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Density-functional theory applied to Rh(111) and CO/Rh(111) systems: Geometries, energies,
and chemical shifts
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We present extensive density-functional the@yT) based calculations of the clean ®hl) surface and of
CO/RH111) overlayer systems. We study both ground-state structural properties and core-level shifts from
differences in total energies at different coverages and adsorption sites. Most results are obtained using using
norm-conserving or ultrasoft pseudopotentials. The overall reliability of the pseudopotential method is ana-
lyzed theoretically, and computationally by way of all-electron calculations. In general, core corrections are
required in order to correctly simulate all-electron total energies, although the corrections are rather small for
the systems considered here. Overall there is a very good agreement both between the pseudopotential and
all-electron results as well as with high-resolution experimental spectra. The obtained agreement between
theoretical and experimental core-level energies, however, requires that the correct geometrical parameters are
used. For instance, inclusion of bucklings of the first Rh layer in the Zp-1CO and (/3% \/3)R30°-1CO
overlayers is essential. For the overlayers studied here, different competing adsorption sites give almost the
same frozen-lattice adsorption energies. However, thes ®idding energy shows large differences between
CO adsorbed in different sites. Thus calculations of thesGsHifts allow us to predict the adsorption sites
despite the small differences in ground-state energies. We also analyze sources of the shifts in terms of
differences in Hartree potential and relaxation at different sites. As the DFT core eigenvalue lies above rather
than below the core excitation energy some care is required in order to properly identify a relaxation energy in
a DFT framework. In order to clarify the question we relate the DFT approach for core energies to approaches
based on self-energies or the Hartree-Fock approximation.
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[. INTRODUCTION The RH111) and CO/RIf111) systems have experimen-
tally been extensively and increasingly studied during the

Density-functional theory? (DFT) has developed into an last 30 years with a large number of different techniques. The
extremely useful tool for making realistic simulations of Rh/CO system has been chosen both because of its industrial
complex systems like solid surfaces and adsorbates at suapplications in forms of catalysis and because CO adsorption
faces. In its original form it is applicable only to ground-statehas become a test case for molecular absorption on metal
properties such as geometries and total energies. However,surfaces in general. Examples of investigation techniques are
is known since many years ago that also energies of fullfhermal desorption spectroscopyDS),® low-energy elec-
relaxed core-hole states can be rather successfully modeléebn diffraction (LEED),® electron energy-loss spectroscopy
by DFT (for overviews, see, e.g., Refs. 3 and #he capa- (EELS),’ surface x-ray diffraction(SXRD),® helium atom
bilities of ab initio simulations combined with experimental scattering(HAS),® and high resolution core level spectros-
techniques such as high-resolution core-level spectroscop;ppy(HRCLS.lOA wealth of experimental results are thus
(HRCLS) make it possible to determine local geometric andavailable for this system.
electronic structure, vibrational properties, and other proper- Over the years there have been several calculations with
ties with high accuracy. A major aim of the present paper idifferent degree of sophistication performed to support ex-
to combine state-of-the art HRCLS results on(RH) and  periments concerning core level shifts on Rh surfaces. In the
CO adsorbed on RM11) with detailed DFT simulations in early 1980s Feibelmah made a calculation using a linear
order to obtain conclusive evidence on how the CO moleculeombination of atomic orbitald CAO) approach of the sur-
adsorbs at different coverages. We believe that it is extremelface core-level shiftSCLS for a clean Rfil11) surface and
useful to combine computational and experimental techa RH111) surface with a carbon overlayer. In the 19985,
niques. For instance, we find that core-level shifts often deinitio calculations applied to surfaces and adsorbates ap-
pend on the geometrical structure such as layer relaxation ipeared. Methfesselt al? investigated the surface relaxation
a rather sensitive way. Thus by combining experimentallyfor Rh(111) among other 4 metal surfaces using a DFT-
determined shifts with theoretical calculations one may obbased full potential linear muffin-tin orbitalLMTO)
tain very precise information. Another aim of the presentmethod??’ Using the same computational tools the SCLS for
work is to shed light on the overall reliability of DFT-based Rh(111) and other 41 metal surfaces were later investigated
calculations of core-level spectra and the major approximaby Andersenet al}* Further structural investigations of the
tions involved. clean RIf111) system were performed by Eichlet al'® and
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more recently the adsorption of CO on @80 was thor- E DFT: HF:

oughly investigated by Eichler and Hafriér. 4 ) )
In this paper we present an extensive set of calculations

made to support experiments performed on the cleddHh

and CO/RIi111) systems at MAX-lab by some of J§1%18 e.(n=1) ;

In these experiments CO covered rhodium surfaces are stud- ‘:I;,E

ied with HRCLS and LEED. Several ordered overlayer struc- €

tures have been found and their behavior with varying tem-

perature and pressure has been determined. Specifically, :

below 120 K, stable structures of absorbed CO have been €. (ncz() )—V—

found at coverages of 0.4% (2x 2) structure with adsorp-

tion on top, 0.33[a (3 \/3) structure with adsorption on

top], and 0.79a (2x 2)-3CO structure with adsorption both FIG. 1. Relation between HF and DFT eigenvalues and excita-

in on-top and hollow positiojsmonolayers(ML's). Differ-  tion energies for deep core states. The dotted arrow indicates the

ent structures have also been found at intermediate coverage®vement of the DFT eigenvalue as the core state is emptied. The

(0.5-0.75 ML’9 but in this paper we will focus on the first energy differenceSE has no physical relevance.

three mentioned.

The structure of the paper is as follows. We start by giving, particular ion core in the solid. Such a procedure would

Eé?vsg;iti(I:Dall:l;)a;:nkgrs(;)el:h?zrzrwe(ilg;uydirr:]getigggaez(sjisao;itshc?ursesliacl)triloﬁad to density functionals which depend parametrically on
. ; = ) ) e ion core configuration. This dependence, however, is
ag?émgﬁsl (gggefbt'oﬁzx‘;w}fhsglam?r:;g fr?e?elrjmfl?hge ‘;S(iﬂg?highly transferable and may be estimated using some refer-
P N ’ oY P . ence system such as an isolated atom. When comparing core-
systems which have been calculated, followed by a discus: . . S
sion of the results. This section is divided into two parts electron energies of the same kind of atoms in different en-

‘yjronments, as is the case when calculating core-level

discussing separately geometrical features and chemic%l ) . ) X :
shifts in these systems. In Sec. IV we give our conclusionsPNding energy shifts, the core configuration dependence in
the density functional cancels to high accuracy. The similar-

ity between ground states and fully relaxed core-hole states
Il. THEORY also underlies the successes of the equivalent-core
A. Core-electron photoemission approximatio®?® where an ionized ion coré is approxi-
C!nated by a ground-state co@;-1.

