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Abstract

A systematic analysis of the embedded atom EXAFS (AXAFS) effect is
presented. This effect is explained by the backscattering of the photoelectron
at interstitial charge densities. The reconstructed (2 x 1)O/Cu(110) system
is an ideal prototype system in which to study the angular dependence of the
AXAFS because oxygen—copper rows are formed resulting in a C, symmetry.
The scattering potential is non-spherical because of the high directionality of the
O-Cu bonds. The high signal-to-noise ratio of the experimental data enables
us to clearly identify the AXAFS contribution. Here we present the definite
angular dependence of the experimental AXAFS for the first time, giving a
unique opportunity to measure the anisotropy of the local embedded atom
potential. The angular dependence demonstrates that the AXAFS effect cannot
be mimicked by multi-electron excitations or experimental artifacts for this
system. We compare our experiments to theoretical calculations within the
muffin-tin approximation and show that future full-potential calculations are
needed to model the angular dependence determined.

1. Introduction

This work provides further insight into the so-called atomic EXAFS (AXAFS) effect by
investigating the angular dependence of the x-ray absorption coefficient for a strongly
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Figure 1. A schematic representation of the adsorption geometry for the (2 x 1)O/Cu(110) system
in (a) top view and (b) side view as determined from this work. Small shaded circles: oxygen
atoms; large open circles: Cu atoms of the first layer; full circles: Cu atoms of the second and
following layers.

anisotropic surface system. While the regular EXAFS stems from the backscattering of the
photoelectron at neighbouring atoms, the AXAFS contribution is assigned to the scattering at
the charge densities placed between the atoms. Therefore, the AXAFS contribution to the entire
fine structure of the x-ray absorption coefficient should be highly directional for systems with
strong anisotropic bonding. This is the case for the reconstructed (2 x 1)O/Cu(110) surface
system discussed here. There is general agreement that the O atoms are located in a long-bridge
position along the [001] direction (see figure 1) forming O—Cu rows on the surface [1-10]. This
C, symmetry results in a non-spherical scattering potential for the photoelectron. Therefore,
a definite angular dependence of the AXAFS features is expected and reported here for the
first time. Obviously, the O—Cu bond in the surface plane is highly directional. There are
two different types of bond between the oxygen atoms and the first two Cu layers: the first
bonding is between the O atoms (being located nearly in the surface plane) and the two Cu
atoms of the first layer; the second bond is to the second layer. This local structure makes
the (2 x 1)O/Cu(110) surface an ideal system in which to study the angular dependence of
the atomic EXAFS contribution which is presented in this work. Therefore, temperature-
dependent surface EXAFS (SEXAFS) measurements at the oxygen K edge are carried out for
various polar and azimuthal orientations.

The presence of the controversial AXAFS effect (see e.g. [11-19]) was definitively
observed for the low-Z elements nitrogen and oxygen for the (2 x 3)N/Cu(110) and
(«/5 X 2«/§)R45°O/Cu(100) systems [20-23]. However, the lack of attention to the AXAFS
effect over the years was partly due to the non-availability of high-quality EXAFS data. These
data can nowadays be achieved at the new third-generation synchrotron sources where the
gap of the undulator is scanned parallel to the monochromator. Light adsorbates on metal
surfaces are established as model systems for this kind of investigation since no multi-electron
excitations (MEEs) can mimic the long-range oscillatory fine structure in the x-ray absorption
coefficient [21, 22] as can be the case for heavier atoms [13, 14, 18, 19]. Since the structural
results presented in this work agree with the ones reported in the literature, the main focus of
the present work is on the detailed analysis of the AXAFS contribution. The paper is structured
as follows. We start with the description of the experimental details in section 2. In section 3
the experimental results are presented. Finally in section 4 the experimental results for the
AXAFS are compared to ab initio calculations.
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Figure 2. The x-ray absorption coefficient ;(E) at the O K edge of (v/2 x 2+/2)R45°0/Cu(100)
(dashed curve) [22] and (2 x 1)O/Cu(110) (solid curve). The spectra were divided by their spline
functions.

