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Surface core-level shifts of clean and oxygen-covered Ru„0001…
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We have performed high resolution x-ray photoemission spectroscopy experiments on the Ru~0001! surface,
both clean and covered with well-defined amounts of oxygen up to 1 monolayer coverage. For the clean
surface we detected two distinct components in the Ru 3d5/2 core-level spectra, for which a definite assignment
was made using the high resolution angle-scan photoelectron diffraction approach. For thep(232),
p(231), (232)-3O, and (131)-O oxygen structures we found Ru 3d5/2 core-level peaks that are shifted to
higher binding energies by up to 1 eV. Very good agreement with density functional theory calculations of
these surface core-level shifts~SCLS’s! is reported. The overriding parameter for the resulting Ru SCLS’s
turns out to be the number of directly coordinated O atoms. Since the calculations permit the separation of
initial and final state effects, our results give valuable information for the understanding of bonding and
screening at the surface that is not accessible in measurements of the core-level energies alone.

DOI: 10.1103/PhysRevB.63.205419 PACS number~s!: 73.20.At, 71.20.Be, 79.60.2i, 68.43.2h
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I. INTRODUCTION

The interaction of oxygen with transition metal surfaces
of considerable interest. Apart from its model character
adsorbate-substrate interactions, it is important as the
step in oxidation of these surfaces, and because of its
volvement in catalytic reactions such as CO oxidation, us
e.g., for the decontamination of automobile exhaust ga
Therefore, significant efforts have been made in recent
cades to investigate this model process, from both an exp
mental and a theoretical point of view. Oxygen chemiso
tion on transition metal surfaces is largely discussed in te
of strong covalent bonding between the O 2p states and the
metal valenced band, accompanied by an unspecified b
noticeable charge transfer from the substrate to the electr
gative adsorbate. However, it is not clear which part of
total electron density could or should be assigned to wh
atom, so that a clear-cut distinction between charge tran
and polarization is not possible.1,2

In this context, theoretical concepts have been develo
that try to partition a calculated total electron density in
contributions from individual atoms.3–6 Yet it would also be
useful to have an experimentally accessible quantity
gives information about the nature of the chemical bond
would even help to quantify the amount of charge tra
ferred. As core levels are relatively compact and are ge
ally assumed not to take part in the bonding itself, core-le
binding energies provide such a local probe of the change
the electrostatic potential of an atom in different enviro
ments. At surfaces, the core-level energies of the subs
atoms are changed relative to the bulk, giving rise to
so-called surface core-level shifts~SCLS’s!, which can be
measured for both clean and adsorbate-covered surface
high resolution core-level photoemission spectroscopy7,8
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However, total SCLS’s comprise not only the so-called i
tial state effects, which reflect the changes in the electro
distribution at the unperturbed surface, i.e., before the e
tation of the core hole, but also the final state effects, wh
are due to the different screening capabilities of the alre
core-ionized system at the surface and in the bulk.9 Here, a
complementary analysis by density functional theory~DFT!
is important, because the latter is able to subdivide the t
SCLS’s into initial and final state contributions.

Such an approach of coupling experiment and theory
already been used to study the SCLS’s of clean transi
metals,10 and recently also to analyze adsorbate-induc
SCLS’s due to the interaction of O with the Rh~111! surface
for the p(232) and p(231) ordered adlayer structures.11

The present investigation of the O interaction with t
Ru~0001! surface aims to compare the chemisorption beh
ior of the two surfaces. Further, on Ru~0001! four different
ordered O adlayer structures are formed, which span the
erage range from zero up to one monolayer~ML ! and are all
extensively characterized by low energy electron diffract
~LEED! experiments12–15 and DFT calculations.16 Hence, a
much larger experimental data base is available compare
the O/Rh~111! work, which allows us to assess much bet
the agreement between measured and calculated SCL
The four ordered oxygen overlayers, which we have p
pared and studied besides the clean surface, are
p(232),12 the p(231),13 the (232)-3 O,14 and the
(131)-O ~Ref. 15! structures. In all phases, the O atoms a
in hcp hollow sites and the Ru atoms can have up to thre
neighbors as shown in Fig. 1.

As will be shown in Sec. IV A, the Ru 3d5/2 core-level
spectra are composed of several peaks, which have to
assigned to certain bonding situations of the correspond
Ru atoms. From the aforementioned work on O/Rh~111!, we
©2001 The American Physical Society19-1
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expect the SCLS’s of the first layer atoms to depend prim
rily on the number of directly coordinated O atoms. T
nomenclature that we use to name each of these atoms~and
their corresponding SCLS’s! is derived from this fact and is
described in Fig. 1.

If the number of nearest neighbor O atoms is indeed
ruling quantity for the first layer peaks, the assignment of
O-induced components in the spectra is straightforward,
cause each such peak should be present in two of the
sidered phases. As shown in Fig. 2, O-induced compon
at approximately equal positions indeed appear each tim
two coverages, so that working down from the (131)-O
peak, theS1(3 O), S1(2 O), andS1(1 O) peaks can be di
rectly assigned. Unfortunately, the situation is not so sim
for the S1 andS2 peaks, which are both present in the spe
trum of the clean surface and of thep(232) phase. While
the favorable comparison of experiment and theory to
reported in the present work does also offer an assignm
for these peaks, it is still desirable to reach assignments
experimental grounds only. In previous work high resoluti
photoelectron diffraction in the forward scattering regim
has already been successfully utilized to assign differ
components to first and second layer atoms.17,18In this work,
a similar strategy will be pursued for the clean Ru~0001!
surface, in order to independently assign the remainingS1
andS2 components. Once the measurement and assignm
of the various SCLS components has been accomplis
they can be compared with the theoretical results. As
latter allow one to separate the final state contribution fr

FIG. 1. Periodic oxygen adlayer structures on the Ru~0001! sur-
face with increasing coverage.S1 , S1(1 O), S1(2 O), andS1(3 O)
are first layer Ru atoms bound to no, one, two, and three oxy
atoms, respectively.S2 andS2(1 O) are second layer atoms with n
and one oxygen atom directly above on the surface, respectiv
The bulkb includes all deeper layer Ru atoms. The top right pa
shows side views of the clean Ru~0001! surface with an indication
of the angle at which strong forward scattering is expected, an
the p(231) structure.
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the total shift, we are then in a position to discuss the c
nection of the initial state shift with the nature of the chem
cal bond.

II. EXPERIMENT

The SCLS experiments were performed at the superES
beamline of the ELETTRA synchrotron facility in Trieste
Italy.19 The experimental chamber is equipped with a n
double pass electron energy analyzer20 ~which is composed
of two hemispheres of 150 mm radius each! with a 96-
channel detector21 ~some earlier results were obtained with
VSW spherical analyzer!, a VG manipulator with five de-
grees of freedom and with heating and cooling capabilit
~1500 K and 120 K, respectively!, a Leybold rear view
LEED optics, and a channel-plate doser for dosing h
amounts of oxygen. All data shown for the series of SCLS

n

ly.
l

of

FIG. 2. Ru 3d5/2 core-level spectra for the clean surface and
four oxygen structures. The dots represent the experimental res
while the line in between is the result of the fit. The spectra w
measured at a temperature lower than 130 K. The components
in the fit are added in the figure. The curves with the thin li
denote the ‘‘clean’’ components (S1 , S2), while the thicker lines
are the oxygen-related componentsS1(1 O), S1(2 O), andS1(3 O),
corresponding to first layer Ru atoms bonded to one, two, and t
oxygen atoms, respectively~cf. Fig. 1!. The dashed lines with ar
rows denote the presence of each of these components in two
ferent structures.
9-2
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SURFACE CORE-LEVEL SHIFTS OF CLEAN AND . . . PHYSICAL REVIEW B63 205419
as a function of oxygen coverage were measured in
single run for maximum comparability, but were in goo
agreement with a partial data set obtained earlier usin
VSW 150 mm electron energy analyzer with 16-channel p
allel detection.22 The photoelectron diffraction experimen
was carried out in a separate run, also using the VSW a
lyzer.

