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Density functional study of CO on Rh(111)

Lukas Kohler and Georg Kresse
Institut fir Materialphysik and Center for Computational Materials Science, Universitat Wien, A-1090 Wien, Austria
(Received 18 December 2003; revised manuscript received 7 April 2004; published 11 October 2004

We present detailed density functional calculations for CO o(lLRb. At low coverage, the applied semi-
local functionals clearly favor CO adsorption in the hollow site. This is in disagreement with experimental
studies which all point towards atop adsorption at low coverage. The experimental assignment is confirmed by
theoretical calculations of the vibrational frequencies and core level shifts at various coverages, ranging from
1/9 to 3/4[(2x2)-3CO] monolayer CO. For atop adsorption the calculated vibrational frequencies and the
Rh surface core level shifts are indeed found to agree very well with experiment. To understand these contro-
versial results, a molecular GGA+U method is applied, which allows one to shift the#2@rbital towards
the vacuum level. This reduces the binding energy in the hollow site and brings the theoretical site preference
in agreement with experiment. It is investigated how this molecular GGA+U method influences the vibrational
properties and the surface core level shifts. Furthermore, details on the molecular GGA+U method are
presented.
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I. INTRODUCTION hcp and fce hollow sites and correspond to the in-phase and
out-of-phase normal modes. At low coverage the vibrational
Investigations about the adsorption of carbon monoxiddrequencies predicted from theory are in agreement with ex-
on metal surfaces are prototypical in surface science, and theriment only if CO is assumed to adsorb on top of Rh atoms
first studies on this subject date back at least 30 years. Ins¢see below
far it is remarkable that only very recently the realization has A density functional study on the Rhd3and C-5 core-
emerged that state of the art density functional theory andevel shifts was performed by Birgerssenhal. by means of
experiments disagree on the stable adsorption site for CO dpseudopotential density functional methéd3hey found
Pt(111).! Whereas experiments indicate that CO adsorbs o§00d agreement between the calculated and the experimental
the top site at low coverage on the(Ptl) surface, theoreti- high-resolution core-level photoemission resttsgain as-
cal studies show that the hollow site is preferred over the toguming on top adsorption at low coverage and (B 2)-
site. Recent work explains this discrepancy by the observa3CO structure at high coverage. For 0.25 ML and 1/3 ML
tion that local and semilocal functionals overestimate the inCO coverage and atop adsorption, two inequivalent Rh at-
teraction of the lowest unoccupied molecular-orbitaloms exist in the surface layer and therefore two different
(LUMO) of CO with the metal substrate, in turn favoring the binding energies are observed. One surface core-level shift
wrong site?3 (SCLS is almost identical to that of the clean surface
A very similar situation is found for the adsorption of CO (-460 meVj, whereas the SCLS for the Rh atom directly
on the RIi111) substrate. At high coverage theory and ex-below the CO moleculéRhot) was determined experimen-
periment seem to agree.(& X 2)-3CO structure is found at tally to be 270 meV and theoretically to be 290-240 meV
a coverage of 0.75 monolay@viL ) CO, with the experimen- (0.25 and 1/3 M. For high coveragé(2 x 2)-3CQ], there
tal data pointing towards two CO molecules in hollow sitesare again two inequivalent Rh atoms in the first layer, one Rh
and one CO molecule at a top sh&ut at low coverage, atom located directly below the CO moleculBhyy) and
experimental and theoretical studies predict, as fot1?), three Rh atoms coordinated to CO molecules in the
different adsorption sites: the experimental studies indicat¢éhreefold-hollow sitegRhsr). The experimental Rly SCLS
that CO adsorbs at the top sfteyhereas the theoretical DFT was determined as 240 meV, and is therefore slightly smaller
studies show that the hollow siteésergeticallypreferred®™  than at low coverages, whereas the experimentgt BELS
The preferred adsorption structures were and are subje@ —160 meV. The corresponding calculated values are 260
of theoretical studies. Curullet al. reported calculations on and -220 meV, in fair agreement with experiment.
the vibrational frequencies of CO at a coverage of 0.75 ML The aim of the present study is twofold. First, we will
using aclustermodel for the RK111) substraté. They cal-  report calculated vibrational frequencies and core-level shifts
culated stretching frequencies of 2060, 1862, and 1795,cm for different adsorption structures of CO on ®h1). The
which are indeed very close to the experimental ones atore-level shifts of the present work have been obtained us-
2070, 1861, and 1795 cthmeasured using high-resolution ing the projector augmented-wave method with appropriate
electron energy loss spectroscopfREELS.® This un-  core exited potentials generated in the course obth@itio
equivocally proves the validity of the previously suggestedcalculationst! The present approach neglects the relaxation
high coverage structufeThe high frequency mode origi- of other core electrons and requires some additional confir-
nates from the CO molecules adsorbed at the top sites, whil@ation. To validate the new approach, we will therefore
the two lower frequencies were assigned to CO molecules iBompare our present results with the previous theoretical cal-
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culations of Birgerssoat al® and with results obtained using ized. This yields the eigenmodes and eigenfrequencies of the
“conventional” core excited PAW potentialsee Sec. Il ¢ adsorbed CO ad layer. The substrate was assumed to be fro-
Vibrational frequencies for CO on Rtil1) using the slab  zen, which is an appropriate approximation, since the mass
approach have not been presented before, and they serveadhe Rh atoms is about seven times larger than that of the C
an additional confirmation that CO adsorbs at the top site aand O atoms. To estimate the error of this approximation we
low coverage. We will show that the experimental core-levelperformed additional calculations were we allowed the first
shifts and vibrational frequencies point unequivocally to-and second Rh layer to move as well. For atop adsorption we
wards an adsorption of CO at the top site at low coveragepbtained metal-C frequencies that are about 50'dmigher
whereas the generalized gradient approximati@GA) than in the frozen-substrate approximation. The changes in
clearly favors the hollow site. In a final step, the molecularthe metal-C frequencies for adsorption in bridge and hollow
GGA+U method, suggested in previous wériill be ap-  sites are below 13 cmh. The C-O stretching frequency is not
plied to CO on Rfil11). As for P{111), the proper low cov- changed significantly for all adsorption sites.
erage adsorption site can be obtained, by shifting the CO
27* LUMO towards the vacuum level. We will also report
the vibrational frequencies and surface core-level shifts
within the GGA+U method. The energy which is necessary to remove a core electron
The outline of this article is as follows. In Sec. Il the from an atom is called core-level binding energy. Experi-
theoretical and computational background of the present demmentally the electrons are excited by x-ray photons, and usu-
sity functional study is described. Section Il B briefly de- ally the binding energies are specified relative to the Fermi
scribes the calculation of the vibrational frequencies. A shorenergy which is determined in the same experiment by ex-
definition of the core-level binding energy and the surfaceciting electrons at the Fermi edge.
core-level shift is presented in Sec. Il C. The molecular In density functional theory, the binding energy of core
GGA+U method is presented in Sec. Il D. Our results areelectronsEc, is calculated as the energy difference between
detailed in Sec. lll. The resolved geometries can be found itwo separate calculatiod$The first calculation is a standard
Sec. Il A, the vibrational frequencies in Sec. Ill B, and the density functional calculation in which the number of core
surface core-level shifts are discussed in Sec. Il C. electrons corresponds to the unexcited ground $&(te,)].
In the second calculation one electron is removed from the
core of one particular atom and added to the valence or con-

