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Changes due to the initial oxidation of Ai(001} were determined from results of the first self-consistent thin-61m
calculations for the clean Al(001) surface as well as Al(001)-p(1)(1)O. For clean Al(001), surface state-surface
resonance bands obtained for a nine-layer slab were found to be in good agreement with photoemission
measurements and our earlier non-self-consistent results; its work function (4.7+0.1 eV) -is in good agreement with
the Grepstad et al. experimental value (4.41~0.03 eV); no surface core-level shift was found in agreement with a
recent photoemission measurement; finally, the absence of an increased broadening in the surface Al(2p) core level is
discussed. For the nine-layer Al(001) plus 0 slab, the calculated reduction in the work function (0,6 eV) is in good
agreement with the experimentally determined feduction (0.5-0.8 eV). Prominent O(2p) peaks in the surface layer
density of states at —8.0 and —10.0 eV below E~ are in good agreement with photoemission measurements.
Structure at 1.0 and 1.8 eV above E~, due to 0-induced surface resonance states, are related to interface states
observed by surface soft-x-ray absorption spectroscopy. The overall bonding is found to be ionic in character with
charge transfer onto the 6 atoms. A surface core-level shift of 1.5 eV to greater binding energy is found for the
surface Al atom, in excellent agreement with the Eberhardt and Kunz 1.4-eV Al(2p) shift. It is concluded that in the
initial stages of oxidation a substantial number of 0 atoms are chemisorbed into coplanar, fourfold hollow sites,
which is consistent with a recent extended-appearance-potential-fine-structure measurement for the Al-0 bond
length and an earher self-consistent cluster calculation.

I. INTRODUCTION

A fundamental undex'standing of the process of
metallic oxidation remains as one of the basic
problems in sux'fRce chemlstx'y Rnd physics one
which has wide-reaching consequences of great
technological importance. Qvex' the last few years,
evidence has accumulated which indicates, not
surprisingly, that the complex process of oxida-
tion may proceed through stages which are con-
ceptually quite distinct. In particulax, the initial
oxidation stage (perhaps involving chemisorbed
overlayers of oxygen) has been extensively studied
experimentally, usually on well cha.racterized
single-crystal surfaces. Qne of the most notable
examples, which has been the subject of intense
experiment@1 investigRtioQ. is the study of the
initial oxidation of Al surfaces.

Reeeot work on well characterized single-crys-
tal sux'faces has shown that thexe are basic dif-
ferences in oxygen chemisorption on the low index
faces of Al. While the (111)surface seems to be
the best characterized face, less is known about
oxide formation on the (100) and (110) faces.
Based on Auger electron spectroscopy (AES) and
work-function measurements, GRX'tlRQd proposed
that thin (-5 A) islands of Al,O, -like oxide form

on the (100) face. While the work function changes
only slightly ("0.1 eV) with oxygen exposure on the
(ill) and (110) surfaces, the work function de-
creases almost linearly" with coverage on the
Al(100) surface to a saturation differences of 0.5-
0.8 eV.' This behavior was suggested by Gartland
to corx'81Rte with RIl islRnd growth mechanism fox'

this surface. Oxygen absorbed outside the sur-
face, however, would be expected to cause an in-
crease in work function as a result of its high
electronegativity. Thus, the large decrease of
the work function on the (100) surface has been
tRkeD Rs evldeDce fox' sscof pof'&&on of oxygen
atoms on the (100) surface —the most likely site
being the fourfold hollow position. The oxidation
of the (100) surface may then proceed by filling
the fourfold sites together with the formation of
Al,Q islands. A recent surface extended -appear-
ance-potential-fine-structure" (EXAPF$) study
also suggests the filling of the fourfold hollow
site, since the Al-Q spacing for -1.5 monolayer
coverage is found to be 1.98+ 0.05 A, which is
consistent with a bond length of 2.02 A for the
fourfold site.

Photoemission studies' "of the valence and
cox'8 x'egions hRve Rlso 1evealed qualitative differ-
ences between the three low-index faces of Al on
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exposure to oxygen. Substrate core chemical
shifts upon chemisorption of oxygen on Al have
been observed3'~' on all three faces, and there
are significant differences between the different
faces. The (111)surface is characterized by the
appearance of tmo chemicaQy shifted oxygen-de-
rived Al 2p core-level peaks at greater binding
energies. Below 100 L on the (111)face, a peak
first appears at j..4 eV towards greater binding
energies, mhich is interpreted as an ordered
chemisorption phase which acts as a precursor
stage for oxidation. ' At higher exposures a peak
at 2.7 e7 greater binding energy begins to grow,
indicating the formation of the bulklike Al,o~
phase. " Low-energy-electron diffraction (LEED)
measurements' also support the formation of a
(1x 1) chemisorbed phase at low coverages on the
(111)face as does a recent surface EXAFS study
of this surface. '~ These two chemically shifted
peaks have also been observed on the (100) and
(110) faces, ' with the difference that both peaks
seem to be present with nearly the same relative
intensities at lom coverages. Ebexhard and Kunz'
concluded that, taken together with the work-func-
tion decrease, the existence of the j..4-eV peak
on the Al(001) surface is consistent with 0 atoms
having penetx'ated into the bulk. As noted above,
EXAPF8 stud188 suppox't this conclusion.

