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The structural and dynamical properties of molecular oxygen in submonolayer coverage adsorbed on
Cu(100) were investigated by means of oxygen K-edge photoabsorption. The adsorption geometry of the
0O, molecules, as well as the disorder and anharmonic contributions to the pair distribution function for
the first-nearest-neighbor O-Cu shell were quantitatively determined for well-defined sequential molecu-
lar states of physisorption and chemisorption. The O, molecules are found to adsorb in a tilted
configuration. Furthermore, the O-Cu interatomic pair potentials are estimated. It is found that the
nearest-neighbor O-Cu bond varies only slightly as the strength of chemisorption increases, in opposition
to a strong O-O bond length and other O-Cu pair-potential parameter variations.

I. INTRODUCTION

The understanding of the sequential process of phy-
sisorption, chemisorption, and dissociative atomic ad-
sorption constitutes a fundamental step towards the un-
derstanding of the interaction between gases and solid
surfaces. For several adsorbate-substrate systems such a
sequence of adsorption events could be verified experi-
mentally. In particular for oxygen molecules in sub-
monolayer coverage on Pt(111) (Ref. 1) two well-defined
sequential molecular states were found; a physisorbed
state which is stable around 30 K or lower will be con-
verted into a chemisorbed state upon heating to ~ 150 K.
It was revealed by O K-edge near-edge x-ray-absorption
fine structure (NEXAFS) studies®? on this system that in
the physisorbed state the O, molecule is structurally un-
perturbed and paramagnetic. In contrast, in the chem-
isorbed state the O-O distance is stretched by 0.16 A, and
the O, magnetic moment is strongly reduced through the
interaction with the substrate.!”> The 0,/Ag(110) system
also provides trapped physisorbed and chemisorbed
molecular states, and has been studied experimental-
ly**~7 and theoretically.g’9 For the chemisorbed state,
the O-O distance is found to be elongated by as much as
0.26 A (Ref. 2) and the O-O vibrational frequency is
significantly lowered.®*’ Theoretical calculations® pro-
posed for this system that the dissociation process from
the chemisorbed state takes place with little variation in
the O-Ag bond length, implying that the relevant reac-
tion coordinate for the dissociation process should lie
mostly along the O-O bond direction. The adsorbate-
substrate interactions are still not completely understood.
Most of the structural information is given on the O-O
bond distance or vibrational frequency. Direct experi-
mental information on the adsorbate-substrate bond
length and local geometry is still missing in all the cases
of O, adsorption.

In the present study, we investigate the adsorption of
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O, on Cu(100). It is found by the present thermal desorp-
tion spectroscopy, x-ray photoelectron spectroscopy, and
NEXAFS measurements that this system gives also the
well-distinguished physisorbed and chemisorbed phases
as for O,/Pt(111) and O,/Ag(110). Furthermore, we ana-
lyzed also the surface-extended x-ray-absorption fine
structure (SEXAFS) for both the physisorbed and chem-
isorbed molecular states. This is, to our knowledge, the
first investigation which successfully provides direct
structural information on the adsorbate-substrate interac-
tion for physisorbed molecular states. In combination
with the NEXAFS results on the same samples, the ad-
sorption geometries of the O, molecules are quantitative-
ly determined and compared to the one of atomic adsorp-
tion states, which allows one to associate a structural pic-
ture with the dissociation process. Furthermore, the
adsorbate-substrate interatomic potentials are estimated
for the molecular states and compared to one for the
atomic adsorption state which has already been investi-
gated in detail by means of SEXAFS measurements. %!

The present paper is structured as follows. In Sec. II,
experimental details are given for the sample preparation
and synchrotron-radiation-based measurements. Section
III deals with the results of thermal desorption spectros-
copy (TDS), O K-edge NEXAFS and O 1s x-ray photo-
electron spectroscopy (XPS), and the discussion about ad-
sorption state identification and molecular orientation.
The detailed analysis of the SEXAFS, the determined
structural parameters, the adsorption geometries, and the
O-Cu interatomic pair potentials are discussed in Sec. IV.
Concluding remarks are given in Sec. V.

II. EXPERIMENT

All the soft x-ray spectroscopic measurements were
carried out using the SX-700/I and SX-700/II mono-
chromators at the storage ring BESSY. A Cu(100) single
crystal was mounted in a conventional ultrahigh-vacuum
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(UHV) chamber whose base pressure was ~1X 1078 Pa,
and was cleaned in situ by repeated cycles of Art bom-
bardment and annealing at ~600 K. The surface clean-
ness and order were monitored with Auger electron spec-
troscopy (AES) and low-energy electron diffraction
(LEED).

The clean Cu(100) crystal was exposed to O, by filling
the UHV chamber directly with gas. Four different ad-
sorption states could be prepared in submonolayer cover-
age, depending on the O, dosis and the sample tempera-
ture. Those are listed below. The labels used in order to
denote the adsorption states as well as the coverage esti-
mates are based on the results of the spectroscopic stud-
ies and will be justified in Sec. III. The following adsorp-
tion states were prepared.

(i) A molecular “physisorbed” state obtained by the ex-
posure to submonolayer amounts of O, at T =44 K. No
well-defined LEED patterns could be observed except for
the Cu(100) (1X 1) spots with a higher background. For
the data presented here, this adsorption state was
prepared at 7=25 K and the oxygen coverage was 0.7
monolayer (ML).

(ii) A molecular “chemisorbed” state obtained by the
exposure to O, between T ~44 and 100 K. This state can
also be prepared by annealing the physisorbed state above
~44 K. No extra LEED patterns were detected. Here,
we use the annealing procedure, by heating the phy-
sisorbed state up to 60 K. The oxygen coverage was 0.4
ML.

(iii) An atomic adsorption state corresponding to an
unreconstructed Cu surface. A dosis of 300-L (where 1
L=10"¢ Torrs) O, was used at 300 K. We denote this
state as the “precursor” state. Broad LEED spots were
observed around the positions corresponding to a
¢ (2X2) structure. The oxygen coverage was 0.4 ML.

(iv) An atomic adsorption state corresponding to a
reconstructed Cu surface. A dosis of 1200-L O, was used
at 500 K. This state can be obtained also by annealing
the precursor state or by using a much higher O, dosis at
300 K. A sharp (V2X2V2)R45° LEED pattern was ob-
served. The oxygen coverage was 0.5 ML.