The Ru~0001! crystal was cleaned by Ar1 sputtering and
repeated cycles of oxygen treatment at temperatures ran
from 1000 K to 1200 K. Finally, the sample was flashed
1500 K and cooled down to 300 K in 131027 mbar hydro-
gen pressure in order to remove any residual trace of oxy
to remove the hydrogen, the sample was briefly heated
500 K in UHV before measurements. A very sharp (131)
LEED pattern with low background intensity was obtain
and the x-ray photoemission spectra~XPS! did not show any
trace of carbon, oxygen, or other contaminants.

The SCLS spectra, both in the measurement of the oxy
structures and in the diffraction experiment, were acquire
a sample temperature lower than 130 K and at a base p
sure of 6310211 mbar. Before doing the SCLS measur
ments, the different oxygen structures were defined by

serving the intensity of the (1
2 , 1

2 ) spot in the LEED pattern
induced by oxygen adsorption. The three structures fully
veloped up to 0.75 ML show maxima in the intensity of t
extra spots while dosing oxygen when the layer correspo
to 0.25, 0.50, and 0.75 ML coverage. Since the LEED ap
ratus is mounted in the experimental chamber we could
this way monitor the correct dose of oxygen in order to o
tain the desired structure. The coverage was also checke
measuring the O 1s intensity. Comparison of the LEED to
the XPS data shows that the O 1s signal measured at 65
eV photon energy is not much affected by diffraction effec
it therefore gives a good estimate of the relative coverag

The p(232) structure was obtained by exposing t
clean Ru~0001! surface to 0.7 Langmuir~L! ~nominal! of
oxygen at 373 K, and subsequent brief heating to 670 K.
p(231) structure was obtained by dosing onto thep(2
32) an additional 3.5 L at 373 K, followed again by bri
heating to 670 K. As reported in previous work, flashing
670 K after the doses is needed to achieve perfect orde
the superstructure. The (232)-3 O structure was obtaine
by dosing with oxygen for 600 s with the channel-plate do
at a distance of 10 mm from the sample, with a pressur
the chamber of 1.531026 mbar at a sample temperature
600 K. The resulting O 1s intensity corresponded to 0.8
ML. In order to remove the excess oxygen the sample w
briefly heated to 1060 K; the resulting coverage was 0
ML. The (131)-O structure was obtained by dosing wi
NO2 three times, for 800 s each, with the doser~pressure in
the chamber 531028 mbar! at a sample temperature of 60
K. A very sharp (131) LEED pattern resulted.

The high resolution Ru 3d5/2 SCLS spectra were recorde
at a photon beam incidence angle of 80 ° from the surf
normal; in the machine used this leads to an electron em
sion angle of 40 °. Three different photon energies 352, 3
and 400 eV were used in order to change the weight of
core-level components due to diffraction and inelastic sc
20541
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tering effects. Thep(232) structure was measured only
352 eV. The analyzer was operated at 5 eV pass energy
an entrance slit of 2 mm. The combined~photon plus elec-
tron! energy resolution is estimated to have been better t
80 meV. For the photoelectron diffraction measurements
the clean Ru~0001! surface, we used a photon energy of 5
eV, which corresponds to a kinetic energy of the Ru 3d5/2
core level of 220 eV, high enough to have strong forwa
scattering effects. We performed an azimuthal scan at 4
emission angle with the photon beam now parallel to
surface normal. Since at this high photon energy the cr
section for photoemission is quite low, we used a pass
ergy of 5 eV in the single pass electron energy analyzer
order to have a good signal to noise ratio, which lowered
overall energy resolution to 120 meV.

III. THEORY

For the density functional theory calculations of th
SCLS’s we employ the generalized gradient approximat
~GGA! of the exchange-correlation functional,23 using the
full-potential linear augmented plane wave method24–26 ~FP-
LAPW! to solve the Kohn-Sham equation. The Ru~0001!
surface is modeled using a six-layer slab, and O is adsor
on both sides to preserve mirror symmetry. A vacuum reg
corresponding to five Ru interlayer spacings ('11 Å) was
employed to decouple the surfaces of consecutive slab
the supercell approach. Within a (232) surface unit cell, the
positions of all O adatoms and Ru atoms in the outer t
substrate layers were fully relaxed for all coverages con
ered. The resulting adsorption geometries are in very g
agreement with existing LEED data,12–15as well as with ear-
lier DFT pseudopotential calculations.16

The FP-LAPW basis set is taken as follows:RMT
Ru

52.3 bohrs, RMT
O 51.3 bohrs, wave function expansio

inside the muffin tins up tol max
wf 512, potential expansion up

to l max
pot 54. The Brillouin zone integration for the (131)

cells was performed using a (1231231) Monkhorst-Pack
grid with 19k points in the irreducible part. For the large
surface cells, the grid was reduced accordingly, in orde
obtain the same sampling of reciprocal space. The ene
cutoff for the plane wave representation in the interstit
region between the muffin tin spheres was 17 Ry for
wave functions and 169 Ry for the potential.

The SCLS,DSCLS, is defined as the difference in energ
that is needed to remove a core electron either from a sur
or from a bulk atom,

DSCLS5@Esurface~nc21!2Esurface~nc!#

2@Ebulk~nc21!2Ebulk~nc!#, ~1!

whereEsurface(bulk)(nc) is the total energy of the system con
sidered as a function of the number of electronsnc in a
particular core level c of a surface or bulk atom
respectively.9 Within the initial state approximation,DSCLS

initial is
given by

DSCLS
initial'2@ec

surface~nc!2ec
bulk~nc!#. ~2!
9-3
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S. LIZZIT et al. PHYSICAL REVIEW B 63 205419
Here,ec
surfaceandec

bulk are the Kohn-Sham eigenvalues of t
particular core statec, so that in this approximation th
SCLS is simply due to the variation of the orbital eigene
ergies before the excitation of the core electron. A full c
culation of the ionization energy, which includes the scre
ing contributions from the valence electrons in response
the created core hole, can be achieved by calculating the
energy of an impurity with a core hole in the selected c
state. The SCLS is then the difference of two total energ
with the impurity located once at the surface and once ins
the bulk.27 To a good approximation, this difference can al
be obtained via the Slater-Janak transition state approac
evaluating total energy differences.28 Using the mean value
theorem of integration,

E~nc21!2E~nc!5E
nc

nc21]E~n8!

]n8
dn8'2ec~nc21/2!,

~3!

Equation~1! can be cast into the form of Eq.~2!, but this
time with a core-level occupation ofnc21/2. Note that this
latter approach, from which we derive what we will henc
forth call the total SCLS, takes both initial and final sta
effects~in the spectroscopic sense! into account, so that the
results can be compared with the experimental values.

