
VOLUME 51, NUMBER 22 PHYSICAL REVIEW LETTERS 28 NOvEMBER 198)

Determination of Local Atomic Arrangements at Surfaces from Near-Edge X-
Ray-Absorption Fine-Structure Studies: 0 on Ni(100)

D. Norman.
Science and Engineering Pesear ch Council, Dares bury Iaboratory, Warrington, WA4 4AD, United Kingdom

J. Stohr and B. Jaeger '
Corporate Research Science I.aboratories, Exxon Research and Engineering Company,

L,inden, /ezra Jersey 07036

P. J. Durham and J. B. P endry ~

Science and Engineering research Council, Daresbury Iaboratory, Warrington, WA44AD, United Kingdom
(Qeceived 31 May 1983)

Near-edge x-ray-absorption fine-structure (NEXApS) spectra for oxygen adsorption on
Ni(100) are found to exhibit pronounced variations with oxygen exposure and x-ray in-
cidence angle. The measured spectra are compared to calculations of the NEXAFS with
use of a multiple-scattering formalism. The theory shows considerable sensitivity to
changes in the 0-Ni coordination and x-ray incidence angle. By comparison of experi-
mental and theoretical spectra NEXAFS is shown to be a new technique for determining
the local structure of adsorbates on surfaces.

PACS numbers: 78.70.Dm, 68.20.+t

X-ray-absorption spectroscopy, in the form of
surf ace extended x-ray-absorption fine-structure
(SEXAFS) measurements, has been successfully
applied in recent years to determine the struc-
ture of adsorbates on surfaces. ' The weak scat-
tering and short mean free path of the photoelec-
trons in the EXAFS regime (& 50 eV above the
absorption edge) allow an analysis of the data by
a single-scattering theory and the derivation of
structural parameters via Fourier- transform
techniques. The region close to the absorption
edge (& 50 eV) is usually ignored in the EXAFS
analysis because the strong scattering and longer
mean free path of the excited photoelectron give
rise to sizable multiple-scattering corrections.
It is this region, however, which exhibits the
largest modulations of the atomic absorption co-
efficient and which is therefore most easily re-
corded experimentally. Previous theoretical ef-
forts to interpret the near-edge x-ray-absorption
fine structure (NEXAFS), otherwise referred to
as XANES (x-ray-absorption near-edge struc-
ture), have deal. t with gas-phase molecules, '
molecular complexes, ' and crystalline' and
amorphous' solids. Here we discuss the first
experimental and theoretical NEXAFS study of
a chemisorption complex.

In particular, we investigate the case of a
periodic atomic adsorbate layer on a, single-
crystal surface. As our model system we chose
0 on Ni(100) since it is wel. l. established that with

increasing 0 coverage different chemisorption
geometries are produced. ' Another reason for
the choice of this system is the existence of a
controversy over the structure of the p(2&&2) and
c(2X 2) phases. '0 We show that the experimental
NEXAFS spectra provide a, sensitive fingerprint
of structural changes on the surface with oxygen
coverage, in particular when recorded for dif-
ferent orientations of the x-ray electric field
vector E with respect to the surface. %e also
present a full multiple-scattering NEXAFS cal-
culation which demonstrates for the first time
that such an approach can yiel. d sufficiently good
agreement with experimental. data to distinguish
between different possible surface structures.
Model calculations show the inclusion of ful. l,

multiple scattering to be essential. , although
fortuitously good agreement may be achieved
with incompletely converging single-scattering
calculations.

Experiments were performed on the grasshop-
per monochromator on beam line I at the Stan-
ford Synchrotron Radiation Laboratory. The ex-
perimental arrangement and sample preparation
procedures have been discussed in detail be-
fore." NEXAFS spectra were recorded by mon-
itoring the OK VV Auger intensity (510 eV) as a
function of photon energy near the OK edge
(- 530 eV) at grazing (E along surface normal. )
and normal (E in surface plane) x-ray incidence
with respect to the surface.
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FIG. 1. NEXAFS spectra around the OR edge for
increasing oxygen coverage on Ni(100) and two different
x-ray incidence angles 0. For 0=10' the E vector
makes an angle of 10' with the surface normal and it
lies in the surface plane for 6=90'. Note that the
strong polarization dependence vanishes at high cov-
erage as a result of cubic NiO formation.