Oxygen K-edge NEXAFS and SEXAFS spectra for
both physisorbed and chemisorbed molecular states were
taken at normal (90°) and grazing (20°) x-ray incidence
angles at a temperature of 25 K by means of partial elec-
tron yield detection. We use also the SEXAFS data of
the atomic precursor state taken at 50 K as a reference in
the analysis. The complete SEXAFS analysis for these
states is given elsewhere.!! As a reference for the
NEXAFS data, the spectra of an oxygen multilayer ( > 25
ML) were also recorded. Oxygen ls XPS measurements
for the two molecular states and the precursor state were
performed by use of synchrotron radiation. The photon
energy employed was 610 eV, and the binding energy was
measured with respect to the Cu Fermi level.

III. ADSORPTION STATE IDENTIFICATION
AND MOLECULAR ORIENTATION

Figure 1 shows the TDS results of O, molecules from
0,/Cu(100) taken using a quadrupole mass spectrometer
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FIG. 1. Thermal desorption spectroscopy (TDS) measure-
ments are shown for O,/Cu(100). The gas was dosed at T=25
K. The crystal was subsequently heated up with a rate of ~2
K/s in front of a quadrupole mass spectrometer. The mass 32
was detected. Up to approximately 2 relative exposure (re)
units, no multilayer formation was observed.

(m /e =32) in the temperature range 25—155 K with the
heating rate of 2 K/s. The initial amounts of dosed O, in
the TDS experiments were 10, 2.2, and 1.0 relative expo-
sure (re). In the spectrum corresponding to the highest
coverage (10 re) three distinct peaks can be seen at 30, 44,
and 94 K, while in the spectra of the lower coverages (2.2
and 1.0 re) only one desorption peak is found around 45
K. In the subsequent studies of the physisorbed state,
care was taken to use a sufficiently low coverage (~2 re)
in order to avoid multilayer formation. The spectral
features of the highest coverage closely resemble those
from O,/Pt(111) reported by Luntz, Grimblot, and
Fowler.! We can assign these three peaks to the desorp-
tion of an oxygen multilayer (30 K), physisorbed oxygen
(44 K), and chemisorbed oxygen (94 K), as in the case of
0,/Pt(111).

The desorption temperatures of multilayer and phy-
sisorbed oxygen are essentially the same as those from
0O,/Pt(111) (30 and 45 K, respectively), while the desorp-
tion temperature of chemisorbed oxygen on Cu(100) is
much lower than the one of O,/Pt(111) (130 K) (Ref. 1)
and also of O,/Ag(110) (190 K).> From the desorption
peaks for the chemisorbed states assuming first-order
kinetics, one would conclude that the O, molecules on
Cu(100) are not as strongly chemisorbed as on Pt(111) or
Ag(110). The previous assumption, however, leads to a
contradiction when compared to the other spectroscopic
results, which indicate a strong chemisorption as in the
case of Ag(110). Since the dissociation of O, molecules
already occurs in this temperature range, the TDS peak
around 100 K is the result of higher-order kinetics
(recombination of the O atoms).

Figure 2 shows the O K-edge NEXAFS spectra for a
multilayer, physisorbed and chemisorbed submonolayers
of O, on Cu(100). Using the edge-jump ratio J, defined
as the continuum increase of the oxygen absorption with
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respect to the background, the absolute coverage can be
estimated by comparing the Jp value obtained with
respect to the one of the (V2 X2V2)R 45° atomic adsorp-
tion state (data not shown here).!! For the multilayer O,
data of Fig. 2 the thickness can be estimated to be >25
ML and therefore we can neglect the contribution of the
first-layer O, molecules directly interacting with the Cu
surface. The values of 0.7 and 0.4 ML are obtained for
the physisorbed and chemisorbed submonolayer data.
Using the angular dependence of the
NEXAFS data, the formation of a multilayer at 25 K
could be monitored during the measurements. This is ob-
served for the data of Fig. 2, where the intensity of the
molecular resonances shows the opposite variation as a
function of the x-ray incidence angle (dashed and full
lines) for the muitilayer versus the submonolayer data.
For the data of Fig. 2, we obtain from the polarization
dependence of the 7* resonance the orientation angle of
the O, molecules for the multilayer O,.!2 The obtained
bond angle for the O-O axis with respect to the surface is
64°1+10° assuming the linear polarization factor to be 0.90
and a single-bond-angle axis with respect to the surface.
This finding implies that the O, molecules are mostly
standing up on the surface in this case. We observe two
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FIG. 2. The NEXAFS spectra for an O, multilayer, as well
as a physisorbed and a chemisorbed O, submonolayer on
Cu(100) as shown. The spectra are shown scaled to the same
edge-jump ratio for the sake of comparison. The spectra of the
physisorbed and multilayer species are shown after 2.7 and 8 ar-
bitrary units have been added to the ordinate values, respective-
ly. The data were taken at normal (full line) and 20° grazing
(dashed line) x-ray incidence. The analysis of the angular
dependence of the o* resonances of the multilayer and phy-
sisorbed states is complicated due to the superposition of Ryd-
berg states. The XPS binding energies relative to the Fermi lev-
el are also shown for the submonolayer data.
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o* resonances for multilayer O, as in the case of gaseous
0,.’ The splitting between the two resonances is caused
by the exchange mteractlon of the trlplet coupled four
unpaired electrons (1s)!( Y(73) (e*)'.>1* The polar-
ization dependence of these two U* resonances, however,
does not seem to follow the one of the 7* resonance in a
simple plane-orbital picture!? as both of them should al-
most vanish at 90° x-ray incidence even with the imper-
fect degree of 0.90 for the linear polarization. Such an
anomalous behavior can be understood due to the super-
position of these o* resonances to Rydberg series as
known from the gas phase.!* This superposition can be
seen not only in the anomalous angular dependence but
also in their relative energy, which apparently varies as a
function of the x-ray incidence angle (Fig. 2). It appears
therefore not straightforward to try to obtain accurate
structural information from these resonances for the mul-
tilayer data in the absence of high-resolution data that
would allow us to deconvolute the underlying Rydberg
contributions. For the same reason, the orientation of
the O, molecules in the submonolayer physisorbed data
was derived from the 7* resonance only.

In the spectra for physisorbed O, of Fig. 2(b), the o*
resonances appear at nearly the same energy as in the
multilayer or gaseous O,, indicating that the molecules in
the physisorbed state are gas- -phase-like and that the O-O
intramolecular distance 1s 1.213) A according to the
correlation between the o* resonance energy and the O-
O bond length.>*>!> The shape, however, of the o* reso-
nances appears to be different from that for the multilay-
er case, possibly due to the different Rydberg contribu-
tions. We therefore do not attempt to derive the O-O
axis orientation from the angular dependence of these
structures. The O-O tilt angle estimated from the polar-
ization dependence of the 7* resonance is found to be
23°£10°. This tilt angle is consistent with those of sub-
monolayer physisorbed O, on other substrates such as
graphite and Ag(110) (=30°).*!' The physisorbed O,
molecules are lying mostly flat on the surface in contrast
to the multilayer ones.

