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The structure of ¢(2%x2)O on Cu(100) is investigated with a full multiple-scattering analysis of
the near-edge x-ray-absorption fine structure (NEXAFS). Various adsorption sites and bond
lengths are tested, with the oxygen overlayer found to occupy fourfold hollow sites 0.7 0.1 A
above the Cu surface plane, in agreement with recent surface extended x-ray-absorption fine-
structure (SEXAFS) work on the same sample. Our study provides the first demonstration that a
quantitatively accurate NEXAFS analysis is attainable with low-noise high-resolution data, and
opens up new possibilities for surface analysis for those cases where SEXAFS is not applicable.

Surface x-ray-absorption spectroscopy has emerged as a
powerful technique for determining the local geometry of
atomic and molecular adsorbates. At high energies, sur-
face extended x-ray-absorption fine structure (SEXAFS)
yields bond lengths directly from standard Fourier-
transform methods, while atomic adsorption sites may fre-
quently be inferred from the polarization dependence of
SEXAFS amplitude ratios. However SEXAFS has some
severe limitations: (i) the technique is difficult to apply to
systems with many edges within the first 300 eV of the
SEXAFS range (e.g., N and C K-edge SEXAFS for NO
and CO, or O K-edge SEXAFS on Ag because of the sub-
strate M edges), and (ii) for submonolayer coverages,
SEXAFS may have sensitivity problems. Nearer to
threshold, the longer mean free path and consequent mul-
tiple scattering (MS) of the photoelectron enhance the
sensitivity of the x-ray-absorption near-edge structure
(XANES, or NEXAFS) to the local environment of the
excited atom, and produce large modulations of the ab-
sorption cross section as a function of photon energy.
Moreover, both of the aforementioned difficulties with
SEXAFS may be overcome with a MS analysis of NEX-
AFS because (i) a range of photon energies extending
only to 50 eV above the edge is required, and (ii) the
larger amplitudes mean greater signal-to-noise ratios for
NEXAFS as compared with SEXAFS.

Nevertheless, relatively little effort has been put into
extracting structural information for atomic adsorbates
from NEXAFS, a notable exception being the pioneering
work of Norman etal.! In this Rapid Communication
we show that an MS analysis of the low-noise high-
resolution NEXAFS now obtainable can yield not only
the adsorption site as in Ref. 1, but also the adsorbate-
substrate interlayer spacing to an accuracy of +0.1 A.
We consider the ¢(2x2) phase of O on Cu(100) as an ex-
ample.

The chemisorption system O on Cu(100) is intriguing
because despite an apparent simplicity and tantalizing
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similarity to O/Ni(100), numerous experimental studies
(see Refs. 2 and 3, and references therein) have yielded
conflicting geometries for the c(2x2) superstructure.
Indeed, the recent low-energy electron diffraction LEED
work of Mayer, Zhang, and Lynn? has questioned even
the existence of the ¢(2x2) phase and favors instead the
formation only of the (v/2x2+/2)R45° superstructure.
We will analyze the O K-edge NEXAFS for the
(v/2 x2+/2) R45° superstructure in a later publication.

In a recent SEXAFS study of c(2x2)O on Cu(100),
Débler, Baberschke, Stohr, and Outka? found a fourfold
hollow adsorption site with a nearest-neighbor bond
length of 1.94(4) A, which corresponds closely to the
c(2x2)0O/Ni(100) structure.* We present below an MS
analysis of the corresponding NEXAFS measurements to
test the structure deduced from SEXAFS. We calculate
absorption spectra for the c(2x2) phase with fourfold
hollow, bridge, and atop oxygen adsorption sites with the
SEXAFS bond length, and then calculate the effects of
bond-length variations for the fourfold hollow site. The
low noise and high resolution of the measured data facili-
tate for the first time a quantitative MS NEXAFS
analysis. We find that oxygen in the ¢(2x2) overlayer oc-
cupies fourfold hollow sites, with an O-Cu interlayer spac-
ing of 0.7£0.1 A, corresponding to an O—Cu bond
length of =1.9 A, in remarkable agreement with the
SEXAFS study.?

