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Significance of single-electron energies for the description of CO on Btll)
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Semilocal density functionals predict that the stable adsorption site of carbon moi¢en P{111) is
the hollow fcc site, in disagreement with experimental studies which indicate that CO adsorbs on the top site
at low coverage. This site preference depends on a subtle balance between the interaction of the lowest
unoccupied molecular orbitdLUMO) and highest occupied molecular orbitel OMO) with the metal sub-
strate. Local and semilocal functionals seem to overestimate the interaction of the LUMO with the metal
substrate, in turn favoring the wrong site. It is argued that this error is related to the “gap” problem of present
density functionals and might be cured by functionals that increase the HOMO-LUMO separation.
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Adsorption of carbon monoxide on metal surfaces is aderstand why present density functionals fail to predict the
prototypical system in surface science, with studies datingorrect adsorption site. Furthermore, one needs to know
back at least 30 years. The(Ptl) substrate has recently when similar failures might occur in order to be alerted of
attracted attention, as present density functionals seem fgture pitfalls. In this Brief Report these two points are ad-
predict the wrong stable adsorption éitéxperiments indi- dressed. Additionally, possible solutions to the problem are
cate that CO adsorbs on the top site on thélR1) substrate  Pointed out.
at low coverage. The most important experimental data are The calculations presented here were performed with the

the high CO stretch frequency (2100 chy observed for ~Viennaab initio Simulation Packagévasp),” using plane
CO on P(l]_l) at low Coveragé;s and diffuse |Ow-energy waves and the PAW method. The PAW method is a frozen

electron diffraction dati.Furthermore, in a recent scanning core method which uses the exact valence-wave functions
tunneling microscopy study of CO on a Pt-Co surface alloyinstead of pseudowave functioh&eneralized gradient cor-
CO molecules were observed exclusively on top of Pfections(GGC) of Perdew and WangPW91)° were utilized
atoms® The theoretical studies, however, yield a differentthroughout this work. Tests with the PBE-GGRef. 10
result. A recent investigation applying large clusters and loyielded within 1 meV identical energy differences between
cal orbitals indicates that the hollow site is preferred over thdlifferent adsorption sites. We restrict the study to 5 layer
top site for sufficiently large clusters and semilocal densitythick slabs at the theoretical lattice constant of Pt with a
functionals® Another comprehensive study applying slabsperiodicity of y3x /3 and 6x 6 k points. CO was adsorbed
and three different plane wave based approaches showed @8 one side of the slab, and the two topmost layers and the
well that CO prefers the hollow siteTwo of the density CO molecule were allowed to relax. Most of the trend stud-
functional codes were based on ultrasoft pseudopotentialés were however performed with the slab fixed at the posi-
and the projector augmented-wa(RAW) method, whereas tions determined for the clean relaxed substrate.
the third one used the linearized augmented plane-wave Figure 1 shows the orbital resolved electronic density of
method(LAPW). All three programs have been applied to astates(DOS) for the clean Rt11) surface layer and for the
vast number of adsorption problems before, are mature an@O covered RiL11) surface. The commonly accepted picture
highly reliable(at least within the boundaries established byfor CO adsorption on a transition metal surface is the Bly-
DFT), and, additionally, the authors of the aforementionedholder modef;' but it lacks some important subtleties one
study have done careful tests to obtain technically convergefieeds to take into accoufsiee Refs. 12—14For CO adsorp-
results. The conjecture is clear and not particularlytion at the top site, the non bondingr8CO HOMO hybrid-
“friendly”: the present local and semilocal density function- izes with thed,> states and shifts to lower energies. The
als predict the wrong adsorption site for CO oifl®), and  states broaden significantf$hin broken line, Fig. db)] and
they do so by at least 100 meV. A point worthwhile mention-split into a 5r-d, bonding contribution below the Fermi
ing is that—although all codes agreed on the hollow site tdevel and %-d,2 antibonding contributions located mostly
be more stable—the energy difference between the hollovabove the Fermi level. Since two almost fully occupied states
and top site varied by almost 100 meV between the threénteract, the interaction would be only a Pauli-like repulsion,
plane wave codes, even though identical density functional§ the Pt-CO antibondingd,2-50 hybrid states were not
were used. pushed partly above the Fermi leVThe depletion of &
These results are a serious challenge for the prospects asthtes is in accordance with the common picture that the 5
future of density functional based calculations. If computa-orbital donates electrons to the substfat&he 1 orbital
tional ab initio modeling wants to be predictive, this defi- and the 2r* CO LUMO, on the other hand, interact witky,
ciency has to be addressed. As a first step, it is vital to unand d,, states. The interaction is fairly complicated, and
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TABLE I. Binding energy differencé E between adsorption of