More recently, surface soft-x-ray absorption
(SSXA}spectroscopy has been reported for the
three low-order faces.e'~4 Using an interatomic
Auger transition AI(2p)-O(2s), evidence for an
oxygen chemisorption phase below 50 L and the
existence of unoccupied interface states on these
surfaces mere presented.

A fem theoxetical calculations have been carried
out for Al surfaces exposed to oxygen. Lang and
%illiams~ performed self-consistent jellium cal-
cul.ations for an isolated 0 atom absorbed onto a
jeQium substrate. Messmer and Salahub' report-
ed self-consistent cluster calculations designed
to mode1. possible surface site configurations for
the adsorbed oxygen atoms, and concluded that
the coplanar fourfold hollom site mas the most
likely. Harxis and Painter'6 performed a non-
self-consistent (SC }calculation for a similar but
smaller cluster. Non-self-consistent slab ox' thin-
film calculations have been performed for the
{001)surface by Painter" and by Batra and Cir-
aci."

In this paper, me present the first self-consis-
tent calculation for an ordered (1 x 1) oxygen
monolayer on the Al(001) surface in order to study
the initial oxidation of this surface. In order to
assess changes ~ we fix'st study a clean nine layex'
Al(001) slab and then the same slab with a (1x 1)
monolayer of oxygen atoms on each surface lo-

cated in the fourfoM hollow sites, i.e., coplanar
with the surface Al. atoms. Results for the charge
density, work-function changes, surface states,
and surface core-level shifts are presented which
support the chemisorption of 0 into the fourfold
sites during the initial'oxidation of Al(001).

The paper is oxganized as follows: Sec. D
briefly outlines the self-consistent film linearized
augmented-plane-wave {LAPW) method of calcula-
tion; Sec. IG presents our results for the clean
Al(001} surface; Sec. IV presents our results for
AI(001}/0 and compares then to the available ex-
perimental data, and Sec. 7 discusses oux prin-
cipal conclusions.

The film band-stxucture calculations mere per-
fox med using our recently developed self-consis-
tent film LAP% method. '"" As details of the
self-consistent method mere descxibed else-
where, "me briefly describe only those aspects
specific to the present study.

In the film LAP% method, all space is parti-
tioned 1llto three reg1ons: (1)touchlllg muff ill tl1l

(MT }spheres centered on each atomic nucleus,
(2) the interstitial region between the MT spheres
and (3) the vacuum region. In the present calcu-
lations, the full potential i.s treated in the inter-
stitial and vacuum regions and is taken to be
spherically symmetric inside the MT spheres.
In bulk calculations, the use of spherically av-
eraged potentials inside of the MT spheres and
the fuQ potentla1 xn the j.ntel 85ltlal regions ls
known as the warped muffin-tin approximation"
and appeaxs to be an excellent appxoximation for
metals.

The calculations mere performed for a nine-
layer Al(001) film and then with a (1 x 1) monolayer
of oxygen atoms located, in the fourfold hollow
sites of each surface, i.e., the oxygen nuclei lie
in the same plane as the Al nuclei in the surface
layer. The MT sphere radius of the Al atoms in
the central, 8 —3 (surface layer minus 3), and
S 2 layer mas set equal to the bulk Al touching
sphere radius (2.692 a.u.). The MT radius of the
Al atoms in the surface and 8 —1 layers mas set
equal to 2.30 a.u. , and the oxygen MT radius mas
set equal to 1.51V a.u.

In local density-functional theory, '2 the total po-
tential is expressed as a sum of the Coulomb and
exchange-correlation potentials, V(r) = Vc,„,(r)
+ V (r}. In this calculation, V was set 8gual to
the Kohn, Sham, and Gaspar" (KSG) u = —,

' exchange
potential unless otherwise indicated.

The starting potential mas constructed fxom a
~»oerposition of overlapping sphex ical atomic
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charge densities. Inside the M'T spheres, all rel-
ativistic effects, except spin-orbit, were in-
cluded'"' '" for the valence electrons. In each
iteration, the core charge density [(Is'2s'2p') for
the Al atoms and (ls') for the 0 atomsj is recom-
puted using the film muffin-tin potentials in a fully
relativistic (i.e., including spin-orbit) Dirac-
Slater-type atomic-structure program. [We note
that the oxygen (2s) core level, treated as a val-
ence state, has an overall dispersion of about
1.1 eV.j In the initial iterations, eigenvalues
and eigenvectors are calculated at three special
points" in the irreducible 8 of the two-dimensional
(square) Brillouin zone. In the final iterations, a
ten-point set of special points'4 is used, and in
the last iteration a uniform 15-k-point set is used.
The symmetrized (for z reflection) basis size of,
at most, 210 LAP%'s yields eigenvalues which
are converged to better than about 3 mRy. From
the total charge density, pt t g p y +p a
new film potential is generated. The new potential
is mixed with the current input potential to obtain
the input potential for the next iteration (the lar-
gest mixing was 10%%uo of the new 'potential). We
considered self-consistency achieved when the
maximum difference between the input potential
and the output potential was less than about 0.2

eV. The eigenvalues were converged to better
than 3 mRy (0.04 eV) well before the potential was
converged.

