy-
gens are in a relaxed surface at Z, =0.0; as the
coverage increases the surface becomes, at a
certain point (probably near & of a monolayer),
unable to accomodate further local expansions,
and the oxygens take up positions outside the sur-
face, the aluminum atoms returning to their pre-
vious positions to eventually yield an ordered
monolayer situation. Clearly, more work is re-
quired to establish whether either of these pic-
tures is valid. All we can say for the moment is
that both are reasonable working hypotheses.

IV. CONCLUSION

The calcul. ations described above have yielded
information on the electronic structures of large-
cluster models for the system Al(111) +0, which
give every indication of being sufficiently conver-
ged to the infinite limit for the purposes for which
they were used. These results, coupled with the
available experimental photoemission data, suggest
two distinct possible local geometries for the Al
+0 complex, both of which may in fact be present
at various stages of the initial oxidation of Al(111).
For each of the two structural arrangements,

peaks in the projected density of states for the
oxygen atom are calculated at energies in good
agreement with those of the observed oxygen-in-
duced structure in the photoemission experiments
for a wide range of oxygen exposure. Analysis of
the cluster wave functions suggests, however,
that significant differences exist between the two
cases in the character of the orbitals responsible
for the peaks. These differences should be detect-
able by varying the incident light polarization and/
or the angular variables in the experiments. A
systematic study of this type, as a function of
several experimental parameters such as the oxy-
gen exposure, the pressure at which the experi-
ments are performed, the temperature, etc. ,
coupled with our calculated results or future simi-
lar calculations as the need arises, afford the ex-
citing possibility of using photoemission data to
monitor the structural parameters as oxidation
takes place.

It is becoming more and more clear that Al+0
is not the well-behaved model system it was once
hoped to be and that much more work, both experi-
mental and theoretical, will be needed before a
true understanding of the details of the chemisorp-
tion of oxygen on aluminum and the subsequent
development of aluminum oxide will be obtained.
Nevertheless, the present calculations for Al(111)
+0 and our previous calculations for Al(100) +0
have provided much insight into a number of as-
pects of the aluminum-oxygen interaction for these
two surfaces. Similar studies are now in progress
for the third important low-index surface Al(110).
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