In core-level photoemission a core electron is remove
from the system by a photofusually in the x-ray regime
and leaves the solid to get its kinetic energy and possibly its g core-hole relaxation from DET and from self-energies
momentum measured in a detector. The difference between o ) ]
the energy of the in-going photon and the kinetic energy of _ Core—lev_el shifts in sﬂgll_d_s and a,t' solld“sfurfaces a}re often
the electron gives directly the excitation energy of the systen§liScussed in terms of “initial-state” and *final-state” parts
left behind. In the most simple-minded one-electron picturé"’here the initial-state part is connected with the shift in core-
the core-electron spectrum would consist of a sharp line alectron orbital eigenvalue, and where the final-stetéax-
the core-electron energy,. In reality, the system can be ation) part contains the remaining contributions. The termi-
excited to many different final states, and the core spectrur0logy originates from Hartree-Fo¢kiF) “ ASCF” methods
therefore consists of a peak of a certain width, the coreln Which the core-electron energy is approximated by two
electron quasiparticle, and usually also satellites at highefeparate calculations as in E@). However, the HF and
binding energies. Owing to the negligible bandwidth andDFT orbital eigenvalues have rather different relations to
usually rather long hole lifetime, the core-electron spectrunfotal-energy difference¥’as depicted in Fig. 1. The Hartree-
has a special structure with a more or less well-defined highEOck eigenvalue liesbelow the ASCF results and, for
energy threshold corresponding to a fully relaxed core-holél€ep core levels, also below the true excitation energy. The
state|0* ). We take the position of this high-energy thresholddifference between the excitation energy.=[Eo(N)

as the definition of the core-electron energy, —Eg(N—1)] (as obtained by the HF approximatioand
the HF eigenvaluel'" is usually termed relaxation energy.
€.=Eo(N)—Ey*(N—1). (1)  This energy, which is always positive, has the physical inter-

pretation of being the energy gained by the system as a result
Although in reality an excited state, the fully relaxed core-of the core-hole induced relaxation of the orbitals. Contrary
hole state is rather similar to a ground state as far as th® HF, the DFT eigenvalue lies initiallghovethe excitation
valence electrons are concerned. It it well establishe@nergy and the local-density approximati@DA) to the ei-
through many workgsee, e.g., Refs. 14 and 1992hat the  genvalue even higher. Both move downwards when the core
valence-electron relaxation is well described by ground-statéevel is emptied and are below the excitation energy in the
DFT. Some formal justification for using DFT to obtain core final-state configuratioff The differencés) between the
shifts may be obtained by considering constrained minimizaDFT eigenvalués) and the true excitation energy has no di-
tion in subspaces corresponding to different configurations ofect physical interpretation. As will be shown in the follow-
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ing, it is, however, possible to define a relaxation energy in Ec:Eg+<C|VIC|C>+<C|Avxc|C>
DFT which has a similar physical interpretation as in the HF
approximation. 1 ;

Within Hartree-Fock theory, the problem of core-level +j0 {<C|VP(nC)+F(n°)|C>}dn°' (6)
shifts and shake up has been discussed in classical papers by
Hedin and JohansséAand by Manne and Abefi§.Accord- ~ BY splitting off the core-electron energy of a reference sys-
ing to Hedin and Johansson, the core-electron energy as ofM. direct reference to the unphysical DFT eigenvalue has

tained from the difference between two separate Hartred€en eliminated. Comparing with tH@W result in Eq.(3)
Fock total-energy calculations can be written we see that the first two terms are unchanged, while in the

DFT approach the core-valence exchange is accounted for by
ue 1 Av,.. The first three terms are properly regarded as the
€c=€ T §<C|Vp|0> 2 solid-state contribution to the ‘initial-state’ part. In the core-
hole induced last term we see that the polarization contribu-
in terms of the HE eigenva“'d”: with filled core |eve|, and tions agree to Iinear-screening order but that DFT accounts
the core-hole induced changé, in Hartree and exchange also for nonlinear screening effects that would require vertex
potential. ¢, is usually termed ‘polarization potentia).” diagrams beyon@®W. In addition, Eq.(6) also accounts for
The above result is closely related to the results from th&ore-hole induced changes in core-valence exchange, which

dynamically screened exchange dB¥" approximation to ~ 2gain simulate vertex contributions beyoBdV theory.
the self-energy.,?’ In summary, while the quantity

[Esolid( 1) _ Esolid(o)] _ ezolid: ezolid_ eiolid

1
_ 0 ’ X -
€= ect(c[Ve[e) +(c[X]|c) + 2<C|V;UJ|C>' @ hasno physical meaning and could not be associated with a
relaxation energy in a DFT scheme, the quantity
In Eq. (3), € is the core-electron energy of the free iafy,

. ___solid solid ref. ref.
the Coulomb potential from valence electrons and surround- AErex=€. —€; —[ec —ec 1

ing nuclei, % is the valence contribution to the exchangenere 4 reference system has been singled out, behaves as
) ) e )

potential, and/, the polarization potential from only valence eypected and could be used as the definition of the relaxation

electrons. The first three terms account for the HF eigenvalugnergy shift when going from the reference system to the

plus the intracore part of the polarization potential in B).  solid. If we consider coreshifts rather than absolute core

The remaining valence-electron part of the polarization POenergies, the reference system will not enter meaning that

tential is accounted for by’ . shiftsin DFT eigenvalues reflect initial-state shifts.
In order to make contact with DFT, we identig with
the total-energy differenc&(n,=0)—E(n,=1) and make C. Core corrections in the pseudopotential approach

use of the identit}®?® _ .
In this work we mainly use plane waves and norm-

ec(Ng) = JE(Ng)/an, conserving or ultrasoft pseudopotent‘?ﬁ@ for computing N
core-level shifts. Such potentials ensure good transferability
(e. andn, are the core-electron DFT eigenvalue and occu-of eigenvalues and of charges and potentials outside the core
pation number, respectivelyWe express the core-electron region. The total energy, however, involves directly the
energy for the free ion in an analogous way and obtain  pseudopotential and the pseudocharge also in the core re-
gions, where they have no direct physical meaning. As a

o [* 0 consequence, one must in general add core corrections in
e.=€e.+ | {e.(ny)—eg(ng)dng. (4) ; e
¢ fel J et/ Fellle c order to obtain correct and transferable total energies in
pseudopotential schem&s??
(We use superscript “0” for free-ion quantitigsTo good In a norm-conserving pseudopotential scheme, the DFT

accuracy we may neglect the difference in shape of coreigenvaluee,(n.) corresponds to the derivative of the total
orbitals in the ion and in the solid. Making use of this ap-energy with respect to.. The total energy is variational,
proximation, we can rewrite the eigenvalue difference in Eqand thus we only need to take the explitjitdependence into

(4) as account when evaluating the derivative. Thus
0 0
ec—e2=<c|Vc—Vg+vxc—vSC|c). (5) aEps(nc) :j ﬁwps_z Zi &Wps @
ane Pesone ~ 2h T ang

Now, VC—Vg equals the Coulomb potential from valence
electrons and surrounding nuclé} . As before we introduce Wwhere the last term arises from the Coulomb interaction be-
a polarization potentiaV/p(n;)=V¢(ne) —Ve(1). Wemake — tween the pseudopotentials themselV#sEq. (7), Wy is the

a corresponding separation of the exchange-correlation papseudopotential for atomi;” Z, the charge of the corre-
Avxc(nc)zvxc(nc)—vgc(nc) into an initial-state par\v,,  sponding ion core, anf,s is the density of pseudo charge.
=Av,(1) and a core-hole induced pdr{n.)=Auv,(n¢) We temporarily suppress thalependence cnﬁ/gS in the core
—Av, (1) to obtain region] In the second term we can replalmgslr?nC by 1k,
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and thus we see that this term represents the Coulomb po- D. Computational details
tential VS"(0) at the origin from surrounding ion cores. The
integral in the first term in Eq.7) we split into a contribution

from the cell Qo and a remainder. Owing to the norm- codes developed by Bockstedet al?® and by Hammer
conserving properties o, this remainder when combined et al3® The pseudopotentials were constructed using the free
with the last term gives an accurate representation of the totg]

Coulomb potential f I but th tral cell. This pAN toms in their ground configurations or in their core-excited
oulomb potential from ail but the central cell. ThiS p neutral configurations as reference states. The core-level
of the potential has no sources in the core region. Thus, . . .
- shifts were calculated as total-energy differences with and
AV(0)=(c|AV|c), and

without a core hole as in Eql).

