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We have performed high resolution x-ray photoemission spectroscopy experiments oriGb@IRsurface,
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 B4, 80re-level spectra, for which a definite assignment
was made using the high resolution angle-scan photoelectron diffraction approach. Fpf2the),
p(2%x1), (2x2)-30, and (X 1)-O oxygen structures we found Ruds3, 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 shiftSCLS’9 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.
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[. INTRODUCTION However, total SCLS’s comprise not only the so-called ini-
tial state effects, which reflect the changes in the electronic

The interaction of oxygen with transition metal surfaces isdistribution at the unperturbed surface, i.e., before the exci-
of considerable interest. Apart from its model character fortation of the core hole, but also the final state effects, which
adsorbate-substrate interactions, it is important as the firgtre due to the different screening capabilities of the already
step in oxidation of these surfaces, and because of its ircore-ionized system at the surface and in the Butlere, a
volvement in catalytic reactions such as CO oxidation, usedzomplementary analysis by density functional the@yT)
e.g., for the decontamination of automobile exhaust gasess important, because the latter is able to subdivide the total
Therefore, significant efforts have been made in recent deéSCLS’s into initial and final state contributions.
cades to investigate this model process, from both an experi- Such an approach of coupling experiment and theory has
mental and a theoretical point of view. Oxygen chemisorp-already been used to study the SCLS’s of clean transition
tion on transition metal surfaces is largely discussed in termgetals;’ and recently also to analyze adsorbate-induced
of strong covalent bonding between the @ &tates and the SCLS'’s due to the interaction of O with the RA1) surface
metal valenced band, accompanied by an unspecified butfor the p(2x2) andp(2x1) ordered adlayer structur&s.
noticeable charge transfer from the substrate to the electrong@he present investigation of the O interaction with the
gative adsorbate. However, it is not clear which part of theRu(0001) surface aims to compare the chemisorption behav-
total electron density could or should be assigned to whichor of the two surfaces. Further, on R@02) four different
atom, so that a clear-cut distinction between charge transferdered O adlayer structures are formed, which span the cov-
and polarization is not possibte. erage range from zero up to one monolagdt ) and are all

In this context, theoretical concepts have been developeextensively characterized by low energy electron diffraction
that try to partition a calculated total electron density into(LEED) experiment¥ 2 and DFT calculations® Hence, a
contributions from individual aton:® Yet it would also be  much larger experimental data base is available compared to
useful to have an experimentally accessible quantity thathe O/RK111) work, which allows us to assess much better
gives information about the nature of the chemical bond othe agreement between measured and calculated SCLS’s.
would even help to quantify the amount of charge trans-The four ordered oxygen overlayers, which we have pre-
ferred. As core levels are relatively compact and are genepared and studied besides the clean surface, are the
ally assumed not to take part in the bonding itself, core-levep(2x2),*? the p(2x1)*® the (2x2)-30!* and the
binding energies provide such a local probe of the changes ifiL X 1)-O (Ref. 15 structures. In all phases, the O atoms are
the electrostatic potential of an atom in different environ-in hcp hollow sites and the Ru atoms can have up to three O
ments. At surfaces, the core-level energies of the substrateeighbors as shown in Fig. 1.
atoms are changed relative to the bulk, giving rise to the As will be shown in Sec. IVA, the Ru &, core-level
so-called surface core-level shiftSCLS’y, which can be spectra are composed of several peaks, which have to be
measured for both clean and adsorbate-covered surfaces hgsigned to certain bonding situations of the corresponding
high resolution core-level photoemission spectroscdby. Ru atoms. From the aforementioned work on Q/RH), we
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FIG. 1. Periodic oxygen adlayer structures on thédRQ1) sur-
face with increasing coverag8;, S;(1 O), S;(2 O), andS;(3 O)
are first layer Ru atoms bound to no, one, two, and three oxygen
atoms, respectively5, andS,(1 O) are second layer atoms with no
and one oxygen atom directly above on the surface, respectively.
The bulkb includes all deeper layer Ru atoms. The top right panel
shows side views of the clean R@01) surface with an indication
of the angle at which strong forward scattering is expected, and of

the p(2x 1) structure. 282.0 281.0 280.0 279.0
Binding Energy (eV)

expect the SCLS'’s of the first layer atoms to depend prima-
rily on the number of directly coordinated O atoms. The FIG. 2. Ru 35, core-level spectra for the clean surface and the
nomenclature that we use to name each of these atants four oxygen structures. The dots represent the experimental results,

their corresponding SCLS'ss derived from this fact and is while the line in between is the result of the fit. The spectra were
described in Fig. 1. measurgd ata tempe.rature Iqwer than 130 K. The.compone.nts. used

If the number of nearest neighbor O atoms is indeed thén the fit are added in the figure. The curves with the thin line
denote the “clean” componentsS(, S,), while the thicker lines

ruling quantity for the first layer peaks, the assignment of theare the oxygen-related componedigl 0). S,(2 O), andS,(3 O).

O-induced components in the spectra is str_alghtforward, bec'orresponding to first layer Ru atoms bonded to one, two, and three
cause each such peak should be present in two of the COBiygen atoms, respectivelgf. Fig. 1). The dashed lines with ar-

sidered phases. As shown in Fig. 2, O-induced componen{$,;s denote the presence of each of these components in two dif-
at approximately equal positions indeed appear each time @irent structures.

two coverages, so that working down from theX(1)-O

peak, theS;(3 O), S;(2 O), andS,(1 O) peaks can be di- the total shift, we are then in a position to discuss the con-

rectly assigned. Unfortunately, the situation is not so simplgyection of the initial state shift with the nature of the chemi-
for the S; andS, peaks, which are both present in the spec-ca| bond.

trum of the clean surface and of tig2x2) phase. While

the favorable comparison of experiment and theory to be
reported in the present work does also offer an assignment
for these peaks, it is still desirable to reach assignments on The SCLS experiments were performed at the superESCA
experimental grounds only. In previous work high resolutionbeamline of the ELETTRA synchrotron facility in Trieste,
photoelectron diffraction in the forward scattering regimeltaly.’® The experimental chamber is equipped with a new
has already been successfully utilized to assign differentlouble pass electron energy analy2éwhich is composed
components to first and second layer atdAéIn this work,  of two hemispheres of 150 mm radius epahith a 96-

a similar strategy will be pursued for the clean(B@01)  channel detectét (some earlier results were obtained with a
surface, in order to independently assign the remaiBng VSW spherical analyzgra VG manipulator with five de-
and S, components. Once the measurement and assignmegtees of freedom and with heating and cooling capabilities
of the various SCLS components has been accomplishedl500 K and 120 K, respectivelya Leybold rear view
they can be compared with the theoretical results. As th& EED optics, and a channel-plate doser for dosing high
latter allow one to separate the final state contribution fromamounts of oxygen. All data shown for the series of SCLS’s

II. EXPERIMENT
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as a function of oxygen coverage were measured in ontering effects. Thg(2X2) structure was measured only at
single run for maximum comparability, but were in good 352 eV. The analyzer was operated at 5 eV pass energy with
agreement with a partial data set obtained earlier using an entrance slit of 2 mm. The combinéuhoton plus elec-
VSW 150 mm electron energy analyzer with 16-channel partron) energy resolution is estimated to have been better than
allel detectior?? The photoelectron diffraction experiment 80 meV. For the photoelectron diffraction measurements on
was carried out in a separate run, also using the VSW andbe clean R(000]) surface, we used a photon energy of 500
lyzer. eV, which corresponds to a kinetic energy of the Rig,3

The RY000Y crystal was cleaned by Arsputtering and ~ €ore level of 220 eV, high enough to have strong forward
repeated cycles of oxygen treatment at temperatures rangigattering effects. We performed an azimuthal scan at 40
from 1000 K to 1200 K. Finally, the sample was flashed to€Mission angle with the photon beam now parallel to the
1500 K and cooled down to 300 K inx110~7 mbar hydro- surface normal. Since at this high photon energy the cross
gen pressure in order to remove any residual trace of oxyger?‘ectlon for photoem|§3|on Is quite low, we used a pass en-
to remove the hydrogen, the sample was briefly heated t§ 9y of 5 eViin the smgle pass electron energy analyzer, in
500 K in UHV bef ' ts A h 1 order to have a good signal to noise ratio, which lowered the

n clore measurements. A very s arp<( )_ overall energy resolution to 120 meV.