C. Core-level binding energy and surface core-level shifts

Il. THEORY . : .
duction band E(n.—-1)]. The energy difference is a measure
A. Ab initio calculations for the experimentally determined core-level binding energy
The present first-principles calculations are based on Ec =E(n.- 1) - E(ny) (1)
C c/

density-functional theorysee, e.g., Refs. 12 and )land

employ a plane wave basis $ét£° To determine the elec- This approximation assumes that the core hole remains en-

tronic ground state the Vienna ab-initio simulation packagdirely localized at the excited atom, which is usually a rea-

(vasP)1617is used. In the present calculations, the interactiorsonable approximation. At the surface of a solid, atoms have

between the ions and valence electrons is described by tredifferent local environment causing a shift of the core-level

projector augmented wavéPAW)'8 method in the imple- binding energy. The difference between these two core-level

mentation of Kresse and Joubé&tt. binding energies is called the surface core-level shift
The surfaces are described by six layer thick slabs. ThéSCLS*

first three layers are fixed whereas the top three layers are E . =[E _1-g

allowed to relaxiasymmetric setupA plane wave cutoff of scts= [Esuracde = 1) ~ Esutacd o]

400 eV was chosen for the present calculations. At this plane = [Epu(ne = 1) = Epi(ng)]- (2)

wave energy cutoff the relative energies are converged to a . . .

few meV. The generalized gradient approximati@®GA) Core electron binding energies can be calculated in the

accordiné to Perdew and Waigvas used throughout this initial state approximation or the final state approximation. In
the initial state approximation the core electron is removed

work. For all surface calculations grids corresponding to ) )
g b g but no change of the potentié.g., by relaxing other elec-

12X 12X 1 k points in the primitive surface cell were used. ! i 2 .
With the present setup the lattice constant of Rh is found t6r0n$ is allowed. Electronic screening 1S therefore en.tlr.elly
eglected. The core electron binding energy in the initial

be 3.849 A in good agreement with experiment and previoué1 e :
calculations:6 state approximation can be calculated directly from the

Kohn-Sham eigenvalues of the core state of inteegsind

the Fermi levelez:2*
B. Vibrational spectrum

initial _

The vibrational spectra of the CO molecules were deter- EcL™ =€~ e ®
mined by displacing each C and O atom in six directions In the final state approximation the electrons are allowed
+AX, Ay, and #AZ, whereA was chosen to be 0.02 A afigd  to relax after the core electron has been removed, so that the
Yy, andz are unit Cartesian vectors. From the induced forcesacquired localized hole is screened. Since the valence elec-
the interatomic force constants can be deduced, and the reons screen the localized core hole rapidly in metslglden
sulting mass weighted force constant matrix was diagonalapproximation, the core electron binding energy shifts be-
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tween the bulk and the surface are expected to agree wedre operating inside the carbon and oxygen PAW spheres

with experiment in the final state approximation. only. The occupancieg; are determined by summing the
The core-level binding energies were calculated in theguantity

initial state and final state approximation using a modified ' S

projector-augmented wave method. For the initial state cal- PP =2, (W [Broim) @ jm@h jmPrml ¥

culations, the Kohn-Sham equation is solved inside the PAW nim

sphere for core electrons, aft_er self-conS|st§ancy with froze%ver all occupied single electron orbitals of the slab with

core electrons has been attained. For the final state calcula-. ~ . i

. X . . Spin o. Here,p,,;m are the PAW projector functions for the

tions, a single core electron is excited from the core to the d the lar and maanetic quantum numbars

valence, by generating the corresponding core excited ioni‘E"’:mm N and he angu i gnetic quantum numire

