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A multiple-scattering approach is used in the analysis of the surface extended x-ray absorption

fine structure (SEXAFS) oscittations of 0 and N on Ni(100) and 0 on Ni(110) and Cu(110).
As a result details about the reconstruction of N and 0 on Ni and Cu are obtained. The analysis

demonstrates for the 6rst time that a single-scattering approach for lo~-Z SEXAFS is not ade-

quate.

In recent years x-ray photoelectron spectroscopy has
proven to be among the most effective means of surface
structure characterization. The possibility of multiple-
scattering (MS) contributions has been considered very
early in angle-resolved photoemission experiments of ad-
sorbate core levels in order to improve the agreement to
the experiment. ' Many different traveling paths for the
outgoing scattered photoelectron wave interfere and con-
tribute to the yield under a fixed angle and kinetic energy.
For a photoabsorption coefficient measurement the in-

terference between outgoing and scattered photoelectron
waves takes place at the absorber atom site. One is then
sensitive only to closed-loop photoelectron paths, from the
excited to the neighbor atoms and back. Close to the ab-
sorption threshold energy, in the near edge region, MS
contributions are important, due to the longer mean-free

path of the photoelectron. They can yield reliable surface
structural information by comparing calculations to the
experiment. z For the extended x-ray absorption fine
structure (EXAFS) in the bulk, MS contributions are also
known. 3s Only for the surface EXAFS of light ele-
ments, the single-scattering (SS) approach has been used
up to date. Here we prove for the first time on a systemat-
ic way for low-Z adsorbate systems the importance of MS
contributions. It involves more complicated photoelectron
paths than to the nearest neighbors and back. We prove
that if MS contributions are taken into account, more
structural parameters of the adsorbate-substrate system
can be obtained, yielding valuable new information on
surface reconstruction models. s

We use the theory obtained for the E-edge EXAFS of a
three-atom system in a plane-wave approximation: 7
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where the absorber is located at the origin of the coordi-
nate system. The first term in Eq. (1) is the usual SS con-
tribution [Fig. 1(a): 1 3 11. The second and third
terms are MS contributions [Fig. 1(a): 1 3 2~ 1,
1 4 3 1, etc.l. b and p; are the phase shifts due to
the absorber and scatterer at rt. If one focuses on higher-
order shells with longer photoelectron paths the MS con-
tributions may overcome the SS ones, if the geometry is
favorable (a close to 0' or 180'). This is in particular the
case for adsorbates sitting close to the surface. The effect
of a finite photoelectron mean free path (A.=5 A) has also
been taken into account but is not shown in Eq. (1). The
frequency of the MS contributions and their relative am-
plitude with respect to SS can be estimated using theoreti-
cal calculations3 s s for b, p;, and f;(a;) for the diff'erent
elements. In the case of surface EXAFS, with submono-
layer adsorbate coverages and low photon ffuxes at the C,
N, and 0 E edges, poor statistics have not allowed, until
recently, the identification of longer photoelectron paths
out of the noise, than to the first nearest neighbor and
back. If one analyzes the nearest-neighbor (NN) peak in
the fast Fourier transform (FFT) only, the SS approach is

fully justified. In the present Communication, we discuss
recent high-quality data, for low-Z adsorbates on metal
surfaces. For more than one SEXAFS oscillation, it is im-
portant to take into account different MS and SS photo-
electron paths and the possibility of destructive interfer-
ence. In the following we demonstrate our new approach
for the SEXAFS analysis for (2x 1)O on Ni(110) and
Cu(11Q) and for a c(2X2) overlayer of N and 0 on
Ni(100).

Figures 1 and 2 recall the local adsorption geometry for
(2X l)O/Ni(11Q). An earlier SEXAFS study' ' con-
cluded a sawtooth (ST) model for the reconstructed
Ni(110) surface, but left features in the FFT related to
longer photoelectron paths unanswered [peak 8 in Fig.
2(a)l. Using Eq.(l), we calculated the various EXAFS
contributions (Table I, columns 1 and 2). With this input
we simulated the experimental oscillations for geometries
close to the one proposed in Ref. 10. The possible destruc-
tive interference effects between different contributions
and the limited k range effects -in the FFT are taken into
account. According to the angle a; the MS scatterin~ am-
plitude f;(a;,k) can be different from the SS one. 9 In
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FIG. 1. (a) Schematic local geometry of (2&1)0/Ni(110)
(small circles: oxygen) and E parallel to the [1001 direction.
EXAFS contributions X(k) relative to scale: (b) 0-Ni NN con-
tribution SS (1~3~ 1). (c) The 0-0 SS contribution
(1~4 1) peaks at very low k. (d) The MS of 0-Ni-Ni
(1~3~2~ 1) has its maximum at k =6 to 7 A. '. (e) For a
mixed MS of 0-Ni-0 (1~4 3 ~ 1) the maximum is in be-
tween.