LEED pattern with low background intensity was obtained
and the x-ray photoemission spectkPS) did not show any
trace of carbon, oxygen, or other contaminants.

The SCLS spectra, both in the measurement of the oxygen For the density functional theory calculations of the
structures and in the diffraction experiment, were acquired a§CLS's we employ the generalized gradient approximation
a sample temperature lower than 130 K and at a base pregsGA) of the exchange-correlation functiorfdlusing the
sure of 6<10 '* mbar. Before doing the SCLS measure- fy|l-potential linear augmented plane wave metHodf (FP-
ments, the different oxygen structures were defined by obr APw) to solve the Kohn-Sham equation. The (B001)
serving the intensity of the3(3) spot in the LEED pattern surface is modeled using a six-layer slab, and O is adsorbed
induced by oxygen adsorption. The three structures fully deon both sides to preserve mirror symmetry. A vacuum region
veloped up to 0.75 ML show maxima in the intensity of the corresponding to five Ru interlayer spacings{1 A) was
extra spots while dosing oxygen when the layer correspondemployed to decouple the surfaces of consecutive slabs in
to 0.25, 0.50, and 0.75 ML coverage. Since the LEED appathe supercell approach. Within aX2) surface unit cell, the
ratus is mounted in the experimental chamber we could irpositions of all O adatoms and Ru atoms in the outer two
this way monitor the correct dose of oxygen in order to ob-substrate layers were fully relaxed for all coverages consid-
tain the desired structure. The coverage was also checked lgyed. The resulting adsorption geometries are in very good
measuring the O 4 intensity. Comparison of the LEED to agreement with existing LEED dat4,'*as well as with ear-
the XPS data shows that the Os signal measured at 650 lier DFT pseudopotential calculation.
eV photon energy is not much affected by diffraction effects; The FP-LAPW basis set is taken as followRfyr
it therefore gives a good estimate of the relative coverage. =2.3 bohrs, R3T21.3 bohrs, wave function expansion

The p(2x2) structure was obtained by exposing theinside the muffin tins up to" =12, potential expansion up
clean R000)) surface to 0.7 LangmuifL) (nomina) of  to |P% =4, The Brillouin zone integration for the (1)
oxygen at 373 K, and subseqluent brief hefiting to 670 K. Theg|ls was performed using a (¥22x 1) Monkhorst-Pack
p(2Xx1) structure was obtained by dosing onto th€&  grid with 1% points in the irreducible part. For the larger
X 2) an additional 3.5 L at 373 K, followed again by brief gyrface cells, the grid was reduced accordingly, in order to
heating to 670 K. As reported in previous work, flashing atoptain the same sampling of reciprocal space. The energy
670 K after the doses is needed to achieve perfect order Qfytoff for the plane wave representation in the interstitial
the superstructure. The §2)-3 O structure was obtained region between the muffin tin spheres was 17 Ry for the
by dosing with oxygen for 600 s with the channel-plate dosefyave functions and 169 Ry for the potential.
at a distance of 10 mm from the sample, with a pressure in The SCLSAsc.s, is defined as the difference in energy

the chamber of 1.810"° mbar at a sample temperature of that is needed to remove a core electron either from a surface
600 K. The resulting O 4 intensity corresponded to 0.85 or from a bulk atom,

ML. In order to remove the excess oxygen the sample was

Ill. THEORY

briefly heated to 1060 K; the resulting coverage was 0.77 Agcs=[E™M§n,— 1) — ESUTatn )]

ML. The (1X1)-O structure was obtained by dosing with bulk bulk

NO, three times, for 800 s each, with the dogeressure in —[E¥(nc—1)—E*M(ny)], (1)
the chamber %10 8 mbay at a sample temperature of 600 face(bulk )

K. A very sharp (1) LEED pattern resulted. whereEsurace(bulyn s the total energy of the system con-

The high resolution Ru@s;, SCLS spectra were recorded Sidéred as a function of the number of electransin a
at a photon beam incidence angle of 80° from the surfacrticular core levelc of a surface or bulk atom,
normal; in the machine used this leads to an electron emid€SPectively’ Within the initial state approximation gr'sis
sion angle of 40°. Three different photon energies 352, 3709\ven by
and 400 eV were used in order to change the weight of the

) ; : ! initial . bulk
core-level components due to diffraction and inelastic scat- AR — [ ) — e (n) 1. 2

205419-3



S. LIZZIT et al. PHYSICAL REVIEW B 63 205419

Here, e2'"™®and 2* are the Kohn-Sham eigenvalues of the ~ TABLE I. Measured SCLS's of the Rudg, level at all cover-

particular core state, so that in this approximation the agesinmeV. Positive shifts reflect a more strongly bound core level
SCLS is simply due to the variation of the orbital eigenen-at the surface compared to the bulk. The nomenclature for the dif-
ergies before the excitation of the core electron. A full cal-ferent substrate atomsS,, = S,, etc) follows that of Fig. 1. In
culation of the ionization energy, which includes the screenStrategy(i) the value ofS,(1 O) was set to 0 for all the structures,
ing contributions from the valence electrons in response td\'h'letontly fon_r_ the (1x1)-O surface was its value obtained by fit-
the created core hole, can be achieved by calculating the tot49 Strategyin.

energy of an impurity with a core hole in the selected core

state. The SCLS is then the difference of two total energies, Strategy(i) Strategy(ii)
with the impurity located once at the surface and once inside
the bulk?” To a good approximation, this difference can alsoclean,s, —366+10 —360+10
be obtained via the Slater-Janak transition state approach gfean,s, +125+10 +127+10
evaluating tptal energy differenc&Using the mean value p(2x2), S, — 400+ 20
theorem of integration, p(2x2), S,(10) +20+30
e 19E(n) p(2x2), S, +120+30
E(nc—l)—E(nc)=j ’ dn'~ — e(ng—1/2), P(2x1),  $,(10) —50=30
Ne an’ p(2x1), S,(20) +390+ 10
3  p(2x1), S, +88+30
Equation(1) can be cast into the form of E@2), but this (2x2)-30, $,(20) +387-20
time with a core-level occupation @f.— 1/2. Note that this (2x2)-30, $,(30) +980=10
latter approach, from which we derive what we will hence-(2%2)-80, S +12730