Experimental NEXAFS spectra above the OK
edge for the progressive oxidation of Ni(100) are
shown in Fig. 1. Spectra recorded at exposures
of 1.5, 10, 20, and 40 L [1 L (langmuir) = 10 '
Torr sec] were found to be identical within sta-
tistics and to exhibit a pronounced dependence
on angle of incidence. The p(2x2) LEED pattern
exhibited maximum contrast around 1.5 L ex-
posure. The c(2&&2) pattern was first visible
around 5 L and became clearest around 20-30 L.
The NEXAFS features change above 50 L as a
result of oxide formation as seen in Fig. 1 for
the spectra recorded at 80 L. At 160 L exposure
the angular dependence has almost vanished. For
280 L (not shown) the NEXAFS spectrum looks
identical to that in Fig. 1(h). lt has become com-
pletely isotropic and is identical to that for face-
centered-cubic bulk Ni0. Since the edge fine
structure is more easily recorded (collection
time 15 min) than a complete SEXAFS spec-
trum (collection time ) 2 h), Fig. 1 represents
a nice example of how an unknown system can
be characterized first by NEXAFS before ad-
dressing certain structural issues by SEXAFS.
In the following we shall show that the NEXAFS
spectrum itself can yield detailed structural
information when compared to an appropriate

multiple scattering calculation.
The NEXAFS calculations were performed with

use of the computational scheme described in
detail elsewhere. " Full. multiple scattering is
included and the scheme is based on a cluster
method. The calculation proceeds by first divid-
ing the cluster into shells of atoms around a cen-
tral (absorbing) atom. The scattering properties
of each shell are described by a set of scattering
phase shifts and the multiple-scattering equa-
tions are solved consecutively within each shell.
The final step is the calculation of multiple scat-
tering between shells and the assembly of the
whole cluster. The size of the scattering ma-
trices is reduced by the use of any symmetries
(mirror or rotational) of the cluster. Only those
components of the angular momentum expansion
are used which can be coupled by a Hamiltonian
possessing those symmetry elements. When
combined with an atomic matrix element linking
the core and excited electron states, the reflec-
tion matrix so obtained gives the NEXAFS cross
section exactly in one-electron theory. Many-
body processes which limit the lifetime of the
core hole and photoelectron are included as a
complex (absorptive) potential whose effect is to
broaden spectral features on the appropriate
sca1.e.

For the 0/Ni(100) system the phase shifts and

matrix elements were calculated from one-elec-
tron muffin-tin potentials, constructed according
to the Mattheiss prescription" for bulk Ni and
for the 0 atoms in a specific surface arrange-
ment. The Fermi level was calcul. ated from this
potential. relative to the muffin-tin zero and all.
the theoretical densities of states have been con-
volved with the Fermi function at room tempera-
ture to produce the presented curves. All of the
calculations were performed with a constant im-
aginary part of the energy of 0.7 eV, thus broad-
ening features by this amount. This is smaller
than the experimental. resolution (- 2.5 eV). The
computational codes contain the facility for use
of an energy-dependent broadening so that a mean
free path may be mimicked; but we have not done
so here as the exact form of variation of the
mean free path with energy is not known for any
particular system, and we were anxious to per-
form cal.culations with no variable parameter.
The NEXAFS calculations included around 30
atoms to a distance & 5.0 A from the central 0
atom and were fully tested for convergence in
the number of scattering atoms and in angular
momentum components.
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I Fi . 2 we compare the experimeental. data forn ig.
a c(2&&2) 0 overlayer on Ni(100) with ourour NEXAFS
calcul. ation assuming different chemisorption
sites. The 0-Ni nearest-neighbor (NN dis ance
was fixed to 1.98 A for all but the fourfold hollow
site with an adsorbate-substrate l.ayer spacing
of ~ = 0.2 A. This latter d~ value demands a
reduced NN distance of 1.78 A if the surface i
l.ayer remains unreconstruc ted as found by medi-
um-energy ion scattering. For the holi. ow site
with d~ = 0.9 A the peaks in the calculated spec-