III. RESULTS FOR THE CLEAN Al(001) SURFACE

As a natural starting point, we first present
sen-consistent results for the clean nine-layer
Al(001) film.

A. Charge density and work function

As the charge density, p(r), is the fundamental
quantity in local density-functional theory, we
first present the total valence charge density for
the clean nine-layer Al slab in Fig. 1. The solid
black circles locate the position of the Al atoms
and block out the chemically uninteresting core-
electron region. The nonspherical components of
p(r) inside the muffin-tin spheres were construct-
ed using the angular momentum representation of
the LAPW wave functions [Eq. (3) in Ref. 19j.
The unretouched charge density in Fig. 1 exhibits
minimal discontinuities across the muffin-tin
sphere boundaries, which shows that satisfactory
l convergence has been obtained. The bonding
characteristics of the inner layers of the slab
are typically metallic with a fairly constant charge
density between the atoms (the average charge
density is three electrons per bulk unit cell) with
slight directional bonding along the body diagonals.
The influence of the surface is seen to be rapidly
screened out on going into the bulk, indicating

VAeuuM

FIG. 1. Contour plot of the self-consistent total val-
ence charge density for the upper half of the clean nine-
layer Al(001) slab. Successive contours differ by 0.4 in
units of electrons per bulk Al unit cell.

the ability of slab calculations to treat both bulk
and surface properties. There are substantial
differences, however, in the surface layer. Uri-
like the bulk, there is a rapid variation in p(r)
in the surface interstitial region, with p(r) de-
creasing in magnitude towards the vacuum. Pro-
ceeding outward into the vacuum from the sur-
face, p(r) falls off sharply and soon "heals" the
discrete atomic nature of the surface, i.e. , p(r)
becomes nearly constant with respect to transla-
tion parallel to the surface. 'This sizable redis-
tribution of charge near the surface is, of course,
associated with the formation of the surface di-
pole layer, which sensitively determines the work
function. Since the calculation for the oxygen-
covered surface employed the KSG (n = f) exchange
correlation potential, VK, , we also used VK, G

for the clean Al calculation. This yields a work
function of (3.7 a 0.1) eV, which underestimates
the Grepstad et al. ' experimental value of (4.41
+ 0.03) eV. In a self-consistent surface calcula-
tion for the W(100) surface, "it was found that ad-
ditional explicit terms for correlation were needed
to yield a work function in agreement with experi-
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FIG. 4. Contour plots of (a) the self-consistent total valence charge density for the upper half of the Al(001)/0 slab,
(b) the difference between the Al(0(I1)/0 self-consistent total charge density and that for clean Al(001), and (c) the dif-
ference between the Al(001)/0 self-consistent total charge density and the non-self-consistent starting charge density
(constructed as a superposition of overlapping spherical atomic charge densities) for the Al(001)/0 slab. Successive
contours differ by 0.4 in units of electrons per bulk Al unit cell.

The large number of bulklike Al states have been
suppressed for greater clarity of presentation.
For reference the bottom of the film-derived Al-
conduction band is indicated by the thin solid line
along the lower portion of the figure. A good mea-
sure of the ability of the nine-layer Al film to re-
produce the bulk electronic structure is given by
the total occupied bandwidth, i.e., the distance
between the Fermi energy E~ and the conduction-
band minimum. Our value (11.07 eV) is in ex-
cellent agreement with the fully self-consistent
bulk results of Singhal and Callaway" (11.1 eV).

Surface states for clean Al(001) were first re
ported in a non-self-consistent pseudopotential
calculation by Caruthers, Kleiman, and All-
dredge, "and the existence and nature of surface
resonance states (i.e., surface localized states
which have finite amplitude deep inside the bulk)
were first discussed by us in a non-self-consis-
tent LAP%' calculation. " 'The inclusion of self-

consistency does not have a significant effect on
the surface states and resonances found earlier.
Both the 4, and Z, states in Fig. 2 are in good
agreement with angular resolvec( photoemission
measurements. "'" We also find some unoccupied
surface states above E~ in Fig. 2. Contour plots
for the Z, state are shown in Fig. 3. Figure 3(a)
shows the true surface state at I'„and Fig. 3(b)
shows the &, state midway between 1" and X,
where it is a surface resonance state. The sim-
ilarity of these contour plots is consistent with
earlier conclusions regarding the origin of surface
resonance states in nearly-free-electron metals. "

C. Surface core-level shifts

gn agreement with recent measurements" on
the Al(2p) core level, we find no surface core-
level shift of the Al core levels relative to an in-
terior atom. Upon chemisorption of oxygen, how-
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for the Al(001)/0 slab. The dashed lines represent the
surface states for the clean Al{001) slab. The bottom of
the Al valence band is traced as in Fig. 2. The dotted
lines are discussed in the text.