forth call the total SCLS, takes both initial and final state(1%1)-0. Si(30) +960:10 +920+10
effects(in the spectroscopic sensato account, so that the (1%x1)-O, $(10) 0 —60+10
results can be compared with the experimental values.
Whereas initial state SCLS’s can be obtained directly
from our normal all-electron scheme, the total SCLS’s re-have significant overlap. The three spectra at different pho-
quire a self-consistent impurity calculation, where one atonton energies of a certain structurexcept for thep(2x2)]
is ionized by removing half an electron from the core levelwere hence fitted together with identical parameters, leaving
considered. We used §22) supercells to surround each free only the intensities of the core-level components. In this
such atom with neighbors possessing the normal core coRyay the line shape parameters foui@aussian and Lorent-
figuration and kept the fully relaxed ground state geometry;jan width, as well as the asymmetry parametee more
fixed. In order to describe an electronically fully relaxed final rejiaple. Two strategies were then employed to assign the
state, suitable for a system like Ru with a Fermi reservoir olarious peaks to the differently coordinated Ru atoms in the
electrons, overall charge neutrality must be imposed, i.egface.
half an electron was added at the Fermi level. (i) This is an independent experimental assignment, which
|n|t|al state and fu" Ca|Cu|ati0nS fOI’ thed38CLS’S were uses on|y the Structura' know|edge Of the Various O phases
done for each inequivalent Ru atom in the outermost twoys described above. Recurrently working down in coverage
substrate layers at all experimentally described coveragestarting from the (X 1)-O/Ru(0001) phase, all peaks can
The bulk core-level positioeg" was calculated using a ten- thys uniquely be identified with the notable exception of the
layer bulk slab inside the same supercell as used for thgssignment of th&1 andS2 peaks of the clean surface. The
surface calculations, i.e., the previous vacuum region wagatter determination was achieved by supplementary photo-
simply replaced by additional Ru layers. With this procedureglectron diffraction experiments, which will be described in
an identical sampling of reciprocal space was achieved fofhe next subsection.
both surface and bulk calculations. Having evaluated both (ji) This relies partially on information from our theoret-
the initial state and the total SCLS’'s we can extract thecal calculations, the main difference being the inclusion of
screening contribution, which is not accessible from the eX{smal) nonzero shifts of theS,(10) peak, which was ne-
perimental data. glected in strategy(i) to avoid overfitting. As will be dis-
cussed in Sec. IV C, approag¢in) improves the quantitative
IV. RESULTS agreement between theory and experiment, yet we argue that
A. SCLS analysis approach(i) was also impo_rtant in qrder to assure that both
' measurement and calculation lead independently to the same
In Fig. 2 the SCLS spectra measured at 352 eV areonclusions.
shown, together with the fits and the various components. Details of these two fitting procedures are described in the
The data were fitted using Doniach-Sunjic functions convo-Appendix, while the SCLS values are collected in Table I.
luted with Gaussian broadenifgThe background was as- The error bars shown in the table were estimated from the
sumed to be linear. In order to get physically meaningfulquality of the fits when changing the SCLS in this energy
results from the fits it was necessary to put constraints omange. Therefore, possible errors related to the oxygen cov-
some parameters of the fitting function as many componentsrage are not included in the table.
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T 1 T+ 1 7 tangle the various components by accounting only for inelas-

S:z b S tic scattering effects. In fact, the strong modulation of the
i lower binding energy peak, which will be assigned to the top
layer as we show in the following, is mainly due to interfer-
ence effects, i.e., to photoelectron diffraction, and not to in-

T | T
Ru 3d5/2

elastic damping. Therefore we used these interference effects
hv [eV] X ;
to find the assignment for the clean surface.
400 The approach relies on the fact that at photoelectron ki-

netic energies higher thar-400 eV the conditions for
strong forward scattering are fullfilled when an atom of the
first layer lies in the line between a second layer emitter atom
and the electron energy analyzéef. Fig. 1, top right
pane).2° Therefore, on changing the azimuthal anglat an
appropriate polar anglé [for the clean R(0001) 6=36 °]
one should see that the photoemission intensity of the second
layer is strongly modulated due to the forward scattering
with the first layer, while the intensity of the peak due to the
latter atoms stays almost constant since no scatterers are
present between the emitter in the first layer and the
analyzert’ The problem that arises in this experiment is that
at such a high kinetic energy and low emission angle the
intensity of the photoemission from the first layers will de-
crease appreciably with respect to that from the bulk. This
will affect much more theS, peak, which is very close to the
bulk peak, and thus becomes almost undetectable.

In order to overcome this problem, we performed prelimi-
: nary multiple scattering simulations of the first and second
PR R S NS S S I S N SN B layer photoemission intensity. We used thiecD package

2808 2804 2800 2796 2792 developed by Chen and Van Hd¥ewhich uses multiple

Binding Energy (eV) scattering theory and the Rehr(—)%lgers separable representa-

. tion of spherical wave propagatotsAs input to the program

FIG. 3. SCTLS spectra of the Clef.’m. surface measur_ed at d'ﬁer.er\'/tve useé) the structuranapra%eters obtgined fron? agprevious
photon energies. The result of the fit is added in the figure as a lin

. 3 .
crossing the experimental points represented by dots. The thre?eEED I/V experiment® Moreover, since the R000Y) sur-

componentd, S;, andS, are also added as solid lines. The energyfaCe is composed of domfain_s rqtated _by 120° to each other,
range used to fit the data is wider than what is shown in the figuré"’,e summed the photoemission intensity over these domains.

Photoemission Intensity (arb. units)

(see text Finally, we calculated the modulation function defined as
_ [1(¢)—1]/1y, wherel(¢) is the photoemission intensity,
B. SCLS assignment while |, is its average value. From these calculations we

AS a|ready mentioned, the assignment of the Oxygenfound the best conditions to perform the phOtoeleCtron dif-
related SCLS's following strategyi) was implicit in the fraction experiment. In particular, we realized that when per-
measurements, whereas that of the clean surface still needsf@ming an azimuthal scan #=40° at a kinetic energy of
be proved. In Fig. 3 the three SCLS spectra of the clea?20 eV, not only does the first layer intensity show pro-
surface, measured at the three photon energies gi\/en, alﬁ@unced modulations due to the backscattering, but further-
shown together with the fits. The spectra have been normamore these are in antiphase with those of the second layer
ized at the low binding energy side. They have been meaemission, in which the characteristic forward sgattering
sured and fitted between 277.9 eV and 281.8 eV in a widepeaks are present gt=*=30° with respect to th¢1210]
range than shown in the figure. Among the three peakslirection. The photoelectron diffraction experimental results
present, the only one that can be unambiguously assigned tegether with the multiple scattering simulations are shown
peak b, which belongs to the bulk. This results from the in Fig. 4. The agreement between experiment and simulation
analysis of the SCLS’s of (£ 1)-O and is also supported by is very good, hence giving a clear answer to the question we
the fact that when the surface was saturated with CO or othexddressedS; belongs to the first layer atoms, aSglto those
adsorbates the only peak that remained unchanged was peakthe second layer.

b.