Whereas initial state SCLS’s can be obtained direc
from our normal all-electron scheme, the total SCLS’s
quire a self-consistent impurity calculation, where one at
is ionized by removing half an electron from the core lev
considered. We used (232) supercells to surround eac
such atom with neighbors possessing the normal core
figuration and kept the fully relaxed ground state geome
fixed. In order to describe an electronically fully relaxed fin
state, suitable for a system like Ru with a Fermi reservoir
electrons, overall charge neutrality must be imposed,
half an electron was added at the Fermi level.

Initial state and full calculations for the 3d SCLS’s were
done for each inequivalent Ru atom in the outermost t
substrate layers at all experimentally described covera
The bulk core-level positionec

bulk was calculated using a ten
layer bulk slab inside the same supercell as used for
surface calculations, i.e., the previous vacuum region
simply replaced by additional Ru layers. With this procedu
an identical sampling of reciprocal space was achieved
both surface and bulk calculations. Having evaluated b
the initial state and the total SCLS’s we can extract
screening contribution, which is not accessible from the
perimental data.

IV. RESULTS

A. SCLS analysis

In Fig. 2 the SCLS spectra measured at 352 eV
shown, together with the fits and the various compone
The data were fitted using Doniach-Sunjic functions con
luted with Gaussian broadening.29 The background was as
sumed to be linear. In order to get physically meaning
results from the fits it was necessary to put constraints
some parameters of the fitting function as many compon
20541
-
-
-

to
tal
e
s,
e

of

-

y
-

l

n-
y
l
f
.,

o
s.

e
s

e
r

th
e
-

e
s.
-

l
n
ts

have significant overlap. The three spectra at different p
ton energies of a certain structure@except for thep(232)#
were hence fitted together with identical parameters, leav
free only the intensities of the core-level components. In t
way the line shape parameters found~Gaussian and Lorent
zian width, as well as the asymmetry parameter! are more
reliable. Two strategies were then employed to assign
various peaks to the differently coordinated Ru atoms in
surface.

~i! This is an independent experimental assignment, wh
uses only the structural knowledge of the various O pha
as described above. Recurrently working down in cover
starting from the (131)-O/Ru(0001) phase, all peaks ca
thus uniquely be identified with the notable exception of t
assignment of theS1 andS2 peaks of the clean surface. Th
latter determination was achieved by supplementary ph
electron diffraction experiments, which will be described
the next subsection.

~ii ! This relies partially on information from our theore
ical calculations, the main difference being the inclusion
~small! nonzero shifts of theS2(1O) peak, which was ne
glected in strategy~i! to avoid overfitting. As will be dis-
cussed in Sec. IV C, approach~ii ! improves the quantitative
agreement between theory and experiment, yet we argue
approach~i! was also important in order to assure that bo
measurement and calculation lead independently to the s
conclusions.

Details of these two fitting procedures are described in
Appendix, while the SCLS values are collected in Table
The error bars shown in the table were estimated from
quality of the fits when changing the SCLS in this ener
range. Therefore, possible errors related to the oxygen c
erage are not included in the table.

TABLE I. Measured SCLS’s of the Ru 3d5/2 level at all cover-
ages in meV. Positive shifts reflect a more strongly bound core le
at the surface compared to the bulk. The nomenclature for the
ferent substrate atoms~S1 , S2, etc.! follows that of Fig. 1. In
strategy~i! the value ofS2(1 O) was set to 0 for all the structures
while only for the (131)-O surface was its value obtained by fi
ting strategy~ii !.

Strategy~i! Strategy~ii !

clean,S1 2366610 2360610
clean,S2 1125610 1127610
p(232), S1 2400620
p(232), S1(1 O) 120630
p(232), S2 1120630
p(231), S1(1 O) 250630
p(231), S1(2 O) 1390610
p(231), S2 188630
(232)-3 O, S1(2 O) 1387620
(232)-3 O, S1(3 O) 1980610
(232)-3 O, S2 1127630
(131)-O, S1(3 O) 1960610 1920610
(131)-O, S2(1 O) 0 260610
9-4
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B. SCLS assignment

As already mentioned, the assignment of the oxyg
related SCLS’s following strategy~i! was implicit in the
measurements, whereas that of the clean surface still nee
be proved. In Fig. 3 the three SCLS spectra of the cl
surface, measured at the three photon energies given
shown together with the fits. The spectra have been norm
ized at the low binding energy side. They have been m
sured and fitted between 277.9 eV and 281.8 eV in a w
range than shown in the figure. Among the three pe
present, the only one that can be unambiguously assign
peak b, which belongs to the bulk. This results from th
analysis of the SCLS’s of (131)-O and is also supported b
the fact that when the surface was saturated with CO or o
adsorbates the only peak that remained unchanged was
b.

From a simple inspection of the data it is possible to
that peakb increases at higher photon energy, consist
with a simple mean free path picture. The peak at low
binding energy,S1, has maximum intensity at 370 eV an
the component at higher binding energy,S2, is more or less
constant. From these data it would not be possible to dis

FIG. 3. SCLS spectra of the clean surface measured at diffe
photon energies. The result of the fit is added in the figure as a
crossing the experimental points represented by dots. The t
componentsb, S1, andS2 are also added as solid lines. The ener
range used to fit the data is wider than what is shown in the fig
~see text!.
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tangle the various components by accounting only for ine
tic scattering effects. In fact, the strong modulation of t
lower binding energy peak, which will be assigned to the t
layer as we show in the following, is mainly due to interfe
ence effects, i.e., to photoelectron diffraction, and not to
elastic damping. Therefore we used these interference eff
to find the assignment for the clean surface.

The approach relies on the fact that at photoelectron
netic energies higher than'400 eV the conditions for
strong forward scattering are fullfilled when an atom of t
first layer lies in the line between a second layer emitter at
and the electron energy analyzer~cf. Fig. 1, top right
panel!.30 Therefore, on changing the azimuthal anglef at an
appropriate polar angleu @for the clean Ru~0001! u536 °#
one should see that the photoemission intensity of the sec
layer is strongly modulated due to the forward scatter
with the first layer, while the intensity of the peak due to t
latter atoms stays almost constant since no scatterers
present between the emitter in the first layer and
analyzer.17 The problem that arises in this experiment is th
at such a high kinetic energy and low emission angle
intensity of the photoemission from the first layers will d
crease appreciably with respect to that from the bulk. T
will affect much more theS2 peak, which is very close to the
bulk peak, and thus becomes almost undetectable.

In order to overcome this problem, we performed prelim
nary multiple scattering simulations of the first and seco
layer photoemission intensity. We used theMSCD package
developed by Chen and Van Hove31 which uses multiple
scattering theory and the Rehr-Albers separable represe
tion of spherical wave propagators.32 As input to the program
we used the structural parameters obtained from a prev
LEED I /V experiment.33 Moreover, since the Ru~0001! sur-
face is composed of domains rotated by 120 ° to each ot
we summed the photoemission intensity over these doma
Finally, we calculated the modulation function defined
@ I (f)2I 0#/I 0, where I (f) is the photoemission intensity
while I 0 is its average value. From these calculations
found the best conditions to perform the photoelectron d
fraction experiment. In particular, we realized that when p
forming an azimuthal scan atu540 ° at a kinetic energy of
220 eV, not only does the first layer intensity show pr
nounced modulations due to the backscattering, but furth
more these are in antiphase with those of the second l
emission, in which the characteristic forward scatteri
peaks are present atf5630 ° with respect to the@12̄10#
direction. The photoelectron diffraction experimental resu
together with the multiple scattering simulations are sho
in Fig. 4. The agreement between experiment and simula
is very good, hence giving a clear answer to the question
addressed:S1 belongs to the first layer atoms, andS2 to those
of the second layer.