The lowest panel of Fig. 2 corresponds to the chem-
isorbed O, state. The spectral features are drastically
changed compared to those of the physisorbed state. The
o* resonance energy is now only 531.5 eV, considerably
lower than previously, leading to the elongated O-O dis-
tance of 1.52(3) A (stretch of 0.31 A), a value which is a
little larger than for chemisorbed O, on Ag(110) (stretch
of 0.26 A).2 This big energy shift is accompanied by a
severe reduction of the intensity of the 7* resonance (Fig.
2), revealing that the 7* states are now occupied due to
bonding to the substrate. The occupation of these states
with an O-O antibonding character is compatible with
the energy shift of the o* resonance, revealing a weaken-
ing of the intramolecular bond. As a conclusion, with the
m* orbitals now almost occupied, chemisorbed O, on
Cu(100) should be considerably negatively charged as in
the case of O,/Ag(110), whose O-O bond seems to be al-
most cleaved. The stretch of 0.2 or 0.31 A i is much larger
than that in chemisorbed O,/Pt(111) (0.16 A),> indicating
a stronger oxygen-substrate interaction on Cu(100) or
Ag(110) than on Pt(111). The o* resonance is apparently
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much stronger at 90° incidence, so that the O, molecule
should lie mostly flat on the surface as in the case of phy-
sisorbed O,. A quantitative analysis of the angular
dependence of this resonance, however, is not attempted
due to the complexity of the data at grazing incidence.
These cannot be interpreted as due to the superposition
of the 7* and o* states only as noticed earlier.>*

We have also measured the O 1s XPS binding energy
for the molecular states. They are found to be 537.5(2)
and 531.0(2) eV for the physisorbed and chemisorbed
states, respectively. The XPS binding energy for the phy-
sisorbed state on Cu(100) lies between the value for the
physisorbed state on Pt(111) (536 eV) (Ref. 3) and the
value of the gas-phase ionization potential. It is observed
that for Pt(111) as well as for Cu(100) the XPS binding
energy lies well above the 7* resonance energy for the
physisorbed species. This value is in agreement to the
previous NEXAFS analysis of the “gas-phase-like” O,
molecules on Cu(100) for the physisorbed state. In the
case of the chemisorbed state, where the o* resonance
position indicates strong chemisorption, the value of the
XPS binding energy is close to the one found in the case
of strong chemisorption on Ag(110) (529.3 eV).2 There-
fore for this state the XPS binding energy is consistent
with the occurrence of strong chemisorption, comparable
to the situation for Ag(110). It is also observed that the
considerable shift in XPS binding energy of ~6.5 eV is
stronger than the one observed for Pt(111) (4.7 eV), in
agreement to the o* resonance results indicating a
stronger chemisorption than for Pt(111). A supplementa-
ry absolute error of 0.6 eV (rigid shift of all values) due to
the uncertainty of the incident photon energy should also
be considered when compared to the photoabsorption
data.

IV. SEXAFS ANALYSIS

A. SEXAFS oscillations and Fourier transforms

The normalized SEXAFS oscillations for the two
molecular [curves (a) physisorbed and (b) chemisorbed]
and the atomic precursor [curve (c)] states are shown in
Fig. 3 at normal x-ray incidence after the free-atom back-
ground has been removed. Care was taken in order to
use similar spline functions to simulate the atomic ab-
sorption coefficient for all the different data sets in order
to minimize the relative errors. The corresponding
Fourier transforms are shown in Fig. 4. The most inten-
sive feature around 1.7 A can be attributed to the
nearest-neighbor (NN) O-Cu contribution. As will be dis-
cussed in detail below, the features marked by arrows for
the molecular states [(a),(b)] can be attributed to the
next-nearest-neighbor (NNN) O-Cu shell, the other
features at higher distances can also be tentatively as-
signed in the framework of single-scattering theory as
due to higher O-Cu shells. Their analysis goes, however,
beyond the scope of the present paper as they involve
structural and dynamical parameters beyond the dom-
inant first-shell O,/Cu, cluster contributions (Sec. IV C).
Finally the Fourier peak around 1 A that is observed for
all adsorption states is caused by an incomplete back-
ground subtraction for the very low frequencies with also
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some oxygen contribution for the molecular states, corre-
sponding to the weak backscattering of the intramolecu-
lar O-O distance. However, due to the well-known prob-
lem in EXAFS of background-related spurious Fourier
peaks at very low distances as illustrated by the atomic
state data [curve (c), Fig. 4] it is hazardous to try to ob-
tain physical information from this feature of the molecu-
lar states. It is also of importance to try to quantify even-
tual spurious effects on the main O-Cu frequency caused
by an incomplete filtering of this low-R feature. A
Hanning-type window function was used between 1.15
and 2.15 A [Fig. 4(c)] in order to isolate the main O-Cu
contribution for the atomic state. The same window
funcotion was used also for the molecular states, shifted by
0.2 A to higher distances. Small variations in the window
function (~0.2 A in the window minimum and max-
imum values, different window strength) did not affect
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FIG. 3. The normalized SEXAFS oscillations are shown
(dots) for the physisorbed (a) and chemisorbed (b) molecular
states as well as for the atomic precursor state (c). These data
were taken at normal x-ray incidence. The NN backfiltered os-
cillations after a Fourier transformation and backtransforma-
tion are shown as full thin lines. For the transformation to R
space a °H_alnning-type window function was used between 2.4
and 9.0 A~ for the physisorbed and chemisorbed state data and
3.0 and 9.6 A foor El?e precursor state. An alternatgvi:]analysis
starting from 3.5 A~ for the physisorbed and 3.7 A ~ for the
chemisorbed states yields essentially the same results. The am-
plitude of the backfiltered oscillations are also shown (dashed
lines). A systematic phase lag between curves (a), (b), and (c) is
observed at low k’s indicating glshorter NN O-Cu bond from (a)
to (c) (vertical line at ~3.5 A ). It is, however, observed that
this lag does not increase linearly (vertical lines at ~9 A7), in-
dicating the importance of anharmonic contributions, which in-
crease from (c) to (a). Also the amplitude maximum of the oscil-
lations (dashed line) shifts to lower k values, indicating increas-
ing disorder contributions for the molecular states as the bind-
ing strength to the Cu surface decreases.
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the data analysis significantly, as long as these changes
were performed consistently for the data of all adsorption
states. The previous consistency checks give good
confidence that even in the case of physisorbed molecules
it is possible to extract useful information from surface
EXAFS. As it is seen, however, in the data of Figs. 3 and
4 the amplitude of the SEXAFS oscillations drastically
decreases as the O-Cu NN bond strength weakens, com-
plicating the data analysis. Only through the systematic
study of several adsorption states of the same system can
the errors be minimized. The previous discussion illus-
trates also for the first time some intrinsic difficulties re-
lated to the study of weakly adsorbed molecules, related
to the existence of strong disorder and intramolecular
SEXAFS contributions, as to our knowledge the
SEXAFS of physisorbed species has not been measured
before.