2. Experimental details

To measure the azimuthal angular dependence, two Cu(110) single crystals from the same rod
and of identical quality were mounted in the UHV chamber—one crystal rotated azimuthally
by 90° with respect to the other one. The crystals were cleaned by successive cycles of argon-
ion bombardment and annealing to 850 K. The surface was characterized by means of Auger
electron spectroscopy and low-energy electron diffraction (LEED). The base pressure was
<3 x 107! mbar. Itis well known that chemisorption of oxygen on a Cu(110) surface leads to
an adsorbate-induced missing row reconstruction. This reconstructed state was achieved after
dosing 12 L of O, at room temperature and annealing to 400 K after dosage. With this procedure
the saturation coverage of 0.5 ML was achieved, which was controlled by investigating the
signal-to-background ratio (edge jump) versus the oxygen dosage. The experiments were
performed at BESSY Il in Berlin. We used the U-41 beamline with a collimated plane-grating
monochromator (PGM) and a refocusing unit [24]. For the first time the so-called gap-scan
technique was used over an energy range of AE = 430 eV (see figure 2). Therefore, the high
photon flux provided by the undulator set-up was combined with the feasibility of scanning
the energy in an extended range [25, 26]. Hence, highly reliable SEXAFS data were measured
which allowed a systematic investigation of the small AXAFS contribution. The SEXAFS
data were taken at the O K edge with the quasi-total electron yield at a polar angle of o = 90°
(normal x-ray incidence; E-vector parallel to surface) and o = 20° (grazing x-ray incidence)
in both azimuths ([100] and [1 IO]).

3. Experimental results

In figure 2 the x-ray absorption coefficients p(E) at the oxygen K edge are presented for the
reconstructed systems (2 x 1)O/Cu(110) (this work) and (\/5 X 2\/§)R45°O/Cu(100) [22].
The oscillatory fine structures are related because of the very similar nearest-neighbour
distances (O/Cu(110): Ry, = 1.81 A, O/Cu(100): R,, = 1.83 A). But for the O/Cu(110)
system the amplitude of the oscillation is larger. This is due to the fact that the effective
coordination number is higher for O/Cu(110) because for O/Cu(100) two domains of the
reconstructed surface are probed which are rotated by 90°. The presence of the domains for
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Table 1. Bond lengths and Einstein temperatures for the nearest- and the next-nearest-neighbour

bonds.
Nearest neighbour ~ Next-nearest neighbour
Run Ruomn

Bond length R (A) 1.81 £0.03 1.99 £ 0.03

Einstein temperature 0 (K) 420 £ 40 380 + 40

O/Cu(100) is also why an azimuthal angular dependence was not investigated in an earlier
work [22]. The SEXAFS oscillations are extracted with stiff polynomial spline functions
from the x-ray absorption coefficient ;(E) (which is divided by the spline function in figure 2
for clearer representation). Because of the higher intensity of the SEXAFS oscillations for
O/Cu(110) the AXAFS feature can be detected even more reliably. It turns out that the AXAFS
interferes destructively with the nearest-neighbour scattering contribution. This results in a
reduction of the SEXAFS wiggle at about 680 eV which can be detected even by eye in both
spectra.