IV. RESULTS FOR THE Al(001)-0 SURFACE

A. Charge density and work-function changes

ever, we obtain sizable chemical shifts, as dis-
cussed in the next section.

Although no surface-induced shift of the Al 2p
binding energy was observed in Ref. 31, a broad-
ening (-0.2 eV) of the surface core level relative
to a bulk level was observed (a similar broaden-
ing was also observed in Ref. 31 for Au). To ex-
plain this broadening, Eberhardt et al sx invoked
a crystal field splitting of the surface Al.2p core
level due to the reduced symmetry at the surface.
In order to examine this possibility, we recalcu-
lated all the Al(2p) core levels as band states at
several k points in the 2D BriQouin. within the
accuracy of the calculated eigenvalues (1-3 mRy)
no dispersion was obtained for these states and
no evidence for a crystal field splitting was found.
Our results may not be conclusive, however,
since the present calculation neglects nonspher-
ical components of the potential inside the muffin-
tin spheres, although the full potential is correctly
treated everywhere else. As the Al(2p) core states
have negligible amplitude outside the muffin-tin
spheres, the neglected nonspherical terms may be
essential in determining any crystal field splitting.
Work is currently underway to include these ne-
glected terms (i.e., the full potential will be
treated with no shape approximations whatsoever).

%e first present the self-consistent charge den-
sity and discuss the bonding of the chemisorbed 0
atoms to the substrate and the resulting change in
the work function compared to the clean Al sur-
face. Figure 4(a) presents a contour plot of the
total valence charge density [including the 0(2s)
state which was calculated as a band state], and
Fig. 4(b) shows the difference between the (SC)
Al-0 charge density and the SC clean Al p(r)
(Fig. 1). Another useful difference plot is given
by Fig. 4(c) which displays the difference between
the SC Al-0 charge density and the initial-model
charge density constructed as a superposition of
overlapping spherical atomic charge densities.
Many densely spaced contours corresponding to
large values of 0 charge density have been sup-
pressed around the 0 atom in Figs. 4{a) and 4{b).
In Fig. 4, the large circles locate the Al atoms and
the small circles locate the 0 atoms. Such con-
tour plots can provide physical insight into the
nature of the chemical bonding. Upon going in
towards the center of the film in Fig. 4(a), the
charge density becomes essentially identical to
its bulk value by the third layer in from the sur-
face. Near the center of the film the bonding is
essentially identical to that exhibited by the clean
Al surface (Fig. 1). This is emphasized by the
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FIG. 7. Contour plot of the charge density for the F~ O(2p) state (a) in a (110) plane and (b) in a (010) plane. Succes-
sive contours differ by 0.2 in units of electrons per bulk A1 unit cell. This figure has unusually large discontinuities
at the MT radius of the neighboring Al atoms.

difference contour plot in Fig. 4(b) which reveals
only very small changes in the interior of the
nine-layer Al slab. To fully appreciate the signi-
ficance of this surface screening effect, compare
Figs. 4(b} and 4(c}. The superposition charge
density [Fig. 4(c)] exhibits substantial differences
throughout the slab, but after achieving self-con-
sistency for both the clean and oxygen-covered
surfaces, only minimal differences are in evi-
dence in Fig. 4(b). Thus the nine-layer slab of
Al is seen to be completely adequate for treating
both the bulk and surface electronic structure for
the oxidized surface.

Between the second and third layer in from the
surface, however, departures from bulk behavior
become apparent in Fig. 4. The second-layer Al
atom and especially the surface Al atom show
marked changes in the charge density, reflecting
the strong influence of the. neighboring 0 atom in

the surface layer. It is apparent from Figs. 4(b)
and 4(c) that the bonding is largely ionic in nature,
i.e. , the radius of the nearly spherical charge
density centered on the 0 atom (-1.3 A) in Fig.
4(b} is quite close to the ionic radius of 0 ',
1.4 A." Another interesting feature in Figs. 4(b)
and 4(c) is the pileup of bonding charge just below
the Al surface layer. This feature is also appar-
ent in Fig. 4(a,), reaching a maximum of about
4.2 electrons per cell. The pile-up of electrons
below the surface Al atom is accompanied by a
depletion of electronic charge just above the sur-
face Al atom. This results in the formation of a
dipole moment (opposing the usual surface dipole
layer} which tends to reduce the work function as
compared to that for the clean Al surface, as dis-
cussed below.

