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31 MA@ 1982

D. M. Bylander, Leonard Kleinman, and Kenneth Mednick '~

DePartment of Physics, The University of Texas at Austin, Austin, Texas 78712
(Received 10 December 1981)

The energy bands, work function, Al 2p chemical shift, amI oxygen binding energy have
been calculated self-consistently for six-layer Al(ill) films with oxygen overlayers at
Z = 0.55, 0.60, and 0.70 A above the Al surface plane. Because the work function is
extremely sensitive to Z, it has been estimated with very small uncertainty, Z = 0.578
+ 0.032 A. This value is in excellent agreement with the values obtained from the chem-
ical shift and binding energy as well as Stohr et al. s experimental value.

PACS numbers: 68.20.+t, 73.20.Cw

The height of the 1&1 oxygen monolayer above
the Al(111) surface plane is still a matter of some
controversy. Three low-energy electron diff rac-
tion (LEED)' ' determinations place the 0 atom in
the threefold hollow site at distances Z=1.46, 1.33,
and 1.54 A above the Al plane. The extended x-
ray absorption fine structure (EXAFS) measure-
ments of Stohr et al.' yielded & =0.70 A. We' pre-
viously reported a self-consistent linear combina-
tion of Gaussian orbitals (SCLCGO) energy-band
and binding-energy calculation for oxygen over-
layers at &=1.4, 1.0, and 0.70 A above a six-
layer Al(111) film. We found for the LEED sepa-
ration of 1.4 A that the calculated work function
was 5.5 eV too large, the Al 2p chemical shift had
the wrong sign, and the 0 binding energy was ne-
gative. For Z =0.7 A our calculated results were
in only fair agreement with experiment and, be-
cause we felt our computational accuracy was
better than that agreement, we suggested that
perhaps the oxygen monolayer should lie under
the surface. Wang, Freeman, and Krakauer, '
with calculated results very similar to ours,
thought that the agreement with experiment for
Z =0.7 A was sufficiently good to conclude that
that was the correct spacing. It is difficult to
compare the accuracy of their calculation with
ours; however, we note that for clean Al(111) they
obtained' a work function of 4.7 eV whereas both
here and in our original calculation' we come
well within 0.1 eV of the experimental value of
4.26 eV.

Since our work appeared, Bachrach, Hansson,
and Bauer, ' using EXAFS, found that at low pres-
sure 0, chemisorbs while at high pressure 0
chemisorbs with Z =0.98 A. Soria et al. ,

"using
LEED and Auger spectroscopy, reported a 1&&1

0 underlayer and & =0.73 and 0.80 A overlayer
for 0, exposures of 30, 100, and 150 L, re-
spectively (1 L =10 ' Torr sec). Norman etal."
have refined their EXAFS measurements to ob-

tain Z =0.60+ 0.10 A (corresponding to an 0-Al
bond length R =1.76+ 0.03 A) for the overlayer as-
sociated with a 1.4-eV Al 2h chemical shift. They
also find an ordered underlayer with R =1.75
+ 0.03 A, implying a tetrahedral 0 site. This
phase, which occurs upon heating to 200'C, has
a 2.7-eV chemical shift. Both phases occur si-
multaneously with 0, exposure greater than 50 L.
This is consistent with the vibrating-capacitor
work-function measurements" which find that p
decreases by 200 meV under the first 50 L 0, ex-
posure and then increases by 80 meV under the
next 200 L. Photoemission measurements" "of
&p give varying results but all agree that for
small to moderate 0, exposures, &p& 200 meV.
We here repeat our calculation of Ref. 5 for Z
=0.70, 0.60, and 0.55 A and confirm Norman
ef, al's result with even smaller uncertainty than
theirs, due to extreme sensitivity of the work
function to &.