The detailed analysis of the SEXAFS wiggles is carried out in k-space, as presented in the
left-hand side of figure 3. The temperature-dependent data (50, 300 K) for the various polar
and azimuthal orientations of the crystals are shown. The damping of the SEXAFS signals at
300 K is due to the larger dynamic disorder described by the mean square relative displacement
(MSRD) ¢2(T) which enters into the EXAFS Debye—Waller factor: exp[—202(T)k2]. From
the temperature dependence of aiz(T) for every bond i, an Einstein temperature 6g ; can be
calculated that characterizes the bonding strength of every individual bond i [27]. The right-
hand side of figure 3 shows the Fourier transforms of the data. As discussed above, the SEXAFS
is mainly determined by the two bonds of the oxygen atoms to the Cu atoms as discussed above
(Ryn and Rppy). At normal incidence with the E-vector parallel to the O—Cu rows (E || [001])
the nearest-neighbour bond Ry, is probed (figures 3(a), (b)), whereas at grazing and at normal
x-ray incidence with the E-vector perpendicular to the O—Cu rows (E L [001]) the next-
nearest-neighbour bond R,,, of the O atoms to the second layer is analysed (figures 3(c)—(f)).
That two different bonds are indeed probed can be seen by looking at the different phases
of the SEXAFS oscillations in the k-space (figure 3, left) for (a), (b) compared to (c)—(f).
Correspondingly, the main peak position in the Fourier transform (figure 3, right) is shifted
to larger distances for (c)—(f) as indicated by the right-hand vertical lines. The reason for the
larger intensity of the main peak in the Fourier transforms in (c), (d) compared to (e), (f) is due
to the larger effective coordination number N =3 " i (€ - 7; ;)? for this measuring geometry.
Here, € is the unit vector in the direction of the electric field and 7; ; is the unit vector in the
direction of the bond, where j refers to all the backscattering atoms within a backscattering
shell i. So, N; is basically the sum over all the projections of the bonding directions 7; ;
to the electric field vector €. Fitting the main contributions in the Fourier transforms using
FEFFIT [28] with a theoretical standard calculated with FEFF8.2 [29], the bond lengths and
the corresponding Einstein temperatures 6g ; can be determined, as given in table 1. From
these results the structure given in figure 1 is concluded. The height of 4 = 0.04 A of the
oxygen atoms above the plane formed by the first Cu layer was determined by optimizing
the intensity of the forward-focusing peak located at about 3.2 A in figure 3(a) (right) using
the FEFF8.2 code [26]. The next-nearest-neighbour length of bonds of the O atoms to the
second Cu layer is consistent with a layer expansion of 0.20 A of the first layer (see d;, and
d; in figure 1). Similar expansions were found in various other structural investigations of
this system [9, 30-32]. The slightly larger Einstein temperature of the nearest-neighbour bond
(see table 1) indicates that this bond is a little stiffer compared the next-nearest-neighbour one.
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Figure 3. SEXAFS oscillations & x (k) (left) and the corresponding Fourier transforms | F T [k x (k)]|
(right) for (2 x 1)O/Cu(110). The AXAFS and nearest-neighbour contributions are marked with
dotted vertical lines.

But this anisotropy is small compared to those of other reconstructed systems (see e.g. [27])
demonstrating that the strengths of the bonding of the O atoms to the first and the second Cu
layers for the present system is nearly isotropic, although the bond lengths are quite different
(see table 1).

Now we turn to the investigation of the peak located at about half of the nearest-neighbour
distance (Fourier transforms (a), (b) in figure 3) or at half of the next-nearest-neighbour
distance (Fourier transforms (c)—(f) in figure 3). These contributions marked by the left
vertical lines are assigned to the AXAFS contribution. Obviously these contributions shift
systematically according to the bond which is probed. This demonstrates that these structures
located at about 0.9 A (AXAFS nearest nei ghbour)and 1.1 A (AXAFS next-nearest nei ghbour)
cannot be artifacts due to possible MEEs as discussed by Filipponi et al [14, 15]. This is
because MEEs lead to structures at a fixed energy in the x-ray absorption coefficient u(E).
Therefore, features that originate from MEEs would show up at the same distance R in the
Fourier transform, independently of the measuring geometry. The same argument is true for
experimental artifacts which could be due to improper normalization of the data. Hence, the
dependence of the AXAFS peak position on the bond being probed is a strong indication that
this feature does indeed stem from the scattering at interstitial charges between the absorbing
and the backscattering atom. For a more detailed investigation of the anisotropy of the AXAFS,
the Fourier transforms of the SEXAFS oscillations with the E-vector along the O-Cu rows
(E | [001]) and perpendicular to the O—Cu rows (E _L [001]) are directly compared in figure 4
(left). The AXAFS peak A shifts to larger distances A’ together with the position of the main
peak (nearest neighbour: B; next-nearest neighbour B’). In order to analyse the phases of the
AXAFS the Fourier backtransforms of the peaks marked A and A’ are presented in figure 4
(right). Interestingly, the AXAFS oscillation of the nearest-neighbour bond (solid curve)
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Figured. Left: directcomparison of the Fourier transformed SEXAFS data with the E-vector along
the O—Cu bond (E || [001], normal x-ray incidence) and perpendicular to that direction (E || [1 101,
grazing x-ray incidence). Right: the Fourier backtransform of the AXAFS contributions labelled
A and A’ in the left figure.