PAW potential in the course of the ab initio calculations. 2° defined in Ref. 19, and“v'm. are real coeffluents which

Screening by the core electrons is not taken into accounr%eed to be_ chosen such Fhﬁt's one for a single electron

(i.e., the other core electrons are kept frozen in the configu\fva\./e function correspanding 1o one P?”'C‘J'af free C& 2

ration for which the PAW potential was generate§icreen- orbital and zero for all cher CO orpltals. In the present

ing by the valence electrons is included, however. It is em_study,Athe. co WO'?C”"? Is always orlent.eq exgctly parallel

phasized that this approach cannot yield absolute values fé? thiz axis, Wh'.Ch |mpl_|es th"i‘t We can dIStIﬂgULSh between

the core level binding energies, but our tests for a variety o 2m orbltal o.r|ente_d n thgx derect!on (.'HZWx) and a

systems indicate that the calculated core level binding energy. cond 2 Orb'ta.ll. oriented in they direction. The coeffi-

shifts(differences in the binding energjesan be determined lents « are addltl_on_ally_only nonzero for the carb(_)n and

with an accuracy of about 20~50 meV. This correlates withOXY9€n atoms. This implies that we need to determine only

the observation that core electron binding energies of on&vo independent parameteaiégrxbonpX and aﬁf;genpx to define

kind of atom in different environments are not sensitive tothe projection operator for thez orbital. These two coef-

the precise configuration of the other core electrons, which ificients are set, such that

underlined by the success of the+1 approximation, in . X

which the core hole is modeled by increasing the nuclear PP (W, ) =1, p?™x(¥,, ) =0,

charge of the core ionized atom by one and adding an extra X g

valence electrof? A detailed account of the present PAW whereW,, - and¥,, are the 2Zr, and 1, one electron states

method will be published at a later poitit. _ of the free CO molecule. These are two equations for the two
To validate the present approach, core level shifts are alsgoefficients allowing to solve f wzw; and a27r; The
determined using “conventional” core excited ionic PAW po- 9 carbonp, oxygenp,’

tentials. In this case, one electron is excited from the core t§O€fficients for the 2, orbital are identical. An additional
the valence during the generation of the PAW potential, angOmPplication arises from the fact, that we use oxygen and
the selfconsistent calculations are performed with one suf€@rbon potential with two projectors for each angular and
face or bulk atom replaced by this core excited ionic PAWMagnetic quantum numbém. To solve this, a down-folding
potential. This is precisely the procedure adopted in Ref. @rocedure as suggested in Ref. 18 is used. ,
for the calculation of core-level binding energies for CO on  AS already mentioned in Ref. 3, the energies of the modi-
Rh(111), and it includes(at least partially core relaxation fled Qens[ty functional anq the original den;uty functional are
effects. The method is a routine practice for calculating corddentical if the occupancies of then2 orbital are one or
level shifts within the pseudopotential meth@dr an ample ~ 2€T0, since the equality
discussion of this method we refer to Rej. 6 o o.o_
pi —pipi =0
holds in this case. This implies that the vibrational properties
D. Molecular GGA+U method of the free CO molecule and energies for exciting one elec-
The molecular GGA+U method has been applied in ondron from the HOMO to the LUMO are not modified by the
previous work to obtain the proper adsorption site for CO oradditional term. We can regard the additional term as a pen-
Pt(111).2 It is an empirical approach that shifts the C@*2  alty function, that forces the occupancy of the single electron
single electron energies towards the vacuum level. The modeigenstates of CO to be either one or zero. This is in the spirit
fied density functional is given by of the well known LDA+U method? In the present case, a
value ofU=0.75 eV, as rationalized in our previous wark,
v o was chose. It is admitted, that this is largely an empirical
Ecearu=Eceat EE Z (o = PP, 4 choice, although a physical incentive for this choice exists:
ot The energy required for transferrirgne electron from the
whereEggp and Egga.y are the conventional and modified 5o to the 27" orbital is 7.3 eV in GGA, if spin polarization
density functionalsg is an index for the spin, ang” are the  is neglectedthis excitation does not correspond to the triplet
occupancies of the two72 orbitals for the up and down or the singlet transiticit but is similar to the process on the
spin. They are determined by defining two projection operasurface. The one electron &— 27* gap is, however, only
tors, which are one for the two single electron LUMO orbit- 6.9 eV. A correction 0fJ=0.75 eV=2 (7.3-6.9 eV, yields
als of the free CO molecule and zero for all other CO onea single particle gap in accordance with the calculatedd
electron states. In the present work the projection operatordz” GGA transition energy.

