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High-resolution measurements are reported of the surface core-leve(S$BifS of the 3d level for the
Rh(111) surface as a function of oxygen covera@eon the surface. These measurements are analyzed by
density-functional theory calculations of the initial- and final-state contributions to the shifts. The calculations
are found to reproduce well the trends and magnitudes of the experimental shifts. Adsorption of oxygen shifts
the Rh 31 surface core levels to higher binding energies with the magnitude of the shift depending almost
linearly on the coordination number of Rh surface atoms to O adatoms. Thel Rm@8ing energy increases
by about 0.3 eV per bond to an O adatom. This correlation is robust with respect to differences between initial-
and transition-state theory calculations of the SCLS’s. The results are discussed in a simple physical picture.
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[. INTRODUCTION binding energy difference between the Rh atoms at the sur-
face and in the bulk? for the RH111) surface as a function
Oxygen adsorption on metal surfaces can result in simplef oxygen coverage on the surface. The SCLS’s are related
adsorbate-covered surfaces, subsurface oxygen penetratida,differences in the electronic and geometrical structures of
or oxide formation, depending on the oxygen partial presthe atoms in the first and in deeper layers of a solid, and are
sure, substrate temperature, surface crystallographic orientmfluenced by different adsorbate-substrate environments.
tion of the particular metal, and the time of exposure. OverAdditionally, the core levels of chemisorbed atoms and mol-
recent years, several experimental studies under ultra-higkecules are very sensitive to the adsorption Sité®We have
vacuum(UHV) conditions and low temperatures on the sur-also studied the O 4 core-level shift(CLS) relative to the
face crystal structure of low coverage phases of chemisorbddwest coverage structure at a coverdye 0.25 ML. Since
oxygen on Ri111) have been reported, using primarily low- our aim is to understand the changes in the nature of the
energy electron diffractiodLEED), scanning tunnel micros- O-metal interaction all the way from adlayers to surface ox-
copy (STM), and x-ray photelectron diffractiotXPD).>™® ides, the present study was undertaken as a first step to spe-
Theoretical work using density-functional thediFT) cal-  cifically demonstrate how core-level shifts reflect the adsor-
culations has also been recently reported, predicting that amate geometrical and electronic structures of the O adlayers.
O adlayer with a (X 1) periodicity and coverag® =1.0 From the experimental point of view the determination of
monolayerML ) can form on RK111).1% This result differs  SCLS for the 85, core levels of 4 transition metals re-
markedly from the half coverage ¢21) adlayer structure quires high-energy resolution photoemission measurements
which forms at saturation when using molecular oxygen atvith synchrotron radiation. The large lifetimes of these core
room temperature and UHV conditions. Recently, it has beeioles imply very narrow photoemission peaks, and the varia-
experimentally confirmed that indeed a full monolayer oftions in the position of the core-level induced by atomic
chemisorbed O can be prepared at room temperature and/or molecular adsorption are very small. Moreover, a
Rh(111) by using an atomic O beafi.Moreover, we note high surface sensitivity, obtained by tuning the photon en-
that it is possible to deposit more than 0.5 ML of O with long ergy, is needed in order to detect the surface components.
0O, exposure of the RI11) surface at elevated surface tem-  Theoretically SCLS’s are very often interpreted in terms
peratures and that the formation of subsurface oxygen sp@f the initial-state picture, i.e., the difference of the single-
cies has been observed, when the 1.0-ML oxygen adlayer igarticle energy eigenvalues of a surface and a bulk atom core
nearly completed® The qualitative difference between a state. This approach neglects the possibility of a different
high-coverage oxygen adsorbate phase, namely a high covesponse of the valence electrons at the surface and in the
erage on the surface plus subsurface oxygen, and an oxidizédlk to the created core hole. That this difference, i.e., the
Rh(111) surface is unclear. Thus the knowledge of the naturdinal-state effect, can make a substantial contribution to the
of the oxygen-metal interaction spanning the range from lowshifts was shown in Refs. 19 and 20 for clean surfaces and in
to high temperatures and pressures is as yet incomplete. Ref. 21 for metallic surface alloys on metal substrates.
this context it is of particular importance to identify and  In the present work we have performed density-functional
characterize the intrinsic similarities and differences of thetheory calculations including both the initial- and final-state
O-metal bonding in different chemical environments. contributions to the shifts, thus allowing for an unambiguous
In order to examine this point, we have studied both exseparation of these effects and an estimate of their relative
perimentally and theoretically the oxygen induced Rith 3 importance. These calculations are found to reproduce well
surface core-level shift6SCLS'’y, defined as the core-level the trends and magnitudes of the experimental shifts and are
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used to discuss the origin of the different contributions to thepresent and discuss the experimental and theoretical results.
measured shifts. We find that the negative initial-state conHere the evolution and decomposition of the Riy3 spec-
tribution to the Rh 8 SCLS of the clean Ri11) surface is tra when O is adsorbed are described, and the validity of the
reduced and then becomes positive upon oxygen chemisorpssignment of the peaks is discussed while comparing mea-
tion with increasing coverage. Ta certain degreehis re-  sured and calculated values for the shifts. Finally, we explain
flects the electronegativity of the oxygen adatoms. We examthe trends observed for the initial- and final-state contribu-
ine the relation between the shift of the Kohn-Sham potentiations. In Sec. V our results and conclusions are summarized.
at the surface relative to the bulk, the initial-state surfade 3
core-level shift and the displacement of the center of gravity
of the surface 4 band,AC,;. We show that despite the
complex spatial dependence of the changes in the self- The high-resolution core-level photoemission experiments
consistent potential at the surface and the location of the 3have been carried out at the SuperESCA beamline of
and 4d orbitals in different regions of space, a correlation ELETTRA, which is the third generation synchrotron light
between oxygen induced SCLS’s aA€y's exists because source placed in Trieste, Itaf§:*° The third generation syn-
the SCLS’s and thA Cy's arise from the adsorbate-induced chrotron light source placed in Trieste, Italy. The chamber
shift of the Kohn-Sham potential experienced by the corewas equipped with a VSW 150-mm 16 parallel channels
states and thd states, respectively. hemispherical electron energy analyzer operated with a pass
The self-consistentd-band structure is complex, with energy of 5 and 20 eV for the Rhd3, and O Is core-level
changes in width, shape, and center of gravity position at theneasurements, respectively. The monochromator energy
surface. To gain more insight into the origin of theC 's resolution was varied from 60 to 200 meV, corresponding to
and the SCLS’s, we have calculated the increase in the meantotal instrumental resolution in the range of 60—240 meV,
square width of the projected density of states per Rh surfacdepending on photon energ$90 and 650 eY LEED was
atom onto the 4 orbitals d DOS) upon oxygen chemisorp- used to detect thp(2x2) andp(2Xx 1) long-range ordered
tion relative to the bulkd DOS’s. By mapping the self- structures formed upon oxygen adsorption on the surface at
consistentd DOS’s onto rectangular model bands with  room temperature. The ambient background pressure in the
similar relative changes of the mean-square width as those ahamber was 8 10" ! mbar, dominated by hydrogen. The
the actual self-consistentDOS’s, and assumingtrict con-  Rh(111) sample used in the experiments was oriented within
servation ofd charge for each layer, we have calculated thel°® and mechanically polished. The following procedure was
displacement of the center of gravity of the model surfaceused for sample cleaning. Initially the surface was cleaned
d-band(relative to the bquAC[]‘Ode', which arises from the using Ar" sputtering at room temperature, annealing at
change in the surfacd-band width. In agreement with find- 1300-1350 K, and oxygen treatments at 800—1100 K in or-
ings for O/R0001),2>?% we find that the resultind C°%'  der to remove the carbon. Hydrogen reduction at 400-700 K
trend correlates with the calculated SCLS's initial-state trendvas then used to remove the oxygen. The surface tempera-
and that layerwised-charge conservation holds approxi- ture was monitored using two K-type thermocouples spot
mately. welded to the sides of the crystal and controlled using a
Inclusion of final-state effects are important for accurateEurotherm programmable temperature device. Oxygen gas of
calculations of SCLS’s and reveals that the screening of th€9.999 purity was used in the experiments. We want to point
3d core hole, which is more effective for a surface than for aout that the saturation coverage fop ®xposure below 50
bulk atom for the clean Ri11) surface’® becomes less ef- Langmuir at room temperature results to be 0.5 ML, while a
fective at higher O coverages. This behavior is understood if1X1) oxygen overlayer at 1.0 ML can be obtained on
terms of the oxygen induced changes in the Rh surfate 4Rh(111) only by dosing NQ or atomic oxygert? Rh 3ds,
band, in which the screening occurs, and the consequent lovand O Is core-level spectra binding energies have been cali-
ering of the density of states at and close to the Fermi levebrated with respect to the Fermi energy.
As the oxygen coverage increases the distance between
partially negatively charged O adatoms decreases and a re- Ill. THEORETICAL
pulsive adsorbate-adsorbate interaction builds up, which
leads to the decreased adsorption energy with increasing In exact terms, the measured surface core level Ahifs
coveragé? Partially reducing the electron transfer and thethe difference in the energy that it takes to remove one elec-
oxygen induced dipole moment per adatom is energeticallyron from a core state of surface and a bulk atom. Each
favorable for higher coverages as it reduces the O-O repulonization energy is itself a difference of two total energies,
sion. A positive initial-state O 4 shift of the p(1xX1)-O  namely, those before and after the core electron is removed.
structure @ =1.0 ML) with respect to th@p(2x2)-O struc- To a good approximation, this difference can also be ob-
ture (®=0.25 ML) and the saturation of the work function tained via the Slater-Janak transition-state approach to evalu-
change as function of coverage &+0.75 ML) reflect that  ate total-energy differencé8.The total energy is a function
effect. of the core-level occupation which can be taken as a continu-
The paper is structured in the following way. After a shortous variable. The initial-state theory is the first-order term in
description of the experimental technig(®ec. 1), the de- the expansion of these total energies into Taylor series in the
tails of the calculation of the initial- and final-state contribu- change of the core occupation, whereas the transition state
tions to the shifts will be describe@ec. Il)). In Sec. IV we theory includes the terms up to second order. Then the full