The experiments were performed at the Berliner
Elektronenspeicherring-Gesellschaft fiir Synchrotron-
strahlung (BESSY) using the SX-700 monochromator.
Spectra were recorded for polar angles of 6=20° and
6=90°, where 6 is the angle between the electric field vec-
tor E and the surface normal, under partial-electron-yield
conditions. The spectra of the covered sample were divid-
ed by those of the clean sample, with the first point of the
data set to unity. During the SEXAFS experiments spe-
cial scans with a step width of approximately 0.5 eV were
made for the near-edge structure under the same condi-
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tions as in Ref. 3. Substrate preparation, exposure to O,,
and subsequent superstructure formation are also de-
scribed in Ref. 3.

The calculations were carried out with the program
ICXANES? with all calculations having been checked for
convergence in angular momentum and cluster size. For
an energy-independent 1-eV imaginary part of the con-
stant potential, convergence for all geometries was
achieved by including atoms up to a radial distance of
5.5-6.0 A from the excited atom, i.e., 8 oxygen atoms,
and 54, 34, and 46 copper atoms for the hollow, bridge,
and atop sites, respectively. The potential was constructed
by superposing neutral O and Cu charge densities® in the
crystalline Cu,O structure (the SEXAFS standard).
Complex O and Cu phase shifts were then generated by
integrating the Schriodinger equation along a contour
whose imaginary part is the absorptive part of the con-
stant potential (1 eV). The resulting Cu phase shifts pro-
duced an excellent fit to the crystalline Cu K-edge NEX-
AFS. Several other potentials were constructed, e.g.,
from the CuO crystal structure, with all prescriptions
leading to substantially similar spectra to those presented
here.’

In Fig. 1 we compare the experimental O K-edge NEX-
AFS for ¢(2x2)O on Cu(100) with full MS calculations
for the fourfold hollow, bridge, and atop adsorption sites.
The structural parameters include the SEXAFS value for
the O— Cu bond length?® and the truncated crystal struc-
ture for the substrate (@ =3.615 A). All calculated spec-
tra have been folded with a room-temperature Fermi
function and the calculated and measured NEXAFS have
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been aligned to highlight the accuracy of the calculations
in accounting for relative peak positions for the deter-
mined geometry.

We see that the calculations only for the fourfold hol-
low site are compatible with the measured spectra. The
relative intensities are in generally good agreement with
the experimental profiles for both polarizations and for
6=90° polarization, the relative peak positions are repro-
duced to within 0.5 eV. On the other hand, the compar-
ison of peak positions for 6 =20° is not as striking, which
is due in part to the absence of a surface barrier in our cal-
culations and the resulting loss of photoelectron current
into the vacuum for energies below the work function.

To assess the importance of MS, we have also compared
in Fig. 1 the full MS calculations for each adsorption site
with the corresponding curved-wave single-scattering
(SS) calculation. The dominant features and overall
profile in the MS spectra for 6 =20° are well reproduced
beyond 10 eV past threshold, though the resolution of
structure nearer the edge is lost. In contrast, for 6 =90°
there are measurable discrepancies between the two calcu-
lations even 30 eV above the edge. Nevertheless, the gen-
eral profile of the SS calculation is in qualitative agree-
ment with the MS spectrum.