C. Comparison with theory

Having achieved an unambiguous assignment of all
perimentally detected peaks, the next step is to comp
these results with the calculated SCLS’s. As our intention
to decompose the latter shifts into initial and final state c
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S. LIZZIT et al. PHYSICAL REVIEW B 63 205419
tributions, the agreement between theory and experim
should not only be on a qualitative or semi-quantitative lev
but should convincingly make clear that there are no inc
sistencies whatsoever between the two data sets.

In order to perform such a comparison, we first addr
the accuracy of the DFT calculations. Possible numerical
rors can arise due to the use of a finite basis set, as we
due to the finite size of the slab and vacuum region in
supercell approach. To assess the effect on the derived S
values, we sequentially increased the corresponding va
and monitored the SCLS’s of both first and second la
atoms of the clean and (131)-O covered surfaces, whic
form the lower and upper bounds of the coverage seque
considered. We checked the convergence of the basis s
increasing the plane wave cutoff in the interstitial from
Ry to 23 Ry, as well as by using denserk meshes up to an
(1831831) grid with 37k points in the irreducible wedge
In both cases the SCLS changes were within610 meV. As
the SCLS’s result from a difference between a surface an
bulk quantity, the obvious point here is to use exactly
same basis set in both calculations, which then leads
good cancellation of errors and thus makes the SCLS v
itself less sensitive to the finite FP-LAPW basis set used

The main source of error due to the supercell appro
stems from the use of slabs of finite thickness. Test calc
tions performed with ten-layer slabs revealed changes in
SCLS’s up to620 meV, particularly in the second laye
shifts. As the changes in the calculated work function w
of the same order, we assign these differences to slight va

FIG. 4. Angular dependence of the modulation function of
S1 ~open circles! andS2 ~filled squares! components shown in Fig
3. TheS2 component shows a clear enhancement of intensity in
forward scattering directions, denoted by the dashed lines in
figure. The solid lines represent the results of multiple scatte
simulations. These two curves have been shifted with respec
each other for display purposes.
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tions of the Kohn-Sham potential due to a quantum size
fect in the finite slab. On the other hand, further increas
the vacuum region did not have any influence on the SC
values (,65 meV). Summarizing the errors due to the b
sis set and the supercell approach, we hence give a con
vative estimate of the numerical accuracy of630 meV,
which is of the same order as the experimental error, t
justifying the chosen setup.

However, this error estimate does not comprise poss
errors due to general deficiencies of the approach, i.e., du
the selected exchange-correlation potential or the use of
transition state concept to evaluate the total shifts. To
end, we also calculated the SCLS’s for both (131) phases
using the local density approximation for the exchang
correlation functional.34 We found S1 and S2 of the clean
surface, as well as theS2(1O) of the (131)-O phase, to lie
within 610 meV of the values obtained with the GGA. O
the other hand, the SCLS of the threefold O coordinated fi
layer atomS1(3 O) changed by 101 meV, significantly wors
ening the agreement with the experimental value. We
tribute this finding to an improved description within th
GGA, which—as deduced from the remarkable agreem
between experiment and theory reported below—seem
allow a highly accurate determination of the quantity of i
terest to our study.

Figure 5 shows a comparison between the calculated
the measured SCLS’s. It is immediately obvious that alm
all theoretical and experimental shifts fall within their mut

e
e
g
to

FIG. 5. Comparison of the calculated SCLS’s~open symbols!
with the experimental results~filled symbols! obtained by fitting
strategy~i!. The top panel represents the SCLS’s of the first s
strate layer Ru atoms, while the middle panel displays the SCL
of the second layer atoms. The bottom panel displays the scree
contribution to the total first layer shifts.
9-6
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SURFACE CORE-LEVEL SHIFTS OF CLEAN AND . . . PHYSICAL REVIEW B63 205419
ally assigned error bars, reflecting the consistency betw
the two data sets that we aim at. Only the following shif
while still showing a good semiquantitative agreement,
not meet this requirement:S2 andS2(1 O) in p(232), S2 in
(232)-3 O, andS1(3 O) andS2(1 O) in (131)-O. The dis-
agreement in theS2(1 O) shifts is not surprising, as thi
component was neglected in the original experimental d
analysis@strategy~i!; see Sec. IV A# in order to avoid over-
fitting. After the theoretical calculations had predicted no
vanishingS2(1 O) shifts particularly for thep(232) and the
(131)-O phases, the experimental data set was reanal
including this component@strategy~ii !#. This was unambigu-
ously possible in the case of the (131)-O phase with its
clearly separate bulk and surface peaks. The resulting v
of S2(1 O)5260610 meV agrees perfectly with the theo
retical S2(1 O)5253630 meV, also bringing the calcu
lated and measuredS1(3 O) peaks into consistency~theory,
1899630 meV; expt., 920610 meV!. Unfortunately, the
crowding of peaks around the bulk peak in thep(232)
phase did not allow us to add yet another component to
fitting procedure. Hence, we were not able to resolve
small discrepancy for theS2(1 O) peak in this phase.

This leaves only theS2 components in thep(232) and
the (232)-3 O phases. As just discussed, the experiment
derived value forp(232) could be affected by neglectin
the S2(1 O) peak in the fitting procedure. Additionally, th
structure was measured only at 352 eV, and furtherm
probably the error bar of the measured SCLS is bigger du
the presence of many peaks in a very small energy ra
This might certainly account for the small difference of
meV between calculated and measured shifts. Yet these
sons do not apply in the case of the (232)-3 O phase, where
theory predicts a vanishingS2(1 O) shift, and which was
measured at three photon energies. Here, however,
weight of theS2 component is quite small compared to t
others, thus increasing the error in the experimental dete
nation of its position. Under these circumstances we do
consider the small difference of 88 meV between theoret
and experimental shifts to reflect a significant inconsisten
In conclusion, we hence find the two data sets to be fu
compatible with each other.

V. ANALYSIS

A. Screening effects

While the main idea behind the study of SCLS’s is to ga
an understanding of the electronic and structural envir
ment of atoms at the unperturbed surface, i.e., before the
excitation, the measured shifts comprise an additional c
ponent, which is due to the different screening capabilities
the core-ionized system at the surface and in the bulk.9 In
fact, this screening capability is closely related to the el
tronic hardness and the surface chemical activity~see, e.g.,
Stampfl et al.35 and references therein!; thus, this informa-
tion also is of significant interest. Fortunately, calculations
applied in this work provide the possibility of separating t
total ~measured! shifts into the initial state and the addition
final state~i.e., screening! contributions. Table II lists these
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components for all first layer atoms at the coverages con
ered. We see that the magnitude of the screening correc
is rather small compared to the overall trend in the init
state shifts. Although it leads to an enhanced difference
the total shifts of equally coordinated Ru atoms, particula
in the case of theS1(1O) andS1(3O) atoms, it still does not
overshadow the clear dependence on the number of dire
neighbors~cf. Fig. 5!. However, this does not imply that i
can be neglected, as only the full shifts lead to the go
agreement with the experimental data described above:
initial state shifts alone fall far out of the experimental err
bars. Note that, especially in the case of the small total sh
corresponding to singly O coordinated Ru surface atoms,
screening contribution is even larger in magnitude than
initial state shift.