Il. EXPERIMENTAL
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calculated shiftA. is given by SCLS'’s of the clean and the highest 1.0-ML coverage (1
X 1) structure, which are the lower and upper bound of the
AC~—[ei“”(nc—1/2)—eE”'k(nc—1/2)]. (1) coverage sequence considered. The present self-consistent

structure optimizations and SCLSs calculations were con-

€' and 2" denote the Kohn-Sham eigenvalues of a par-ducted for a 16-Ry cutoff and a (¥12x1) Monkhorst-
ticular core state of a surface or bulk atom, amdis the  Pack grid for the (X 1) unit cell with 19k points in the
occupation number. In the initial-state approximation, theifreducible wedgé® The changes in the calculated SCLSs
SCLS is exactly given by Eq1) with occupationn,.. due to a larger plane-waves cutoff of 24 Ry, as well as

The electron density, surface atomic structure, total enerdenserk meshes up to a (2818x1) grid with 37k points
gies, and core-electron eigenvalues are calculated usirig the irreducible wedge, were withine 10 meV. Further-
density-functional theory and the generalized gradient apmore, extending the Rh11) slab from 7 to 9 and 11 layers
proximation (GGA) of Perdewet al?’ for the exchange- revealed changes in the SCLS’s up*td0 meV. These tests
correlation functional as implemented in the all-electron full-show that the errors induced by these numerical approxima-
potential linear augmented plane-wave methodtions (~ =20 me\) are of the same order as the experimen-
(FP-LAPW).?8=3% The RK111) surface is modeled using a tal error(see Sec. IV A A similar estimation of the numeri-
supercell approach, where we use a seven lay&l) Rh  cal accuracy has been given for O(B00Y) in Ref. 23.
slab with a vacuum region corresponding to six interlayer
spacings. Oxygen atoms are adsorbed on both sides of the IV. RESULTS AND DISCUSSION
slab. Oxygen atoms and all atoms in the two outer Rh sub-
strate layers are allowed to relax while the central three lay-
ers of the slab were fixed in their calculated bulk positions. In this section, we describe the experimental results fo-
Details of the calculations and the optimized geometriesusing in particular on how the SCLS’s are extracted from
have been described elsewhé&teCalculations have been the data. In Fig. 1 we show the Rhl3, core-level spectra
performed for thep(2X2), p(2X1), and (1X1)-O phases for the clean Rfl11) surface, p(2Xx2)-O/RH111) (O
which correspond to coveragés=0.25, 0.5, and 1.0 ML, =0.25 ML) andp(2x1)-O/RH111) (©®=0.5 ML) ordered
respectively. The calculated atomic geometrigderlayer  structures measured at 300 K. The clean spectrum exhibits
spacings, bond lengths, and lateral displacemeaits0.25 two well resolved peaks: the lower binding energy peak is
and 0.5 ML(see Ref. 1lare in excellent agreement with the attributed to the Rh atoms of the first substrate layer while
results of previous LEED I-V analysé$. the higher binding energy component to atoms in the deeper