From a simple inspection of the data it is possible to see
that peakb increases at higher photon energy, consistent
with a simple mean free path picture. The peak at lower Having achieved an unambiguous assignment of all ex-
binding energy,S;, has maximum intensity at 370 eV and perimentally detected peaks, the next step is to compare
the component at higher binding ener@y, is more or less these results with the calculated SCLS’s. As our intention is
constant. From these data it would not be possible to diserto decompose the latter shifts into initial and final state con-

C. Comparison with theory
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FIG. 4. Angular dependence of the modulation function of the p(2x2) (2x2)-30
S, (open circlesandS; (filled squarescomponents shown in Fig.
3. TheS, component shows a clear enhancement of intensity in the  F|G. 5. Comparison of the calculated SCLStpen symbols
forward scattering directions, denoted by the dashed lines in thgjith the experimental resultéilled symbol$ obtained by fitting
figure. The solid lines represent the results of multiple scatteringtrategy(i). The top panel represents the SCLS’s of the first sub-
simulations. These two curves have been shifted with respect tgate layer Ru atoms, while the middle panel displays the SCLS’s
each other for display purposes. of the second layer atoms. The bottom panel displays the screening

o ] contribution to the total first layer shifts.
tributions, the agreement between theory and experiment

should not only be on a qualitative or semi-quantitative leveltions of the Kohn-Sham potential due to a quantum size ef-
but should convincingly make clear that there are no inconfect in the finite slab. On the other hand, further increasing
sistencies whatsoever between the two data sets. the vacuum region did not have any influence on the SCLS
In order to perform such a comparison, we first addresyalues (<=5 meV). Summarizing the errors due to the ba-
the accuracy of the DFT calculations. Possible numerical ersis set and the supercell approach, we hence give a conser-
rors can arise due to the use of a finite basis set, as well a@tive estimate of the numerical accuracy 630 meV,
due to the finite size of the slab and vacuum region in thevhich is of the same order as the experimental error, thus
supercell approach. To assess the effect on the derived SCljSstifying the chosen setup.
values, we sequentially increased the corresponding values However, this error estimate does not comprise possible
and monitored the SCLS’s of both first and second layeerrors due to general deficiencies of the approach, i.e., due to
atoms of the clean and §1)-O covered surfaces, which the selected exchange-correlation potential or the use of the
form the lower and upper bounds of the coverage sequendeansition state concept to evaluate the total shifts. To this
considered. We checked the convergence of the basis set leynd, we also calculated the SCLS’s for bothx(1) phases
increasing the plane wave cutoff in the interstitial from 17 using the local density approximation for the exchange-
Ry to 23 Ry, as well as by using dendemeshes up to an correlation functionat* We foundS; and S, of the clean
(18%x18x 1) grid with 37k points in the irreducible wedge. surface, as well as ths,(10) of the (1X 1)-O phase, to lie
In both cases the SCLS changes were withih0 meV. As  within =10 meV of the values obtained with the GGA. On
the SCLS’s result from a difference between a surface and the other hand, the SCLS of the threefold O coordinated first
bulk quantity, the obvious point here is to use exactly thelayer atomS,(3 O) changed by 101 meV, significantly wors-
same basis set in both calculations, which then leads to ening the agreement with the experimental value. We at-
good cancellation of errors and thus makes the SCLS valutibute this finding to an improved description within the
itself less sensitive to the finite FP-LAPW basis set used. GGA, which—as deduced from the remarkable agreement
The main source of error due to the supercell approachetween experiment and theory reported below—seems to
stems from the use of slabs of finite thickness. Test calculaallow a highly accurate determination of the quantity of in-
tions performed with ten-layer slabs revealed changes in theerest to our study.
SCLS’s up to=20 meV, particularly in the second layer Figure 5 shows a comparison between the calculated and
shifts. As the changes in the calculated work function werg¢he measured SCLS'’s. It is immediately obvious that almost
of the same order, we assign these differences to slight variall theoretical and experimental shifts fall within their mutu-
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ally assigned error bars, reflecting the consistency between TABLE Il. Calculated Ru 8 SCLS'’s for the first layer atoms at
the two data sets that we aim at. Only the following shifts,various coverages. Shown are the total shifts, as well as their de-
while still showing a good semiquantitative agreement, dosomposition into screening and initial state pam$&'s=Acreen

not meet this requiremer®, andS,(1 O) inp(2x2), S, in +ADL The rightmost column contains the initial state shifts as
(2% 2)-3 0, andS,(3 O) andS,(1 O) in (1x 1)-O. The dis- obtained for Ru bulk truncated geometries. Units are meV.
agreement in thes,(1 O) shifts is not surprising, as this
component was neglected in the original experimental data

analysis[strategy(i); see Sec. IV Ain order to avoid over-

Total Screening Initial
(relaxed (bulk trunc)

fitting. After the theoretical calculations had predicted non-gjean s -383 -08 —285 —338
vanishingS,(1 O) shifts parthularly for th@(2X2) and the p(2x2), S, —448  -80 —368 —407
(1%x1)-0O phases, the experimental data set was reanalyz 2x2), S,(10) 136 65 1101 142
including this componerisstrategy(ii)]. This was unambigu- p(2x1), S,(10) 67 —111 Y 12

ously possible in the case of the X1L)-O phase with its
clearly separate bulk and surface peaks. The resulting val
of S,(1 O)=-60x10 meV agrees perfectly with the theo-
retical S,(1 O)=—-53+=30 meV, also bringing the calcu-
lated and measure®,; (3 O) peaks into consistendyheory,
+899+30 meV; expt., 92810 me\). Unfortunately, the
crowding of peaks around the bulk peak in th€2X2)
phase did not allow us to add yet another component to th
fitting procedure. Hence, we were not able to resolve th
small discrepancy for th&,(1 O) peak in this phase.

This leaves only thé&s, components in the(2x2) and
the (2x2)-3 O phases. As just discussed, the experimentall
derived value forp(2x2) could be affected by neglecting
the S,(1 O) peak in the fitting procedure. Additionally, this
structure was measured only at 352 eV, and furthermor
probably the error bar of the measured SCLS is bigger due
the presence of many peaks in a very small energy ran
This might certainly account for the small difference of 6
meV between calculated and measured shifts. Yet these
sons do not apply in the case of thex2)-3 O phase, where
theory predicts a vanishing,(1 O) shift, and which was ;.-\ state shift.

me.aiure;j hat three photon energies. :Tere, howdever,hthe This is even more so for the small total shifts connected to
weight of t PTSZ component is quite small compared to the o5 layer Ru atonj§, andS,(1 O)]. Here, the screening
othgrs, thgs Increasing the error in the experimental dEtermlforrection is of the same order of magnitude as the initial
nation of its position. Under these circumstances we do nof . chift itself €100 meV), and, similar to the trend
consider the small difference of 88 meV between theoretic ound for the first layer atoms, always negative in sigh

and experimental shifts to reflect a significant inconsistencyTable Ill). As all initial stateS, andS,(1 O) are found to be

In conc_lu3|onl, we hence find the two data sets to be fu”ypositive, frequent sign changes are introduced by the screen-
compatible with each other.

ing contribution. Consequently, in the measurement the sec-
ond layer shifts can lead to small peaks in close vicinity on

(2x1), S(20)  +395 —62  +457 +454
%x 2)-30, S,(20) +362 —80  +442 +476
(2%x2)-30, S,(30) +1010 —27 +1037  +1088
(1x1)-0, S;(30) +899 —85  +984  +1072

components for all first layer atoms at the coverages consid-
&red. We see that the magnitude of the screening correction
§s rather small compared to the overall trend in the initial
state shifts. Although it leads to an enhanced difference in
the total shifts of equally coordinated Ru atoms, particularly
Yn the case of th&;(10) andS;(30) atoms, it still does not
overshadow the clear dependence on the number of direct O
neighbors(cf. Fig. 5. However, this does not imply that it
Ban be neglected, as only the full shifts lead to the good
tggreement with the experimental data described above: The
Y%hitial state shifts alone fall far out of the experimental error
7 bars. Note that, especially in the case of the small total shifts
refi‘()rresponding to singly O coordinated Ru surface atoms, the
screening contribution is even larger in magnitude than the