We used the same 128 orbital basis set for the
six-Al, two-0 layer film that was used in Ref. 5

and used the same triangle integration scheme
betvieen 73 points in the ~th irreducible two-di-
mensional Brillouin zone to calculate the Fermi
level, charge density, and Kohm-Sham-Wigner ex-
change-correlation potential. We fit the exchange-
correlation potential with 26 spherical Gaussians
on each Al and 23 on each 0 atom" but rather
than using plane-wave Gaussians of the form
exp[-n(x —z, ) +i2G ~ rj we used 245 symmetrized
combinations" of three-dimensional plane waves
with 0, chosen to give periodicity over 9 Al inter-
planar spacings. The charge density was fit with
the Laplacian of these functions together with two
charge-containing Gaussians on each atom. The
fit was made at 3100 points in the —,'th irreducible
wedge of the unit cell of the half film out to 4.5
interplanar spacings. The two schemes give fits
of equal quality but the three-dimensional plane
waves have technical advantages to be discussed
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TABLE I. Oxygen binding energy F~, work function

y, Al 2p chemical shift 4, and T3 surface-state ener-

gy tgz- I;3(ss)] for three interplanar spacings Z and

Al-0 bond lengths R.

(ev) (ev) {eV)
E~ —T'3(ss)

(ev)

0.7014 1.796 10.589 5.668 —0.70
0.5962 1.758 10.722 4.446 —1.17
0.5495 l.742 10.576 3.857 —1.40

4.54
5.63
6.13

elsewhere. " The largest numerical errors in
the SCLCGO method undoubtedly arise from the
charge density and potential fits and we note here
changes which occurred when we changed to the
new fitting functions. For the clean Al film p
changed from 4.276 to 4.196 eV and the total en-
ergy Er [see Eq. (1) of Ref. 5]"from -2893.174
to —2893.212 Ry whereas for the Z =0.70 A 0
overlayer film p changed from 5.632 to 5.668 eV
and E~ from —3192.469 to —3192.298 Ry. The en-
ergy bands and Al 2P chemical shifts" are nearly
identical with the two fits.

The binding energy is obtained by subtracting
the E~ of the overlayered film from that of the
clean film, dividing by two, and adding the calcu-
lated E~ for a spin-polarized 0 atom. 2' A quad-
ratic fit to the values of E~ listed in Table l gives
maximum binding for ~ =0.627 A. Because the

very small percentage errors in the core energy
(due to fitting the potential) are large compared
to the calculated differences in E~, we have less
faith in this estimate of Z than in those that fol-
low. The chemical shifts in Table I represent the
Al 2p surface eigenvalue minus that from the lay-
er below" (which is 0.20 eV larger than the aver-
age of the bulk Al 2P bands). The experimental
value of""' —1.4 eV suggests Z =0.55 A or
even less if the difference between the bulk and
subsurface layer is considered. On the other
hand, Erskine'4 has measured the localized pho-
non modes and determined that 0 exists in the
subsurface layer even when its Al 2P chemical
shift is not resolved. These subsurface 0 proba-
bly skew the very broad surface Al 2p peak to
lower energy than it would otherwise have.

The clean Al(111) work function is" 4.24~ 0.02
eV or 4.26+ 0.03 eV. Experimental deviations'
of +0.1 to —0.2 eV from the clean Al work func-
tion are obtained with ordered oxygen layers.
From the agreement of our clean Al work function
with experiment and the deviations obtained with
different fitting procedures, we estimate that our
calculated p is accurate to + 0.10 eV except for
added uncertainties in the Kohn-Sham approxima-
tion when applied to diatomic systems. Thus we
double our estimate to+ 0.20 eV. Therefore, for
the correct & our calculated work function ought
to lie between 3.83 and 4.59 eV. Drawing a
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FIG. 1. Energy bands of eighteen-layer Al|,'111) film
with 1x 1 oxygen overlayers at Z = 0.5962 A.

FIG. 2. Oxygen surface-state wave functions at I
plotted along ri for r = a($, —I, 0) in units of bohr 3i~.