Another effect of the charge transfer onto the 0
atom is that the 0(2p) states experience an in-
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FIG. 8. Contour plot of the charge density for the I'~ 0'(2p) state (a) in a (110) plane and (b) in a (010) plane. Suc-
cessive contours differ by 0.2 in units of electrons per bulk Al unit cell.

creased screening of the 0 nucleus. 'This results
in the expansion of the 0(2p) density which is strik-
ingly pictured in Fig. 4(c) for the 0(p„,p, ) states
(i.e. , the contours near the 0 nucleus have large
negative values, indicating the movement of elec-
trons away from the nucleus compared to the free
atom). In addition, the downward bulging of the
contours below the 0 atom in Fig. 4(c) reveals the
expansion of the 0(2p, ) states as well as the ef-
fects of interaction with the substrate.

The substantial change in the surface charge
density between the clean surface and the 0-co-
vered surface, leads to a reduction in the work
function of Al(001}jO as compared to Al(001) by
0.6 eV [both calculated using the KSG (Ref. 22)
p'„, ]. This value is in good agreement with the
0-saturated value of 0.5-0.8 eV for the Al(001)
surface. 'This is a significant result, since the
saturation change in work function on Al(110) and
Al(111}surfaces is only of the order of about
0.1 eV."Thus, the anomalous behavior of the
work function for the (001) surface is seen to be

associated with (1) the open structure of the (001)
surface which permits the 0 atom to be incor-
porated into the fourfold hollow site in a coplgnar
position with respect to the Al surface atoms
[coplanar absorption seems unlikely in the hollows
of the more open {110)surface, as this would re-
quire a 1.43 A Al-0 bond length between the 0
atom and the subsurface Al atom —a value much
smaller than the shortest bond length, 1.86 A,"
in bulk A1,0,], and (2) the large charge transfer
onto the 0 atom and the accompanying formation
of a dipole moment localized on the surface Al
atom [Fig. 4{b)]which opposes the usual surface
dipole barrier formed on the elean Al surface.
All of these results are consistent, therefore,
with earlier suggestions that the 0 atoms are ad-
sorbed into the fourfold hollow sites of the surface
layer.

8. Density Of states

An overview of the electronic structure for the
0-covered surface is given by the layer-by-layer
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FIG. 9. Contour plot of the charge density for the X~ O(2p) state (a) in a (110) plane and (b) in a (010) plane. Suc-
cessive contours differ by 0.2 in units of electrons per bulk Al unit cell.

density of the states (DOS) present in Fig. 5. Since
the 0 atoms are located precisely on the Al sur-
face layer, there are five layers going from the
center of the film out towards the surface (note
the change of scale in the top panel of Fig. 5).
Each of the layer-projected DOS curves shown in
this figure has been smoothed with a Gaussian
of full width at half maximum equal to 0.3 eV.

he overall shape of the POS for the innermost
layers is parabolic, as is expected for a nearly-
free-electron substrate metal like Al. There are
prominent peaks in the surface layer DOS at about
-8.0 and -10.0 eV below the Fermi energy E~
which are due to the O(2p) bands; The overall
width of the O(2P }bands is seen to be about 3.5
eV, and the split peak structure indicates a crys-
tal field splitting of the O(2p) states. That this is
indeed the case is discussed in detail in Sec. IVC.
These peaks are in good agreement with photo-
emission measurements. "In addition to this struc-
ture, there are narrow peaks in the surface DOS

above E~. 'These structures are related to unoccupie
oxygen-induced surface resonance states. We be-
lieve that they correspond to the unoccupied interface
DOS at-1.0eV above E~ and a smaller peak-1. 8 eV
states (S, and S, in Refs. 9 and 14}observed by
surface soft-x-ray absorption (SSXA) spectro-
scopy. All of these oxygen-related structures are
superimposed on the parabolic Al background
DOS. In the first layer in from the surface (S -1
in Fig. 5), the oxygen-related structures are
greatly reduced in magnitude, and they have nearly
vanished by layer S —2, reflecting the surface-lo-
calized nature of the chemical bond between the
0 atoms and the Al substrate. This behavior is
also reflected in the rapid healing of the charge
density to bulk Al character shown in Fig. 4. Not
shown in Fig. 5 is the O(2s) state which is located
at 23.2 eV below Ez (experimentally it is located
at -25.0 eV). As stated before, this state was
treated as a valence state in the calculations and
was found to have an overall dispersion of 1.1 eV.
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FIG. 11. Contour plot of the charge density for the X2 O(2P) state (a) in a (110)plane and (b) in a (010) plane. Suc-
cessive contours differ by 0.2 in units of electrons per bulk Al unit cell.

bands is, therefore, represented in Fig. 6 by the
dotted-line curves. Since the Al conduction bands
in the energy region of the overlap aQ belong to
the fully symmetric representations (I'„EI, and

Z, ), the I'„EI, and ZI O(2p) states are strictly
orthogonal to the substrate states and ean be
thought of as very localized true surface states
on these symmetry lines. The upper O(2p} bI
and Z& states remain very localized in the surface
layer, however, even in the regions where they
are overlapped by Al conduction bands of the same
2D symmetry. In these regions of the 2D BZ,
they are very localized surface resonance states
and not true surface states.