V. ANALYSIS TABLE Ill. Calculated Ru 3 SCLS'’s for the second layer at-

A. Screening effects oms at various coverages. Shown are the total shifts, as well as their

. L. . . ._decomposition into screening and initial state pamgfgL'S:Ascreen
While the main idea behind the study of SCLS’s is to gain, yiniial ynits are mev.

an understanding of the electronic and structural environ-

ment of atoms at the unperturbed surface, i.e., before the core Total Screening Initial
excitation, the measured shifts comprise an additional com

ponent, which is due to the different screening capabilities oflean,s, +124 =72 +196
the core-ionized system at the surface and in the butk. p(2x2), S, +187 -19 +206
fact, this screening capability is closely related to the elecp(2x2), S,(10) —57 -82 +25
tronic hardness and the surface chemical actiigge, e.g., p(2x1), S, +72 -34 +106
Stampflet al*® and references therginthus, this informa- p(2x1), S,(10) -21 -96 +75
tion also is of significant interest. Fortunately, calculations ag2x2)-30, S, +39 —44 +83
applied in this work provide the possibility of separating the(2x2)-3 0, S,(1 0) +3 -35 +38
total (measuregishifts into the initial state and the additional (1x1)-0, S,(10) -53 -83 +30

final state(i.e., screeningcontributions. Table Il lists these
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1

1

i

! this enhancement implies that the core hole be more effi-
1 ciently screened at the surface, which in our present sign
1

€

convention leads to a negative screening correction. In Fig. 7
F we show the real self-consistent ©OS, calculated inside
the muffin tin spherés for the two limiting phases of the
FIG. 6. Schematic DOS in the rectangutdband model(for the ~ coverage range considered, i.e., the clean and thel(1O
case of a more than half full band. At the surface thel-band is  surfaces. Compared to the bulk situation, we indeed find the
narrowed and shifted up in energy to maintain local charge neutralglean surfaced DOS to be narrowed in energy and in the
ity. Upon core excitation the DOS shifts to lower energies and a energy range at and above the Fermi level it is strongly en-
valence electron from the Fermi reservoir restores local charge negranced. Despite the widening of tbeéband caused by the O
trallty by f|“|ng up fOI’merly Unoccupieaﬂ states. The enhancement adsorptlor(see below th|s enhancement preva”s also for a"
of the surfaced DOS at and above the Fermi level leads to a moreg_covered surfaces, exemplified in Fig. 7 by thex(1l)-O
efficient screening at the surface and hence to a negative screeni ase. Consequently, negative screening contributions are
contribution to the total SCI'_S. Note that in .the case of a less tha'??und throughout the whole coverage sequence.
:?rfr;w:ng baanndd rtlr(::lieDgSpé)ssifit]/:tei(rjlit(ijafl)wsr;e:tr:a ecnoenrt%iyl:)l?tlijc?ntct)othtﬁe Itis interesting tollc ompare thi_S situation tp the work for o
SCLS results. However, the enhancement of th®0OS at and adlayers_on RAL1D. There_, a sign change in the screening
above the Fermi level nevertheless leads to a negative screeni%nmbunon was found, with the lower coverage surf_aces
contribution. ain screening better than the bulk, but the higher
O-covered surfaces screening wofsk Fig. 8. This is con-
nected to the fact that in Rh, which is situated just right of
Ru in the periodic system, the Fermi level is located at a
different position in the 4 band. Above that position, the

either sideof the bulk peak, which will be hard to resolve
experimentally. As is apparent from the two fitting proce-
dures employed in the present experimental analysé®

Sec. IV A), this can then indirectly also influence the assess-

ment of the larger first layer shifts. Given that the latter are 2
typically the ones of primary interest, special care with re- I ol
spect to this point should therefore be exerted in the experi- 01l
mental data analysis.

Methfessel and co-workers have shown that final state Rh(111)
effects at clean, true transition metal surfaces are largely due 0.0 —

Ascreen (eV)

to intra-atomicd-electron screenin*¢3"Upon core excita- I _— 7 X |
tion, thed density of stateDOS) shift to lower energies E e X o g x

causes a valence electron from the Fermi reservoir to restore hler ¢ Ru(0001)

local charge neutrality by filling up formerly unoccupied

states. Due to the lowered coordination at the surface, the dl_x . . )

local density ofd states is narrower in energy than thBOS 0 Numbelr of direct Oneiéhbm 3

of a bulk atom. Because the total number of states in a band

is conserved, even in the simplest rectangdiand model FIG. 8. Comparison of the screening contributid ee, for

with a constant DOS 2 one would expect thd DOS value  O/Ru000 (crossesand O/RIf111) (boxes as a function of the
at and above the Fermi level to be enhanced compared to th@mber of directly coordinated O atoms. The shaded area is drawn
bulk situation. This is schematically shown in Fig. 6. In turn, to guide the eye. The O/Rhl]) data are taken from Ref. 11.
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DOS is lowered so strongly upon O adsorption that it even- TABLE IV. Shift of the center of gravityAC,q (in meV) and
tually falls below the value of the bulkl DOS and thus relative change in the widthW of the Ru valence @ band for all
induces the sign change in the screening correction. In Rdirst layer atoms at the coverages considered, with respect to the
on the other hand, this lowering never reaches the lbulk bulk situation. Additionally shown in the middle column is the shift
DOS, so that the screening remains negative in sign through)-f the center of gravity resulting from a simple rectanguldrand

out (cf. Fig. 8. model as described in the text.
B. Initial state shifts ACu ACag aw
(mode)
Having subtracted the final state effect from the total

SCLS's, we are now in a position to discuss the initial state”€an-S1 —200 —200 —12%
contribution, i.e., the change in the lodakar nucleuselec-  P(2%2), S —180 —180 —11%
trostatic field(see below. For clean transition metals, these P(2%X2), Si(10) 0 +30 +2%
shifts are well understood in terms of the narrowing of theP(2x1), Si(10) -20 +50 +3%
surface valence band due to the lowered coordinativmm ~ P(2x1), $(20) +140 +220 +13%
order to maintain local charge neutrality, the center of a les§2x2)-30, $,(20) +160 +250 +15%
(morg than half full d band moves dowrfup) in energy, (2%2)-30, $,(30) +480 +480 +29%
which goes hand in hand with an attractifrepulsive con-  (1x1)-O, $,(30) +410 +480 +29%

tribution to the Kohn-Sham potentiésee Fig. 6. This po-
tential change acts on the core electrons as well and induces

a positive SCLS for the early and a negative SCLS for thehe threefold O coordinate§; (3 O) atoms have a band that
late transition metals. This trend involving a sign changeis 29% wider than that of bulk Ru atoms and its center of
across the series is well confirmed by a number of experigravity is hence shifted by=0.5 eV to lower energietee
mental and theoretical studigs>***°into which the nega- Fig. 7).

tive A'Qé'f's derived here for clean R000) fits nicely. To gain aqualitative understandings to how far the

Upon O adsorption, the O2level interacts with the lo- observed shift of the center of gravity is due to the different
calized Ru 4l states, causing the formation of bonding andbandwidth, we next considered a simplistic rectangular
antibonding states close to the lower and upper edge of thé-band model, i.e., a box of constahDOS (see Fig. §. 334!
valence 41 band, respectivelysee Fig. 7.2 The ensuing in- In this modele,q is exactly in the middle of the band, i.e., it
creased width of the valence band then requires an adjusis W/2 above the band bottong,y= e4,+W/2. When this
ment of the center of gravity of the band in order to maintainbox is positioned with respect to the Fermi level so as to
local charge neutrality. In the following we will show that achieve an ideal 70% filling of the Rwand, i.e., when we
this adjustment moves the band downward in energy and thiempose local charge neutralitey,= —0.7W, because the
corresponding attractive contribution to the Kohn-Sham po+ermi level is our energy zerothen the widthW of the box
tential is reflected in more and more positive SCLS’s withand its center of gravitg,q are related via
increasing O coverage. Further, as the width is connected to
the formation of bonds, which obviously scale with the num- 2
ber of directly bound O atoms, similar SCLS'’s result for €a0=~ oW- )
equally O coordinated Ru atoms.