In our plane-wave calculation we used both norm-
conserving (NC) and ultrasoft pseudopotenti#is® and

JEpd(Ne) ’ <9W33 In most qf our calculations we used a genera}ized gradient

T:<C|Vc|c>+f Pos approximation(GGA) to exchange and correlation. For the
¢ o ¢ GGA we used thewa1version® In some tests the LDA was

po(D)] (1|2 used._As wi_II be seen in the n_e_xt section, the_calculate_d

—j f _ chemical shifts are rather sensitive to the detailed atomic

RIRERN [r=r| geometry. The general experience is that GGAs usually im-

ow(Lo prove structural properties like bond distances and geom-

=(c|V¢le)+ > J |pggi —pVE T, etries compared to LDA. For the systems we consider, GGA

! INe in thepwo1form indeed gives core shifts in better agreement

(8)  Wwith experiment than the LDA. This is, however, mainly a
. ) _ . result of GGA providing a better determination of the geo-
where Vy, is the Hartree potential from the core orbital in atrical parameters. For a given lattice geometry, we find

question,p, is the true valence electron density, and whereyat the LDA and theewsi form of GGA give very similar
we have restored thé dependence ofv,g. In last term ;e jevel shifts.

above, bothVy; and gwps/dn, equal 1f outside the core |y order to check the overall reliability of the pseudopo-
region. The integration is thus confinedrte’r.. Comparing  tential approximation, we also performed LAPW-based all-
with Eg. (5) we see that electron calculations using LDA for some representative
cases. The all-electron and plane-waverm-conserving
_ a0 M=<Clv —0 c) results for C 5 and Rh 2l agree within~50 meV or better.
©c e dng e e The difference between the all-electron and pseudopotential

P results is thus small, and it is well accounted for by the
+E (p(l)vc _p(l) ps ] simplified formula in Eq.(9). The aII-eIectron_ ca_lcqla_lt_lons
v o TRS ang also allow us to decompose the core-level shifts in initial and

final-state parts by way of Eq7). An all-electron method is
9) X ; i

preferable in particular fod-electron systems. However, our
The terms on the right-hand side of H§) are sensitive to tests show that the less expensive plane-wave calculations
first-order changes of the density in the core region and arare of sufficient accuracy and not distorted by systematic
not transferable. errors related to the pseudopotential approximation.

Of course one would like to estimate the correction above In the calculations we model the surface by repeated slabs
without actually doing all-electron calculations. To a first ap-separated by vacuum layers. Important numerical parameters
proximation one may then neglect the change in shape of thiaclude(i) choice of pseudopotentialgi) basis set sizdgjii )
all-electron orbitals when going from the reference state tslab thicknessiiv) size of surface unit celly) vacuum layer
the solid. The density in the core region may then be obdepth, andyvi) choice of integration method ik space.
tained from the computed symmetry-decomposed pseudoch- In order to determine the core radiug of the norm-
arge density and the atomic orbitals in the reference state. conserving potentials some transferability tests were per-

In order to estimate core corrections for the systems studformed. Ther 4 value for Rh was determined by comparing
ied here we have performed all-electron calculations an@¢hanges in total energies upon a doubling of the lattice con-
evaluated the correction according to Ef) for some im-  stant. The radii were lowered until these changes had a neg-
portant cases, namely the Rh 3d surface shift and the C ligjible r, dependence. The parameters for C and O atoms
shifts at high coveraglg(2x2)-3CO systerh In the case of were determined in a similar fashion by considering RhC and
Rh we find a surface shift of 0.46 eV from(full-potential) CO molecules and energy changes when the bond length was
linearized augmented plane wa(leAPW) (Ref. 13 calcu-  doubled. The transferability was considered converged when
lations, —0.50 eV from norm-conserving pseudopotentials,changes less than 0.02 eV were found upon further lowering
and a correction from Ed9) of about 0.03 eV. In the case of of thery values. The 4 values determined for ground-state
C 1s we use a rather small pseudopotential radiyusand as  atoms were also used for modeling the core-excited atoms.
a result the core corrections are also smaller and below our In the case of ultrasoft potentials we used predetermined
computational accuracy. The smallness is partly due to a capotentials as distributed with the Dacapo code for the
cellation between the Hartree and exchange-correlation comground-state atoms. We constructed the potentials for core-
tributions in the correction formula above. excited atoms using the same parameters as for the corre-
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sponding ground-state atom. We verified that the ultrasoft
and norm-conserving potentials gave the same dependenc
of total energy on atomic distances in our transferability tests
described above. We also compared with corresponding all
electron results.

The 4d electrons in Rh give a rather hard NC pseudopo-
tential. The C and O atoms lack core electronp agymme-
try, and as a consequence the NC potentials for these atorr
are even harder. Consequently, the NC potentials requiret
very large basis sets. It turned out that the O potential was
the hardest and necessitated a high cutoff of 85 Ry
(~1160 eV). As expected, the ultrasoft potentials required a
much lower cutoff of approximately 25 R340 eV).

In order to test the overall reliability of the repeated slab
approximation we performed calculations on both inversion-
symmetric slabs with a CO molecule on each surface anc
dipole-corrected asymmetric slabs with the molecule on only
one of the slab surfaces. For details of the dipole correction
we refer to Refs. 29 and 37. We performed tests with up to
seven layers in the symmetric case and five layers in the
dipole-corrected case. AIthough we were not able to go_bg- FIG. 2. The (2<2)-1CO (upper left pang| the (3
yond seven layers our results indicate a convergence withifk \[3)R30°-1CO (upper righy, and the (2¢2)-3CO (lower lef)
30-50 meV for total energies and20 meV for total energy  systems. The surface unit cells are indicated. The lower left panel
differences(core energies, etc.For more sensitive quanti- shows the adsorption sites considered in our calculatiGson-
ties, as for instance adsorption and surface energies, there ao®: (b) threefold hollow;(c) bridge.
indications that quantum size effects affect the results up to
approximately a slab thickness of 10-Rh layEY©ur tests [ll. RESULTS AND DISCUSSION
indicate that the core-level shifts converge more rapidly with )
respect to slab size. In a similar way we verified that a (2 e focus on four different systems; the clean(Rt)

% 2) surface cell is a good approximation for modeling asurface, the (X2)-1CO system(which corresponds to a
isolated adsorbed CO molecule. The symmetric slabs wergoverage of 0.25 M}, the (V3xy3)R30°-1CO systen0.33
needed not only for convergence tests but also for determif¥IL) and finally the (2<2)-3CO system(0.75 ML). The
ing the surface core shifts. In these calculations, the bulk wal)ree latter systems can be seen in Fig. 2. In the following
approximated by the middle layer and the slab becomes syn§liscussion we will distinguish between the high coverage
metric. In order to have as much cancellation of errors adimit, which corresponds to the (22)-3CO system while
possible with regard to, e.gkpoint integration it is impor-  the low coverage limit refers to the 0.25- and 0.33-ML sys-
tant to use the same geometry and parameters for core holt&mns. We will start by discussing the geometrical features of
in the bulk and the surface. these systems, then continue with the energy shifts of the Rh

When it comes to the depth of the vacuum |ayer' its Size?d and C Is levels. The results are summarized in Tables
will be determined by long-range multipole contributions to =X
the surface potential. For a completely flat jellium surface,
the potential tends to its vacuum value exponentially, but any A. Geometries
corrugation will contribute multipoles with much slower fall-
off. Consequently, a surface with an adsorbed molecule re-
quires a thicker vacuum layer than does the clean surface.
varying the thickness we found that for the CO covered sur;
faces a thickness corresponding to 5-Rh layers was co
verged to within 0.03 eV for total energies.