Fig. 1(b) the 0-Ni single scattering shows the largest am-
plitude f. The second largest contributions are the MS
effects in Figs. 1(d) and 1(e). The SS of O-O [Fig. 1(c)l
is seven to four times smaller than the dominant MS. The
peak B in the FFT of Fig. 2 is dominated by MS of the Ni
NN, rather than by SS of O-O. The thin solid line in Fig.
2(a) shows the simulation for six contributions including
geometrical paths up to $.64 k The dashed line at peak
B sho~s the r»43» and r»32» contributions only. A small
change in the first NN distance will now affect also the
position and amplitude of peak B. It is therefore possible

FIG. 2. FFT modulus ( IFFr ( of experimental and simulated
SEXAFS oscillations. (a) 0/Ni(110): experimental FFT
(thick solid line) [Ref. 10(a)l. Simulated FFT of 6 contribu-
tions (thin solid line). Simulated FFT of only X(k) shown in

Figs. 1(d) and 1(e) for peak 8 (dashed line). The difference
between the thin solid and dashed line shows nicely that the less
important contributions have larger paths from 8 to 8.6 k Note
that the ST model is asymmetric, the symmetric lattice site to
atom 5 (inset) is vacant. (b) 0/Cu(110): the full line is a simu-
lation for a ST reconstruction and the dashed for a MR. The
8:A ratio equals 0.43 (ST) and 0.26 (MR) as can be deduced
from Table I. The experimental FFT [Ref. 11(b)1 is shown in

the inset. The peak height ratio equals ~0.42.

to check the first NN distance and obtain new information
concerning Ni-Ni and O-O atom distances included in the
closed-loop triangle photoelectron paths, responsible for
peak B. In this case the lattice constant of bulk Ni agrees
well to the total photoelectron path length. As a result of
our calculation the structural model proposed in Ref.
10(a) is confirmed within experimental error. N(b» We
find that a unique phases fits all peaks satisfactorily, if one
included MS effects.

The case of (2 & 1)O/Cu(110) is very close to the previ-
ous system, the same bridge site [Fig. 1(a)] was deter-
mined by virtue of the azimuthal angular dependence of
SEXAFS."('» Recently" (b» experiments with better
statistics show more than one peak in the FP I, in particu-
lar for the E vector parallel to [110) [inset of Fig. 2(b)).
A SS analysis "(b» concluded a missing-row (MR) recon-
struction. In view of the extreme sensitivity of the high-
frequency long photoelectron paths to small structural
changes and the possible destructive interference effects
that can ensue, we used the MS theory and simulated the
FIT for a MR and ST model [Fig. 2(b)1. The simulation
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TABLE I. In column 2 are shown the photoelectron traveling distances (see Fig. 1 to Fig. 3 for labels) with the amplitudes of the

relevant contributions to the SEXAFS oscillations. The amphtudes in column 2 are calculated using Eq. (1) in atomic units. Never-

theless, only ratios can be compared to the experiment. The amplitudes are shown at the point of maximum intensity in k space (e.g.,
Fig. 1). Columns 3 and 4 show the peak position and amphtude of the FFT modulus using as an input all the contributions of the left

columns (Ref. 17). For (2X1)O/Ni(110) and Cu(110) aud E parallel to [110],columns 2 and 4 show the contributions for a ST
reconstruction. For a MR model one needs to multiply the amplitude in column 2 for 1~5~ 1, 1 5 6 1, and 1 5' 1 by a
factor of 2. The result is given in parentheses in column 4. Column 5 aud 6 show the experimental data [Refs. 10(a), 11(b), and 13].
For convenience the most intense SS peak for each system is given vrith the same 6gure as in column 4. The experimental error bars

are 10% for 0/Cu [Ref. 11(b)] and =20% for a[1 the other systems [Refs. 10(a) aud 13].

Path
(A )

Amplitude
FFT Simulation

Peak Amplitude
(A )

(2~1)O/NI(11O)

FFT experiment
Peak Amplitude
(A )

E II [100]

I 1321

P 1431

I'141

~1371

~1561

3.60
7.12
7.12
7.04
8.30

3.82
8.46
8.46
8.11
8.55

3.98
8.74
8.22
8.38

0.887
0.163 '

0.132
0.032
0.071 .'

0.122
0.017

'

0.027
0.025
0.025 i

0.146
0.021
0.031
0.049

1.42

3.19

1.66

(2 & 1)0/Cu(110)

1.73

3.93

c(2x 2)0/Ni(100)

0.304

0.139 ST
(0.278) MR
0.046 ST

(0.101) MR

0.166 ST
(0.322) MR
0.072 ST

(0.086) MR

1.42

3.19

1.66

1.73

3.93

Ell[11O]

Ell[11O]

Ell [110]

0.887

0.23

0.17

0.045

0.25

0.11

11341

3.96
6.43

0.618
0.073

1.75 0.618
2.69 0.108

p4g(2 x 2)N/Ni(100)

1.75
2.76

Ell [110]