Having assigned the various real-space features, we
turn to a more detailed study of the NN O-Cu contribu-
tions. These are also shown after a backtransformation
to k space as full lines in Fig. 3. It is clear that no good
agreement between the data points (dots) and the NN O-
Cu backfiltered oscillations (full lines) can be expected
due to the existence of higher-shell contributions, as can
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FIG. 4. The Fourier transform modulus of the SEXAFS os-
cillations of Fig. 3 are shown in real space. The main feature
around 1.7 A corresponds to the O-Cu NN contribution. The
peak around 1 A cannot be assigned to an O-O contribution
only due to an incomplete background subtraction for the very
low frequencies. The feature marked by an arrow for the molec-
ular states [curves (a) and (b)] corresponds to the next NN O-Cu
contribution in an O,/Cu, cluster. As now the whole k range is
sampled, the maximum position of the peaks cannot be taken as
indicative of the true distance after phase-shift correction. This
is mostly seen between curves (a) and (b) where an apparent con-
traction is observed, even if the low k region of the data (Fig. 3)
clearly indicates a longer distance for (a). This effect is due to
the strong anharmonic contributions that dominate at high k
values.
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be seen in Fig. 4. These can also be observed in Fig. 3 as
the deviations between the full lines and the experiment
occur in a systematic fashion corresponding to these
higher frequencies. In the present study we do not only
perform the conventional structural SEXAFS analysis by
determining the distances R; and effective coordination
numbers N*(®) as a function of the angle of x-ray in-
cidence ®, but also determine with a high degree of accu-
racy (1) the relative NN O-Cu bond-length changes be-
tween the different adsorption states; (2) the relative
changes of C, and C;, the second and third pair distribu-
tion function (PDF) moments. The relative analysis is
based only on a comparison between the different
SEXAFS oscillations and is therefore assumption free as
far as any structural or electronic parameters (back-
scattering amplitude and phase, photoelectron mean free
path) are concerned.

To compare the SEXAFS oscillations of the different
adsorption states at grazing or normal x-ray incidence,
the k-dependent single-shell SEXAFS signal is written as

kXiq(k)= A, (k, T)sing, (k, T) . %)

The first-NN shell oscillations of the different adsorption
states labeled by the index i (here i=1, 2, 3 for three
different states) are compared. The index a is necessary
to designate the x-ray incidence angle only for the ampli-
tudes A4,,, as the same O-Cu bond is probed for the
different x-ray incidence angles. The well-established ra-
tio method is then used, to compare the amplitudes of the
single-shell SEXAFS signals. The corresponding loga-
rithmic ratio is given by'’

AdT) | [NER] ) ﬁ_ﬁ‘
A;p(T) NR? Ao A
—2k*AC,,;(T) , )
where
AC,(T)=C,,(T)—Cy(T) , 3)

with C,;(T) being the second moment of the NN bond
PDF of state i, related to its broadness. Equation (2) can
be used not only for a AC, determination but for the
(N/3/Njp) ratio, the mean free path A; term inducing
only a small higher-order correction. According to Eq.
(2), using a logarithmic amplitude ratio plot versus k2,
the N* ratio and AC, of a pair of backfiltered single-shell
oscillations are determined from the intercept and slope
of the corresponding lines.

In a similar way the phase differences between pairs of
single-shell SEXAFS signals can be analyzed:!’ %2

(T —¢,(T)=kQ;=4k’AC;;(T), (4)
with
Q;;=2(R;—R )——4—9’1 l—l——& +ﬁ9—2L 1+£j—
i PR, A R, A
(5)
where
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is the difference between the third PDF moments of the
NN bond, related to the asymmetry of the corresponding
PDF’s. The biggest contribution in the linear part of the
difference is given by R; —R;, the second and third term
in Eq. (5) being higher-order corrections. Using Eq. (4), if
(¢;—¢;)/k is plotted versus k?, R;—R; and ACj; can be
determined for a pair of backfiltered single-shell oscilla-
tions from the intercept and slope of the corresponding
lines. For the present set of data anharmonic effects (i.e.,
C,;70) have to be taken into account, even at the temper-
ature of 25 K, due to the weakness of the O-Cu bonds for
the molecular states. Their omission leads to serious mis-
takes for the distance determination.

The importance of these cubic contributions can even
be seen by eye inspection in the NN backfiltered data of
Fig. 3 (full line). A comparison of the phase of the NN
contributions for curves (a), (b), and (c), corresponding to
the physisorbed, clgemisorbed, and atomic states, respec-
tively, at k~3.5 A~! where the linear k contribution
dominates, indicates a decreasing distance as one moves
from (a) to (c) [vertical lines, Egs. (4) and (5)]. A similar
comparison at k ~9 A~ !indicates that curves (a) and (b)
are now in phase, and that the phase lag between (a), (b),
and (c) increases slower than the linear term alone would
indicate [Eq. (4)]. The previous effects can be interpreted
with a nonzero C; term that decreases from (a) to (c) as
the O-Cu bond strength increases and the distance R de-
creases as well. The relative phase comparison indicates
the importance of the k3 term in the SEXAFS phase for a
precise NN distance determination. This effect can also
be followed in real space (Fig. 4) where an increase is ob-
served in the value of the maximum of the Fourier peak
going from curve (c) to (b), but a decrease going from
curve (b) to (a). The high-k values due to the strength of
the cubic term in the phase dominate for the physisorbed
state [Fig. 4(a)], where the maximum of the Fourier
transform modulus lies at lower distances than in the oth-
er states [(b), (c)] even if the linear terms at low-k values
(Fig. 3) indicate a longer O-Cu distance.

The data of Figs. 3 and 4 indicate also a continuous de-
crease in the amplitude of the NN SEXAFS oscillations
as the strength of chemisorption weakens [curve (c) to
(a)]. This is caused from both the low- and high-k regions
of the data (Fig. 3), indicating a continuous decrease in
N* and an increase in the C, values, respectively, from
curve (c) to (a). The increase in C, is mostly seen in the
shift of the maximum of the amplitude of the SEXAFS
(dashed lines in Fig. 3). For the atomic state, the max-
imum is around 7.5 A”! as expected from theory after
the backscattering amplitude of Cu.!” A continuous de-
crease to low-k values is observed for curves (b) and (a)
with respect to (c) revealing the importance of the in-
creasing C, contributions.