This is even more so for the small total shifts connected
second layer Ru atoms@S2 andS2(1 O)#. Here, the screening
correction is of the same order of magnitude as the ini
state shift itself ('100 meV), and, similar to the tren
found for the first layer atoms, always negative in sign~cf.
Table III!. As all initial stateS2 andS2(1 O) are found to be
positive, frequent sign changes are introduced by the scr
ing contribution. Consequently, in the measurement the s
ond layer shifts can lead to small peaks in close vicinity

TABLE II. Calculated Ru 3d SCLS’s for the first layer atoms a
various coverages. Shown are the total shifts, as well as their
composition into screening and initial state parts:DSCLS

total 5Dscreen

1DSCLS
initial . The rightmost column contains the initial state shifts

obtained for Ru bulk truncated geometries. Units are meV.

Total Screening Initial
~relaxed! ~bulk trunc.!

clean,S1 2383 298 2285 2338
p(232), S1 2448 280 2368 2407
p(232), S1(1 O) 136 265 1101 142
p(231), S1(1 O) 267 2111 144 212
p(231), S1(2 O) 1395 262 1457 1454
(232)-3 O, S1(2 O) 1362 280 1442 1476
(232)-3 O, S1(3 O) 11010 227 11037 11088
(131)-O, S1(3 O) 1899 285 1984 11072

TABLE III. Calculated Ru 3d SCLS’s for the second layer at
oms at various coverages. Shown are the total shifts, as well as
decomposition into screening and initial state parts:DSCLS

total 5Dscreen

1DSCLS
initial . Units are meV.

Total Screening Initial

clean,S2 1124 272 1196
p(232), S2 1187 219 1206
p(232), S2(1 O) 257 282 125
p(231), S2 172 234 1106
p(231), S2(1 O) 221 296 175
(232)-3 O, S2 139 244 183
(232)-3 O, S2(1 O) 13 235 138
(131)-O, S2(1 O) 253 283 130
9-7
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S. LIZZIT et al. PHYSICAL REVIEW B 63 205419
either sideof the bulk peak, which will be hard to resolv
experimentally. As is apparent from the two fitting proc
dures employed in the present experimental analysis~see
Sec. IV A!, this can then indirectly also influence the asse
ment of the larger first layer shifts. Given that the latter a
typically the ones of primary interest, special care with
spect to this point should therefore be exerted in the exp
mental data analysis.

Methfessel and co-workers have shown that final s
effects at clean, true transition metal surfaces are largely
to intra-atomicd-electron screening.10,36,37Upon core excita-
tion, the d density of states~DOS! shift to lower energies
causes a valence electron from the Fermi reservoir to res
local charge neutrality by filling up formerly unoccupiedd
states. Due to the lowered coordination at the surface,
local density ofd states is narrower in energy than thed DOS
of a bulk atom. Because the total number of states in a b
is conserved, even in the simplest rectangulard-band model
with a constantd DOS,38 one would expect thed DOS value
at and above the Fermi level to be enhanced compared to
bulk situation. This is schematically shown in Fig. 6. In tur

FIG. 6. Schematic DOS in the rectangulard band model~for the
case of a more than half fulld band!. At the surface thed-band is
narrowed and shifted up in energy to maintain local charge neu
ity. Upon core excitation thed DOS shifts to lower energies and
valence electron from the Fermi reservoir restores local charge
trality by filling up formerly unoccupiedd states. The enhanceme
of the surfaced DOS at and above the Fermi level leads to a m
efficient screening at the surface and hence to a negative scre
contribution to the total SCLS. Note that in the case of a less t
half full d band thed DOS is shifted down in energy due to th
narrowing and hence a positive initial state contribution to
SCLS results. However, the enhancement of thed DOS at and
above the Fermi level nevertheless leads to a negative scree
contribution.
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this enhancement implies that the core hole be more e
ciently screened at the surface, which in our present s
convention leads to a negative screening correction. In Fi
we show the real self-consistent 4d DOS, calculated inside
the muffin tin spheres39 for the two limiting phases of the
coverage range considered, i.e., the clean and the (131)-O
surfaces. Compared to the bulk situation, we indeed find
clean surfaced DOS to be narrowed in energy and in th
energy range at and above the Fermi level it is strongly
hanced. Despite the widening of thed band caused by the O
adsorption~see below!, this enhancement prevails also for a
O-covered surfaces, exemplified in Fig. 7 by the (131)-O
phase. Consequently, negative screening contributions
found throughout the whole coverage sequence.

It is interesting to compare this situation to the work for
adlayers on Rh~111!.11 There, a sign change in the screeni
contribution was found, with the lower coverage surfac
again screening better than the bulk, but the hig
O-covered surfaces screening worse~cf. Fig. 8!. This is con-
nected to the fact that in Rh, which is situated just right
Ru in the periodic system, the Fermi level is located a
different position in the 4d band. Above that position, thed

l-

u-

e
ing
n

e

ing

FIG. 7. Calculated 4d DOS for bulk Ru atoms~solid line! and
for first layer Ru~0001! atoms of the clean~dashed line! and (1
31)-O covered surface~dotted line!. The energy zero is at the
Fermi level.

FIG. 8. Comparison of the screening contributionDscreen for
O/Ru~0001! ~crosses! and O/Rh~111! ~boxes! as a function of the
number of directly coordinated O atoms. The shaded area is dr
to guide the eye. The O/Rh~111! data are taken from Ref. 11.
9-8
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SURFACE CORE-LEVEL SHIFTS OF CLEAN AND . . . PHYSICAL REVIEW B63 205419
DOS is lowered so strongly upon O adsorption that it ev
tually falls below the value of the bulkd DOS and thus
induces the sign change in the screening correction. In
on the other hand, this lowering never reaches the buld
DOS, so that the screening remains negative in sign throu
out ~cf. Fig. 8!.

B. Initial state shifts

Having subtracted the final state effect from the to
SCLS’s, we are now in a position to discuss the initial st
contribution, i.e., the change in the local~near nucleus! elec-
trostatic field~see below!. For clean transition metals, thes
shifts are well understood in terms of the narrowing of t
surface valenced band due to the lowered coordination.9 In
order to maintain local charge neutrality, the center of a l
~more! than half full d band moves down~up! in energy,
which goes hand in hand with an attractive~repulsive! con-
tribution to the Kohn-Sham potential~see Fig. 6!. This po-
tential change acts on the core electrons as well and ind
a positive SCLS for the early and a negative SCLS for
late transition metals. This trend involving a sign chan
across the series is well confirmed by a number of exp
mental and theoretical studies,9,10,36,40into which the nega-
tive DSCLS

initial derived here for clean Ru~0001! fits nicely.
Upon O adsorption, the O 2p level interacts with the lo-

calized Ru 4d states, causing the formation of bonding a
antibonding states close to the lower and upper edge of
valence 4d band, respectively~see Fig. 7!.2 The ensuing in-
creased width of the valence band then requires an ad
ment of the center of gravity of the band in order to maint
local charge neutrality. In the following we will show tha
this adjustment moves the band downward in energy and
corresponding attractive contribution to the Kohn-Sham
tential is reflected in more and more positive SCLS’s w
increasing O coverage. Further, as the width is connecte
the formation of bonds, which obviously scale with the nu
ber of directly bound O atoms, similar SCLS’s result f
equally O coordinated Ru atoms.