The k-point integration was performed in the usual way
using Monkhorst-Pack points and Fermi-surface smearing
and back extrapolatioft. For the (2<2) surface unit cell a
k-point mesh of (4«4X1) was found to be accurate to
about 0.02 eV.

For the supporting LAPW calculations, finally, we used
local s orbitals on C and O and loca orbitals on the Rh
atoms in order to improve convergence with respect to basis
set size and to minimize linerarization errors. Again we used The geometry for the clean Rtll) surface was opti-

a Monkhorst-Pack mesh and the tetrahedron method with amized by relaxing the two top-most layers. The full results of
leading-order Fermi-surface correction by &hel et al*° this calculation can be found in Table I. The result was a

Rh 3

Before treating the different rhodium surfaces, some bulk

operties were calculated. Due to the use of GGA we, as
xpected, find a small overestimate of the bond lengths. The
ulk lattice constant was calculated to 3.83 A, slightly larger

han the experimental value of 3.80*ABy fitting computed
total energies at different lattice parameters, the bulk modu-
lus was determined to 2.87 Mbar which agrees reasonably
well with the experimental value 2.71 Mb¥rThese bulk
properties also agree well with those calculated in Refs. 15
and 16. The calculated bulk lattice parameter was used for
the inner layers in the slab describing the(RH) surface.

1. Clean surface
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TABLE |. Optimum geometrical parameters of the clean @)
Rh(111) surface. The distances are depicted in Fig. 3. The relax-H111] @
ationAd;; 1 is defined a’\d;; . 1=(d;; 11— dgyk)/dgux Wheredgk C-0
is the interlayer distance in the bulk crystal. .
Rh-C
Calculated Experimental Code
value value ( \\ {J A A Al t Buckling

GGA lattice constant 3.83 A 37934 fhiog8md /WYY\ diz
3.80 AP
Ady, ~15% —1.28%*0.9%2 fhi98md Mu ‘
—3.0%*1.4%" UM
Ad,s ~1.0%  —1.28+1.8%2 fhi98md
8Reference 41.

bReference 42. (b)
‘Reference 43. [111]

&
</
small inward relaxation of both planes by 1.5 and 1.0%, @
respectively. These figures agree with other GGA Rh—Coy oo

calculations'® and also reasonably well with LMTO calcula- XY K K O\ R
tions made on the LDA levef*'?As can be seen in Table | XX N _N_J

our calculations also agree well with experimental values. It

should be noted, however, that these experimental result W diz
have large uncertainties. MUU

d23
2. Low coverage limit W
A most fundamental property of a molecular adsorption UUUUU

system is the adsorption site. Therefore we first calculate
relative adsorption energies of the two low coverage overlay- _ )
ers for CO adsorbed in the three high-symmetry sites in or- FIG. 3 AII distances refgrred to in the _tal_:)les of the calculated
der to test if DFT can reproduce the experimental result of€ometries in the low and high coverage limit.

adsorption only in on-top sites at low covera§és? The

high symmetry sites can be seen in Fig. 2. This calculationthe order. Inclusion of zero-point motion would involve cal-
will also serve as a crucial test for the approximation of DFTculation and diagonalization of the dynamical matrix of the
used, as pointed out by Feibelmanal* (see Fig. 3 These entire slab, something which has not been done in the present
authors showed that GGA predicts adsorption sites of CO oork. Therefore the only conclusion that should be made
Pt(111) which are wrong in comparison with experiment ir- from the above results is that there are no large energy dif-
respective of the computational technique ugpseudopo- ferencegas compared to thermal or vibrational energies
tential vs all-electron, plane waves vs localized basis sewolved when adsorbing in a hollow or bridge site instead of
etc). They argued that the LDA and the current GGA's tenda on-top site.

to favor adsorption in sites of high molecule-substrate coor-

dination.

As shown in Table Il, in a (X2)-1CO overlayer the
threefold hollow site(hcp is energetically favored by 46
meV over an on-top site whereas a bridge site is disfavore
compared to the on-top site by 73 meV. For thg3( Calculated
x \/3)R30° overlayer, the ordering of the on-top and hollow value (eV)
adsorption sites is shifted and the absolute values of the en
ergy differences between the sites are reduced. Even if thedd@e (2x2)-1CO system:

TABLE II. Total (pseudgenergy differences compared to the
on-top adsorption site for each over-layer. The adsorption sites can
Be seen in Fig. 2.

calculations indicate an adsorption site which conflicts withon-top 0.0
experimental evidence for the lowest coverage structure, itollow -0.046
should first be noted that the current energy differences$ridge 0.073
among the sites are much smaller than those found in Refthe (V3% /3)R30°-1CO system:

41. Second, the energy differences are so small that zeren-top 0.0
point vibrations and entropy corrections to the total energiesollow 0.017
might reverse the order of the sites. Third, core corrections ofridge 0.070

the order 50 meV to the total energy could possibly also alter

045402-6



DENSITY-FUNCTIONAL THEORY APPLIED TO. .. PHYSICAL REVIEW B57, 045402 (2003

TABLE Ill. Optimum geometrical parameters for the/% TABLE IV. Optimum geometrical parameters for the (2
X \/3)R30°-1CO/Rh(111)-syster®.33 ML) An explanation to the X 2)-1CO/RI{111)-system (0.25 ML). No experimental data are
distances are given in Fig. 3 and the adsorption sites are found iavailable for this geometry. An explanation to the distances are

Fig. 2. given in Fig. 3 and the adsorption sites are found in Fig. 2.
Distance Adsorption  Calculated Experimental Code Distance Adsorption Calculated Code
site value(A)  value(A)? site value(A)

Ady, on-top -0.5% -0.8% fhig8md  Adj; on-top -1.0% fhiogmd
Adys on-top 0% 0.0% fhio8md  Adys on-top -0.5% fhiogdmd
Cc-O on-top 1.15 1.260.05 fhi98md C-O0 on-top 1.16 fhi98md

1.16 Dacapo 1.16 Dacapo
C-Rh on-top 1.86 1.870.04  thi98md C-Rh on-top 1.88 fhi98md
1.84 Dacapo 1.83 Dacapo
Buckling on-top +0.21 0.08-0.06  fhi98md Buckling on-top +0.19 fhi9g8md
+0.23 Dacapo +0.22 Dacapo
C-O bridge 1.18 Dacapo C-O bridge 1.18 Dacapo
(C-Rh),? bridge 1.49 Dacapo (C-Rh),? bridge 1.48 Dacapo
C-0 hollow (hcp) 1.19 Dacapo C-O hollow (hcp) 1.19 Dacapo
(C-Rh),®  hollow (hcp) 1.36 Dacapo  (C-Rh),? hollow (hcp 1.36 Dacapo

dReference 6.
®The (C-Rh) distance is defined as the difference betweenzthe ®The (C-Rh) distance is defined as the difference betweenzthe
coordinate of the C atom and an average ofzkbeordinates of the  coordinate of the C atom and an average ofzkeordinates of the

Rh atoms directly involved in the C-Rh bond. Rh atoms directly involved in the C-Rh bond.