B. Determination of structural parameters

Due to the large anharmonic contributions as dis-
cussed in the previous section, the commonly used har-
monic SEXAFS analysis for the NN O-Cu distance deter-
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mination is misleading. The amplitude and phase of the
backfiltered oscillations have to be compared to the ones
of a well-defined standard involving the same absorber-
backscatterer pair. The analysis has to be performed by
plotting the logarithmic amplitude ratios and k-divided
phase differences versus k2. From the intercepts and
slopes of these linear plots according to Egs. (2) and (4)
the distance differences, N* ratios, AC, and AC; values
are determined between pairs of backfiltered single-shell
contributions. This analysis was performed for the data
of the two molecular states and the precursor atomic
state, for all possible pair combinations. In Fig. 5 the
analysis of the O-Cu NN SEXAFS oscillations (Fig. 3,
full lines) according to Egs. (1)-(6) is exemplarily shown
for two pairs of backfiltered single-shell contributions.
An inspection of the data points indicates that overall the
expected functional dependence in k space is observed,
except for clear deviations at low-k values. The devia-
tions of the data points from the linear laws allow one to
quantify the errors in the determination of the slopes
(ACy;, ACy;) and intercepts (N* ratios, R;—R;) ac-
cording to Egs. (2) and (4). In Table I, this analysis is
shown for the amplitude ratios and phase differences of

0.0 | L —

log[Az(k)/Ai (k)]

[@2(k)-81(k)]/k (R)

(chem,prec) <
0'2 1 1 1 1 l

0 50 100

k2 (A7?)

FIG. 5. The analysis of the O-Cu NN backfiltered oscilla-
tions shown in Fig. 3 is given. In the upper part the natural log-
arithm of the amplitude ratio is shown between the SEXAFS
amplitude of the physisorbed or chemisorbed states (4,) and
the atomic precursor state ( 4,), as a function of k2. Similarly
the k-divided phase differences are shown in the lower part.
The dashed lines through the data points correspond to least-
squares fits. It is observed that as the O-Cu bond elongates
(lower part, larger intercept) the anharmonic contributions be-
come stronger (lower part, larger slope) and the oscillations are
more attenuated (upper part, larger slope). It is observed that
for both cases the logarithmic amplitude ratio (upper part)
yields a similar intercept, indicating that for both molecular
states the local geometry does not vary significantly.
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TABLE I. Results of the single-shell SEXAFS analysis for the first NN O-Cu shell. Relative values
are given with respect to the atomic precursor state based on a “generalized ratio method” (see text).
The SEXAFS data of physisorbed and chemisorbed O, taken at an x-ray incidence angle ® of 90° and
20° and a temperature of 25 K are compared to the data of the atomic precursor state. The N* ratio
with respect to the precursor state, the NN distance difference (AR), and differences in the second and
third PDF moments (AC, and AC,) are given. The observation of an angular dependence of AC, and
AC; as a function of @ for the chemisorbed data indicate the existence of two close-lying shells for this

state.
Adsorption T (0] N* AR AC AC;
state (XK) (deg) ratio (A) (1073 A% (1074 A%)

Precursor 50 90 1.0 0.00 0.0 0.0

Chemisorbed 25 90 0.8(2) 0.14(1) 2.6(5) 2.7(5)
20 0.9(2) 0.15(1) 5.0(5) 5.8(5)

Physisorbed 25 90 0.8(2) 0.20(2) 7.9(5) 9.9(5)
20 0.7(2) 0.23(2) 8.2(5) 9.8(5)

15 411

the molecular states taken with respect to the atomic one.
It should be noticed that this kind of analysis based on a
relative comparison is assumption free, as most of the un-
known SEXAFS parameters cancel out by using this
“generalized ratio method.” For example, the previous
relative distance determination is free of any assumption
on the O-Cu backscattering phase or the exact shape of
the Cu backscattering amplitude. The high degree of ac-
curacy that can be obtained for a relative determination
of SEXAFS parameters (Fig. 5, Table I) is reached once a
consistent analysis is performed throughout the different
data sets using the same type of spline functions as well
as consistent window functions in k£ and R spaces. Possi-
ble spurious effects induced by an eventual incomplete
background subtraction or from the filtering process can-
cel out as only a relative analysis is performed. As a re-
sult it is observed (Fig. 5) that even in the case of the
weak oscillations of the physisorbed state the data follow
the expected linear laws. Deviations from the linear
dependence specially at low-k values indicate the limita-
tions of the present analysis and allow for an error deter-
mination.

Starting from the AR values, obtained from the inter-
cept of the A¢ /k versus k? plots, it is observed that the
distance increases continuously as the strength of chem-
isorption decreases. What becomes apparent, however,
from the AC, and AC; values for the chemisorbed state
is an angular dependence for 20° and 90°, inconsistent
with the assumption of a single-shell analysis. According
to Egs. (2)-(6), in case that the same bond is probed as
the angle of x-ray incidence varies, horizontal lines versus
k? in the phase and amplitude analysis are expected. The
data of Table I indicate that more than one shell is
probed in this case, even if the difference in distance is
very small, as indicated by the AR values, of the order of
a few hundredths of an angstrom. Care was taken to ver-
ify this finding by analyzing all possible pair combina-
tions of backfiltered NN contributions. It is understand-
able that in view of such small distance differences, no
anomaly is observed in the AR and N * values mostly sen-
sitive to the linear part of the SEXAFS amplitude and
phase. In contrast, AC, and AC, are sensitive to k2 and
k3 variations, respectively, which increase the weight of

the high-k region of the data. Therefore these parame-
ters are sensitive even to a small out-of-phase behavior
between two very-close-lying shells. The enchanced ac-
curacy of the higher PDF moments to obtain structural
information is also in agreement with previous observa-
tions.!®21:22 QOnce the relative values of the different pa-
rameters of the molecular states are known, their abso-
lute values can be determined as well, as these are known
for the atomic precursor state.!! For the O-Cu absolute
distance determination, a value of R =1.86(3) A is ob-
tained for the atomic state, using an O-Cu phase shift
based on a Cu,O standard. This result is found also in
good agreement with the distance obtained using a phase
shift based on the ab initio FEFF code (Ar=0.10 A).2
For this state it is also known that N*(90°)=3.2(2) as
well as that C,=6.2(5)X1073 A? and C,=4.4(5)
X10~* A.!! Based on these values, also the absolute
determination of the different structural parameters can
be performed. It is of importance to stress the advan-
tages of a relative analysis as the one of Table I, where
the high degree of relative accuracy of the EXAFS tech-
nique (Ar=0.01 A) is fully exploited.