In order to quantify this trend, we have evaluated the firsiyith the help of Eq.(5), the value of the bulk center of
and second moments of the valenag Band for each first gravity derived from the calculated first moment determines
layer atom at the coverages considered. ptlemoment of  the corresponding width and with this the complete projec-
the DOS,N(e), is defined &% tion of the self-consistent buld DOS onto the rectangular

model® After that, the differential form of Eq5) allows us

to convert the calculated relative width changde4/, shown

Mp= f N(e)€Pde, 4)  in Table IV, into relative shifts of the center of gravity com-

pared to the bulk situation. The resulting shifi,, are
where in our cas®(e) is the DOS of the Ru d states®**  given in the third column of Table IV and match very well
o gives the total number of states in the band andu,  the ones obtained directly from the first moment of the ceal
= €44 its center of gravity. Having obtained these momentsDOS. This confirms that the main driving force behind the
for all coverages and for the bulk, we can then calculate thebserved 4-band shift, first up in energy for the clean sur-
shift of the bandA C = e5y — €54 with respect to the bulk face and then lower and lower in energy upon increased O
situation. The second momept /1 is proportional to the  coordination, is indeed the preservation of local charge neu-
mean square widthv? of the band, which we again translate trality upon changing the-band width.
into relative width changesW=Ws"fwPuk—1 with re- The shift of thed-band center is accompanied by a corre-
spect to the bulk situation. As shown in Table IV, tB¢  sponding shift of the Kohn-Sham potential, which in turn is
atoms(not O coordinatedpossess a band that is 12% nar- experienced by the core electrons and gives rise to the initial
rower than the bulk one, and correspondingly it is shifted bystate contribution to the SCLS’s. In Fig. 9 we show the
~0.2 eV to higher energiegsee Fig. 7. On the other hand, spherically symmetric part of this potential shif)/®(r),
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surface ang(2x2) phase display relatively large shifts of

leeast ~200 meV, whereas the shifts of all other second layer at-
— 00 A — o oms remain very smallsee Table IlJ. Evaluating again the
% M=o -c--==-=oo. —__ ] firstand second moments of tdeDOS for these atoms, we
; 0.5 hau (2X2)-30, 5120) R — - ] indeed find only the widths for these tv& atoms increased
g p(2x1), $1(20) S by 5% with respect to the bulk value, together with a corre-
4,% tok.amo,s1000 0000 _==T< sponding shift of the d-band center to lower energies,
""""""" which gives rise to their positive SCLS’s. Yet, while the

(2x2)-30, S1(30) . . . -
increased width in the case of the first layer atoms can be

explained in terms of binding to more and more O atoms, the

N—E second layer Ru atoms always have the same number of
& nearest neighbors as in the bulk. In this respect it is interest-
+ 000 . . . ing to notice that only the two mention&J atoms have first
0.0 05 1.0 15 2.0 layer neighbors, which are not yet bound to any O atom at all
Radius (bohr) and which hence have somewhat unsaturated bonds. We thus

argue that these first layer atoms will most likely reinforce
their backbond to the second layer atom below, which will
Tthen experience stronger binding than in the bulk situation.
Note that this is also reflected in the contraction of the first
layer distance with respect tos}gslesbulk, which is found only
for the lower O coverage phases.” Judged from the width
Aveﬁ(r)=V§Lfn(r)—vgﬁlk(r), (®) of the d DOS (see Table 1Y, any Ru atom that has estab-
as a function of the radial distanae=|r—R| from the lished bonds to at least one O atom will no longer show an
nucleus aR. The shift is primarily related to the number of €nhanced backbond tendency, which explains why all other
directly coordinated O atoms; it starts with positive shiftsS€cond layer atoms display a more or less bulkkbOS
(more repulsive potentialior the S, type atoms and turns Width and consequently very small SCLS's.
into more and more negative shifts for t8g(1 O), S;(2 O),
andS;(3 O) atoms(more attractive potential Interestingly, VI. DISCUSSION
AVef(r) is always almost constant up to abeufl.2 bohrs
away from the core. Yet this is the region affecting that 3 ha
core electrons, as exemplified by the extension of tde 3
radial wave function for bulk Ru also plotted in Fig. 9. To
first order,**

FIG. 9. Top panel: Potential shit\vef(r) inside all first layer
Ru muffin tin spheres for the various coverages considered. Botto
panel: Radial part of the wave functior?| R, (r)|?, for the & and
4d orbitals of bulk Ru.

The analysis of the initial state contribution just presented
s shown how the core level shifts act as a sensitive probe
of the local electronic structure around an atom, i.e., more
precisely, how the SCLS'’s are affected by floemation of
bondsbetween the O adsorbates and the Ru first layer atoms.
Yet one could also hope to use the SCLS’s to gain a deeper
Aigg‘f"s(Sd)%—Afwf drAVeT(r)r2|Raqy(r)|? (7) insight into thenature of the chemical bonds between the
atom and its neighbors. Particularly in the case of adsorbates,
holds. Given that\ V'~ const in the region of the®orbital ~ I-€-, unlike bonding partners, it is tempting to address via the
and the radial wave function is normalized, we obtainSCLS’s the question of charge transfer to or from the surface
Agglfg(:,'d)% — AVe, Of course, an analogous relation to Eq. ?toms, orin other words the'|on|c and cpvalent c.ont.nbuu_ons
o the bonding. In the following subsection we will first dis-

(7) holds also for all other deeper lying core levels, whose ) : : s X
r?|R,(r)|? are confined to an even more localized regionCUSS OUr point of view on this relation between SCLS’s and
n

around the nucleus, also within the constant region offnarge transfer, and will thereafter apply it to interpret the
AVEf(r). Hence, the different core levels all display roughly Ponding situation in the ©/R000 and O/RIf111) systems.

similar shifts*® Obviously, this is not the case for thel4

valence band, which as shown in Fig. 9 has a much larger A. SCLS's and charge transfer

radial extension. Hence, it reaches well into the region where |n the simplest view, charge transfer ¢fnto) an atomic

AV*(r) is not constant anymore, which is mainly caused bysite leads to a more attractieepulsive potential, thereby

an increased exchange-correlation contribution in this regiogausing a shift in the core level toward hightwer bind-

of lower electron densit§/ In this region also the nonspheri- ing energy. In the case of chemisorption of an electronega-

cal contributions to the Kohn-Sham potential become signifitive species like oxygen, one would hence expect more posi-

cant, so that the magnitude of the shift of the center of gravtive SCLS'’s for the higher O coordinated Ru first layer

ity of the 4d band,C,q, and of ALWL will not be similar, atomsS;(1 0), S;(2 0), andS,(3 0), as we indeed observe.