The small energy differences between differently ad- o
sorbed molecules indicate a very flat potential-energy surfacgalculated value for the buckling is somewhat too large when
(PES for CO molecules on the Rh11) surface, a fact which compared to experiment.
is verified experimentall}’ In this HRCLS experiment it For the (2<2)-1CO system there are no data available
was found that the occupation of different sites depends ofPr comparison but our calculations show that there are only
the temperature in a reversible way. This effect is particularlyminor changes in the relevant bond distances as compared to
strong at molecular coverages around 0.5 ML. For coverageiie (v3X y/3)R30° geometry. The (& 2)-1CO geometry is
from ~0.4 to ~0.56 ML an increase of the temperatures summarized in Table IV. Now the C atom sits 1.88 A above
results in adecreaseof the CO molecules occupying on-top the rhodium atom and the CO bond distance is 1.16 A. The
sites whereas for higher coverages an increase of the terbuckling does not change much and is her@.19 A. Even
perature from 100 to 300 K results in amcreasedon-top  if there are no available geometrical data for this system,
occupation. This indicates that the adsorption energy differHRCLS measurements indirectly indicate that the buckling
ence for different adsorption sites, even at low coverages, anghich is present in the (3% 3)R30° geometry also re-
in the range of the thermal energy, i.e. the PES is rather mains for the (2% 2)-1CO system. The chemical shift of the
flat. The flatness of the PES and the implications of this willRh 3d level for the Rh atoms directly below the CO mol-
be further discussed in connection with the chemical shifts irecules is very similar for these two overlayers, which indi-
Sec. Il B. We now discuss each of the calculated geometriesates similar bucklings, as will be further discussed in Sec.
in more detail concentrating first on the geometry for thelll B.
on-top adsorption structures. This resemblance between the 0.25- and 0.33-ML cases

We start by discussing the/8x /3)R30° overlayer since implies that the adsorbed molecules do not influence each
this is the one which has been determined experimeritallyother to any great extent in these low coverage structures.
This unit cell is depicted in Fig. 2. The full results for this This fact has also been verified in a recent high-resolution
geometry can be seen in Table Ill. According to our calcula€lectron energy-loss specttHREELS experimerf® where
tions the C atom sits 1.86 A above the rhodium atom and th& was found that below approximately a coverage of 0.5 ML,
CO bond length is 1.15 A in this overlayer. Further, we pre-the CO molecules interact only due to dynamic dipole-dipole
dict that the CO molecules induce a rather large outwardouplings. For higher coverages, this study showed the exis-
buckling of the Rh atom directly under it. We calculate atence of also a chemical part of the interaction, i.e., an over-
value of 0.21 A. This buckling could be compared with thelap of the molecular wave functions. We therefore expect a
calculations for a 0.25 ML of CO on a RtD0) surface by larger influence of the surrounding molecules as we go to the
Eichler et al1® They predict a value of 0.13 A using similar high coverage limit.
computational tools as the present calculations. We can also For the case of adsorption in hollow and bridge sites, the
compare our calculated values directly to available LEEDC-O bond length is calculated to 1.19 A in ax2) unit cell.
data® The calculated and experimental values for the Rh-CAlso in these adsorption situations rather large bucklings oc-
and the C-O bond lengths are seen to agree well while theur in the surface layer. In bridge adsorption there are two Rh
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TABLE V. Optimum geometrical parameters for theX2)-3CO/Rh(111) systert0.75 ML).
An explanation to the distances are given in Fig. 3.

Distance Calculated valud) Experimental value Code
() 1.18 1.1721.18° fhiodmd
1.18 Dacapo
Cor-O 1.14 1.1621.15° fhio8md
1.15 Dacapo
(C3=Rh), € 1.48 1.490.05,%1.47+0.04° fhiogsmd
1.45¢ Dacapo
1.43° Dacapo
Cor-Rh 1.87 fhiodmd
1.86 Dacapo
0-0 0.35 0.38:0.07,%0.33+0.07° fhioa8md
0.41¢ Dacapo
0.43¢ Dacapo
Ady, +3.8% +3%2 fhi9g8md
Adys +0.0% 0.0%° fhi9g8md

®Reference 8.

PReference 6.

“The (C-Rh) distance is defined as the difference betweerztbeordinate of the C atom and an
average of the coordinates of the Rh atoms directly involved in the C-Rh bond.

Yhep three fold hollow.

ffcc three fold hollow.

atoms directly involved in the bonding to the CO moleculeling of the rhodium surface layer. Instead the surface relax-
and in hollow adsorption there are three such atoms, as caation of rhodium is affected. In the clean surface case the
be seen in Fig. 2. In Tables Ill and IV the (C-Bhjistance outermost layer relaxes inwards, however, for the (2
refers to the difference between thecoordinate for the C X 2)-3CO overlayer the top layer of the metal instead relaxes
atom and an average of tlrecoordinates of these directly outwards.

involved Rh atoms. In hollow adsorption we get a value of Our calculations agree with the experimental finding of an
1.36 A for the (C-Rh) distance in the (X 2) unit cell while  outwards relaxation of the first Rh layer. We calculate a value
the corresponding value for bridge adsorption is 1.48 Aof +3.8% which is slightly larger than measured. For the

These bond lengths are not changed much in 8 ( second layer the relaxation is negligible as also indicated by
><\/§)R30° geometry and the full results can be seen inexperimen We determine the on-top molecule to now sit

Tables IV and IlI. Finally, we find small lateral movements 1.87 A above its rhodium atom and the C-O bond length has
(of the order of 0.01 A of Rh atoms away from the CO decreased to 1.14 A. For the threefold hollow adsorbed mol-
molecules, except for the\Bx 3)R30° structure where ecules the (C-RRdistance is calculated to 1.48 A and here

such movements are not allowed by symmetry. the C-O bond length is 1.18 A. For the threefold molecules
the calculated (C-RRh)value correspond to a C-Rh bond
3. High coverage limit length of 2.15 A. These geometrical parameters agree very

. . . well with recent SXRD(Ref. 8 and LEED(Ref. 6 measure-
In the high coverage limit we examined theX2)-3CO ments. The full geometry is given in Table V.

structure, which has one of its three CO molecules in an
on-top position and the remaining two in the fcc and hcp
three fold hollow positions. In the ultrasoft pseudopotential

. . TABLE VI. Rh 3d core-level shifts for the clean surface.
calculations we allowed these two hollow position molecules

to relax independently. The results from this relaxation show, Supercell Calculated Experimental
that the bond differences are very small due to the fact that value (eV) value (eV)
the local surroundings are very similar for the two hollow
sites. Therefore we have chosen to treat them as identicé?x2) —-0.50 —0.502
when optimizing the geometry in the normconserving calcu{+/3x y3)R30° -0.52 —0.50?
lations. (v/3x \/3)R30° without —0.46

There has been some controversy during the last ten yeagsrface relaxation
whether this (22)-3CO structure is the correct one but ong jayer (/3 \3)R30° +0.01
recent core-level photoemission measuremEntiEED 34 layer (y3x y3)R30° 0.00

analysis® and surface x-ray experimefitall agree that this
structure indeed is correct. There is no or very small buck?Reference 10.
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TABLE VII. CO induced Rh 3 shifts.