In order to quantify this trend, we have evaluated the fi
and second moments of the valence 4d band for each first
layer atom at the coverages considered. Thepth moment of
the DOS,N(e), is defined as41

mp5E N~e!epde, ~4!

where in our caseN(e) is the DOS of the Ru 4d states.39,42

m0 gives the total number of states in the band andm1 /m0
5e4d its center of gravity. Having obtained these mome
for all coverages and for the bulk, we can then calculate
shift of the bandDC4d5e4d

bulk2e4d
surf with respect to the bulk

situation. The second momentm2 /m0 is proportional to the
mean square widthW2 of the band, which we again transla
into relative width changesDW5Wsurf/Wbulk21 with re-
spect to the bulk situation. As shown in Table IV, theS1
atoms~not O coordinated! possess a band that is 12% na
rower than the bulk one, and correspondingly it is shifted
'0.2 eV to higher energies~see Fig. 7!. On the other hand
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the threefold O coordinatedS1(3 O) atoms have a band tha
is 29% wider than that of bulk Ru atoms and its center
gravity is hence shifted by'0.5 eV to lower energies~see
Fig. 7!.

To gain a qualitative understandingas to how far the
observed shift of the center of gravity is due to the differe
bandwidth, we next considered a simplistic rectangu
d-band model, i.e., a box of constantd DOS~see Fig. 6!. 38,41

In this modele4d is exactly in the middle of the band, i.e.,
is W/2 above the band bottom,e4d5edn1W/2. When this
box is positioned with respect to the Fermi level so as
achieve an ideal 70% filling of the Ru 4d band, i.e., when we
impose local charge neutrality~edn520.7W, because the
Fermi level is our energy zero!, then the widthW of the box
and its center of gravitye4d are related via

e4d52
2

10
W. ~5!

With the help of Eq.~5!, the value of the bulk center o
gravity derived from the calculated first moment determin
the corresponding width and with this the complete proj
tion of the self-consistent bulkd DOS onto the rectangula
model.43 After that, the differential form of Eq.~5! allows us
to convert the calculated relative width changesDW, shown
in Table IV, into relative shifts of the center of gravity com
pared to the bulk situation. The resulting shiftsDC̃4d are
given in the third column of Table IV and match very we
the ones obtained directly from the first moment of the read
DOS. This confirms that the main driving force behind t
observed 4d-band shift, first up in energy for the clean su
face and then lower and lower in energy upon increase
coordination, is indeed the preservation of local charge n
trality upon changing thed-band width.

The shift of thed-band center is accompanied by a corr
sponding shift of the Kohn-Sham potential, which in turn
experienced by the core electrons and gives rise to the in
state contribution to the SCLS’s. In Fig. 9 we show t
spherically symmetric part of this potential shift,DVeff(r ),

TABLE IV. Shift of the center of gravityDC4d ~in meV! and
relative change in the widthDW of the Ru valence 4d band for all
first layer atoms at the coverages considered, with respect to
bulk situation. Additionally shown in the middle column is the sh
of the center of gravity resulting from a simple rectangulard-band
model as described in the text.

DC4d DC̃4d
DW

~model!

clean,S1 2200 2200 212%
p(232), S1 2180 2180 211%
p(232), S1(1 O) 0 130 12%
p(231), S1(1 O) 220 150 13%
p(231), S1(2 O) 1140 1220 113%
(232)-3 O, S1(2 O) 1160 1250 115%
(232)-3 O, S1(3 O) 1480 1480 129%
(131)-O, S1(3 O) 1410 1480 129%
9-9
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DVeff~r !5Vsurf
eff ~r !2Vbulk

eff ~r !, ~6!

as a function of the radial distancer 5ur2Ru from the
nucleus atR. The shift is primarily related to the number o
directly coordinated O atoms; it starts with positive shi
~more repulsive potential! for the S1 type atoms and turns
into more and more negative shifts for theS1(1 O), S1(2 O),
andS1(3 O) atoms~more attractive potential!. Interestingly,
DVeff(r ) is always almost constant up to about'1.2 bohrs
away from the core. Yet this is the region affecting thed
core electrons, as exemplified by the extension of thed
radial wave function for bulk Ru also plotted in Fig. 9. T
first order,44

DSCLS
initial~3d!'24pE drDVeff~r !r 2uR3d~r !u2 ~7!

holds. Given thatDVeff'const in the region of the 3d orbital
and the radial wave function is normalized, we obta
DSCLS

initial(3d)'2DVeff. Of course, an analogous relation to E
~7! holds also for all other deeper lying core levels, who
r 2uRnl(r )u2 are confined to an even more localized regi
around the nucleus, also within the constant region
DVeff(r ). Hence, the different core levels all display rough
similar shifts.36 Obviously, this is not the case for the 4d
valence band, which as shown in Fig. 9 has a much la
radial extension. Hence, it reaches well into the region wh
DVeff(r ) is not constant anymore, which is mainly caused
an increased exchange-correlation contribution in this reg
of lower electron density.44 In this region also the nonspher
cal contributions to the Kohn-Sham potential become sign
cant, so that the magnitude of the shift of the center of gr
ity of the 4d band,C4d , and ofDSCLS

initial will not be similar,
while their overall trend is, as is indeed found when comp
ing the values given in Table IV and Table II, respective

Having established the relation between the measu
SCLS and the local bonding, at least to the degree that
reflected in the valenced DOS, let us focus now on the
second layer shifts. Here, only theS2 type atoms of the clean

FIG. 9. Top panel: Potential shiftDVeff(r ) inside all first layer
Ru muffin tin spheres for the various coverages considered. Bo
panel: Radial part of the wave function,r 2uRnl(r )u2, for the 3d and
4d orbitals of bulk Ru.
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surface andp(232) phase display relatively large shifts o
'200 meV, whereas the shifts of all other second layer
oms remain very small~see Table III!. Evaluating again the
first and second moments of thed DOS for these atoms, we
indeed find only the widths for these twoS2 atoms increased
by 5% with respect to the bulk value, together with a cor
sponding shift of the 4d-band center to lower energies
which gives rise to their positive SCLS’s. Yet, while th
increased width in the case of the first layer atoms can
explained in terms of binding to more and more O atoms,
second layer Ru atoms always have the same numbe
nearest neighbors as in the bulk. In this respect it is inter
ing to notice that only the two mentionedS2 atoms have first
layer neighbors, which are not yet bound to any O atom a
and which hence have somewhat unsaturated bonds. We
argue that these first layer atoms will most likely reinfor
their backbond to the second layer atom below, which w
then experience stronger binding than in the bulk situati
Note that this is also reflected in the contraction of the fi
layer distance with respect to the bulk, which is found on
for the lower O coverage phases.12,13 Judged from the width
of the d DOS ~see Table IV!, any Ru atom that has estab
lished bonds to at least one O atom will no longer show
enhanced backbond tendency, which explains why all ot
second layer atoms display a more or less bulkliked DOS
width and consequently very small SCLS’s.

VI. DISCUSSION

The analysis of the initial state contribution just presen
has shown how the core level shifts act as a sensitive pr
of the local electronic structure around an atom, i.e., m
precisely, how the SCLS’s are affected by theformation of
bondsbetween the O adsorbates and the Ru first layer ato
Yet one could also hope to use the SCLS’s to gain a dee
insight into thenature of the chemical bonds between th
atom and its neighbors. Particularly in the case of adsorba
i.e., unlike bonding partners, it is tempting to address via
SCLS’s the question of charge transfer to or from the surf
atoms, or in other words the ionic and covalent contributio
to the bonding. In the following subsection we will first dis
cuss our point of view on this relation between SCLS’s a
charge transfer, and will thereafter apply it to interpret t
bonding situation in the O/Ru~0001! and O/Rh~111! systems.