exhibits a maximum around k &~ 6.3 A~! whereas a minimum is determined for the regular
SEXAFS oscillations at this k-value (figure 3(a) (Ieft)). This results in a destructive interference
of the two contributions leading to a dip in the enveloping amplitude of the complete SEXAFS
as can be detected even by inspection by eye in figure 3(a) (left). This is also found for the next-
nearest-neighbour bond. The AXAFS oscillation exhibits a minimum at k 2 6.8 A~! (dashed
curve in figure 4 (right)) whereas a maximum is found for the regular SEXAFS oscillations
(figure 3(c) (left)).

The same trend can also be seen when comparing the SEXAFS oscillations of the present
(2 x 1)O/Cu(110) system to the (+v/2 x 2+/2)R45°0/Cu(100) system investigated earlier [22]
as presented in figure 5 (left). As discussed above, similar bondings are probed for the two
cases and therefore a similar AXAFS contribution is expected. Indeed, a dip in the enveloping
amplitude of the SEXAFS oscillations can be detected around k 2 6 A~'. Looking at the
Fourier transform of these oscillations as given in figure 5 (right), obviously the AXAFS
(marked) is present for both cases. For O/Cu(110) the AXAFS contribution is about 30%
of the main SEXAFS contribution, whereas it is about 50% for O/Cu(100). This relatively
larger—by a factor of 1.6—AXAFS for O/Cu(100) compared to O/Cu(110) might be related to
the different local geometries for the two cases: for O/Cu(100) the oxygen atoms are surrounded
by three Cu atoms in the first layer, whereas only two Cu atoms enclose the oxygen atom for
O/Cu(110) in the first layer. Furthermore, two structural domains of the reconstructed surface
are probed for the O/Cu(100) systems which are rotated by 90°. This could result in a different
localization of the interstitial charges leading to the effect discussed above. Interestingly,
the AXAFS contributions exhibit about the same intensity on an absolute scale, which might
indicate that the AXAFS intensity is basically determined by the nature of the bonding of
oxygen to copper itself. This is also supported by the fact that the AXAFS peaks exhibit the
same widths in the two cases. The similar shapes of the AXAFS peaks reveal that they cannot
be due to an experimental artifact related to the beamline used, because the SEXAFS data
were recorded at different synchrotron radiation facilities, namely BESSY II (O/Cu(110)) and
BESSY I (O/Cu(100)).

4. Discussion

In order to investigate the AXAFS for this system in more detail we compare the experimental
results to ab initio calculations using the FEFF8.2 code [29] based on spherical potentials
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Figure 5. Left: direct comparison of the SEXAFS oscillations ky (k) of the systems
(2 x 1)O/Cu(110) (solid curve) and +/2 x 2+/2)R45°0/Cu(100) (dashed curve) for normal
x-ray incidence (with the E-vector along the O~Cu bond in the surface plane for the O/Cu(110)
system (E || [001])). Right: Fourier transformed SEXAFS data. The AXAFS contribution is
labelled.

(muffin-tin approximation). The scattering of the photoelectron at interstitial charge densities
results in an oscillatory fine structure x.(E) of the atomic x-ray absorption coefficient 1o (E)
of the embedded atom:

1o(E) = o free (E)[1 + xe(E)]. (1)
Here, 110 free (E) refers to the smooth atomic x-ray absorption coefficient of the free atom.
Therefore, the total x-ray absorption coefficient ;(E) becomes

M(E) = o free (E)[1 + xe (E)I[1 + x (E)]. 2)

In this representation of the total x-ray absorption coefficient the scattering of the photoelectron
at the interstitial charges is separated from the scattering at neighbouring atoms. As suggested
by Rehr and co-workers the AXAFS oscillatory fine structure x.(E) can be described in the
muffin-tin approximation by [12]