To describe the transition stafsee Eq.(1)], we per- layers, i.e., bulk layers. In order to evaluate quantitatively the
formed self-consistent electronic structure calculations for asurface core-level shifts, spectral decomposition into bulk
impurity, i.e., an atom with half an electron missing in the and surface components has been performed by fitting the
particular core level. We used §2) supercells in the sur- data using two peaks with Doniachw8i¢ (DS) line shape’
face plane, in order to have the ionized atom surrounded byhe DS function, which is commonly used to fit the line
nonionized nearest-neighbor atoms. The geometry was nshape of metallic core levels, is described by two parameters,
allowed to vary from the initial-state one and overall chargethe singularity indexr (final-state screening of the core hple
neutrality was imposed, i.e., half an electron was added aind the Lorentzian width' (core-hole lifetimg. The two DS
the Fermi level. This accounts for the Fermi reservoir of thepeaks, which were allowed to have differentandI”, were
substrate and describes to a good approximation an electrordgenvoluted with Gaussians in order to account for the experi-
cally relaxed final state. The calculated final-state or screermental, phonon, and inhomogeneous broadening. A linear
ing contributions to the shifts are given by the differencebackground was also included into the fit. The result of the
between the transition-state theory calculation and the calcleast-squares analysis is shown in Fig. 1 as a solid line
lated initial-state shifts. Calculations of the initial- and final- through the measured points, and the single bulk and surface
state contributions to the Rid3hifts were performed for the components are also shown. Within the accuracy of the
Rh atoms of the two outer Rh substrate layers. For the Rlanalysis, the SCLS we find for the clean surface 428
bulk atoms, we considered those of the middle plane of an 1ineV, as well as the values of the line-shape parameters,
layer (111) slab (with no vacuum regionin order to obtain  reported in the figure caption, are in good agreement with
the same sampling of the reciprocal space in all calculationgrevious experimental findings by Andersenal3? The

To investigate the final-state contributions to the ® 1 number of components used in the fits of the spectra at 0.25
core-level binding-energy shifts, similar impurity calcula- and 0.5 ML has been decided on the basis of the known
tions have been performed, i.e., self-consistent electronistructural model§.At 0.25 ML, the model proposed for the
structure calculations for an O atom with half an electronp(2x2) structure, displayed in Fig. 1, involves two in-
missing in the % level with a (2x2) periodicity. Shifts are equivalent first substrate layer Rh atoms, one not bonded to
referred to the lowest coverage structurédat 0.25 ML. oxygen adatomgA) and one directly bonded to a single

To test the accuracy of our calculated SCLS’s on a numexygen adatomB). Only type-A atoms are present in the
ber of numerical approximations, namely, the cutoff energyclean surface. Thp(2x 1) structure is also formed by two
of the plane-waves basis set, the slab thickness, and the numiifferent types of surface Rh atorfsee Fig. 1: the first type
ber ofk points to sample the Brillouin zone, selected calcu-is bonded to one oxygen adatom and in a first approximation
lations were repeated with more accuracy. We calculated thean be considered as being in a similar chemical environ-

A. Experimental
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FIG. 2. Surface Rh & core-level shifts at the Rh11) surface in
the initial-state approximation and as obtained from the transition-
state approackcontaining final-state screening contributions to the
shifty as a function of the Rh surface atoms coordination to O
adatoms. Insets: Structural modésnall white circles are the O
adatomg Comparison between calculated and measured values is
shown for the cleanp(2x2)-O (®=0.25 ML), and p(2x1)-O
(®=0.50 ML) phases.

Photoemission Intensity [arb. units]

U P TE FUETE TN FITTL FERUE T S duced by these effects are small compared to those between
310 I, 308 e 306 atype-A, B, and C atoms. In principle, the intensity ratios of
Rh 3d 5, Binding Energy (eV) the different Rh components should correspond to the rela-
iy o tive amounts of Rh atoms bonded to none, one, and two O
FIG. 1. Decomposition of Rh &, core-level photoemission . diffraction effects
spectra of the clean Rb11) surface and its evolution as a function ad_ator_ns, respectively, but_photo_electron ' rac
of oxygen coverage into Doniacvh}ﬁié line shapes. Dots are ex- might in general affect the intensity of the different compo-
perimental data and full lines are the total fitted spectrum. Théqents'_we have also measured the ©cbre levels corre-
individual surface and bulk components are also shown. A is théPonding to the 0.25- and 0.5-ML oxygen structures. Our
peak associated to Rh surface atoms which are not bound to oxflata show that th@(2Xx2) to p(2x1) core-level shift is
gen. B and C are the peaks associated to Rh atoms coordinated 10110=30 meV.
one or two O adatoms, respectively. Insets: Structural models for

the two O-covered structures at 0.25 and 0.5 ML; small black B. Theoretical

circles, O adatoms. Fitting parameters &re0.22 and 0.27 eV, .