In order to further proceed with the data analysis a
two-shell model has to be applied in the case of the chem-
isorbed state. The backfiltered oscillations of the dom-
inant O-Cu contributions for the data of the chemisorbed
state are analyzed for 90° and 20° by allowing a two-shell
fit with the variable parameters N*, R, C,, and C, for
each shell, using the precursor state again as a standard.
Two distances are determined yielding a Ar=0.04(2) A
between the two close-lying shells. The absolute values
for the structural parameters obtained from this analysis
are shown in Table II, together with the ones for the phy-
sisorbed state. For the physisorbed state the data of
Table I do not give any hint for the existence of two
separate shells in this case.

C. Adsorption geometry of the molecular states

Using the N* values given in Tables I and II, the ad-
sorption site of the O atoms can be determined. Due to
the fact that a relative analysis is always more accurate,
we examine first the polarization dependence of N*, in
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TABLE II. Summary of the structural parameters for the first NN O-Cu shell given by SEXAFS.
Absolute values are given by using the data of the precursor state as a standard (Ref. 11). For the
chemisorbed state the results obtained by the two-shell analysis are shown. The bigger absolute errors
given here include also the supplementary error due to the absolute analysis of the precursor state data.
As shown in Table I the differences between the different parameters are meaningful due to the smaller
relative errors.

Adsorption R C, C,
state N*(90°) N*(20°) (A) (107% A% (107 &%)
Precursor 3.2(3) 1.86(3) 6.2(5) 4.4(5)
Chemisorbed Bond 1 2.5(3) 1.4(2) 1.99(3) 7.3(5) 4.6(5)
Bond 2 0.6(2) 1.7(2) 2.04(4) 13(1) 11(1)
Physisorbed 2.4(3) 2.2(3) 2.07(4) 14(1) 14(1)

order to determine the adsorption geometry by compar-
ing the experimentally obtained values with those calcu-
lated for different possible adsorption sites.!” Table III
gives the experimentally obtained N* ratio,
N,=N*(20°)/N*(90°), for the first-NN shell, and the N *
ratio and distance for the second-NN shell appearing at
~2.7 A in the Fourier transform. For the second peak
of the Fourier transform [Figs. 3(a) and 3(b) ] marked by
an arrow, a distance around 3.2 A was obtained (Table
III) for the molecular states.

First of all we will discuss flat-lying molecule models.
The O-O distance for both molecular states is taken to be
the one obtained from NEXAFS (Sec. III). Here we as-
sume that the O-O axis is parallel to the [010] (or [001])
axis, and the midpoint of the O, molecule is located at
the hollow, bridge, or atop sites. The small midpoint dis-
placements required from the completely symmetric
configuration in order to obtain two distinct shells for the
chemisorbed state do not affect the results for the N* ra-
tios discussed here. For small displacements yielding a
Ar=0.04 A between the two close shells, no interference
is observed up to k~10 A~! and the N* values of the
two shells are additive. Anomalies are observed only for
the higher cumulants C, and C; as discussed above. We
have therefore used only symmetric geometries for the
flat-lying models in order to evaluate N*. No flat-lying
models given in Table IIT are consistent with the experi-

mental data for the first-NN shell. If the O-O axis is still
kept parallel to the surface and the O-O midpoint posi-
tioned above nonsymmetric sites is compatible with the
data of Tables I and II, even bigger discrepancies are ob-
served. Furthermore, the distance of the second-NN
shells shows a clear discrepancy between the observed
and calculated values. For the flat-lying model§, the
second-NN distance should be shorter by ~0.4 A. In
conclusion we can exclude all flat-lying models for the O,
molecules both for the physisorbed and chemisorbed
states. This finding is found also in agreement with the
analysis of the angular dependence of the 7* resonance
intensity that indicates also a nonzero tilt angle for the
0-0 axis.

In order to explain the experimental results, a tilt mod-
el should be considered, as shown in Fig. 6. In this model
we assume that one oxygen atom locates exactly at the
fourfold hollow site. Then by using the data of Table II
in combination with the O-O distance as obtained from
NEXAFS, it can be shown that the other O atom is locat-
ed close to the bridge site. For the chemisorbed state the
shorter bond (bond 1) is taken to be the fourfold hollow
site bond. Using the other distance (bond 2) it is calculat-
ed that the second O atom is located almost above the
bridge site, the O-O axis making an angle of 30° to the
surface. For the physisorbed state the same O-Cu dis-
tance is used for both O atoms, assuming one of them is

TABLE III. Comparison of the experimental SEXAFS results for the first and second NN O-Cu
shells with several possible adsorption models. c is the N* ratio, ¢ =N *(20°)/N*(90°). The quantity
N, for the first NN shell in the chemisorbed state is given in two different manners. As mentioned in
the text, for the N* values of the chemisorbed state a single-shell analysis can be assumed, and there-
fore the values given in Table I can be used. For the tilt model, the ratio of the sum of the N* values of
the two shells is compared to the experimental result. It is observed that the tllt model is clearly
favored. This model is also supported by the analysis of the Cu shell at around 3.2 A (arrows in Fig. 4).
Both the amplitude ratio for this shell as well as the calculated distances clearly favor the tilt model.
Again, for N*, values of the two expected shells were taken as additive as no beating is observed for
this frequency within the experimental k range (see text).

Adsorption Fourier Flat-lying model Tilt
state peak Observed hollow bridge atop model
Chemisorbed Ist N, 1.1(2) 2.0 1.5 9.7 1.0
2nd N, 0.6(2) 0.8 0.8 0.5 0.7
R(A) 3.2(1) 2.8 2.6 2.6 3.2, 33
Physisorbed 1st N, 0.9(2) 1.9 2.0 17. 1.1
2nd N, 0.7(2) 0.9 0.9 1.9 0.7
R(A) 3.1(2) 2.7 2.8 2.8 3.1, 35




48 ADSORPTION OF OXYGEN ON Cu(100). II. MOLECULAR ...

FIG. 6. A schematic representation is shown for the adsorp-
tion geometry of the O, molecules. The O-O axis is found to
make a tilt of ~30° from the analysis of the SEXAFS. The
NEXAFS data indicate a tilt of ~23° for the physisorbed state.
One O atom is found to adsorb above a fourfold hollow site the
other one almost above a bridge site. This tilted configuration
for the O, molecules is compatible with a bonding of ionic char-
acter to the Cu surface (see text).

still located above the fourfold hollow site. Due to the
combined effect of the longer NN distance and shorter
0-O bond, the O-O tilt angle remains approximately con-
stant. This value is in good agreement to the value ob-
tained from the NEXAFS data for the physisorbed state
(~23°). As it can be seen from the values of Table III,
the tilt model yields good agreement for the N* values
with the experimental results. This model yields also for
the second Fourier peak a distance much closer to experi-
ment. Within the experimental accuracy, no evidence for
the existence of two different shells could be observed for
this Fourier peak (Table III). This fact can be explained
by the strong disorder contributions for the higher shells
(noncorrelated motion) combined with the lower signal-
to-noise ratio of this feature especially for the phy-
sisorbed state. Strong disorder contributions at high-k
values damp the expected increase in amplitude due to in-
terference effects.