while their overall trend is, as is indeed found when comparyet, despite this qualitatively correct trend, the question re-

ing the values given in Table IV and Table I, respectively. mains whether the SCLS’s can be used further to better
Having established the relation between the measurequantify the amount of charge actually transferred. Related

SCLS and the local bonding, at least to the degree that it iso this is also the question whether the total adsorbate-

reflected in the valence DOS, let us focus now on the induced shifts can really be attributed solely to charge trans-

second layer shifts. Here, only ti$g type atoms of the clean fer.
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Recent theoriés™’ of SCLS’s have tried to separate the ~ Coming back to the point as to why alkali metals show
total shift into additional factors apart from charge transfermuch smaller shifts, one has also to take into account their
namely, an environmental and a configurational contributiondifferent interaction with a transition metal surface. The
The former is viewed as arising from embedding the atonrstrong interaction of the O2orbitals with the Ru 4 band
into the delocalized valence charge density of all neighborfesults in a small O-Ru bond length 6f2.0 A. Even the
ing atoms. The ensuing overlap of these valence orbitals ontgmallest alkali metal, Li, has a bond length 2.7 A to
the atomic site influences the Kohn-Sham potential at th&u, reflecting a much weaker bond. The interaction with the
nucleus of the core-ionized atom and thus contributes to thki S orbital does not affect the-band width, and leads in

shift. Note that such a contribution obviously scales with thefurn only to very small SCLS's. Hence, the different magni-
number of neighbors, i.e., in our case with the number ofudes in the shifts for the aforementioned electropositive and

directly coordinated O atoms. The configurational Contribu_e!ectronegative adsorba_ltes are merely a consequence of the
ifferent type of interaction with the surface atoms, irrespec-

tion, on the other hand, arises in transition metals from thefd. S ;
hybridization of the valencd band withsp states below and ve of the applicability of any underlying charge transer
concept. As a conclusion, we point out that SCLS'’s certainly

a_bove the Fermi level. The_ latter orblfcals are much MOrE, e a sensitive probe of the local electronic structure around
diffuse, i.e., the corresponding charge is on average furth

. L &n atom, yet they intricately depend on the details of the
away from the nucleus. Hence, a slight redistribution of e_lecinteraction present in the system, which has to be properly
trons among these levels at the surface can then also inflyy,yzed for each specific case to understand the observed
ence the potential. qu thg particular case of ionic adsprbateghifts_ Therefore it does not make much sense to compare
on metals, the polarization of the surface, which tries tOmagnitudes of SCLS’s arising in chemically different sys-
screen the adsorbate electric field, has also beefems. On the other hand, within one type of chemistry, as in
discussed:*® our case with the same adsorbate on the same substrate only
Correspondingly, the total observable shift would then beat different coverages, the SCLS’s may indeed be used to
the net result of all thes@artially canceling contributions.  further describe the bonding situation—even in the more
This argument was employed, for example, to explain theconceptual language of charge transfer.
very small negative shifts observed for alkali metal adsor-
bates on WL10) in contrast to the large positive shifts
caused by O/ML10).*>*"*8 Neglecting any other contribu- B. O on Ru(000) and Rh(111)
tion apart from charge transfer, one would in this case infer a In this view, the equal spacing of400 meV between
much lower ionicity of the electropositive alkali metals com- SCLS’s of increasingly higher O coordinated Ru atoms
pared to the electronegative oxyg®nYet this picture was S;, Si(1 O), S;(2 O), andS;(3 O) suggests that the type of
contradicted by more refined analyzes taking also environbonding remains the same throughout the whole coverage
mental and configurational contributions into accoti. In range studied, or in other words that thanspecified
any case, although all these concepts like charge transfeamount of charge transferred to each O atom remains ap-
covalent bonding, or polarization are without doubt usefulproximately constant. This interpretation is corroborated by
for our understanding, one has also to admit that they aran almost unchanged Oslcore-level position to within
somewhat arbitraryat least to a certain degne&Vhether the =20 meV. In particular, there is no indication of a qualita-
buildup of charge between a surface atom and an adsorbatetigely different chemisorption behavior between the low cov-
called covalent bonding or polarization of the metallic erage [p(2xX2) and p(2x1)] and high coverage(2
charge in response to the adsorbate, or whether the overlap2)-3 O and (2xX1)-O] phases, which could explain the
of valence orbitals onto other atomic sites is already calledong-time believed, but only apparent saturation coverage of
charge transfer or not, is simply a matter of taste. In view of® =0.5 ML in UHV.**“° As was already concluded in pre-
the analysis presented in the last section, the very large shifious studies, this saturation arises solely from kinetic hin-
of +1269 meV between th8,; atoms of the clean surface drance of the @dissociation process:*®Note that a similar
and the threefold O coordinates} (3 O) of the (1x1)-O  picture was derived in a recent experimental study on the
phase is simply the consequence of the strong interaction dd/W(110 system, which also exhibited O-coordination-
the O 2o orbitals with the metal ¢ valence band, which dependent SCLS’s up te-1 eV for the threefold coordi-
gives rise to bonding and antibonding states widening th@ated W atoms®
band. That this goes hand in hand with the sequential buildup Apart from this large scale trend, the SCLS’s reflect also
of charge between the adsorbate and the Ru surface atom carore subtle details of the bonding situation. This can be seen
be seen in Fig. 9, where the surface potential shift shows @ the differences in the shifts for equally coordinated atoms
more and more pronounced inflection in the region furthepresent at two coverages; e.g., the shifts for$helO) type
than~1.7 bohrs away from the nucleus. Interpreting this toatoms in either thgp(2X2) or thep(2Xx1) phase differ by
a certain degree as charge transfer to the O atoms woule7 meV (see Table IJ. These small variations might be due
make the core-level analysis compatible with the continuouso a small redistribution of the charge at the two coverages,
increase of the work function upon O adsorptfband with  which one may interpret as a slightly different ionicity of the
calculated charge difference density distributions. Yet a cleabond caused by the increased repulsion in a denser adsorbate
assignment of how much charge is really transferred cannanesh! Alternatively, they could be caused by the small dif-
be made on these grounds. ferences in the atomic geometries of the two phases. In order
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1.2 — . . . coverage range there is no hint of the different catalytic be-
10l havior of the two materials at higher O partial pressafes,
which hence presumably arises from different oxidation
OB characteristics only after O has started to penetrate into the
06} Ru(0001) sample. As a preliminary result from on-going studies con-
@ 04l Rh(111 cerning this regime, we would like to mention that, in con-
e (1 trast to its near constancy in on-surface O phases, we find the
1§<]8 & ¥ O 1s core level to be particularly sensitive to variations in
0.0

the subsurface O coverage and geometrical position. This
02l | suggests that future experimental studies dedicated to subsur-
face O and surface oxide formation should focus on this core

04 level, rather than on the metad3which we find to saturate
-0.6 . % 5 3 somehow at its (X 1)-O value.
Number of direct O neighbors
FIG. 10. Comparison of the initial state shiftsoues for Vil. SUMMARY
O/RU000) (crossesand O/RIf111) (boxes as a function of the SCLS experiments have been performed on the clean
number of directly coordinated O atoms. The lines are drawn 90001 surface and on the four oxygen ordered adlayer
guide the eye. The O/Rb11) data are taken from Ref. 11. structures that form in UHV, namely, the(2x2), p(2