a=0.19 and 0.26, and Gaussian broadenirdgx22 and 0.26 for Let us now compqre Fhe eXpe.”memal resqlts to the cal-
bulk and surface ;;eaks respectively. culated shifts. We will first consider thed3shifts of Rh

surface atoms, i.e., those of the outer substrate layer, then we

will discuss the shifts of second substrate layer atoms. Fi-
ment as atoms B of thp(2x2) structure; the second type nally, the results for the O<lshifts will be compared.
(C) forms two bonds with oxygen adatoms. To each of these Results for the Rh & initial-state SCLS’s and from the
three Rh specie¢A, B, and O we associated differently transition-state theory calculatijsee Eq.(1)] for atoms at
shifted core-level components in the fits. This interpretatiorthe R[(]_]_l) surface |ayer as a function of O coverage are
is corroborated by the theoretical results presented in thghown in Fig. 2 and Table I. The final-state contributions to
next section. Such an assignment, based on the different aghe shifts are displayed in Fig. 3. The calculated SCLS of the
sorbate to metal atom coordination numbers has been previjean RIf111) surface is— 459 meV, thus in good agreement
ously made for the interpretation of measured SCLS's for th&yith the experimental value of 485+ 20 meV. The screen-
CO/Pd110*% and O/Ru(100) systems? Best fits were ob-  ing contribution to this value is- 74 meV. These values are
tained with a SCLS(measured respect to the bulk energyin line with earlier measurements and DFT-LDA results for
position) of —485+ 20, — 140+ 20, and+ 295+ 20 meV for ~ Rh(111) of —500+ 20 meV and— 420 meV, respectivel}?
the type-A, B, and C Rh atoms, respectively. Note that thisThe fact that the initial-state SCLS is negative for Rh sur-
classification contains a slight simplification because onlyfaces is qualitatively well understood and has been explained
the coordination of the Rh atoms considered is taken intdy using the narrowed band at the surface due to the re-
account and possible differences in the local geometrical erduced coordination number for the surface atoms relative to
vironment due to oxygen induced lateral and vertical disthe bulk, and assuming an approximate conservation of
placements of Rh atoms in the outermost layers among theharge in each layéf:?%****Hence the self-consistent po-
considered structures are ignored. However, the theoreticaéntial at the surface changes so as to maintaindtband
shifts discussed below indicate that the differences introfilling approximately constant, and consequently the surface
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TABLE I. The Rh 3 surface core-level shiftsmeV) at the  oxygen coverage dependence of the initial-state contribution
(113) surface of Rh as obtained from the transition-state theory andp the SCLS'’s. The lowest energy structures at all coverages
from the initial-state model as a function of the O coordination Orare phases Wlth O adatoms at the fCC hO||OW S’H{@CUS”’]Q
type, given in parenthesésee Fig. 2 The third column shows the o, the R surface atoms it has been discussed in the previous
difference and gives the screening or final-state contribution to th<=Section that the surface Rh layer at a coverage of 0.25 ML
shifts. contains two inequivalent Rh atoms, namely those directly
bonded to one O adatoltype B and those not bonded to
oxygen(type A). On the basis of the calculations, the differ-

Coverage O coordination Full calc. Initial state Final state

Clean 0 (A) —459 —385 —74 ence in Rh 8 initial-state shifts of the clean Rh11) surface
0.25 0 (A) —609 —544 —65 and the type-A atoms of thp(2x2)-O/Rh111) phase is
1 (B) -85 -75 -10 ~160 meV (see Table ). We attribute this difference to
0.50 1 (B) —-116 —106 —-10 oxygen-induced surface relaxations, which result in a
2 (C) +391 +378 +13 slightly modified geometrical environment for the type-A Rh
1.00 3 (D) +939 +801 +138 atoms of thep(2x2)-O/Rh(111) structure compared to that

for surface atoms at the clean Ri1) surface. LEED analy-
ses and DFT-GGA calculations have shown that oxygen ad-
d band shifts relative to the bulk band. This perturbing po-sorption induces buckling and a substantial overall expansion
tential acts on the core electrons as well and is repulsive foof the first interlayer spacing!! At a coverage of 0.25 ML
late transition metals, and attractive for early transition metthe mean outermost Rh interlayer distance is calculated to be
als. The calculated screening contribution for(RH) is  expanded by 0.04 A, compared to the bulk interlayer spac-
negative. Thus, when it is taken into account, the theoreticahg, i.e., 0.08 A compared to the outermost interlayer spacing
result comes in close agreement with the experimental dataf the clean surface. The latter is contracted by 0.04 A com-
A negative final-state contribution to the SCLS’s means thapared to the bulk value. The triangle formed by the three Rh
the relaxation energy is larger for a surface than for a bulkatoms in the surface layer below the O adatom has laterally
atom, i.e., a core hole in a surface atom is better screenezkpanded by about 0.03 A and the buckling in the surface
than one in a bulk atom. This enhanced screening at thiayer is about 0.13 A. The calculated 160-meV difference
surface is partially due to a better intra-atomic screening, i.ebetween both type-A Rh atoms reflect to a certain degree
screening provided by the high-lying localizddtates at the these changes in the crystal structure. However, this differ-

atom from which the core electron was emitt&d. ence is small compared to that between type-A and type-B
N _ _ atoms. The calculated initial-state contribution to the SCLS’s
1. Initial-state O-induced shifts of type-B Rh atoms of the(2X 2) structure @ =0.25 ML)

In order to understand the changes in the Rhspectra 1S —75 meV, i.e., 3 levels are 310 meV stronger bound
upon oxygen adsorption, it is instructive to discuss first the'elative to those of the clean surface atofsse Table )l
trends of the core-electron eigenvalues of the nonexcited sys- The higher 0.50-ML coveragp(2x1)-O/RH111) struc-
tems in their electronic ground states, i.e., the initial-statdure also contains two kinds of inequivalent Rh atoms at the
contributions to the Rh @& shifts. The results presented in surface, which are coordinated either to dtype-B) or two

Fig. 2 and Table | clearly demonstrate that there is a stronffyPe-O O adatomssee Fig. 2 The calculated initial-state
CLS’'s are—106 and 378 meV, respectively. The shift

0.2 ; ; ; . —106 meV for the type-B atoms differs by 31 meV from that
of those Rh atoms also coordinated to one O adatom in the
+ 0.25-ML phase. The small difference reflects that the atoms
L are similar but not identical due to the slightly modified local
0.1 r 1 geometries of the different types of atoms of the considered
structures* However, larger shifts towards higher binding

energies are obtained for type-C atoms, which are com-
0 . pletely absent in the 0.25 ML phase.