The reason for the different behavior between
the two O(2p) EI bands and between the two O(2p)
Z& bands can be traced to the orbital character of
these bands. The Xj state at -11.0 eV has
O(2p„„) character (i.e. , lobes directed parallel
to the surface) as does the doubly degenerate MI
state at about -9.5 eV, while the X3 state and the

M4 state have O(2P,) character. Moving away
from X towaxds I'&, the lowest 4& state begins to
Rcqu1re sonle O(2$ ) cllR1'Rctel' Rlld t118 uppel' +I
state begins to acquire some O(2p, „) character.
Similarly, the lowest Z& state begins to acquire
Op2p, ) character as one moves from M to I', and
the upper Z, state begins to acquire some O(2P„~)
character. At about the midway point of the l"X
line and the I'M, xespectively, both E& states and
both Z& states have about equal components of
O(2p, P and O(2p, ) cha.racter. These correspond
to 811tlcl'osslllgs of tile two O(2p) E( bands aloIlg
I'X and the two O(2p) ZI bands along I'M. Con-
'tllllliIlg 'towRI'ds I Iq 'tile O(2@~) cllRrRctel' becoBles

p'dlyp d
' t' th l t&, d Z„

while the upper O(2p) rYI and Z, are predominantly
of O(2p„,) character near I . A similar anticros-
sing, where O(2P,}character and O(2p„„) charac-
ter are exchanged, occurs between the two F2
bands midway along the XM line. The surface
delocalization of the lowest E& and Z& bands is
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FIG. 12. Contour plot of the charge density for the M5 0{2p) state {a) in a {110)plane and {b) in a {010)plane. Soc-
cessive contours differ by 0.2 in units of electrons per bu]'- AI unit cell.

thus associated with increasing O(2p, ) character
occurring in a region of the 2D BZ where these
states are overlapped by Al conduction states.
The O(2p, ) states have lobes pointing downward
into the bulk, facilitating hybridization with the
substrate states (Fig. 7}. By contrast, the upper
Op2p) Z, and Z& bands near I' have O(2P, „) sym-
rnetry and lobes pointing parallel to the surface,
resulting in less hybridization with the substrate
states (Fig. 8).

Batra and Ciraci'8 have performed a. non-self-
consistent calculation for an eight-layer Al(001)
film plus a monolayer of (1xi)O located in the
fourfold hollow site on one of the slab surfaces.
There are many qualitative and quantitative differ-
ences between their calculation and the present
one: (a) Unlike our value of 11.07 eV, which is in
agreement with the bulk Al result, the occupied
overall bandwidth in Ref. 18 is about 14.6 eV. (b)
The O(2p) states fn Ref. 18 overlap the Al con
duction-band states everywhere in the 2D BZ ex-

cept a small pocket around hf (denoted E in Ref.
18). (c) Batra and Ciraci find that the O(2p, )
character is dispersed in a large energy range
extending from E~ to about -6 eV, and essentially
loses its identity due to hybridization with the Al
conduction states. These differences indicate the
importance of self-consistency.

In order to study more closeely the orbital char
aeter and. bonding nature of the low-lying O(2P)
states, contour plots for these states at the high
symmetry points of the 2D BZ are shown in Figs.
7-13. In these instructive plots, as well as those
which follow, only the outer three layers of:the
film are shown. As before, ' the large solid cir-
cles indicate the position of the Al atoms and the
small solid circles indicate the 0 atom position.
AQ the contour plots are in vertical planes which
are perpendicular to the surface. For the low-
lying O(2p) states, contours in two vertical planes
are shown: a (110),and a (100), plane, with the s
subscript denoting that these directions are with
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FIG. 13. Contouxoux plot of the charge density for the M4 Q(2 ) state a
essive contours dxNer by 0 2 it fm un s o electrons per bulk Al, unit cell.
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respect to the 2D square lattice. The (110),plane
ls equivalent to a (100)s„g~ plane with respect to

a 'ce, and the (100), plane is equivaIent
to a (100)s plane. The (110) cuts hi hit ht th

eractxons, while the (100), cuts highlight
G-G interactions. At the selected k

' t th
charge density corresponding to the star of the k

point is plotted, so that all the contour plots have
the fuB crystal symmetry.

Figure 7 plots the charge density for the O(2'
state -11.0 eV below Ez at F& in Fig. 6. As
noted above, its interaction with the substrate Al

es results 1n reduced surf ace l l t
ough its 2p orbital character on the G atom '

still retre Rlned. Figure V(b) reveals SOIxle overlap
e a mls

with neighboring G atoms. As a result of its
interactions with the substrate thra e, xs xs the most
tightly bound O(2p) state at I'.

Figure 8 plots the doubly degenerate O(p
state at 1at 15. These states are essentially atomic-

s' ~P

like with little interaction with Al or other G

atoms. Thiis results in a sjlitting of over 4.0 eV
at I' between these O(p„, p„) states and the lower-
lying O(p, ) state.