A. SCLS’s and charge transfer

In the simplest view, charge transfer off~onto! an atomic
site leads to a more attractive~repulsive! potential, thereby
causing a shift in the core level toward higher~lower! bind-
ing energy. In the case of chemisorption of an electrone
tive species like oxygen, one would hence expect more p
tive SCLS’s for the higher O coordinated Ru first lay
atomsS1(1 O), S1(2 O), andS1(3 O), as we indeed observe
Yet, despite this qualitatively correct trend, the question
mains whether the SCLS’s can be used further to be
quantify the amount of charge actually transferred. Rela
to this is also the question whether the total adsorba
induced shifts can really be attributed solely to charge tra
fer.

m
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Recent theories45–47 of SCLS’s have tried to separate th
total shift into additional factors apart from charge transf
namely, an environmental and a configurational contributi
The former is viewed as arising from embedding the at
into the delocalized valence charge density of all neighb
ing atoms. The ensuing overlap of these valence orbitals o
the atomic site influences the Kohn-Sham potential at
nucleus of the core-ionized atom and thus contributes to
shift. Note that such a contribution obviously scales with
number of neighbors, i.e., in our case with the number
directly coordinated O atoms. The configurational contrib
tion, on the other hand, arises in transition metals from
hybridization of the valenced band withsp states below and
above the Fermi level. The latter orbitals are much m
diffuse, i.e., the corresponding charge is on average fur
away from the nucleus. Hence, a slight redistribution of el
trons among these levels at the surface can then also i
ence the potential. For the particular case of ionic adsorb
on metals, the polarization of the surface, which tries
screen the adsorbate electric field, has also b
discussed.1,46

Correspondingly, the total observable shift would then
the net result of all these~partially canceling! contributions.
This argument was employed, for example, to explain
very small negative shifts observed for alkali metal ads
bates on W~110! in contrast to the large positive shift
caused by O/W~110!.45,47,48 Neglecting any other contribu
tion apart from charge transfer, one would in this case infe
much lower ionicity of the electropositive alkali metals com
pared to the electronegative oxygen.48 Yet this picture was
contradicted by more refined analyzes taking also envir
mental and configurational contributions into account.45,47 In
any case, although all these concepts like charge tran
covalent bonding, or polarization are without doubt use
for our understanding, one has also to admit that they
somewhat arbitrary~at least to a certain degree!: Whether the
buildup of charge between a surface atom and an adsorba
called covalent bonding or polarization of the metal
charge in response to the adsorbate, or whether the ove
of valence orbitals onto other atomic sites is already ca
charge transfer or not, is simply a matter of taste. In view
the analysis presented in the last section, the very large
of 11269 meV between theS1 atoms of the clean surfac
and the threefold O coordinatedS1(3 O) of the (131)-O
phase is simply the consequence of the strong interactio
the O 2p orbitals with the metal 4d valence band, which
gives rise to bonding and antibonding states widening
band. That this goes hand in hand with the sequential buil
of charge between the adsorbate and the Ru surface atom
be seen in Fig. 9, where the surface potential shift show
more and more pronounced inflection in the region furt
than'1.7 bohrs away from the nucleus. Interpreting this
a certain degree as charge transfer to the O atoms w
make the core-level analysis compatible with the continu
increase of the work function upon O adsorption16 and with
calculated charge difference density distributions. Yet a c
assignment of how much charge is really transferred can
be made on these grounds.
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Coming back to the point as to why alkali metals sho
much smaller shifts, one has also to take into account t
different interaction with a transition metal surface. T
strong interaction of the O 2p orbitals with the Ru 4d band
results in a small O-Ru bond length of'2.0 Å. Even the
smallest alkali metal, Li, has a bond length of'2.7 Å to
Ru, reflecting a much weaker bond. The interaction with
Li s orbital does not affect thed-band width, and leads in
turn only to very small SCLS’s. Hence, the different mag
tudes in the shifts for the aforementioned electropositive
electronegative adsorbates are merely a consequence o
different type of interaction with the surface atoms, irresp
tive of the applicability of any underlying charge transf
concept. As a conclusion, we point out that SCLS’s certai
are a sensitive probe of the local electronic structure aro
an atom, yet they intricately depend on the details of
interaction present in the system, which has to be prop
analyzed for each specific case to understand the obse
shifts. Therefore it does not make much sense to comp
magnitudes of SCLS’s arising in chemically different sy
tems. On the other hand, within one type of chemistry, as
our case with the same adsorbate on the same substrate
at different coverages, the SCLS’s may indeed be used
further describe the bonding situation—even in the m
conceptual language of charge transfer.

B. O on Ru„0001… and Rh„111…

In this view, the equal spacing of;400 meV between
SCLS’s of increasingly higher O coordinated Ru atom
S1 , S1(1 O), S1(2 O), andS1(3 O) suggests that the type o
bonding remains the same throughout the whole cover
range studied, or in other words that the~unspecified!
amount of charge transferred to each O atom remains
proximately constant. This interpretation is corroborated
an almost unchanged O 1s core-level position to within
620 meV. In particular, there is no indication of a qualit
tively different chemisorption behavior between the low co
erage @p(232) and p(231)# and high coverage@(2
32)-3 O and (131)-O# phases, which could explain th
long-time believed, but only apparent saturation coverage
Q50.5 ML in UHV.13,49 As was already concluded in pre
vious studies, this saturation arises solely from kinetic h
drance of the O2 dissociation process.15,16Note that a similar
picture was derived in a recent experimental study on
O/W~110! system, which also exhibited O-coordinatio
dependent SCLS’s up to'1 eV for the threefold coordi-
nated W atoms.50

Apart from this large scale trend, the SCLS’s reflect a
more subtle details of the bonding situation. This can be s
in the differences in the shifts for equally coordinated ato
present at two coverages; e.g., the shifts for theS1(1O) type
atoms in either thep(232) or thep(231) phase differ by
57 meV ~see Table II!. These small variations might be du
to a small redistribution of the charge at the two coverag
which one may interpret as a slightly different ionicity of th
bond caused by the increased repulsion in a denser adso
mesh.11 Alternatively, they could be caused by the small d
ferences in the atomic geometries of the two phases. In o
9-11
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to develop a feeling for the separate magnitudes of these
interrelated, effects, we also calculated the SCLS’s at
coverages for an artificial bulk truncated Ru surface with
increasing number of O atoms always in hcp sites at a fi
height corresponding to the one we deduced for thep(2
32) relaxed geometry. The related shifts are stated in Ta
II, indicating that the geometric changes induced by the
sorbate do amount to small shifts up to about 90 meV. S
the differences between equally coordinated Ru atoms~now
in completely identical nearest neighbor surroundings
both phases! remain of the same order as before, reflect
now solely the slight charge rearrangement caused by
different adsorbate mesh at the two coverages. In this res
we further note that this sensitivity of the SCLS’s to geom
ric differences can also be used to ascertain, e.g., the ad
tion site. The calculatedDSCLS

total for O in fcc sites on the
surface differ by'100–200 meV from the ones shown
Table II and are always far outside the experimental e
bar. For example, theS1(3O) shift of a (131)-O fcc phase
would be at1718 meV. If there was a significant amount
O in fcc sites at this coverage, it would certainly show up
a shoulder in the experimental spectrum. That this is not
case ~see Fig. 2! proves that the experimental (131)-O
phase is nearly perfect hcp, despite the small binding ene
difference between the two hollow sites.15,16