i At the highest coverage of 1.0 ML there is only one kind
e of Rh site(type D), namely Rh atoms coordinated to three O
:|: adatoms. Core levels are shifted to even larger binding ener-
01 | ] gies. The initial-state results given in Fig. 2 show a quasilin-
ear correlation of the shifts and the number of O atoms to
which the metal atom is coordinated. This initial-state trend,
type-A type-B type-C type-D i.e., that the core levels are shifted towards higher binding

: ; : . energies as coverage increases, is precisely what is expected
from the chemisorption of electronegative species on metal
surfaces. Electron withdrawing O adatoms reduce electron-

FIG. 3. Calculated final-state contribution to the Rih SCLS's  €lectron repulsion in the core of their Rh nearest neighbors
at the RIf111) surface as a function of the Rh surface atoms coor-and the potential at the surface changes relative to the bulk.
dination to O adatoms for the clean and O covered surfaces. This surface potential shift acts on both the surface valéence

Final-state effect (eV)

0 1 2 3
Number of oxygen neighbors
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FIG. 4. Surface potential shikV(r) for all surface Rh atoms at . .
the coverages considered. Type-A atoms are not bound to oxygen. FIG. 5. Projected density of states per Rh atom onto the 4

B C and D are Rh atoms coordinated to one. two. or three d)rbitals for all surface atoms at the coverages considéretial-
adatoms, respectively. Radial solutiadéR,,(r)|2, nl=3d and 4 state calculations Type-A atoms are not bound to oxygen. B, C,

s . . and D are Rh atoms coordinated to one, two, or three O adatoms
thin the muffin- . . . . ' ! '
withl uffin-tin sphere of 2.2 bohr in the bulk respectively. The dotted lines correspond to Rh bulk.

band and the core electrons and is more attractive with in-
creasing coverage. transfer from the metal to the adsorbate, i.e., a partial ioniza-
We now examine the relation between the shift of thetion of surface atoms, we are by no means ruling out the
Kohn-Sham potential at the surface relative to the bulk, thepossibility that there are also other non-negligible contribu-
initial-state surface @ core-level shift, and the displacement tions such as charge redistribution or rehybridization effects.
of the center of gravity of the surfaceldand,AC4. In Fig.  We note that alear separation of these individual effects is
4 we show the spherically symmetric part of the surface ponot well defined®?’
tential  shift AV(r)=Vs(r)— Vv r) together with The changes in the surface potential are reflected in the
r?|Raq(r)|?, and withr2|R,q(r)|%, whereRg4(r) andR,4(r)  initial-state SCLS’s and in the changes in theéand of sur-
are the radial solutions of the Schlinger equation within face atoms compared to bulk ones. Figure 5 displays the
the muffin-tin sphere. We see thai/(r) is almost constant density of states per atom projected onto therbitals d
up to=1.2 bohr away from the core. Yet, this is the region DOS), Ny(e), for all surface and bulk atoms. For the clean
sampled by the 8 core electrons. Interestingly, the numeri- surface and type-A atoms of thg2x 2)-O structure a nar-
cal values of the initial-state SCLS’s are not merely correfower and displacetowards lower binding energyd DOS
lated but are nearly equal te 4mf AV(r)r?Rsqy(r)|2dr.3® s clearly visible. In comparison with the type-A surface at-
This occurs because thel ®rbital is more tightly bound than oms, thed DOS for type-B, C, and D atoms is broadegla-
the 4d orbital andAV(r) is approximately constant in the tive to the bulk. Applied to these projected densities of
region in which the @ orbital is localized, and the radial states, we have calculated the shift in the center of gravity
wave function is normalized. The potential shift is repulsiveACq=—[ €3~ e}"*] of the d DOS as a measure of the re-
for those Rh surface atoms which are not bound tétype  sponse of thal electrons to the surface potential shift. The
A). Adsorption of oxygen induces large changes in the surcenter of gravity of the local density of states is given by
face potential; increasing the O coverage leads to more atg= u1/ o, Wherew;= [ €'Ny(e)de is theith moment of the
tractive potentials at the surface, which in turn is felt by thed spectrum. The moment, gives thetotal number ofd
core electrons and gives rise to the initial-state contributiorstates in thed band®® The calculatedACg4's between the
to the SCLS’s. The behavior of the potential shifts and thebulk and surfaced bands and the initial-state shifts are
initial-state trend as coverage increases correlate with thehown in Fig. 6(top panel. These results show that the
calculated increase of the work function as a function of Oinitial-states SCLS’s and the shift in the center of gravity of
coverage, which reflects an oxygen induced inward dipoléhe d DOS follow the same trent.
moment, i.e., with the negative charge at the vacuum side of We have seen that the SCLS's nearly equal
the surfacé! Thus the gross behavior of the initial-state —4/drAV(r)r?|Rsq(r)|? given that the core orbitals are
shifts reflects the electronegativity of oxygen. The Rih 3 confined to a localized region around the nucleus where
binding energy increases by about 0.3 eV per bond to akhV(r) has approximately a constant value. However, tte 4
oxygen adatom. At this point, it is worth clarifying our view orbitals are quite broad and sample a potential shift little
regarding the origin of the initial-state shifts. Although we sodifferent from that sampled by thed3orbitals (see Fig. 44°
far have focused solely on displacements induced by chargdence, one anticipates quantitative differences between both
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0.6 , . . . , TABLE II. The calculatedd-band filling fq4 in percent for the
type-D p(1 X 1)-0 X bulk and t_he(l_ll) surface of Rh as function of the O coordination
L or type, given in parenthesésee Fig. 2
= 0.2 - b
° X typeC p(2 x 1)-0 Coverage O coordination fq
3
% -02 r Pz x 1)-O>§( type-B p(2 x 2)-0 . Bulk 80%
X type-A Clean Clean 0 (A) 80%
Xp(2 X 2)-0
o6 P22 | 0.25 0 A 80%
08 04 0 04 08 12 1 (B) 79%
Initial-state shift (eV) 0.50 1 (B) 79%
0.6 ; . : : ; 5 ©) 7%
type-D p(1 x 1)-0 & 1.00 3 (D) 76%
S 02 f i
C) type-C p(2 x 1?j9 4 ering that the positions of the center of gravity of the model
o p(2 X 1)_08' ’ bulk band and the actual self-consistent band coincide.
T e PEBR(X2)0 1 From the calculated mean-square deviation ofdfz0S,
Ype-A LA n(2 x 2)-0 ol mo— (1! mo)?, of both self-consistent surface and bulk
d bands, we obtain the relative change of the bandwidth,
-0.6 - . . . : 2=,
-08 -04 0 . 04 0.8 1.2 AW. Therefore we assume that the variation of mean-square
AC,™ (eV) deviation between the self-consistent surface and llk