2 2
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IIl. RESULTS AND DISCUSSION TABLE |. Structural parameters of CO on RA1). Ay, is the

. ) . ) mean change of the distance between the first and the second Rh
In this work we focus on five different systems: the clean|ayer in 9 relative to the distance in the bulk. Bucklibgs the

RN(111) surface, th&2x 2) surface cell with a CO coverage gistance between the outermost and the innermost Rh atom in the
of 0.25 monolaye(ML), the (V3X 3) system correspond- first layer in A. Rh-C is the vertical distance between Rh and C in
ing to a CO coverage of 0.33 ML, and tk2Xx 2)-3COsys-  A. C-O is the vertical distance between C and O in A. The theoret-
tem with a coverage of 0.75 ML. These ordered structuregal bond length of the free CO molecule is 1.142 A.

were observed by LEED studies below a temperature of ——
120 K257 Additionally a(3x 3) supercell(z ML CO) was (3X3) (2x2) (Y3X\3) (2x2)-3CA*
investigated as representative of the low coverage case.

top A -1.3% -0.9% 0.1% 2.9%
. . b 0.220 0.194 0.247 0.006
A. Geometries and energetics
Rh-C 1.847 1.843 1.850 1.870
1. Clean surface Cc-O 1164 1163  1.163 1.153
A small inward relaxation of the outermost plane was bridge A;; -1.1% -0.1% 0.6%
found. The distance between the first and the second layer is b 0.110 0.125 0.087
2.18 compared to 2.22 A in the bulk. This is a relative Rh-C 1476 1.479 1.486
change of ~1.9%. c-O 1186 1184  1.182
2. CO covered surface hep A -0.9% -0.1% 1.0%
. 1 b 0.092 0.116 0.000
The geometries of the CO covered surfacggoﬁ, and3 Rh-C  1.351  1.349 1377 1.460
ML coverage were calculated for all possible adsorption
sites: top, bridge, hcp hollow, and fcc hollow. FérML co 1197 1195 1.192 1.184
coverage, only the structure where one CO molecule adsorbs fee A, -0.9%  0.3% 1.1%
at a top site and two molecules adsorb in hollow sites was b 0.094  0.075 0.000
considered. The final relaxed geometries are summarized in Rh-C 1376  1.385 1.401 1.423
Table I. To determine the most stable adsorption site within C-O0 1195 1.191 1.191 1.184

density functional theory, we inspected the adsorption ener

gies, which are summarized in Table II. The calculated adj"‘For the(2% 2)-3CO structure only a single model was calculated,

. S o and the result for the three individual CO adsorption sites are stated
sor_pnon energies indicate that the hcp-hol_loyv site is ener, the table(top layer relaxation and buckling a?e given in the top
getically preferred. At very low coverage, it is favored byr ws only

140 meV, and the energy difference decreases to 80 meV & '

0.25and 1/3 ML. This is in clear contradiction to the resultsSeC' 1D this method shifts the 2 orbital towards the

of experimental studies which indicate an adsorption at the,
top site(see below (_)ur res.ults, however, are in agreementy hqirate and ther® orbital and lowers the adsorption en-
with other GGA studies, which also show that the hollow S'teergy. In the hollow site the bonding interaction is dominated

H 5,6
is preferred on iﬂﬂ)' i . _ by the 27* orbital. Therefore, the hollow site is affected
Concerning the geometry relaxation, a few poiNtS aregi nqer than the top site, where bonding is dominated by the

noted. First, it is clearly visible that adsorption of CO leadsg o p)ita) The resolved adsorption energies are summarized
to an outward relaxation, which increases with coverage. Th&, r5pie 111. It can be seen that the top site is now energeti-

effect is most pronounced for the hollow site, but also cIearcha”y preferred for all coverages. This is in agreement with

visible for atop adsorption. For atop adsorption, the Rh atomy,q ey seriment and the results of the calculated surface core-

below the CO molecule is most strongly influenced and reyqq| shifts and vibrational frequencies. The absolute binding

laxes outward by about 0.2 A with respect to the clean SUlenergy is also significantly better described in the GGA+U

face. The other CO uncovered Rh atoms are hardly 'nﬂ”épproach. Experimentally a binding energy of 1.65 eV has

enced by the CO molecule. For tiigx 2)-3CO structure, been estimated from temperature programed reaction spec-

however, all four Rh surface atoms are almost coplanar angOSCOIOy below 0.15 M2 Compared to this experimental

the buckling becomes negligible. In this case, all Rh surface

atoms are coordinated to CO molecules. TABLE Il. Average adsorption energies in eV for CO on
Concerning the incorrect prediction of the adsorption siteRh(111) at various coverages using conventional GGA.

it is noted that a similar situation was found for the adsorp

acuum level which weakens the interaction between the

tion of CO on P(111).?® Clearly the calculated adsorption Top Bridge hcp fcc

energies are not sufficiently accurate to predict the correct

adsorption site and additional theoretical investigations are  (3%3) -1.860  -1.867  -2.001  -1.930

needed. The calculation of the vibrational frequencies and of (2X2) -1.857 -1.808 -1.936 -1.825

the core-level shifts presented in the next two sections, how- (y3x3) -1.851 -1.823 -1.934  -1.882

ever, do confirm the experimental assignment. (1x1) -1.071 ~1.142 -1.200 -1.194
To understand these controversial results the molecular ; 7).3co ~1.664

GGA+U method is applied to the system. As explained in
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TABLE Ill. Adsorption energies in eV calculated with the mo-
lecular GGA+U method for CO on Rhl11) at various coverages.