Having characterized the local geometry for the O,
molecules, it is of interest to notice that for the atomic
precursor state the O atom is still located in the fourfold
hollow site.!! The following geometrical picture can then
be drawn tentatively concerning the molecular dissocia-
tion process: after being trapped in a tilted configuration
(physisorption), the O, molecule is found mainly ‘“‘one
end” bonded in a strong chemisorbed state, the fourfold
hollow O atom being responsible for the strong O-Cu
bond. The dissociation process appears to be related then
to the loss of the bridge-site O atom, the fourfold
hollow-site one remaining anchored in the Cu(100) sur-
face. The previous picture is supported by the analysis of
the higher-order PDF moments, discussed in the follow-
ing section.

D. Determination of the O-Cu pair potentials
for the molecular states

In the following, the parameters C, and Cj;, the higher
moments of the PDF, are taken into account in the
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analysis. These higher PDF moments are related to the
disorder of the bond under consideration'’~%2 which can
be static or dynamic in nature. As the bond strength in-
creases, the dynamic part of the disorder at a fixed tem-
perature decreases. As shown in Table II, for the chem-
isorbed state, the fourfold hollow-site O atom has a rath-
er strong bonding with four Cu atoms (bond 1), whose C,
and C; are not very different from that of the precursor
state, while the bridge-site O atom is only weakly bonded
with the two Cu atoms (bond 2). For the physisorbed
state, both bond lengths are apparently identical within
the error and very weak.

In order to discuss the bonding nature more quantita-
tively, we estimate the interatomic potentials for these
bonds by using the parameters R, C,, and C;.!h17 7192
For that purpose the relations between the parameters
obtained by EXAFS and the potential parameters need to
be given first. For a quasiharmonic one-dimensional
quantum oscillator, describing the dynamic part of the
disorder and whose potential function V' (r) is given by

Vn=1lalr—ry?—Br—ry)’, ™)

it can be shown that the quantities R (T), C$¥*(T), and
CP™(T) (the superscript dyn denotes the dynamic part of
the disorder), can be expressed as?*

3B | # 12 E
R(T)=r,+=E | 2~ —_—
(T)=ro 2a oth 2T | ®)
1| # 12
ch(y=— |~ £
(1) 2 | pa coth 2T | ®)
and
# |3 O
conm=L |7 113 om2 | ZE |-
(T) el 2coth ST 1] , (10)

where ©®p is the Einstein temperature given by
®p=(1/kg)[#a/u]'’?, u the reduced mass, kp the
Boltzmann constant, and # the Planck constant divided
by 27. Using the experimentally determined R (T),
C‘Z’y"(T), and C$¥™(T), the potential parameters 7y, Q,
and S are evaluated. Furthermore, in order to obtain the
potential curves far from the equilibrium, an analytical
potential function has to be assumed. Here we employ
the Madelung form best suited to describe an ionic bond.
The pair potential is given then as

r—ry
B

449
r

V(r)= A exp , (11)

where g,q, = Ar3 /B is the product of the adsorbate and
substrate atom charge. The depth of the potential D is
given by D= A(ry,/B—1). Expanding V(r) around r,
we can obtain the equations

A4 12

B |B 7,

1

A 6
— , = — 1
« =5 |3 (12)

These equations allow the determination of the Madelung
potential from the EXAFS structural parameters. A
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similar approach has been used earlier with success in
bulk EXAFS yielding for ionic compounds parameters in
a meaningful range.?! Recently the use of a Madelung
pair potential was also found to yield results for low-Z
adsorbates in agreement to theory.!>?

In order to apply the previous formalism and deter-
mine V(r), the static part of the disorder needs to be
evaluated. This part is known for the atomic precursor
state following temperature-dependent SEXAFS stud-
ies.!!  The results are C$*=1.0x10"%A? and
C5§2=4.0X10"* A3, showing that at the temperature of
50 K the anharmonic contributions for this state are very
weak. The Einstein temperature which is obtained for
this state by means of Egs. (5)-(7) is @5 =3.6(2)X 10?
K.!' For the molecular states studied here, however, a
temperature-dependent SEXAFS study is not easily
achievable due to the small temperature range, in which
they are stable without undergoing a transition to anoth-
er adsorption state (Fig. 1). Also an inspection of the
data of Table I indicates (i) a smooth linear variation of
the distance R as a function of the preparation tempera-
ture, (ii) a smooth linear increase of the values of AC,
and AC; as a function of R. Both previous findings do
not hold in the case of a variation of the static part of the
disorder, as shown for example in the case of the
(V2X2V2)R45° reconstruction.'"?> Following the pre-
vious observations, for the present analysis we make the
assumption that the increase in disorder (AC,, ACj in
Table I) is only dynamic in nature. This assumption is
further supported by the fact that the local geometry for
the fourfold hollow-site O-Cu bond for the chemisorbed
state is similar to the one of the atomic precursor state.
For example, the same value for C; is found for these two
states, and only a small increase in C, is consistent with a
slightly stronger O-Cu bond. By using the data of Table
IT in combination with Egs. (8)-(10), the Einstein temper-
atures and pair potentials can be determined for the
different O-Cu bonds of the molecular states. We note in
particular that for the Einstein temperatures that are ob-
tained (Table IV) using the AC, values, Egs. (8)—(10) sim-
plify considerably due to the low temperature used
[coth(®f /2T)~1]. We obtain, for example, for R (T)

Cs

3
R(TN=ro+—-

s 13
T (13)
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to a good approximation. The values of 7, can then be
obtained in a straightforward manner from the data of
Table II.