In Fig. 2 we compare the measured NEXAFS for
0=20° polarization with full MS calculations for the
fourfold hollow site at five perpendicular O-Cu interlayer
spacings: d, =0.5, 0.6, 0.7, 0.8, and 0.9 A. As expected,
the calculated spectra for 8=90° are relatively insensitive
to d, for this range of values, and so will not be con-
sidered further. The multiple scattering peak at 3 eV for
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FIG. 1. Comparison of measured O K-edge NEXAFS of ¢(2x2)O on Cu(100) for §=20° and 6=90° with full MS (solid lines)
and SS (open circles) calculations for the fourfold hollow, bridge, and atop adsorption sites. The reduced edge jump for the 8 =20°

NEXAFS is due to the larger background in the pre-edge regime.
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FIG. 2. Comparison of measured O K-edge NEXAFS of
¢(2x2)0 on Cu(100) for §=20° with full MS calculations for
the indicated O-Cu interlayer spacings.

d, =0.7 A evolves into a shoulder for d, =0.6 A and be-
comes less pronounced for 4, =0.8 A, before disappear-
ing for d, =09 A and d, <0.5 A. The calculations
with d, =0.6, 0.7, and 0.8 A thus offer the best overall
agreement with the measured NEXAFS. Our results are
consistent with normal photoelectron diffraction studies,’
which found the fourfold hollow adsorption site with
d, =0.8 A. Other determinations of adsorption geometry
and 4, are clearly incompatible with Figs. 1 and 2.

To show that changes in isolated features of calculated
NEXAFS can have structural significance in wider con-
texts, we compare in Fig. 3 the measured O K-edge NEX-
AFS for (2x1)O on Ni(110) with MS and SS calcula-
tions for an unreconstructed substrate and for several
models of adsorbate-induced reconstruction. Note that
the SS calculations are again largely insensitive to the
structural modifications considered. Although the model
with an unreconstructed substrate may be eliminated im-
mediately, the only distinguishing feature of the calculat-
ed NEXAFS for the models with reconstructed substrates
is the amplitude of the peak at 539 eV, which is virtually
absent in the measured NEXAFS. The structural
significance of this feature derives from identifying the
pertinent MS paths for each structure,®® which are shown
in the inset. The successively diminished prominence of
the associated peak in passing from the missing row to the
sawtooth model, and then allowing a 20° tilt of oxygen to-
ward the (100) facets is associated in the first instance
with a reduction in the number of the identified paths and
second with a decrease in the amplitude resulting from
shadowing by intervening substrate atoms. Thus, of the
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FIG. 3. Comparison of measured O K-edge NEXAFS of
(2% 1)O on Ni(110) for the indicated polarization in the sub-
strate plane with full MS (solid lines) and SS (open circles) cal-
culations for an unreconstructed substrate and for several mod-
els of reconstruction. Inset: the important MS paths for (a) the
unreconstructed substrate and (b) reconstructed substrates.
Large and small open circles represent Ni and O atoms, respec-
tively; hatched circles represent second-layer Ni atoms, with
those absent in the sawtooth model indicated by double hatch-
ing. For each MS path, the backscattering O atom has been
darkened, and the intermediate Ni scattering center indicated
by a cross.

three likely models of oxygen-induced reconstruction (see
Ref. 10, and references therein), the comparisons in Fig. 3
support the sawtooth model with an appreciable oxygen
tilt, again in agreement with SEXAFS.'°

To summarize, the most important aspect of this work
is the demonstration that certain detailed structural
features of local adsorbate environment are accessible
from NEXAFS provided the pertinent MS paths have
been identified. We are thereby able to demonstrate ex-
plicitly for simple systems the quantitative complementar-
ity between SEXAFS and NEXAFS. In more complex
cases NEXAFS may be used to probe several candidate
structural models revealed by SEXAFS at a much greater
level of detail than would be possible from a less discrim-
inating MS analysis.

Although the NEXAFS analysis for c(2x2)O on
Cu(100) was carried out with prior knowledge of the
SEXAFS results, the procedure for an unknown system
would be the same. (1) SS analysis to determine site
geometry, followed by (2) MS analysis of grazing-
incidence data to determine d,, and (3) self-consistent
MS check with normal-incidence data. Comparisons be-
tween theory and experiment similar to those reported
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here have been carried out for (2x1)O on Cu(110) (Ref. 9) and near-edge structure analyses of more complex systems,
i.e., hydrocarbons on copper surfaces are under current investigation.
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