2D supercell Atom Calculated value Experimental value  Code
(ev) (ev)?
(2% 2)-1CO:
Rhot 0.29 0.27 fhiosmd
Rhot without buckling 0.49 fhi98md
(V3% \/3)R30°-1CO:
Rhot 0.24 0.27 fhiosmd
Rhein -0.52 —-0.50 fhiosmd
(2% 2)-3CO:
Rhor 0.26 0.24 fhiogsmd
Rhot without surface relaxation 0.30 fhi98md
Rhse -0.22 -0.16 fhio8md
aReference 10.
B. Chemical shifts A number of previous calculations are available of the

Following the experimental practice we give all shifts asSCLS Of clean Rfill. Feibelman using an LCAO
changes in binding energies,). The shifts in Rh @ approach® calculated a value of 0.6 eV in the initial-state
binding energy we refer to the bulk, i.e. approximation. Later Anderseet al'* employing an LDA

based full potential LMTO method and using ax(2) unit
Ag= — (lSurfacel ((Bulk)y (100  cell for the ionized atoms calculated values-00.42 eV and
—0.54 eV for surfaces with first interlayer contractions of
The bulk value of the 8 level is obtained by ionizing a —2.5% and 0%, respectively. Recently, Ganduglia-Pirovano
rhodium atom in the middle of the slab. Depending onet al*’ using the LAPW method, GGA and ax2 supercell
whether we use a symmetric or a dipole corrected slab webtained—0.46 eV in excellent agreement with our corre-
obtain values for the bulk binding energy which differ sponding all-electron result, and also with our plane-wave
slightly, of the order of 50 meV. To improve consistency weresults when a core correction 6f0.03 eV is applied. The
therefore use the same type of sl@dymmetric or dipole small differences between the present results and those of
corrected for both the shifted and the reference bulk coreRef. 14 are most probably caused by slight differences in the
level. geometry, that is, of the interlayer distances in the surface.
In the case of shifts of thesllevel of the carbon atom in  \when calculating the SCLS using a/jx \/§)R30° super-
CO molecules due to different geometrical configurationsce|l without any relaxation we obtain a value ©f0.46 eV
the context will show to what reference system the shiftsyhich may be compared to a value 60.52 eV for the fully
refer. Our calculated shifts are given in Tables VI-X. Werelaxed geometry. Thus small changes of the order of 1% in
have not performed estimates of possible core corrections e interlayer distances induce changes of the calculated
all the results given below. Our test discussed in Sec. Il GSCLS of the order of 60 meV, i.e., of a magnitude compa-
indicates corrections of the order 0.04 eV for the Rh 3d |EVE|fab|e to the differences among the values calculated in dif-
and even smaller corrections for G.1 ferent studies. In this connection it may also be noted that
experimentally observed changes of the SCLS of the
1. Clean surface
For the clean surface the SCLS was calculated using a TABLE VIl Calculated C Is shifts in the low coverage sys-
(2% 2) surface unit cell for the ionized Rh atoms. We Ob_tem_s_. Allnshlfts are relative to the level of the C a_ltom in an on-top
tained a value of-0.50 eV which agrees very well with posmon_ln the (22)-1CO system. All calculations have been
. 0 . . made with the Dacapo code.
experiment® The corresponding value when using d3(

% /3)R30° surface unit cell is-0.52 eV. The close resem- Core ionized PP 741
blance between the ¢22) and (/3% 3)R30° values (eVv) approx.(eV)
shows that the two-dimensiondRD) supercell is large

enough for interactions between core holes in different cell§2x2)-1CO:

to play only a minor role. This short screening length of Rhon-top 0.00 0.00
metal also manifests itself in the core-level binding-energyhollow —-0.68 —0.44
shift of the second atomic layer of the @41 surface. Us-  bridge -0.53 -0.37
ing a (V3% y3)R30° supercell we calculate a value for this (/3x \3)R30°-1CO:

shift of 0.01 eV, i.e., to within 10 meV the Rhd3evel of the  on-top —-0.01 -0.01
second layer is identical to the level of bulk Rh. As can benollow —0.69 —0.46
seen in Fig. 4 the SCLS of clean RA1) arises almost en-  prigge —052 —037

tirely from the initial-state shift in core eigenvalue.
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TABLE IX. C 1s shifts in the high coverage limit.

Calculated value Z1 Experimental value Code

(eV) (eV)
On-top—three fold hollow —-0.73 —0.53 —0.65,20.70° fhi98md
On-top—three fold hollow —0.56 -0.32 dacapo
On-top (2x2)-1CO-on-top -0.02 —0.07%3—0.05° fhi98md
On-top (2x2)-1CO-on-top -0.09 -0.14 dacapo

8Reference 10.
bReference 18.

Rh(100) with temperature were interpreted as caused by aequivalent Rh atoms in the surface layer. We denote the Rh
expansion of the first interlayer distance with increasingatom directly under the CO molecule by Rhand the other
temperaturé® Rh atoms in the surface unit cell by Bh(see Fig. 2.

The reason why the core-level binding-energy shifts may When optimizing the geometry for on-top adsorption at
be quite sensitive to the interlayer distance in particular or taow coverage we found a rather large buckling of the surface
any geometrical parameter in general is illustrated in Fig. Slayer of the metal. As in the clean-surface case we find that
This figure shows schematically the potential energy variathe core energies depend on the local geometry quite
tion with a geometrical parametée.g., the interlayer dis- strongly, and the buckling is crucial for obtaining the correct
tance of the initial and the final state atom. In general, theseCO induced SCLS for Rfy. We see in Table VII that the
two potential-energy curves will not have their minima at theCO-induced shifts with buckling agree rather well with ex-
same value of the geometrical parameter. As photoemissiogeriment for both (X 2)-1CO andy/3x \/3)R30°. Without
is a vertical process in configuration space, ionization of arhyckling we find a CO induced shift of 0.49 eV for the 3h
atom in the initial-state equilibrium position will in general 3q |evel in the (2<2)-1CO system. When the surface is
lead to a final state which is far from geometrical equilib- gjjowed to deform, the shift reduces by 0.20-0.29 eV in
I’ium. Thus the ﬁnal'state atom W|” end Up on a quite SteeRﬂose agreement W|th the experimenta| Va|ue OZ?OW_
part of the potential-energy curve whereby any small changgnough this change in the shift is much larger than in the
of the geometry will cause a large change of the final-statg|ean surface case, we should keep in mind that the distances
total energy. As the same change of geometry only induces ijayolved in the buckling are substantially larger than the dis-
small change of the initial-state total energy the resultingiances involved in the relaxation of the clean surface.
effect will be a large core-level binding-energy shift. Asimi- | the case of the clean surface, we found that the Rh core
lar line of reasoning suggests to use the additional informaghift was dominated by changes in the initial-state Hartree
tion given by the experimental value of the core-level shiftspotential. In Fig. 4 we see that the CO-induced shift of the
as a means to reduce the uncertainty of the geometrical StrURh,; atom has exactly the opposite behavior and originates
ture determination. As illustrated in Fig. 5, small numerical 3jmost entirely from changes in relaxation.
instabilities(E1 in Fig. 5 may result in comparatively large The Rhy, atoms have local surroundings very similar to
uncertainties of the geometrical parameters for the initiaknose of surface atoms on a clean surface and one would
state as the potential-energy curves are rather flat close to thgerefore expect these atoms to have a core-level binding
minimum. In the final state, this uncertainty in geometricalenergy similar to the clean surface value. This expectation is
parameters will, however, often result in energy differencesqnfirmed for the (3% \3)R30° system where we calculate
(E2 in Fig. 9 considerably larger than the numerical accu-, 34 shift of the R, atoms which is equal to the SCLS of
racy. the clean surface to within the computational accuracy.

o In summary we find a quite satisfying agreement between
2. Low coverage limit theoretical and measured Rh core shifts for the (2

We now turn to the systems at low coverages, namely thex2)-1CO and\/3x \3)R30° systems, but only if the cor-
(2x2)-1CO and {/3x\3)R30°-systems(cf. Fig. 2. At  rect geometrical parameters are used. On the basis of this
these coverages only on-top adsorption has been clearfyood agreement we believe that the rather large buckling
identified experimentally, and we begin our discussion withobtained here is a genuine effect. In thé8(x \/3)R30° sys-
this case. With CO adsorbed on top there will be two in-tem we obtain a Ry shift of 0.24 eV which is slightly

TABLE X. O 1s shifts.