E. Discussion of the adsorption geometry
and the dissociation process in terms of pair potentials

Table IV summarizes the determined parameters of the
cubic and Madelung O-Cu pair potentials, and Fig. 7
shows the potential curves for the physisorbed and chem-
isorbed (bonds 1 and 2) and atomic precursor states. As
expected, the potential depth for bond 1 in the chem-
isorbed state is much closer to the one of the precursor
state than bond 2, in agreement with the finding that the
one oxygen atom is anchored tightly at the hollow site.
The potential depth of bond 2 is, on the other hand, al-
most as shallow as the one of the physisorbed state, indi-
cating almost no chemical bond between the bridge-site
oxygen and the Cu atoms. Furthermore, we can roughly
estimate the amount of charge transfer from the
Madelung parameter g,q,, where g, and g, is the charge
of the first-NN Cu and oxygen atom, respectively, and g
can be assumed to be g, ~gq, /2 since the saturated cover-
age for both chemisorbed and precursor states are around
0.5 ML by making the simplifying assumption that only
the surface Cu layer is charged. The calculated value for
q, is 0.66e for bond 1 for the chemisorbed state, a value
smaller than the one of the precursor state (g, ~0.87¢).!!
On the contrary, for bond 2 in the chemisorbed state, g,
is only 0.16e and for the physisorbed state
(g;~=q,/0.7), q, is 0.11e. These results indicate that in
the chemisorbed state the fourfold hollow-site oxygen is
strongly negatively charged exhibiting a strong ionic
bonding with the Cu atoms, while the bridge-site oxygen
is nearly neutral and its bonding is as weak as the one of
the physisorbed state.

A further inspection of the data of Fig. 7 and Table IV
shows that the O-Cu interatomic distance in the phy-
sisorbed state is not very different from that in the chem-
isorbed state, while the potential depth of bond 1 in the
chemisorbed state (fourfold hollow site) is significantly
different. There is, however, another structural parame-
ter that allows to distinguish these two molecular states:
the O-O intramolecular distance, as was previously dis-
cussed (Sec. III) is strongly varying between the two

TABLE IV. The Einstein temperatures and Madelung potential parameters for the first NN O-Cu
pairs of the precursor (Ref. 11), chemisorbed and physisorbed states are given. The potential parame-
ters were determined using the data of Table IT and Eqs. (7)-(13). The parameters r, give the potential
minimum, B determines the strength of the repulsive part, and D is the potential depth. Instead of list-
ing the parameters g,q, we give the values of g, (the adsorbate atom ionic charge) in units of the elec-
tron charge. These were obtained by assuming that this ionic charge was delivered by the first-layer Cu
atoms only. The coverage of the different adsorption states (Secs. II and III) was taken into account.

Adsorption Q, o B D
state (10 K) (A) (A) (V) qa/e
Precursor 3.6(2) 1.85(3) 0.34(3) 2.4(3) 0.87(10)
Chemisorbed Bond 1 3.0(3) 1.97(3) 0.28(3) 1.4(5) 0.66(10)
Bond 2 1.5(2) 1.96(4) 0.08(1) 0.09(3) 0.16(5)
Physisorbed 1.4(2) 1.96(4) 0.06(1) 0.06(2) 0.11(5)
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FIG. 7. The Madelung pair potentials are shown for the
different O-Cu bonds. It is observed that from the physisorbed
to the chemisorbed state no big O-Cu distance variation is
found, in contrast to the other potential parameters which are
found to vary strongly. This observation is consistent with
theoretical calculations (see text). Furthermore this insensitivi-
ty of the O-Cu NN bond length with respect to the dissociation
process appears to hold beyond dissociation as a comparison of
the results of the chemisorbed state with respect to the atomic
states indicates.

states. In the physisorbed state, the electronic structure
of the adsorbed oxygen molecules is nearly gas-phase-
like, with an O-O distance of 1.21 A. On the contrary,
for the chemisorbed state, thec 0-0 bond is weaker with
an elongated distance of 1.52 A, compatible with a much
stronger interaction between the O, molecule and the Cu
substrate. It is of interest to compare the previous
findings with theoretical calculations. As no calculations
on the dissociation of O, on a Cu surface are available,
we turn to the well-studied O,/Ag(110) system.’ For this
system also a strong chemisorption is found and an O-O
bond of ~1.5 A. It is also found that the O-Ag distance
remains almost unchanged as the strength of chemisorp-
tion increases.” Furthermore the charge transfer to the
O, molecule was found to be ~0.9 electron. Our results
indicate also a similar O-O distance and a total charge on
the O, molecule of 0.8(1) electron, close to the calculated
value. The good agreement with the theoretical results
gives confidence in the self-consistency of the analysis
and the validity of the simplifying assumption of a
predominantly ionic interaction. Further support for an
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ionic interaction is given by the tilted configuration of the
O, molecules. Recent calculations on the adsorption of
NO on Cu(111), tie the tilted configuration of this species
to an ionic bond with the surface (NO™).26 A tilted
configuration appears to be of advantage for the little
orientational ionic interaction which permits the center
of the negative charge to be closer to the surface.? This
would also be the case for the O, molecule, which is
found to adsorb in a tilted configuration not only on
Cu(100) but on Ag(110) as well.* Our data also indicate
that with a further temperature rise in the transition from
the chemisorbed to the atomic state, the hollow-site oxy-
gen does not move very much: only a slight inward dis-
placement takes place because of the slight shortening of
the O-Cu bond distance, while the bridge-site oxygen
might move away in order to occupy another fourfold
hollow site.

V. CONCLUSIONS

By combining the results of NEXAFS, XPS, and TDS
the sequential molecular adsorption of oxygen molecules
on Cu(100) as a function of temperature has been charac-
terized. It is of importance to stress the prototypical
character of the present study, as it is the first time to our
knowledge that the SEXAFS of physisorbed molecules
could be measured and analyzed. The data analysis is
based on a relative comparison of the NN O-Cu bond
contribution to the SEXAFS for several adsorption
states. The NEXAFS data indicate that the O, molecules
adsorb in a tilted configuration in agreement to the local
geometry obtained by means of the SEXAFS. Further-
more the SEXAFS data indicate that the O, molecules
adsorb with one atom occupying a fourfold hollow site,
the other being situated close to a bridge site. The two
close-lying Cu shells corresponding to these two sites
were resolved for the molecules in the chemisorbed state.
It is found that the molecular dissociation process occurs
with little change in the O-Cu distance in opposition to
strong changes in all other O-Cu pair-potential parame-
ters and O-O bond length. The higher moments of the
SEXAFS data could be analyzed by making reasonable
assumptions on the static part of the disorder and assum-
ing an ionic interaction to the substrate, consistent with
the molecular adsorption in a tilted configuration.
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