n - 2 eV of the exper-tra appear at energies within - e o
imental ones an e rd th elative peak intensities are
also in goo agre . derabld agreement. The fit is considerably
worse for the hollow site with d~ = 0.2 A and for
the twofold bridge site. The cal.culated spectra
for the atop site show the poores agt reement with
experiment.

Figure 3 shows the effect of adding 0 atoms
around a central. 0 atom in the fourfold hollow
site with d, = 0.9A to give ap(2&2) and c(2&&2)
surface net. It is seen that scattering off the
other adsorbate atoms is nonnegligible, espe-

h E lies in the surface plane (normal
incidence). The differences between the P( && )
and c(2&&2) calculations are, however, sma I,.
The NiO calcul. ation shown at the bottom is in
goo d agreement with the normal-incidence 160-
L spectrum in Fig. 1(h) which corresponds to a

15thin oxide l.ayer on the surface.
It has recently been proposed th g"that a ood de-

scription o ef the NEXAFS may be obtained within
a single-scattering formalism by replacing t e
EXAFS plane-wave approximation by a proper

b' t' n of spherical. waves. Re have in-
vestigated the validity of this single-scattering
approximation for bulk Ni0. Figure 3 shows
the result for six shells (eighty scattering atoms)
in direct comparison with the respective fully
converging mu ip e-lt' 1 -scattering calculation. There
is poor agr ~agreement. Most importantly, the sin-
le-scattering curve is changed considera y yg e-sca er

l of atomse l 1h addition of each successive shell o
and has not converged even with ten she s (hei. ls 170

s& S Results with fewer shel. ls show fortui-atoms . esu
Re con-tous y goo1 od agreement with experiment. W

elude that for situations where multiple-scatter-
in effects occur, it may be possible to ignoreing e ec
them because they cancel for certain geeometries
but it is not possible a Prioxi to predict when
lesser approximations may suffice.

The present results show that angle-dependent
NEXAFS studies provide a sensitive tool to mon-
itor structural changes at surfaces. It is possi-
ble to model the experimental. data by the pre-
sented mul. tiple-scattering cluster approach and
in fact discriminate between different structural
models. The use of NEXAFS to obtain structural
information for atomic adsorption on solid sur-
faces thus appears to be possible. There are
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FIG. 2. Experimental and calculateed NEXAFS spectra
for a c(2 && 2j on 1) 0 N'000) overlayer. The calculated
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FIG. 3. Calculated NEXAFS spectra for 0 on Ni(100)
with increasing oxygen coverage. ha g

'
h than es in the top

three spectra are due to scatte grin off additional 0
nei hbor atoms. The lowest calculated spectra areneig or a om .
for bulk NiO. The dashed line shows the calalculated
spectrum in the single-scattering, curved-wave ap-
proximation.
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two advantages with respect to SEXAFS. NEXAFS
measurements can be performed for lower ad-
sorbate eoverages (- 1/100 monolayer) and they
can be carried out even if absorption edges occur
too close together to allow a SEXAFS analysis.
From a practical point of view it is a major dis-
appointment, however, that the NEXAFS spectra
of atomic adsorbates are not dominated by just
the NN substrate atoms but rather that the scat-
tering from as many as thirty neighbor atoms
has to be included in the calculations before con-
vergence is achieved. This is in contrast to the

NEXAFS of rno2ecu2ar adsorbates"'" where the
spectra are dominated by intramolecul. ar scatter-
ing with only small or negl. igible scattering con-
tributions from the surface substrate atoms.
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