Finally, it is interesting to compare the O/Ru~0001!
SCLS’s to the ones found for O/Rh~111! ~same adsorbate
similar transition metal substrates!.11 Figure 10 displays the
calculated initial state shifts sorted according to the num
of directly coordinated O atoms. Apart from the differe
SCLS’s of the clean surfaces caused by the differ
4d-band filling,9 it is immediately obvious that both mater
als display almost the same relative O-induced shifts in
whole coverage range considered. The conclusion from th
data is hence in line with that of earlier DFT studies conce
ing the adsorption energetics,16,51 which apart from the dif-
ferent adsorption sites@hcp and fcc on Ru~0001! and
Rh~111!, respectively# found no qualitative difference in th
on-surface O chemisorption behavior. In particular, in t

FIG. 10. Comparison of the initial state shiftsDSCLS
initial for

O/Ru~0001! ~crosses! and O/Rh~111! ~boxes! as a function of the
number of directly coordinated O atoms. The lines are drawn
guide the eye. The O/Rh~111! data are taken from Ref. 11.
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coverage range there is no hint of the different catalytic
havior of the two materials at higher O partial pressures,52,53

which hence presumably arises from different oxidati
characteristics only after O has started to penetrate into
sample. As a preliminary result from on-going studies co
cerning this regime, we would like to mention that, in co
trast to its near constancy in on-surface O phases, we find
O 1s core level to be particularly sensitive to variations
the subsurface O coverage and geometrical position. T
suggests that future experimental studies dedicated to sub
face O and surface oxide formation should focus on this c
level, rather than on the metal 3d, which we find to saturate
somehow at its (131)-O value.

VII. SUMMARY

SCLS experiments have been performed on the cl
Ru~0001! surface and on the four oxygen ordered adla
structures that form in UHV, namely, thep(232), p(2
31), (232)-3 O, and (131)-O phases. For the clean su
face the high energy resolution photoelectron diffraction
proach was used in order to make the assignment of
measured shifts to the corresponding substrate atoms. Fo
oxygen related SCLS’s we find a clear dependence of
SCLS on the number of nearest neighbor O atoms, with
higher O coordinated Ru atoms exhibiting shifts up to 1
to higher binding energies. We obtain very good agreem
between the experimentally determined SCLS’s and fi
principles calculations, which confirms that within the GG
the latter are able to describe this quantity with high ac
racy (630 meV). Using a theoretical approach, it was po
sible to separate the total SCLS’s into initial and final st
contributions. We found the latter to be mainly due to
enhanced intra-atomic 4d-electron screening at the surfac
which arises from the increased 4d DOS at and above the
Fermi level compared to the bulk situation. The initial sta
shifts are connected to a varying width of the Ru valenced
band due either to the reduced coordination of the atom
the surface or to the interaction with the O 2p level, which
causes the formation of bonding and antibonding states,
widening the band. As the width of the band is connected
the formation of bonds, which scale with the number of
rectly bound O atoms, similar SCLS’s result for equally
coordinated Ru atoms. The almost linear increase ofDSCLS

initial

for increasingly higher O coordinated Ru atoms suggests
the type of bonding remains roughly the same over the c
sidered coverage sequence up to the full monolayer, wh
may be interpreted as an almost constant amount of ch
transferred to each electronegative O atom. This finding
similar to the result for O on Rh~111!,11 i.e., both surfaces
show a qualitatively similar on-surface chemisorption beh
ior. On the other hand, the screening properties of the
surfaces are different in that the Ru~0001! surface is always
able to screen the created core hole better than the bulk w
the Rh~111! surface screens better only for the low covera
O phases.

These results show that a combined experimental and
oretical determination of SCLS’s provides valuable insig
into the O-metal interaction in different chemical enviro

o
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ments. Hence, SCLS’s offer a promising tool to study n
only the on-surface O chemisorption behavior of surfac
but also the transition to subsurface O and surface ox
formation.

APPENDIX

The fit of the experimental data was performed in tw
different ways, named strategy~i! and strategy~ii !. The line
shape parameters of the various components are the Lo
zian and Gaussian widthsL and G ~in eV!, respectively, as
well as the asymmetry parametera.

1. Strategy „i…

The fitting procedure strategy~i! is completely indepen-
dent of the theoretical results and assumes theS2(1 O) com-
ponent to be indistinguishable from the bulk in all the fi
This assumption rests on the spectrum for the (131)-O
phase, where the bulk andS1(3 O) peaks are far from eac
other and the clear-cut two-peak spectrum with small ove
in between does not justify a third component hidden un
either peak at first glance~see Fig. 2.

The approach used to fit the data was the following.
~1! First the (131)-O structure was fitted, for which onl

two components were assumed to be present, which mu
bulk andS1(3 O). In this way we found the line shape p
rameters of the bulk (L50.175, a50.085, G50.11)
andS1(3 O)(L50.31, a50.150, G50.11) peaks.

~2! Then we fitted the clean surface. In this case th
components are present:S1 , S2, and bulk. We kept the
asymmetry parameter and the Lorentzian width for all co
ponents at the values found previously for the bulk in
31)-O, and we let free the Gaussian width of theS2 andS1.
The Gaussian width ofS2 turns out to be 0.11 eV, the sam
as for the bulk, while that ofS1 is 0.13 eV. The assignmen
to first and second layer atoms, shown in Fig. 2, has b
corroborated by independent SCLS photoelectron diffrac
experiments as described in Sec. IV B.

~3! Next we fitted the spectra at 352 eV of thep(232)
phase in order to determine the parameters of theS1(1 O)
-

ng

-
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peak (L50.30, a50.085, G50.11). These parameter
are not as accurate because of the strong overlap of this
with the bulk and other peaks present.

~4! Then we fitted thep(231) spectrum in order to de
termine the parameters of theS1(2 O) component (L
50.30, a50.085, G50.11). The parameters for thi
peak are not as accurate as forS1(3 O), but are definitely
more accurate than those ofS1(1 O).

~5! Finally we fitted the (231)3 O peak using the line
shape parameters found previously for the various com
nents.

2. Strategy „ii …

~1! In the second strategy the clean surface was fitted fi
In the fit we kept the Lorentzian width the same for the thr
components, letting free the asymmetry and the Gaus
width. Fitted this way, the Lorentzian width is 0.18, th
asymmetry turns out to be the same for all compone
0.086, and the Gaussian width of theS1 , S2, and bulk
peaks is 0.13, 0.09, and 0.08, respectively. The quality of
fit was slightly better than that of the fit of the clean surfa
using the first strategy, while the derived SCLS’s were
most the same:S152360 meV andS251127 meV.

~2! Then we tried to fit the (131)-O structure fixing for
the bulk peak the same line shape parameters found for
clean surface and assuming that only two components, b
andS1(3 O), are present. In line with the theoretical pred
tion, the bad quality of the fit rendered it necessary to fix
third nonzero component,S2(1 O), at slightly lower binding
energy than the bulk peak. We fixed for this new peak
same line shape parameters as for the bulk. By fitting
(131)-O structure with these three peaks instead of two,
parameters ofS1(3 O) do not change with respect to the fir
fitting strategy. The bulk andS2(1 O) components show
similar intensities. The SCLS’s forS1(3 O) andS2(1 O) turn
out to be 920 meV and260 meV, respectively, both now in
excellent agreement with the theoretical values.

~3! Similarly, we tried to add a nonzeroS2(1 O) peak
close to the bulk region for all other structures, but the
sults were meaningless since too many peaks are presen
small energy range.
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