PHYSICAL REVIEW B 70, 165405(2004)

TABLE V. Calculated and experimental frequencies in &ms-
ing the GGA+U method.

Top Bridge hcp fcc Exp2 ExpP Top hcp-hollow
(83%x3) -1.568 -1.520 -1.470 (2x2) 1990 2027 1785
(2x2) -1.562 -1.405 -1.471 -1.379 480 463 346
(\3x3) -1.562 -1.424 -1.478 -1.437 (2% 2)-3CO 2070 2070 2082
(2x2)-3CO -1.302 1928
1870 1861 1864
1785 1789
value, the GGA overestimates the binding energy by 420 434 424
0.35 eV(2 eV), whereas the GGA+U underestimates it 354
slightly (1.57 eV}. Using the Clausius-Clapeyron equation 307

the heat of adsorption has been estimated to change from
1.55 eV at 0.18 ML coverage, to 1.40 eV at 0.25 ML cov- 2HREELS, Dubois and Somorjai, Ref. 31.

erage and 1.3 eV around 0.6 ML covera§dhese values PHREELS, Curullaet al, Ref. 8.

are in very good agreement with the present GGA+U calcu-

lations. namely, the(2x2)-3CO structure, the experimentally ob-
served picture changes. The Rh-C frequency decreases to
420 cmt which is explained by a weakening of the
adsorbate-substrate bond at higher coverage. Furthermore an
increase of the C-O stretching frequency to 2070cis

mentally determined by Dubois and Somofjait low cov- observed, again related to the weakening of the adsorbate
erage(0.25 ML) they observed two frequencies at 480 and ' . g
ge( ) they vee w quenc ubstrate bond, which leads to a stronger C-O bond. This

1990 cm. The first one was assigned to the Rh-C stretch: .
frequency and the second one togthe C-O bond stretchin llcture is supported by the calculated Rh-C and C-O bond

The vibrational frequencies of the C-O bond are lower tha ength Whi.Ch increases and decreases, re_spectively, when the
those of the free CO moleculé143 cmil), which is as- coverage increases. However, other possible reasons for this

cribed to the increased occupation of the antibondimg 2 effect are Ioce_ll field gffect%%ﬁ?’_coupling O.f vibrations’* or
orbital, which also leads to an enlargement of the C-O bonéj'p()le'deOIe interaction3 which we believe to be rather

' o . . small. Moreover, a third frequency at 1870 ¢nis observed
length. The calculated vibrational frequencies for different, . .

. ) . C]at high coverage. This frequency does not occur at lower
adsorption sites can be found in Table IV. The calculate . . :
frequencies for adsorption in the top site are 2015 an overage and was assigned to CO molecules in hollow sites.
466 cm, respectively, and agree very well with the experi- more recent HREELS study on tl{@ X 2)-3CO structure

mental frequencies. Clearly the frequencies for adsorption iIIlound two additional frequencies at 1785 and 1925cm

the bridge and hollow sites differ significantly from the ex- both with very low '”tef_‘s"?- .
perimental results, confirming the conclusion that CO ad- Our present calculations compare very favorably with the

: xperimental resultsas does a previous density functional
sorbs at low coverage atop Rh atoms. For high coveragegluster calculatio?). The calculated frequency at 2060 ¢m

arises from CO molecules adsorbed at the top site and can be
assigned to the experimental value of 2070 trfor the two

CO molecules adsorbed in hollow sites we obtain two differ-
ent frequencies corresponding to the in-phase and out-of-
phase vibration. The in-phase vibration yields a frequency of

B. Vibrational frequencies

Vibrational frequencies for CO on Rtll) were experi-

TABLE IV. Calculated and experimental frequencies in~ém
using conventional GGA.

Exp2 Exp? Top Bridge hcp hollow fcc hollow

1847 cm* which can be assigned to the high intensity peak

(2x2) 1990 2015 1833 1758 1777 ) A . |
480 166 346 344 339 at 1861, respectively, 1870_c ] T_he put-of-phase vibration
(3x\3) 2016 1850 1777 1787 has a frequency of 1777 chwhich is related to the low-
VoA intensity peak of 1785 cm. Since the two CO molecules in
440 349 324 338

hollow sites are indeed not fully equivalgiane hcp and one

(2X2)-3CO 2070 2070 2060 fcc site) the out-of-phase vibration is not exactly antisym-
1925 metric, and possesses a small dipole intensity. The reported
1870 1861 1847 frequency at 1925 cm cannot be reproduced with our cal-
1785 1777 culations and might well correspond to CO molecules ad-
420 434 411 sorbed at step edges.
362 The calculated vibration'al frequencies within the GGA
316 +U method are presented in Table V. For {2e< 2) struc-

8HREELS, Dubois and Somorjai, Ref. 31.
bHREELS, Curullaet al, Ref. 8.