The marks alorg the abscissa represent the nine Al
planes and the 0 plane at Z = 0.6962 A in the half film.
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FIG. 3. The I'& surface resonance wave function at
—9.373 eV and the real and imaginary parts of the K&+

surface-state wave function at —5.056 eV plotted as
in Fig. 2.

smooth curve through our three p vs Z points,
we find Z =0.578+ 0.032 A.

The I'3 surface state (ss) has been found experi-
mentally"'"'" to lie between 6.8 and 7.3 eV below
EF . Self -interaction corrections" to the Kohn-
Sham potential could easily lower the partially
localized 0 2p states relative to the nearly-free-
electron Al states by 1 or 2 eV. Thus the values
of & F —I', (ss) in Table I are not inconsistent with
Z =0.60 or 0.55 A. In order to better study the
surface-state bands we stretched" the Z =0.60-A
film to 18 Al layers and present the bands in Fig.
1. The ss K, at —13.03 eV, &, at —13.12 and
—9.85 eV, and I', at —10.08 eV are very similar
to those plotted previously' for Z =0.70 A. We
plot the M ss in Fig. 2 along the line passing
equally far from the atoms in each plane. The
upper ~, ss was not pulled out of the continuum
for Z =0.70 A. There is a weak surface resonance
in the r', and I", states at —8.90 and —9.37 eV
which, as seen in Fig. 3, peaks near the second
Al layer. This resonance extends a short dis-
tance along ~ and not at all along 1'. It is not
seen ' along T but has been observed' ' to ex-
tend all the way to the upper ~, ss band which
runs into M, . The ~, ss band and the ~y reso-
nance emanating from I', are observed' '" as
well as"'" the two resonances along T emanating
from I,. Aside from the top of the 0 2p ss bands
being about 1 eV too high and the weakness of the
I', resonance and its failure to extend all the way
along ~, all of which might be corrected with the
stronger oxygen exchange potential needed to ac-

FIG. 4. Three times the projected density of states
(electrons/atom-eV) on the three Al planes [ (a), center,
(b), center plus 1; (c) center plus 2] and (d) the oxygen
density of states for the six-layer Al(ill) film with 0
overlayers at Z = 0.6962 A. Q (electrons/atom) is the
projected density of states integrated up to Eq.

count for the self-interaction corrections, the 0
2p bands are in good agreement with experiment.

It is interesting to note that the 0 overlayer has
destroyed the Z, ss obtained' in the gap around
EF in the clean film and induced any ss in its
place (see Fig. 3) at —5.05 eV. In Fig. 4 we dis-
play planar densities of states for the six-A1, '

two-0 layer film obtained from I owdin" projec-
tion on the atomic orbitals. The contribution of
the floating orbitals outside the crystal (Q =0.450)
are included with the 0 density of states in spite
of the fact that half of these orbitals lie directly
above surface Al atoms and are closer to them
than to 0 atoms. If the excess 1.11 electrons pro-
jected on the 0 and floating orbitals formed a
double layer 0.6 A wide it would increase p by 17
eV. One can look at the fact that p is essentially
unchanged by 0 adsorption in bvo ways. Either
one can say that the 0 is so close to the Al thai
much of the Al charge is expanded in 0 orbitals
but still belongs to the Al or one can say that the
0 ion is so strongly polarized that the ionic dou-
ble layer is canceled. In any case, when the Al-0
bond is this short, the bonding is more covalent
than ionic.

In conclusion, not only have we shown that Nor-
man et a~. 's most recent" value of Z is correct
but we have been able to obtain it with less uncer-
tainty because p is a rapid function of Z whereas
the Al-0 bond length they measure is only weakly
dependent on Z when Z =0.6 A.

This work was supported by the National Science
Foundation under Grant No. DMR 8029518.

(a)
Present address: Bell Laboratories, Murray Hill,

N.J. 07974.
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