bands and that between corresponding matiélands re-
FIG. 6. Top panel: The calculated shift of tldeband center mains similar. For the model band®V=[12(u,/ug

between the self-consistent bulk and surfddgands and the initial- — — (. /,,1)?)]¥24? Having calculated the relative width
state core-level shifts. Bottom panel: The calculated shift of thechangesAW the conservation af charge for a surface site
d-band center between the self-consistent bulk and suddmnds anodelz - %Wbu|k(1+A\/\/), gives the displaced center of

and the corresponding shift resulting from a simple rectangular . .
4-DOS model as described in the text gravity of the model surface band. Further details can be

found in Ref. 23.

Figure 6(bottom panel compares the calculated shifts of
samplings of the perturbatiochV(r), i.e., between the mag- the d-band center between the self-consistent bulk and sur-
nitude of the SCLS’s andCy's. The qualitative correlation faced bands and the correspondiag°®® shifts. The most
betweemACy's and initial-state shifts reflects that the shift of striking feature to be noticed is the qualitative similar trends
the d band and the SCLS’s arise from the same oxygen inof ACT°% and the initial-state SCLS's. Thus this simple
duced surface potential shifts as experienced bydtk&ates  model captures the contribution to the shifts arising from the
and core states, respectively. oxygen induced surfacé-band broadening. The difference

After establishing the relation between the initial-statepetween the initial-state shifts afdC°%' varies between
SCLS’s andACy's, it is important to recognize that the re- _ 100 and— 400 meV, and it is larger for higher O cover-
pulsive potential shift between surface and bulk atoms fopges. We note that the model predicts a shift towards higher
late transition clean metal surfaces is assumed to occur prhinding energies due to an O-induced broadening of the sur-
marily to conserve d chargel® defined as fy  face bandwidth in order to fulfill strict conservation df
= [ *Ny(€)/ uode.** We discuss here a model, in which the charge. In Table Il we give the calculated values for the
complex self-consistend-band structure is mapped onto a g-pand filling f4 in percent for the self-consistedtDOS of
simple rectangulad DOS of widthW. Thus the density of the bulk and the111) surface of Rh as a function of the O
states per atom will take the constant valueVPbecause coordination. It is seen that the conservationdotharge is
thed band must hold eXaCtIy ten electrons when it is full. Forapproximate|yva|id' However’ assuming a strict conserva-
free Rh atoms the atomic configurationd®s'. Within this  tion of d charge at high O coverages leads to larger positive
model the layerwised-charge conservation conditiofly  shifts than the actual required if conservationctharge
=8/10 givesCJ*®= — %W for each layer, wher€]°*is  holdsapproximately Despite the simplicity of the model, an
the position of the center of gravity of the rectanguldvand  estimation of the initial-state values for the SCLS’s assuming
of width W. We note thatC{°* lies in the middle of the the core levels rigidly follow theACT°% displacements
rectangular band. would be a reasonable approximation. Solving the problem

The presence of broken bonds at the clean surface leads elf-consistently, however, ensures the inclusion of redistri-
a narrowing of the locald-density of states and oxygen bution of valence charge at the surface and charge transfer
chemisorption to a broadenirigee Fig. $. From this simple  from the metal surface to the oxygen adlayer, which are not
model we can calculate the displacement of the center ofaptured by the simple model.
gravity of the rectangular surfaceé DOS (relative to the )
bulk), ACT°%® that it is necessary to recover conservation of 2. Final-state effects
d-charge when the width is varied. The width of the model In order to unambiguously interpret measured values of
bulk band,W, is calculated fromCT°%®%= — ZW consid-  core-level shifts, it is necessary to consider the effect of the
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screening of the core hole by the other electrons. The inclu- TABLE Ill. The Rh 3d surface core-level shiftémeV) of sec-
sion of these effects has been performed within theond substrate layer atoms of the clean and O-coveredIRhsur-
transition-state theorfsee Eq.(1)], as described in Sec. IlI. faces within the transition-state theory and from the initial-state
The resulting full shifts are shown in Fig. 2 and listed in model as a function of coverage. The third column shows the dif-
Table I. The final-state contributions to the shifts are explic-ference and gives the screening contribution to the shifts. For the
itly shown in Fig. 3. We observe that the quasilinear corre-9-25- and 0.50-ML phases, from the two inequivalent second layer
lation between SCLS’s and coordination to O adatoms i€toms, only the value which is non-negligible is listsee text
robust with respect to differences between initial-state an

transition-state theory calculations of the SCLS'’s. The mag="°"¢"3%¢ Full calc. Initial state Final state
nitude of the screening contribution is small compared to that|ean +67 +96 —29
of the initial-state shift. This, however, does not mean thag o5 —150 —164 +14
this term can be neglected since its magnitude amounts i§ 5g 155 ~173 +18
some cases up te 15% of the full shift, and in general tends 1 g 217 216 -0

to improve the agreement to the measured SCLS’s. We note,
however, that theign of the initial-state and that of the full
transition-state theory SCLS's is always the same; in generaface decreases when the surface temperature increases, be-
even this does not hold necessa?ﬂ)ﬂfhus final-state eﬁeCtS, cause of the expansion of the first inter]ayer distdﬁce_
while not insignificant, do not appear to be the dominantvoreover, the fitting procedure strategy is completely inde-
factor responsible for the Rhd3SCLS’s considered. pendent of the theoretical results and assumes three distin-