Figure 9 plots the bonding O(p„„) state (X, in
Fig. ). This state reveals substantial obonding
to neighboring G atoms as well t th

atom. There is essentially no interaction with
the surface minus one (S-I) layer Al atom. This
is the lowest-lying O(2p) state at X. Figure 10
shows the O(p, ) state at X3. It bonds to a lesser

neig ori;ng 0 atomsdegree with the substrate and ne hb
' 0

figure 11 plotshan does the X& state in Fig. 9 F
the nonbonding O(p„p,) state at Xz. As can be
seen from this figure, this state is essentially

e g est lying ofaomiclike. As a result, it is the hi h

doubl
e p derived bands at X. Figure 12 l ts th

y degenerate O(2p, ) state at M5. This state
shows strong 0 bonding to the other G atoms, but

the nonbonding O(2p, ) state at M, . This state
shows little interaction with the other atoms and
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FIG. 14. Contour plot of the charge density in a {110)plane for {a) the -3.5-eV I'~ oxygen-induced surface resonance
and (b) the -1.0-eV 1"& oxygen-induced surface resonance. Successive contours differ by 0.2 in units of electrons per
bulk Al unit cell.

is the highest-lying O(2p) derived band at M. The
resulting splitting at M is about 2.0 eV, which is
smaller than at I'. In addition, it is the O(2P„,„)
states which are lower at M while O(2p, ) is lower
at r.

Z. Oxygen-induced surface resonance states

In addition to the low-lying O(2p) bands, there
are higher-lying 0-induced surface resonances
shown in Fig. 6. The parabolic surface-state
and surface resonance (88-SR) bands in clean Al,
going fiom about -3.0 eV at I,

"
up to X and up to

E~ along 1 M, is shifted or replaced by two bands
of 0-induced SR of Z& symmetry along IX and
two bands of 0-induced SR of Z& symmetry along
I M. At T' these states have about the same de-
gree of surface localization as the clean Al SS,
but the lower-energy 0-induced && of E& SR fades
away upon leaving I'. By contrast, the upper
n, (Z&) 0-induced SR becomes much more localized

on leaving l": above E~ the upper && and Z& states
are quite localized (70-90%) in the first two sur-
face layers. The F, SR band which crosses E~
on going from X to I also has this degree of sur-
face localization. %e identify the highly localized
unoccupied SR states near X& and midway between
I M with the surface structures at 1.8 eV and 1.0
eV-in Fig. 5, and with the S& and S2 interface
structures seen in the SSXA measurements. '

%e are not aware of any angular resolved photo-
emission studies of the 0-covered Al(001) surface
with which to compare our theoretically deter-
mined SR dispersions. Photoemission at normal
exit reveals, 9 however, that the clean Al(001) SS
at F persists up to a coverage of 160 I, finally
disappearing at a saturation coverage of 200 I .
In this study, there was no indication of struc-
ture corresponding to the upper 0-induced I'& SR
state at -1.0 eV below E~. This behavior of the
clean Al SS was interpreted in terms of the island
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FIG. 15. Contour plot of the charge density for the unoccupied Xg oxygen-induced surface resonance (a) in a (110)
plane and (b) in a (010) plane passing through the nucleus of the surface Al atom. Successive contours differ by 0.2 in
units of electrons per bulk Al unit ceH.

growth mechanism for the (001) surface, i.e. ,
since the areas of bare metal surface can exist
right up to the point of saturation (150-200 I ),
a SS may also exist up to these exposures. From
Fig. 6 it is apparent that emission from the 0-
induced 1", state at -3.5 eV (which is near the
bulk Al band edge ) may be increasing while
emission from the clean Al 88 is decreasing, thus
complicating the interpretation of the experi-
mental result. Messmer and Salahub' also found
evidence for oxygen-induced structure at 3.0 eV
below E~, and Batra and Ciraci' found bands
with O(2P,) character at I about 2.0 eV and 3.2
ev below E~ which have parabolic dispersion up
towards E~ along I'X and I'M. Reference 18 does
not, however, find the very localized 0-induced
SR F band shown in Fig. 6.

Contour plots for the higher-lying 0-induced SR
states are shown in Figs. 14-16. Figure 14(a)
shows the charge density for the I'& state at about

-3.5 eV in Fig. 6, and Fig. 14(b) shows the
charge density for the I'& state at about -1.0 eV
in Fig. 6. For comparison, the clean Al l

&
88

is shown in Fig. 3(a). All of these have about the
same degree of localization in the two first sur-
face layers. The largest ax@ular momentum com-
ponent on the 0 atom for the I', SR in Fig. 14(a)
is l =0 with a small admixture of P, character.
The orbital character on the 0 atom in Fig. 14(b)
is almost entirely p,-like. The fall off of the
states as one approaches the center (bulk) part of
the film shown in Fig. 14 is similar to those in
Fig. 3 for the clean Al surface.