0.62
0.10

3.78
6.50

0.869
0.100

1.67
2.65

0.869
0.104

1.67
2.85

0.87
0.12

for a ST model yields an amplitude ratio of 0.43 in agree-
ment with the experiment [see inset of Fig. 2(b)J. This is
the most striking example for the importance of MS and
interference: in the SS model [see Ref. 11(b)l there are
two times more backscattering atoms responsible for peak
B than in a ST modeL The dashed line in Fig. 2(b) should

be two times more intense than the full line for peak B. In
our present MS analysis other atoms (5 and 6) are also re-
sponsible for peak B and the interference produces a
higher intensity for a ST model. It is not the purpose of
the present Communication to discriminate uniquely be-
tween the ST and MR reconstruction. We are just com-
paring the experimental results of Ref. 11(b) with the
present simulation. However, on that basis we come to
the conclusion that the chemically induced reconstruction

by oxygen creates in both cases a ST reconstruction.
We now focus on the Ni(100) substrate. For

c(2&2)O/Ni(100), p4gN/Ni(100) (Fig. 3), and

p4gC/Ni(100) (Refs. 12-15}the adsorbate atoms occupy

a fourfold hollow site (insets of Fig. 3). The experimental
FFT shows a second peak around 2.8 k Using Eq. (1) we
find that a closed-loop triangle path (Fig. 3,
1 3 4 1, Table I) is again responsible for the
second peak (for simulation see Fig. 4 in Ref. 6).

If the previously determined experimental geometry for
the on-reconstructed system c(2X2)O/Ni(100) is used as
an input, '3 the MS of the Ni-0-Ni relevant loop can be
determined experimentally, as there is in this case only
one triangle loop contribution to the MS peak in the
Fourier transform, in contrast to the previous cases on the
(I [0) faces. The determined MS phase 2bp+ 2&N;

2.7-0.85k, in good agreement to the theoretical one,
can now be used in order to obtain unknown distances in-
volving the same kind of photoelectron path loop. Such a
case is the p4gN/Ni(100) one, where upon adsorption of
N the surface reconstructs. ' ' As a result the surface
lattice cell is enlarged due to a displacement of g of the Ni
atoms around the adsorbate (Fig. 3). Using the experi-
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FIG. 3. The modulus of the FFT [ IFFr [ is shown for normal
x-ray incidence for 0 and N on Ni(100). The second peak in

the FFT is related to a single triangle path such as
1 4 3~1. The arrows indicate the position of the FFT
maxima for the Srst and second peaks. In the case of N with a
lower NN, the second peak faBs at a higher distance. This can
only be explained by an enlarged Ni-Ni surface lattice constant
due to a N induced surface reconstruction.

mental phase we obtain for the N/Ni(100) system a pho-
toelectron Ni-N-Ni path of 6.5 k The experimentally
determined first N-Ni NN distance' of 1.89(2) A. yields
a Ni-Ni distance of 2.72(5) A and ( 0.77(10) A.. This is

the first direct experimental observation of this quantity in

agreement to the indirect previous one. '3 The same
reasoning after using the data of Ref. 15 would yield for
the p4gC/Ni(100) system a g =0.15(20) A in agreement
to the smaller size of the C atoms inducing the reconstruc-
tion. The above considerations reveal the full power of a
complete MS SEXAFS analysis: Ni/Ni-first-layer intera-
tomic distances are not attainable within the SS approxi-
mation. For the low-Z adsorbate systems discussed up to

now, MS efkcts are dominant as the adsorbate is close to
the surface, for vertical heights of 0.88 A. for 0/Ni(100)
to Q. l A. for C and N/Ni(100), above the surface. In
cases where the adsorbate is sitting higher above the sur-
face, from Eq. (1) it is expected that the importance of
MS will decrease. In the case of C2H2 and C2H4 on
Cu(100) with vertical heights around 1.3 A, '6 we estimate
MS contributions to be below 10% of the main peak inten-
sity.

The MS analysis presented followed by simulations not
only yields new structural information for the systems dis-
cussed, but considerably extends the potential of SEX-
AFS. The FFT of the simulated oscillations can be used
as a very sensitive fingerprint in order to probe larger clus-
ters around the adsorbate and measure first-layer sub-
strate interatomic distances. Another field of potential
applications of the MS analysis is the accurate determina-
tion of intramolecular bond lengths for chemisorbed mole-
cules consisting of H, C, N, or 0 atoms. The variation of
those bond lengths with respect to the gas-phase values
yields important information on the chemisorption pro-
cess. In this case it would be of interest to measure the
SEXAFS oscillations due to the scattering of the light-Z-
atom components of the molecule at the E edge of one of
its constituent atoms. On a metal substrate these are
dominated by the backscattering of the heavier metal
atoms. 's Using the appropriate geometry one could take
advantage of MS effects involving the light Z atoms at
collinear geometries to other molecular or substrate
atoms. This would enhance the scattering of the light
atoms and would give rise to more EXAFS oscillations for
relatively small interatomic distances due to the longer
MS paths.
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