Looking into more detail at this contribution it is seen thatguishab|e components in order to limit the number of free
it changes sign as the oxygen coverage incre@sesFig. 3~ parameters. In order to unambiguously confirm the assign-
The sign change of the final-state contributions to the shiftgnents, we have calculated the initial and final-state contribu-
can be qualitative explained by tracing back to the oxygeRions to the Rh 8 SCLS's for all Rh atoms underneath the
induced Changes in the surface electronic structure. It ha§urface |ayer' i.e_, of the second substrate |@ee Table
been already mentioned that a negative final-state contriby). The experimental positions of the Rl Sevels(relative
tion to the SCLS’s, as for the clean surface, means that a cokg pulk) as a function of O coverage up to 0.5 ML and the
hole in a surface atom is better screened than one in a bullesults of the full transition-state theory calculation for the
atom. This enhanced screening at the surface atom of a lalgifts at the two outermost substrate layers are schematically
transition metal is partially due to a better intra-atomiccompared in Fig. 7. The shift experienced by the Gre
screening provided by the high-lying localizédtates at the  |evels of the second substrate layer atoms in the clean
atom from which the core electron is emitdComparing  Rn(111) surface is one order of magnitude smaller than that
the projected densities of states per Rh atom onto #the 4¢f the surface atoms and remained experimentally unre-
orbitals for a bulk and surface atom at the clean(lBH)  splved. For the O-covered surfaces, there are two inequiva-
surface, one observes the higher density of high-lying localtent Rh second layer atoms at both 0.25 and 0.50 ML cov-
ized d states about the Fermi levidee Fig. 5 For the ad-  erages, respectively. Our results indicate that for each
layer systems, however, the screening at the surface becomgsyerage only one kind has a sizable shift and the other
worse upon increasing O coverage. In fact, at a coverage @hincides with the bulk peak. The corresponding non-
1.0 ML it is positive and largest in magnitudsee Fig. 3. negligible full shifts are— 150 meV (0.25 ML) and — 155
The screening of a RhdBcore hole created at high oxygen mey (0.50 ML) (see Table lil. Although the magnitude of
covered surfaces is less efficient because of the oxygen iRhese shifts is sizable, they remain experimentally unresolved
duced decrease dfstates abOU'[ the Fel’mi |eVe| |Oca|ized at as they are Superimposed to the measured type_B atoms sur-
the respective atortsee Fig. 3. face peak. The calculated full shifts at the second substrate
layer atoms of th@(2xX2) andp(2X 1) structures differ by
only 65 and 39 meV from those of type-B Rh surface atoms
at the same coverage, respectivébge Table )l Figure 7

The comparison of our experimental and theoretical re€learly demonstrates that the experimental spectra resolve
sults for the Rh 8 shifts of the surface layer atoms as athe main features of the oxygen induced shifts. In conclu-
function of O coveragésee Fig. 2 indicates that there is no sion, the overall agreement between experimental and theo-
doubt that Rh atoms bonding to none, one, or two O atomgietical data is not only qualitatively very good but also quan-
can easily be distinguished by theid ®inding energies. On titatively satisfactory. Although some minor discrepancies
closer examination, however, there are some quantitative difiave arisen, it is clear that surface core-level spectroscopy in
ferences between calculated and measured values of tlwembination with calculations of the kind performed in this
SCLS'’s. For the oxygen covered surfaces, the largest diffework offer the possibility of studying the local geometrical
ence is~0.10 eV for the type-C atoms, while for type-B and electronic environment of metal atoms as a function of
atoms it is a factor of 2 smaller. Even if the agreement isoxygen coverage. This will turn out to be relevant for iden-
good, we have to say that the small differences between exifying the chemical state of subsurface oxygen and oxide
perimental and theoretical results can also be due to the finitermation in the O/RHL11) system**
temperature of the measuremenis=300 K). It has been Together with analyses of the Rfd 3hifts we have mea-
recently demonstrated that SCLS of the clea{IRB) sur-  sured and calculated the G $hifts relative to the O 4 level

C. Experiment vs theory
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Clean Rh(111) 0.3 : . . .
bulk type-A <lnitial-state approx.
Theory 3 02 1 3Full calc. ﬁ
w \ N —_ OExp.
0.7 0.3 -03 \ -07 S 01
Exp. % CA L
P Exp < 0 B ¥
©=0.25 O/Rh(111) =01 ¢ O
bul -0.2 : : : :
Theory ) 0.25 0.5 0.75 1
L I eyl 0.1 T T
S
07 03 %
Exp Exp E;(p é PPiad +
=
©=0.50 O/Rh(111) e 0 - pr
type-C bulk type-B ] T~ =.|-* -7
S -y
Theory 'f
‘ . ‘ . TE
07 o % 0.1 T _o4 . , . .
0.25 0.5 0.75 1
Exp Exp Exp O coverage (ML)
A, (eV)

FIG. 8. Top panel: Initial-state and full transition-state theory

FIG. 7. The experimental positions of the RH 8urface levels calculation for the O & shifts for thep(2X2), p(2x1), and (1
relative to the bulk ones, for the clean and O-covered surfacex 1)-O phases on Rlll) at coverages 0®=0.25, 0.5, and 1.0
(Exp.), and the full transition-state theory calculation for the shifts ML, respectively, relative to the lowest coverage phase. Compari-
at the surface and the layer beneéfheory. For the second sub- son between calculated and measured values is shown fq(the
strate layer atoms, only the shifts which are different from zero are<1)-O phase. Lower panel: Calculated final-state contribution to
shown(see text The different patterns in the lower panels indicate the O Is shifts.
the different experimental resolved positions as a function of cov-

erage. In the upper panels, the labels indicate from which atoms thg,o bonding states localized on the oxygen atoms due to O-O
shifts originate and the lines which remained experimentally unréjniaractions. The magnitude of the screening contributions is
solved have the same pattern. small compared to that of the initial-state shift.