Figuxe 15 pictures the very localized unoccupied
0-induced SR state at Xg. This st3te is the con-
tinuation of the I', state at -l.0 eV [Fig. 14(b)].
In Fig. 15„however, the Al(p, ) orbital is highly
directed into a vacuum and there is very little
interaction with Al atoms deeper into the slab.
Figure 15 reveals some m bonding to neighboring
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D. Surface core-level shifts

The Al 2& p core level in the bulk o 'd Al
Observed to

u oxl e Al20~ 18
ed to be chemically shifted 2 g

indlng energies than in bulk Al ' and '

e atoms. Photoemission spectra for the sur-
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(c) show a surface Al atom core-level shift of 1.5

eV to greater binding energy and no shift for any
of the other Al atoms. This suggests that, in the
initial stages of oxidation, a substantial number
of the oxygen atoms are located in the fourfold
hollow site as has been suggested by Eberhardt
and Kunz who interpreted their results as evi-
dence for penetration of the G atoms into the Al
substrate. As noted earlier, this is also in agree-
ment with the dramatic decrease in calculated
and observed work function on the (100) surface, '
while little change in work function occurs for the
(111) and (110) surfaces. Finally, as stated ear-
lier, we find no surface cox'e-level shift for the
clean Al(001) nine-layer film in agreement with
x'ecent xneasux'ements.

V. CONCLUSIONS

Q. l

FIG. 16. (Continued)

face AI(2P) level on the (111)surface shows a
chemically shifted peak at 1.4 eV greater binding
energy below about 100 L 0 exposure. ' At higher
exposures, a peak at 2. 6 eV greater binding en-
ergy begins to grow, indicating the formation of
the bulk oxide.

By contrast, for exposure less than about 100 L,
the photoemission intensity from the (001) surface
is nearly equally distributed in a region of up to
3 eV greater binding energies. ' At higher ex-
posure on the (100) surface, both the 1.4-eV peak
and 2. 7-eV peaks are present with about the same
relative intensities. This behavior has been
interpreted in terms of an island growth oxidation
model on the Al(001) surface. ' In this model,
an amorphous oxide film immediately forms on
the (100) face upon exposure to oxygen followed

by island growth. Adopting this model, the pres-
sence of the shouldex at 1.4 eV higher binding
energy indicates that a substantial number of the
oxygen atoxns are involved in some sort of inter-
mediate bonding state. Gur calculated results

We have presented results of self-consistent
calculations for a clean nine-layer Al(001) slab
and for the same slab with a (1x1) monolayer of
0 atoms on each surface located in the fourfold.
hollow sites and coplanax with the surface Al
atoms.

For the clean Al(001) slab, surface state-surface
resonance bands were found which are in good
agreement with angular x esolved photoemission
measurements and with our earlier non-self-con-
sistent result. Our theoretical work function
value of 4.7+0. 1 eV, obtained using the Wigner
interpolation formula ' ' for exchange and cor-
relation, is in good agreement with the Gepstad
et al. ' experimental value of (4.41+0.03) eV. No

surface core-level shift was found for the clean
Al slab, i.n agreement with photoemission mea-
surements" of the Al(2P) core level. Contrary
to Ref. 31, however, we find no evidence of a
broadening (possibly due to a crystal field effect
at surface3') of the surface AI(2$) core level rela-
tive to a bulk level when the Al(2p) core levels are
calculated as band states. As noted above, this
may be due to the neglect, in the present calcula-
tion, of nonspherical contributions to the potential
inside the muffin-tin spheres which could be es-
pecially critical in determining possible crystal
field splitting in the case of a very localized state
such as a core state.

For the Al(001)/0 slab, the calculated reduction
in the work function (0.6 eV) is in good agreement
with the experimentally determined value of
0.5-0.8 eV (Ref. 1) for this surface. Spectro-
scopically, prominent O(2p) peaks on the surface-
layer DGS at -8.0 and -10.0 eV below EJ,. are in
good agreement with photoemission measure-
ments. ' Additional structures, at 1.0 and 1.8
eV above E~, due to oxygen-induced surface reso-
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nance states, were related to measured unoccu-
Ined interface states (Sq and S2 in Refs. 9 and 14)
observed by surface soft-x-ray absorption spec-
troscopy. Detailed contour plots of the charge
density for both the 0(2P) states and 0-induced
surface resonances were presented in order to
reveal the nature of the chemical bond. The over-
all bonding with the surface Al atoms appears
ionic in character with significant charge transfer
onto the 0 atom, as expected, forming a quite
localized surface structure, i.e. , the effects due
to the presence of the 0 atoms on the surface were
found to be rapidly screened out on going in from
the surface towards the bulk. Finally, a surface
core-level shift of 1.5 eV to greater binding en-
ergy was found for the surface Al atom (and not
for any of the other Al atoms). This value is in

excellent agreement with the 1.4-eV Al(2p) shift
measured by Eberhardt and Kunz. This indicates
that, in the initial stages of oxidation, a substan-
tial number of 0 atoms are chemisorbed into the
fourfold hollow sites as has been suggested by
Eberhardt and Kunz, and a recent EXAPFS'
measurement for the AI-0 band length. It is also
in agreement with results of a self-consistent
cluster calculation by Messier and Salahub' and
is consistent with the dramatic decrease in ob-
served and calculated work function. '
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