ture the C-O stretching frequencies are slightly larger then in
the standard GGA. This can be explained by a decrease of
the C-O bond length which is caused by the up-shifted anti-
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bonding 27* orbital. As expected, this effect is slightly (2) Rh 3d final state SCLS
larger for the hollow site(27 cnil) then for the top site o e T 3 !
(12 cnl). The Rh-C stretching frequencies are hardly af- 0.4|m 1CO-0p | g . .
fected by the GGA+U method. Likewise, for the v loomE + $ :
(2X2)-3CO structure the C-O frequencies are slightly in- 02|y icofee | s
creased compared to the standard GGA calculations. For the = |X glean
CO molecules in the hollow site, the agreement with experi- % 0 ; hollow .
ment is now almost perfect. The frequency for the CO mol- g r | ! 1
ecules at the top site is slightly overestimated, whereas itwas ~ “ -0.2- . + ¥
underestimated in the standard GGA calculations. In sum- ! i 1 .
mary, the GGA+U method yields a reasonable description of 04F ! I .
the energetics and vibrational properties. i * 8 % :
clean Gx3) 20 (33 @x2)3C0
C. Surface core-level shifts (b) Rh 3d initial state SCLS
1. Rh 3d SCLS in the final state approximation 02 g gy .
The Rh 3l surface core-level shifts were calculated ac- 015 1Cotmee . .
cording to Eq.(2), by replacing one of the surface atoms by ol T 160-hep . ]
. . . 1CO-fce
a core excited ionized atom. The bulk reference values were > 2C0-hollow LI
obtained from a bulk calculation using a six layer hexagonal %"11‘ 7
supercell with a similar periodicity in the basal plane as the @ -02F i
corresponding surface supercell and replacing again a_single § ol 1
bulk atom by a core excited atom. For the hexagana e : 24 . >
X y3) and (2 X 2) supercell, the bulk reference values were 04F s X M -
identical within 76 meV, indicating that the lateral interac- 05k ¢ ¢ ]
tion between the core holes is rather small in both (&

X \3) and (2% 2) supercell. The Rn@SCLS’s were calcu- clean (3x3) (2x2)  (3x¥3) (2x2)-3CO
lated for CO molecules in top, bridge, fcc hollow, and hcp o _ .
hollow sites and for the clean surface. The calculated shifts F!C- 1. Rh 3l surface core-level shifts in the final state approxi-
are plotted in Fig. 1, where they are contrasted to the exper{l'ation (top) and initial state approximatiotbottom. Open sym-
mental shifté and the theoretical shifts obtained from bols: experimental results from Ref. 10, filled symbols: calculated
pseudopotential calculatiofgFirst, the excellent agreement PAW r?sults, CrosfeS: calculated results from Ref. 6.(arx) th.e
. alue “uncovered” corresponds to the surface core-level shift of a

among theory and experiment for the surface core-leve h surface atom not covered by CO for atop adsorption
shifts of the CO uncovered surface atoms is noted. Experi- ’
ment and the present theoretical calculations agree that thgyvered Rh atoms. Initially, the experimental results were
shift is about —0.45 eV. A number of previous theoretical allinterpreted to give a coverage independent shift of
electron calculations are available. Using the linearized muf270 meV? The experimental results were, however, refitted
fin tin orbital method and the local density approximation,(Table 7 of Ref. § and a slightly different shift of 240 meV
Andersenret al3® obtained a shift of —0.42 eV, when surface was determined for th& X 2)-3CO structure. Pseudopoten-
relaxation was included, and Ganduglia-Pirovastcal. re-  tial calculations found a coverage independent shift of about
ported a value of -0.46 eV using the full-potential 270 meV for on-top adsorptichUnfortunately the PAW cal-
linearized-augmented plane-wa@€LAPW) method, GGA, culations are not in full agreement with the previous calcu-
and a(2x2) supercelf® The all electron values are in ex- lations and give a coverage dependent shift. For the
cellent agreement with our present PAW results. This subt2x2)-1CO top structure the calculated shift acquires a
stantiates our previous statement that core relaxation effectgaximum of 470 meV, with a difference of 195 meV to the
are not particular relevant for the relative change of coreexperimental results. The reason for this coverage depen-
level binding energies with changing environment. dency is partly found in the local geometries. Table VI shows

Turning now to the CO covered surface, it is noted, thathe calculated Rh@ SCLS’s and the distance between the
for the (2x2)-1CO geometry, slightly different shifts are Rh atom directly below the CO adsorbate and the second
obtained for the three symmetry inequivalent CO uncoveredpyer. A close connection between the local geometry and the
Rh atoms. This is indicated by the two full circles in the SCLS can be seen at low coverage. Elevated Rh atoms ex-
graph. Remarkable is the fact that the surface core-level shiftibit a smaller shift, whereas Rh atoms closer to the surface
of the CO uncovered Rh atoms is practically independent opossess a larger shiit2 x 2) structurg. When the structural
the CO coverage. This indicates that the CO induced shift iparameters of thé\/3x y3) supercell are transfered to the
strongly localized, with little influence on the surrounding (2 X 2) supercell, the shift is indeed found to be largely cov-
Rh atoms. erage independent. This is in accordance with the observa-