Calculated value Experimental value Code
(eV) (eV)
On-top—threefold hollow in (X2)-3CO 1.44 1.60 fhi98md
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Ae that the CO induced core-level binding-energy shifts of the
V) B roonin Rh 3d level to a very good approximation are determined by
1 [[] ital state contribution the local geometry. The good agreement is obtained with the
computed rather than the experimental buckling. In the case
of the 3% \3)R30° system this casts some doubt on the
value derived from LEED measurements.

We next turn to the C 4 binding-energy shifts at low
coverage. In addition to the experimentally observed on-top
adsorption site, we have also performed calculations for hy-
pothetical bridge and threefold-hollow adsorption sites in the
(2x2)-1CO and (/3% \3)R30° systems. Our results are
given in Table 1X. For the on-top adsorption we find a small
-05T L] C 1s shift towards lower binding energy when going from
+ the (2x2)-1CO to the (/3x3)R30° system. A similar
1 shift is observed experimentaft§,however, we would con-
sider this agreement somewhat fortuitous as the shift is defi-
nitely below the computational accuracy in particular as dif-
ferent supercells are used in the two calculations. The shifts
resulting from changing the adsorption site are on the other
hand quite large. Moving the CO molecules to a threefold-
hollow site results in a lowering of the Csbinding energy
from the on-top value by about 0.7 eV for both the (2
X 2)-1CO and the (3% \/3)R30° overlayer. An on-top to
smaller than the corresponding shift in thex(2)-1CO sys-  threefold-hollow C & shift of this magnitude is expected
tem (0.29 eV}, whereas experimelitgives the same value from measuremert&8on the (2<2)-3CO structure where
(0.27 eV for both. This deviation could possibly be an arti- hoth adsorption sites are occupied. As will be discussed later,
fact of too small surface a unit cell for the ionized/3  calculations for the (X2)-3CO structure also lead to a
X \/3)R30° system, although our other results suggest a vergimilar C 1s shift. Shifting the adsorption site from on-top to
short screening length for core holes in Rh. Finally, the com4bridge also induces a quite large lowering of the €hind-
putational result that the Ry atoms have a @ binding en-  ing energy of about 0.5 eV. In a recent experimental study,
ergy very close to that of the clean surface Rh atoms als@medhet al® identified a C 1s component with a binding
agrees with experimefftwhich could not resolve anyd  energy about 0.5 eV below the on-top component and tenta-
shift away from the clean surface position of thecRlatoms  tively assigned this component to emission from CO mol-
in the (2x2)-1CO and the (3% \3)R30° structures. The ecules in bridge sites. Even though the present calculations
results for the low coverage structures demonstrate clearlgre not performed at the coverages where the bridge compo-

=] Final state contribution

IHITHTA

(/77777777

Rh Cln Surf. CO induced Rh C ontop - C 3F

FIG. 4. Initial- and final-state decomposition of the chemical
shifts for the Rh 8l level for the clean Rh surfacgeft) and the
(2% 2)-1CO system(middle), and for the C % level for the (2
X 2)-3CO systentright).
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nent is found experimentally we still believe that the calcu- In the systems discussed previously we found a rather
lated C Is shifts for a hypothetical bridge site in the (2 strong dependence of the core-level shifts on the local geom-
x2)-1CO and (/3% 3)R30° structures provide strong etry. We have not made a complete investigation of these
support for the interpretation of Smeahal. as we in gen-  effects at high coverages. However, in order to get an im-
eral find the C 3 binding energy shifts to be dominated by Préssion of the magnitude of the geometry dependence we
the coordination to Rh atoms whereas the existence ofalculated the 8 shift of the Rkyy atom for values of the
nearby CO molecules has only a minor influence. first interlayer spacingl,, corresponding_to both the _opti-
These results for the Cslbinding-energy shifts nicely MUM expansions of3.8% as well as using the bulk inter-

illustrate the previously discussed usefulness of inclusion Oﬁgzegzt;gcir:ﬁ‘tﬂéfzi%%(g)e’i;(\?vilsrig)a]siosrer:)? tﬁ)ép:p:lisrir?l;]m
th -level binding- hift dditional inf ti T i :
© core-ieve’ binding-energy shitts as additiona, information eometry yields a Rby shift of +0.26 eV, that is, a weaker

in a DFT based determination of the geometry. As mentione ! .
. . . . dependence on the first layer relaxation than found for the
earlier, the CO adsorption site cannot be unambiguously de- . ; : — )
lean surface in a previous section. The binding-energy shifts

termined for the present adsorption system due to the sm iven below are all obtained for the optimum geometry ob-
energy differences between adsorption in the high-symmetry,; - 4 by thi98md as given in Table V

sites(see Sec llIB L In goqtrast to the adsorption energies, The calculated CO inducedd3shifts are presented in
the C Is core-level binding energy, however, dependstapie viI. Experimentally these shifts are difficult to deter-
strongly on the adsorption site and comparison to the experiyine with high precision as the shifts are of similar magni-
mental C & binding-energy shifts unambiguously leads to,de as the Rh @ line width thus making the Rh spec-
identification of an on-top site in the low coverage (2 trum rather broad and featureless. However, experimental
% 2)-1CO and /3% /3)R30° structures. The quite flat PES values of about-0.24 and—0.16 eV have been reportéd

for the initial-state CO molecule mentioned earlier in com-for the Rhyt and Rl atoms, respectively, which also agree
bination with the large calculated Csishifts, indicates a with more recent measuremefitsat higher energy resolu-
strongly corrugated PES for the final state €idnized mol-  tion. These experimental values are seen to be in good agree-
ecule. In aZ+1 approximation perspective this implies a ment with the calculated values.

favoring of threefold-hollow adsorption for the NO/RH.1) The Ry shift for the (2<2)-3CO structure is very simi-
system. However, as can be seen in Table VIII, fhe1  lar to that found for the low coverage structures. This may
gives only qualitative results in the present case. ThesC 1S€em surprising as the buckling of the first Rh layer, which
core level is also not a very good candidate for this kind ofhad a major influence on the Bhshift for these low cover-
approximation. Owing to the absence of core statgssyfm-  age structures, disappears almost entirely in the (2
metry, thep-wave part of the valence-electron orbitals pen-><2)-3CO structure. However, the increase of the shift ex-
etrates into the core region. Inside the core region, an ionizeBected from this disappearance of the buckling is counter-
C atom adl a N atom are of course quite different. It is thus acted by a decrease of the shift induced by the outward re-
not surprising that the equivalent core approximation is inJaxation of the entire first Rh Iayer and by the addition of the
accurate in this case. The absence sfates in the core also COsr molecules in the (X2)-3CO structure. By calculating
makes the pseudopotential approximation somewhat que#?e Rlpr shift for a number of hypothetical intermediate ge-
tionable. In order to verify the validity of our approximations ometries we found that the reductions caused by these two
we have also calculated shifts and correspondingl re-  effects are of approximately equal magnitudeQ.15 eV).