Ye(E) = ——| fu| Sin(2k Ryrr + 25° + o). 3)
kRyr

Here, Ryt is the muffin-tin radius, f. = |f.|e!? is an effective curved-wave scattering
amplitude of the interstitial charge density and &} is the central-atom phase shift. Looking
at the AXAFS intensity relative to the nearest-neighbour contribution in the Fourier transform
in figure 4, the AXAFS is about 30% of the main contribution. However, to determine the
relative intensities of the effective scattering amplitudes for the interstitial charge | f.| and
the effective backscattering amplitude of the nearest-neighbour | f;,,|, the relative intensities
seen in the Fourier transform have to be rescaled by 1/R?. Since the AXAFS contribution
is located approximately at half the nearest-neighbour distance, the ratio is | f¢|/| fun| = 8%.
Interestingly, in a simplified atomic picture one can assume that each bond consists of two
electrons (f.) and each of the nearest-neighbour Cu atoms ( fy,) has 27 (3d°) or 28 (3d'%)
electrons that scatter. Then the ratio becomes |f.|/|fm| = 2/28 ~ 7%. This value
is in reasonable agreement with the experimentally determined ratio which supports the
interpretation that AXAFS is due to the scattering from the bonding charges while the main
EXAFS contribution originates from the charges localized at the nearest-neighbour atom.
With the FEFF8.2 code we calculated the atomic x-ray absorption coefficient 1o (E) as given
in figure 6. An oscillatory fine structure can be seen in po(E) which was extracted with a
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Figure 7. Left: calculated AXAFS yx. for two muffin-tin radii (Ryt = 0.94 A: dotted curve;
Rmt = 1.11 A: dashed curve) and the backtransformed experimental AXAFS contribution for
O/Cu(110) (marked in figure 5) (solid curve). Right: the Fourier transform of the calculated
AXAFS contribution (Ryr = 1.11 A) (dashed curve) together with the Fourier transform of the
complete experimental SEXAFS oscillations (solid curve).

stiff polynomial spline function. The result of this extraction is given in the inset of figure 6.
The normalization of the data to a constant edge jump reveals that the calculated AXAFS
intensity is about 2% of the edge jump. The calculated AXAFS oscillations are compared to
the experimental result in figure 7. A muffin-tin radius of Ryt = 0.94 A (dotted curve) was
calculated by assuming charge neutrality. It turns out that the phase of the calculated AXAFS
oscillations are off by about 180°. Since there is charge transfer from the Cu to the O atoms
which is not automatically taken into account by the scattering potentials calculated with the
program, the muffin-tin radius had to be enlarged to Ryt = 1.11 A. This is because the
muffin-tin radii are kept constant even in the self-consistent field approximation. It turns out
that the phase is in reasonable agreement with the experimental data for the enlarged muffin-
tin radius. Both calculations had to be multiplied by a factor of 2 to match the experimental
intensity. This is probably due to the extended continuum picture used in the calculation that
may underestimate the real jump of the potential at the surface. Unfortunately, the anisotropy
of the AXAFS peak position in the Fourier cannot be calculated using the FEFF8.2 code in
the spherical muffin-tin approximation. For this purpose a full-potential version of the code is
needed which is under development now.
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5. Conclusions

We present surface EXAFS data nearly free of noise measured at a third-generation synchrotron
radiation facility. This enabled us to clearly identify the atomic EXAFS contribution in the
spectra for the (2 x 1)O/Cu(110) surface system. It turns out that this system is an ideal
prototype system for investigating the AXAFS since the O—Cu bonding is highly directional.
Our angle-dependent study showed that the position of the AXAFS contribution in the Fourier
transform reflects this anisotropy of the bond being probed. This gives a unique opportunity
to measure the anisotropy of the local embedded atom potential for the first time. Since
the x-ray absorption of the low-Z atom oxygen is investigated, no MEEs can mimic such a
contribution. Therefore, the appearance of this feature can indeed be related to the scattering
of the photoelectron at interstitial charge densities. The comparison to ab initio calculations
showed that the position and the lineshape of the AXAFS contribution in the Fourier transform
can be modelled theoretically. A future full-potential calculation is needed to model the
experimentally determined angular dependence. This combined experimental and theoretical
work may help in the study of the charge densities that are responsible for the bonding in, for
instance, oxides in more detail in future works.
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