X 1), (2X2)-3 0, and (X 1)-O phases. For the clean sur-
to develop a feeling for the separate magnitudes of these twdace the high energy resolution photoelectron diffraction ap-
interrelated, effects, we also calculated the SCLS’s at alproach was used in order to make the assignment of the
coverages for an artificial bulk truncated Ru surface with thaneasured shifts to the corresponding substrate atoms. For the
increasing number of O atoms always in hcp sites at a fixedxygen related SCLS’s we find a clear dependence of the
height corresponding to the one we deduced for pif2 SCLS on the number of nearest neighbor O atoms, with the
X 2) relaxed geometry. The related shifts are stated in Tableigher O coordinated Ru atoms exhibiting shifts up to 1 eV
I, indicating that the geometric changes induced by the adto higher binding energies. We obtain very good agreement
sorbate do amount to small shifts up to about 90 meV. Stillpetween the experimentally determined SCLS’s and first
the differences between equally coordinated Ru atgmss  principles calculations, which confirms that within the GGA
in completely identical nearest neighbor surroundings foithe latter are able to describe this quantity with high accu-
both phasésremain of the same order as before, reflectingracy (=30 meV). Using a theoretical approach, it was pos-
now solely the slight charge rearrangement caused by thgble to separate the total SCLS’s into initial and final state
different adsorbate mesh at the two coverages. In this respectntributions. We found the latter to be mainly due to an
we further note that this sensitivity of the SCLS’s to geomet-enhanced intra-atomicd4electron screening at the surface,
ric differences can also be used to ascertain, e.g., the adsonghich arises from the increasedi D0S at and above the
tion site. The calculated 5% for O in fcc sites on the Fermi level compared to the bulk situation. The initial state
surface differ by~100-200 meV from the ones shown in shifts are connected to a varying width of the Ru valende 4
Table Il and are always far outside the experimental erroband due either to the reduced coordination of the atoms at
bar. For example, th&,(30) shift of a (1x1)-O fcc phase the surface or to the interaction with the @ Revel, which
would be at+718 meV. If there was a significant amount of causes the formation of bonding and antibonding states, thus
O in fcc sites at this coverage, it would certainly show up asvidening the band. As the width of the band is connected to
a shoulder in the experimental spectrum. That this is not thghe formation of bonds, which scale with the number of di-
case (see Fig. 2 proves that the experimental X11)-O  rectly bound O atoms, similar SCLS’s result for equally O
phase is nearly perfect hcp, despite the small binding energgoordinated Ru atoms. The almost linear increasa gL
difference between the two hollow sit&%s® for increasingly higher O coordinated Ru atoms suggests that

Finally, it is interesting to compare the O/R®001)  the type of bonding remains roughly the same over the con-
SCLS'’s to the ones found for O/Rtl]1) (same adsorbate, sidered coverage sequence up to the full monolayer, which
similar transition metal substraje’s Figure 10 displays the may be interpreted as an almost constant amount of charge
calculated initial state shifts sorted according to the numbetransferred to each electronegative O atom. This finding is
of directly coordinated O atoms. Apart from the different similar to the result for O on Rt11),'* i.e., both surfaces
SCLS’s of the clean surfaces caused by the differenshow a qualitatively similar on-surface chemisorption behav-
4d-band filling? it is immediately obvious that both materi- ior. On the other hand, the screening properties of the two
als display almost the same relative O-induced shifts in theurfaces are different in that the @001 surface is always
whole coverage range considered. The conclusion from thesable to screen the created core hole better than the bulk while
data is hence in line with that of earlier DFT studies concernthe RH111) surface screens better only for the low coverage
ing the adsorption energetit$>! which apart from the dif- O phases.
ferent adsorption siteghcp and fcc on R@001) and These results show that a combined experimental and the-
Rh(111), respectively found no qualitative difference in the oretical determination of SCLS’s provides valuable insight
on-surface O chemisorption behavior. In particular, in thisinto the O-metal interaction in different chemical environ-
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ments. Hence, SCLS’s offer a promising tool to study notpeak L =0.30, «=0.085, G=0.11). These parameters
only the on-surface O chemisorption behavior of surfacesare not as accurate because of the strong overlap of this peak
but also the transition to subsurface O and surface oxidwith the bulk and other peaks present.
formation. (4) Then we fitted thep(2xX 1) spectrum in order to de-
termine the parameters of th&(2 O) component I
APPENDIX =0.30, «=0.085, G=0.11). The parameters f_or_ this
peak are not as accurate as 83 O), but are definitely
The fit of the experimental data was performed in twomore accurate than those 8f(1 O).
different ways, named stratedy and strategy(ii). The line (5) Finally we fitted the (2 1)3 O peak using the line
shape parameters of the various components are the Lorershape parameters found previously for the various compo-
zian and Gaussian widtHsand G (in eV), respectively, as nents.
well as the asymmetry parameter B
2. Strategy (ii)
1. Strategy (i) (1) In the second strategy the clean surface was fitted first.
The fitting procedure strateggj) is completely indepen- In the fit we kept 'the Lorentzian width the same for the thrge
; components, letting free the asymmetry and the Gaussian
dent of the theoretical results and assumes3f@ O) com- g Fitted this way, the Lorentzian width is 0.18, the
ponent to be indistinguishable from the bulk in all the f'ts-asymmetry turns out to be the same for all components,
This assumption rests on the spectrum for thex(9-O 0.086, and the Gaussian width of ti%, S,, and bulk
phase, where the bulk ari(3 O) peaks are far from each peaks is 0.13, 0.09, and 0.08, respectively. The quality of the
other and the clear-cut two-peak spectrum with small overlagit was slightly better than that of the fit of the clean surface
in between does not justify a third component hidden undegsing the first strategy, while the derived SCLS’s were al-
either peak at first glancesee Fig. 2. most the sameS;=—360 meV andS,=+127 meV.
The approach used to fit the data was the following. (2) Then we tried to fit the (X 1)-O structure fixing for
(1) First the (1x 1)-O structure was fitted, for which only the bulk peak the same line shape parameters found for the
two components were assumed to be present, which must lafean surface and assuming that only two components, bulk
bulk andS,(3 O). In this way we found the line shape pa- andS,(3 O), are present. In line with the theoretical predic-
rameters of the bulk (=0.175, «=0.085, G=0.11) tion, the bad quality of the fit rendered it necessary to fix a
andS;(30)(L=0.31, «=0.150, G=0.11) peaks. third nonzero componen§g,(1 O), at slightly lower binding
(2) Then we fitted the clean surface. In this case threenergy than the bulk peak. We fixed for this new peak the
components are presers;, S,, and bulk. We kept the same line shape parameters as for the bulk. By fitting the
asymmetry parameter and the Lorentzian width for all com-{1x 1)-O structure with these three peaks instead of two, the
ponents at the values found previously for the bulk in (1parameters 08,(3 O) do not change with respect to the first
X1)-0, and we let free the Gaussian width of 8eandS,.  fitting strategy. The bulk and,(1 O) components show
The Gaussian width db, turns out to be 0.11 eV, the same similar intensities. The SCLS'’s f&,(3 O) andS,(1 O) turn
as for the bulk, while that 08, is 0.13 eV. The assignment out to be 920 meV ane-60 meV, respectively, both now in
to first and second layer atoms, shown in Fig. 2, has beesxcellent agreement with the theoretical values.
corroborated by independent SCLS photoelectron diffraction (3) Similarly, we tried to add a nonzer8,(1 O) peak
experiments as described in Sec. IV B. close to the bulk region for all other structures, but the re-
(3) Next we fitted the spectra at 352 eV of th€2X2)  sults were meaningless since too many peaks are present in a
phase in order to determine the parameters ofSi{d O)  small energy range.
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