sults using the LAPW method. The agreement between the The ordering of the CO induced Bhand Rhg shifts is

all-electron and pseudopotential results are within 50 meV. expected from arguments based on fhel approximation.
The adsorbate induced shift relative to the clean surface
value is related to the difference in adsorption energy on the
Z and theZ+1 metal, see, e.g., Ref. 50 and references
Neglecting the difference between fcc and hcp sites, theréherein. As there are only small CO adsorption energy differ-
are two types of CO molecules in theX2)-3CO structure, ences among the on-top and the threefold-hollow sites on
on-top and threefold-hollow, which we designate @nd  Rh(111) and as the preferred adsorption site of CO on the
COsg, asindicated in Fig. 2. As in the low coverage case, th&z+1 equivalent of Rh, Pd, is threefold-hollow and not
unit cell in the high coverage limit contains two inequivalent on-top®'~>3indicating a lower CO adsorption energy in the
types of Rh atoms in the surface layer when the differencen-top site on Pd, the CO induced shift of theqRIshould
between the threefold-hollow adsorbed CO molecules is nebe the larger one.
glected. One type of Rh sits directly below an on-top CO Concerning the C 4 level we calculate that the binding
molecule and the other type bonds to two CO molecules irenergy of the C@; molecule is 0.7 eV higher than that of
threefold-hollow sites. As illustrated in Fig. 2, we use thethe CQ molecule. The shift is decomposed into initial- and
designation Rpr and Rhy for these two types of Rh atoms. final-state contributions in Fig. 4, and we see that the two
From the difference in the local geometry we expect differentcontributions are of about equal importance. The calculated
CO induced shifts of the Rj} and Rk atoms as well as shift is in good agreement with an experimental value of 0.65
different C (and O 1s binding energies of the G§ and eV In a more recent experimental stdfit higher resolu-
COr molecules. This is also what has been foundtion, a value of 0.70 eV was reported. This value, however,
experimentally® refers to the difference between the vibrationally adiabatic

3. High coverage limit

045402-12



DENSITY-FUNCTIONAL THEORY APPLIED TO . .. PHYSICAL REVIEW B57, 045402 (2003

peaks and is therefore not directly comparable to the pregetal energy the results compare favorably with experimental
ently calculated value which refers to a vertical transition.values in the cases where such exist, i.e., for the clean sur-
Correcting the experimental value by use of the experimentdace, for the (/3% \3)R30°-1CO, and the (X2)-3CO
vibrational splittings and intensity distributions one arrives atoverlayers. Deviations from the experimental values are in
an experimental value of 0.65 eV for the vertical energy inall cases smaller than the quoted experimental uncertainties
perfect agreement with the previously obtained experimenta@xcept for the CO induced buckling of the outermost Rh
value® Finally we also calculated the Osbinding-energy  layer in the (/3% 3)R30°-1CO system. For this system,
shifts of the CQr and CQr molecules and obtained a value the DFT calculations predict a larger corrugation than found
of 1.45 eV again with the on-top molecule having the largerexperimentally. However, the deviation from the experimen-
1s binding energy. Also this value is in good agreement witd@l value is below 0.15 A to be compared to an estimated
an experimental value of 1.6 eV*° experimental uncertainty of 0.06 A. A substantial CO in-

Assuming a rather uncorrugated PES for the initial statdiuced buckling is also predicted for thex2)-1CO system
CO molecules this ordering of the G binding energies and where no experimental determination has been performed of

. . . he geometrical structure. Finally, the DFT calculations turn
the large shift, as discussed earlier, demonstrates a strorf\)%t to be inconclusive when it comes to determining the

tendency of adsorbed NO to occupy threefold-hollow as op- dsorption sites of the CO molecules. For the/3(

osed to on-top sites in agreement with experimentaf
Endings?“ P g P X \/3)R30° and the (X 2)-1CO structures we find indica-

Finally, we may compare the Csbinding energies of the tions of_a very flat p_otential energy surface with _only small
on-top molecules in the low coverage X2)-1CO and the adsorption energy differences for CO molecules in the high-
present high coverage §2)-3CO structures. Even though syr_nrhmetry S|tles. | bindi hift found to b I
there is some difference in the results obtained by the two € core-level binding-energy Shitts are found fo be we
computational methodéee Table IX we still find that the described by the calculations. This applies to the shifts of the

calculations reproduce the experimental findings of a small @ubstrate levels as well as o the shifts of the Cldvel of
1s binding energy decrease by TRef. 10 or 50 meV(Ref. the CO adsorbates. The obtained level of agreement between

18) from the (2x 2)-1CO to the (X 2)-3CO overlayer. experimental and calculated core-level binding—energy shifts,
From the small magnitude of the G@shift between the however, demar_1ds th_at the correct geometrlcal_ parameters
(2x2)-1CO and the (X2)-3CO structures and similar are used, e.g., inclusion of the first layer bucklings in the
small shifts observed in CO-O or K co-adsorption (2x2)-1CO and (3% J3)R30°-1CO overlayers was es-
system®58it has been argued that the C 1s binding energfem'al' Spec_lflcally, the calculated CO induced shifts of the
provides a good fingerprint of the adsorption site in pure andi" _3d binding energy for the (&2)-1CO and (3 _
co-adsorbed CO overlayers as it is rather insensitive to the V3)R30° structures were found to be incompatible with
presence of nearby adsorbed molecules/atoms. Of course, tHte experimental value if no rumpling of the Rh layer was
COy; shift between the two (2 2) structures contains two mcluded. This fac'g provides addltlonal suppprt to the afore-
parts, one related to the change in number of neighboring cdnentioned prediction of a substantial buckllng also for the
molecules and one related to the changes in the Rh geometi2 < 2)-1CO overlayer. In case of the G binding energy
i.e., the rumpling and the first interlayer distance and theVe find large differences between CO adsorbed in different
observed small total shift could priori be a result of two ~ Sites. Thus calculations of the G binding energy allow us
large but canceling partial shifts. In order to isolate the coni0 Predict the adsorption sites even for the overlayers where
tribution caused by the addition of two CO molecules perth® CO adsorption energies are almost degenerate for the
unit cell we performed calculations for a geometrically con-different adsorption sites. The present calculations also pro-
strained (2<2)-1CO overlayer formed by simply removing Vide support to a recent claffhthat bridge bonded CO exists
the threefold-hollow CO molecules from a ¥2)-3CO  ©ON Rh(111) at mtermedrqte coverages. Finally, the_ calcula-
overlayer. These yielded a G@ binding energy 70 meV tions allow us to examine more qlosely the detall_s of the
higher than that of the (22)-3CO structure demonstrating corejlevel shifts by making caIcuIaupns for hypothetlcallgeo—
that, although some cancellation occurs between the CO afgetrically constrained systems. This for instance confirmed
the Rh related parts of the total shift, the influence of addingh® €xperimental finding that the Cslbinding energy is

two additional CO molecules per ¢2) unit cell on the mainly determined by the adsorption site whereas the exis-
COo; C 1s binding energy is quite small. tence of nearby adsorbed CO molecules has only minor in-

fluence. Finally a number of explicit examples were given of

decompositions of the calculated core level binding-energy
IV. CONCLUSIONS shifts into initial- and final-state contributions. These ex-
g1mples clearly show that a large variation exists in the rela-
fjve importance of initial- and final-state effects, exemplify-
ing the dangers of interpreting core-level binding-energy
es_hifts in a simple initial-state framework.

The present paper describes the use of density-function
theory based calculations for determining geometries an
core-level binding energies in CO on @A1) adsorption
systems. A brief discussion is also given of some issues r
lated to the interpretation of DFT and HF energy eigenvalues
and of problems related to the nontransferability of total en-
ergies in pseudopotential schemes. This work has been financially supported by the Swedish

Concerning the geometry obtained by minimization of theNatural Science Research Council.
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