In the present study, it is, however, not possible to obtairtion of Birgerssoret al® who observed that the CO induced
a similar agreement with experiment for the SCLS’s of COcore-level binding energy shift of the Rit-3evel depends
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TABLE VI. Surface core-level shifts and layer distances for understood for uncovered transition metal atGits.Since
different structures. Rb ot is the distance between the first layer the atoms in the surface layer have fewer neighbors than in
Rh atom directly below the adsorbate and the second Rh layer in Ahe bulk, the density of states narrows at the surface. This

Rhor SCLS is the Rh8 SCLS of this Rh atom in eV. leads to an energy shift of the band. The center oftthand
shifts to lower(highep binding energies if it is filled more
Rhy; o1 Rhor SCLS (les than half. Concomitant this yields to a repulsifan
(3% 3) 2386 0.39 attra_lctive contribution to the Kohn-Sham potgntigl. This po-
(2x2) » 348 0.47 _te.n_t|al also affects the core electrons r.esu_ltin.g in a positive
A initial state SCLS for early and a negative initial state SCLS
(V3Xy3) 2.388 0.40 for late transition metals. The initial state shift of —0.44 eV
(2x2)-3CO 2.281 031 for CO uncovered surface atoms found here agrees with this

concept. For CO covered atoms, on the other hand thend
becomes broader than in the bulk, and an opposite initial
strongly on the buckling and can be determined to a verytate shift is therefore expected and in fact found in the cal-
good approximation by the local geometry. In the high cov-cylations.
erage ||m|t, however, the piCtUre is not that Simple. Here the It is an interesting question, whether the coverage depen-
vertical distance R} oris much smaller than at low cover- dency found in the final state SCLS's is caused by initial
age. In fact, the other three Rh atoms are now located almostate or by screening effects. The results clearly indicate that
in the same plane as the CO covered Rh atom, which is Both, the coverage dependent shift for Rh atoms with CO
result of their two bonds to the CO molecules in the hO"OWadsorbed atop and the coverage independent shift of the un-
sites. Here the local coordination and geometry has changegbvered Rh atoms, are dominated by initial state effects. The
with concomitant effects on the positions of the core levelsscreening contribution is nearly constant in both cases. How-
The discrepancy between the PAW results and the experkver, it is notable that screening at the uncovered Rh atoms is
mental results might be relativated. First it should be nOteCi/ery small and negative, while it is positive and much |arger
that both results show at least the same tendefmyer st Rh atoms below a CO molecule. This implies that screen-
shifts at higher coverageA close look at the experimental ing at the clean surface atoms is more effective than in the

results furthermore reveals that the intensity of the top pealylk, while at Rh atoms below CO adsorbates it is less ef-
in the measured spect(gig. 8 of Ref. 4 is very low, except fective than in the bulk.

for the (2 2)-3CO structure. A shift of the binding energy
of the CO covered Rh atoms to higher binding energies 3. C-1s and G1s binding energies
seems possible. It should be mentioned here that the fitin the A gjfficulty for the comparison of core-level binding en-

experimental studyRef. 4) seems to be done under the con-grgies with experiment is that density functional theory is not
dition that the shift is coverage independent. sufficiently accurate to determine absolute values for the
The results of the pseudopotential study, however, canngt_1s and O-k& binding energies. In the present implementa-
be explained at present, but the most likely reason is that thgon the errors are even larger than usual, since core relax-
optimized geometries in Ref. 6 differ somewhat from theation is not included in our calculations. The situation is,

present result, in particular for the buckling. As discussedyowever, similar when core excited pseudopotentials are ap-
before this has a pronounced influence on the core-levgljied: only relative shifts can be determined.

shifts. To double check our results we have also recalculated The calculated and experimental G-dore-level binding
the core-level binding energy shifts using PAW potentials, ingnergies are shown in Fig. 2. In the final state approximation,
which one core electron was excited from the core to thgnhe energies of the calculated core levels have been shifted
valence during the generation of the potential. This is preych that the calculated and experimental values for(2he
cisely the procedure adopted in Ref. 6 for the calculation of 5) strycture coincide for atop adsorption. The energies of
core-level binding energies, and it includesleast partially 6 ¢ore levels in the initial state approximation are specified
relaxation _effects of core elect_rons. The calculated binding i, respect to the Fermi energy of the bulk and correspond
energy shifts for Rh atoms with CO adsorbed on top arg; the calculated Kohn-Sham eigenvalues of the core elec-
0.415 eV (0.465 eV for the (2X2) structure, 0.348 8V 4ng The calculated Oskore levels are shown in Fig. 3. In
(0.401 eV for the (v3x3) structure, and 0.289 €V e apsence of experimental data, the final states@rter-
(0.306 eV for the (2 2)-3CO structure. For the Rh atoms gies have been shifted such that atop adsorption corresponds
coordinated to 2 CO molecules in the hollow site we 0b-tg the energy zero.
tained a shift of -0.095 eM—-0.139 eV. The values in A number of earlier studies on Gstore levels on various
brackets are those obtained with the PAW method withouturfacegNi(100),%° Pd100),*° and C100) (Ref. 41)] came
core relaxatior(as reported in Fig. )1 Clearly the shifts are to the conclusion that the Csilbinding energy depends
about 50 meV smaller for the core excited PAW potential,mainly on the adsorption site. Changes caused by the inter-
but the trends are not affected by this constant shift. action between the CO molecules through different cover-
ages influence the binding energies only slighflp0 me\j.
We find this conclusion confirmed in the present case. For
In Fig. 1 the Rh8 surface core-level shifts in the initial both, the C-% and the O-§ states, the changes in the bind-
state approximation are presented. These shifts are quite wétlg energy are small, when the coverage changes.