The comparison of core-level photoelectron spectroscopy
for the p(2X2)-O (®=0.25 ML) structure. The results are measurements with a theoretical study of core-level shifts
shown in Fig. 8. In contrast to the Rhd3shifts, the O 3  induced by chemisorption may also be a valuable tool to
spectra show only minor changes between the 0.25- ancheck for different possible adsorption geometries and ana-
0.50-ML structures. At 0.50 ML the calculated Gs full lyze the chemical bonding in the stable adsorption gies,
shift, relative to O atoms at the 0.25-ML coverage-i84  e.g., Refs. 15 and 18The similarity of the O % binding
meV (initial state —10 meV), and the measured value is
—110+30 meV. The calculated evolution of the G $hift

versus coverage shows that at 1.0 ML the full shiftig37 —-—-- 0.25 ML O/Rh(111)
meV (initial state + 190 me\j. The initial-state trend can be | —— 1.0 ML O/Rh(111)
understood by taking into consideration that as oxygen cov-__,

erage increase®(>0.5 ML) the distance between similarly 3 A

negatively charged O adatoms decreases and a repulsive i@ - "
teraction builds up. Reducing electron transfer is energeti-
cally favorable as it reduces the repulsion. Thus at high cov-2
erages O & levels are shifted towards higher binding @
energies. This positive shift correlates with the calculatedg
coverage dependence of the work function, which rises lin- !
early but reaches its saturation value=a0.75 ML. This

behavior of the oxygen induced work-function changes is
consistent with the decrease of the oxygen induced inwarc
dipole moment per adatom as a consequence of the dipole R e
dipole interaction which gives rise to a depolarization with

tate

O2p

-8.0 -4.0

decreasing O-O distané¢é.The projected density of states e-¢. (eV)
onto the O 2 orbitals for atoms of the 0.25- and 1.0-ML F
overlayers are displayed in Fig. 9. The @ POS at 1.0 ML FIG. 9. Projected density of states per O atom onto tpe 2

clearly shows a splitting and subsequent downward shift obrbitals for thep(2x2) and (1x 1)-O phases on R11).
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energy for the lowest coverage(2x2) and p(2x1)-O  guished by their @ binding energies: The Rhd3binding
structures is consistent with the occupation of the séo®  energy increases by about 0.3 eV per bond to an O adatom.
adsorption sites. In seeking qualitative explanations for th&his initial-state shift towards higher binding energies is
stability of the fcc sites, we calculated the difference in© 1 oxygen induced and is precisely what is expected from the
binding energy between the fcc and the hcp sites at a covehigh electronegativity of oxygen adatoms. Assumsigct

age of 0.25 ML. A shift of 0.36 eV is obtained. The binding layerwise conservation af charge and by mapping the self-
energy for fcc sites is shifted towards lower values. Final-consistentd DOS for Rh surface and bulk atoms onto rect-
state contributions to this difference are negligible.01  angular modeld bands with similar relative changes of the
eV). This shift can be correlated with the calculated largermean-square width as those of the actidlands, we have
work-function increase for fcc adsorption by0.1 eV. These calculated the displacement of the center of gravity of the
results are consistent with an increased electrostatic reputnodel surfaced bands,ACJ°% relative to the bulk. We
sion at the stable fcc site, where a somewhat more negativelyave shown thatl charge is approximately conserved for
charged O is adsorbed. Thus O finds fcc hollows of1RM real self-consistentl bands and that the model captures the
favorable because of a strongenic bonding, which also contributions to the shifts arising from the oxygen induced
seems to be the dominant factor stabilizing the on-surface-band broadening. Solving the more complex self-

sites upon subsurface oxygen formatf6n. consistent problem ensures the inclusion of redistribution of
valence charge at the surface and charge transfer from the
V. SUMMARY metal surface to the oxygen adlayer.

o The calculated work-function change as a function of cov-

In summary, we have shown that the combination of exrage reflects an oxygen induced inward dipole layer which
perimental and theoretical determination of RhSCLS'sis  gjves rise to a potential at the surface which is consistent
a valuable tool to study the effect of O chemisorption onyjith the calculated initial-state shifts. The O adatoms be-
Rh(111). SCLS’s are sensitive not only to the presence of Oyome depolarized with increasing O coverage, thereby de-
on the surface but also to the detailed geometrical structurgreasing the charge transfer. Consistently, our calculated O

of the O overlayer. Interpretation of core-level shifts is moreq 5 jevel at®=1.0 ML (relative to the®=0.25 ML struc-
complicated than generally acknowledged since a number %re) shifts towards higher binding energy.

effects contribute to an experimentally observed shift. The magnitude of the final-state contributions to the Rh
Theory can help to disentangle these terms. In particular, thgy sc| S's is small compared to the initial-state shifts and it
decomposition into initial- and final-state effects pr_esenteq:hanges from negative to positive with increasing O cover-
here indicates that the former appear to be the dominant fa%—ge_ The sign change could be qualitative explained by ex-
tor influencing the oxygen induced RiISCLS's. We have  3mining the oxygen induced changes in the surface elec-
demonstrated that the initial-state contributions to the Bh 3 {,onic structure. The results support the importance of being
SCLS'’s are accurately given by the average of the surfacgpje to quantify the differences in screening of the core hole
potential shift over the @ orbitals, and that SCLS’s and the oy the unambiguously interpretation of measured shifts.
surfaced-band shiftACy, which measures the response of  Tpis study appears to provide an example dfead and

the valence electrons to the potential shift, follow the same jts interpretation, and we believe that surface core-level spec-

magnitude of the SCLS’s and the coordination to O adatomgsrmed in this work offer a tool to improve our understand-

which is robust with respect to differences between initial-jng of the O-metal interaction in different chemical
state and transition-state theory calculations of the shiftSanyironments.
Thus measured SCLS’s do provide a qualitative measure of
the changes in the Rh valence band upon O chemisorption
(an initial-state effegt This is not a general conclusion.

The almost linear dependence of the SCLS’s with the We thank K. Reuter for useful discussions concerning the
number of directly coordinated O atoms shows that Rh atomtheoretical SCLS’s analysis and P. Blaha for helpful com-
bonding to none, one, or two O atoms can easily be distinments on the FP-LAPWWIEN) code.
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Bohr radius. Thus the calculateEDOS contains fewed states,

and the number of totall states changes with the choice of
sphere radius. The center of gravigy, given by the ratio be-
tween first and zeroth moment of tlekDOS, changes by less
than 20 meV for a 10% decrease in the muffin-tin radius. These
variations are small compared to the overall trend of the calcu-
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