2. Rh3d SCLS in the initial state approximation
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(a) C 1s final state core levels (a) O 1s final state core levels
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FIG. 2. Top: calculated and experimental final statesIbihd- ) ) oo .
ing energies, experimental results from Ref. 10. Bottom: calculate(% F_|G'|3' ITtO% _cgtI_CLlea:e:i fggjlbs_teatg (}bmd'.ng e_lr_}(]argfl_es.l B?t;
initial state C-5 binding energies. The final state G-&nergies Oni's caculate hlm |abs ate hift (;n m% ?Eetrglfs. de 'n? state
have been shifted such that they coincide with experiment for ator?' energies have been shitted suc at atop adsorption corre-
adsorption. sponds to the energy zero.

. . perimentally observed CO stretch mode of 1990 tis cer-
T_he _expenmentgl difference of 650 meV be_tween the Cta|n|y only compatible with CO adsorption on top of Rh
1s binding energy in the top and the hollow site for tt& . : . .
: ) .. atoms, for which the theoretical calculations yield a CO
X 2)-3CO structure is reproduced nicely by theory. It is in-

o : hf f 2015 cth Th ion in the bri
teresting that the Csland the O-% binding energies for top stretch frequency of 2015 ¢ e adsorption in the bridge

; . . " or hollow site results in significantly lower frequencies of
site adsorption show a coverage dependency very similar toa-4" -4 1770 ci, respectively, which are certainly not

the Rhyr surface core-level shifts. Here the experlmentalcompatible with the experiment.

data confirms the coverage dependency. A similar conclusion can be drawn from the Rh surface

. - core level shifts which are only in agreement with experi-
4. Surface core-level shifts within the GGA+U method ment, if CO is assumed to adsorb on top of Rh surface at-
The Rh 3l surface core-level shifts within the GGA+U oms. For the 8 binding energy of Rh atoms below the CO
method are presented in Table VII. They are generallymolecule, we determined the shift to be coverage dependent
smaller (50—70 meV than the shifts calculated with the with values between 300 and 450 meV. Experiments yield a
standard GGA approach, but otherwise, they show the samamaller binding energy shift of roughly 270 meV. The reason

coverage dependency. As a result of the reduction of théor the discrepancy is presently not understood, in particular,
shift, the agreement with the experiment is slightly better.

TABLE VII. Rh 3d surface core-level shifts in eV for atop ad-

V. CONCLUSION sorption within the GGA+U method compared to standard GGA.
We have presented a careful theoretical investigation of Initial state Final state

CO adsorption on RiA11). One main object_lve of this work standard GGA+U standard GGA+U

was to show beyond doubt that the experimental results can

be understood only assuming that CO adsorbs atop of R{2Xx2) 0.17 0.13 0.47 0.40

surface atoms at low coverage. This aim has been achieveds x |3) 0.04 0.01 0.40 0.34

by studying the vibrational frequencies of CO at various cov-»x 2).3co 0.03 -0.01 0.31 0.27

erages and for various adsorption sites. As expected, the ex
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since a previous pseudopotential density functional studgite. Hence the GGA+U method leads, as for CO qaHj,
found much better agreement with experim&mut even  to the proper site ordering.
with this large error, the surface core level shifts are certainly We emphasize that our observations are consistent with
only compatible with CO adsorption on top of Rh atoms,those of Grinberget al.,*?> who argued that present density
since the surface core level shifts for adsorption in the bridgéunctionals underestimate the cost for breaking one CO
or hollow sites are —200 to —300 meV. bond. An upshift of the one electronm2 orbital makes a
The calculated energetics determined by the semilocagbartial charge transfer from thes5o the 27* orbital more
density functionals, however, clearly convey the opposite redifficult and therefore stabilizes the CO bond.
sult: CO prefers the hollow site. At low coverage the hollow We have also presented results for the vibrational proper-
site is preferred by 140 meV. To understand these controveties and the core level shifts in the GGA+U method. For the
sial results, the molecular GGA+U method was applied tocore levels the GGA+U method yields slightly smaller core
CO on RI{11)). The objective of this method is a shift of the level shifts for the Rh atom below the CO molecule, leading
27* orbital towards the vacuum level which reduces theto a better agreement with experiment. The vibrational fre-
back donation from the surface to the CO molecule. Siiace quencies within the GGA+U method also show a slightly
bonding is particularly strong in the hollow site, a reductionbetter agreement with experiment, but the changes from stan-
of the strength of this binding mechanism reduces the addard GGA to GGA+U are so small that they are hardly
sorption energy in the hollow site. The top site is also af-significant compared to the numerical errors introduced by
fected, but changes are much smaller than for the hollowthe finite difference method.
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