WL T T T
1 LT 2 2
2r : : : o g";’:g:;y CO at the top and fcc site on(®1.1), heat of adsorption for the fcc
' ' [J— de site E¢,. and one-electron DFT HOMO-LUMO (&—2#*) gap
1.5F I : | T Egap Of the free relaxed CO for four different PAW potentials. The
I 1 . .. .
Iy : ry pseudopotential core radii of thewave functionsr. and the re-
] Yo , laxed CO bond lengthl are also specified.
(a) clean

re(@u) d(A) Egp(eV) AE (meV) Egg (eV)

PAW hard 11 1.134 7.01 105 1.67
PAW standard 15 1.142 6.91 126 1.72
PAW 1.7 1.162 6.71 180 1.83
PAW soft 185 1.180 6.48 243 191

top site, but since three Pt atoms interact with the CO mol-
ecule, the modifications of the DOS for a single substrate
atom are smaller. To access qualitatively the interaction
strength, it is useful to concentrate on the DOS on the CO.
The 50 orbital is now at higher energies, indicating a weaker
interaction withd states. This also follows from simple geo-
metrical and symmetry considerations, which indicate that
the 50 orbital interacts now mainly withd,, and dyz2, 2
states[small peak in the thin dotted line in Fig.(Q at
—6.5 eV]. Due to the increased Pt-C distari2el3 A com-
pared to 1.88 A the hybridization is weaker than for the
direct 50-d,2 interaction for atop adsorption. On the other

density of states/atom/orbital (arb. units)

0.51 hand, the I and 27* orbitals interact remarkably effec-
I\ N tively with the d,, and d,, states as corroborated by the
910 5 0 5 intensived . peak. Furthermore it is noted, that the antibond-

energy (€V) ing 27*-dy,/d,, hybrid orbital has moved to much higher
energies, so that one can conclude that the 2l,,/d,, in-

FIG. 1. Orbital resolved electronic density of stafBS) for  teraction is the dominant one for the CO adsorption at the
the top most clean Pt surface layer and for GD3 A above the  hollow site(the 27* contributions below the Fermi level are
substrate and adsorbed at ¢ top and(c) hollow sites. For CO, predominantly CO-metal bondiingThis leads to the first im-
the DOS is shown by thick lines shifted by 1.0 with respect to theportant conclusion. Both thecsmetald and the 27* -metal
abscissa. The DOS was smoothed by a Gaussian function with @ interactions are bonding, and donation from the Gbital
width of 0.2 eV. The Fermi level is located at 0 eV. to the substrate tends to drive the molecule towards the top

site, whereas the back-donation from the substrate to the
leads to three distinctive energy rangést low energies, a 2* orbital favors the hollow sites. This conjecture is sup-
1m-like orbital is still visible. Through the bonding interac- ported by the results presented below.
tion with the substrate the7 orbital is polarized towards the In a second step, four PAW potentials with different core
substrate, gaining intensity at the carbon atomr{Zontri-  radii were generated and the adsorption energy of the CO
bution). In the medium energy range betweed and 0 €V, molecule was calculated for each potential. The substrate
a nonbonding O lone pair orbital develoftermedd,).”®  was kept frozen in this case. The results are summarized in
Since this orbital is a hybrid of the unperturbed molecularTaple I. The energy difference between the adsorption at the
1 and 27* orbitals, its occupation involves a back dona-fcc and top site changes quite substantially, when the core
tion of electrons from the substrate to the originally emptyradius changes. We relate this to the change in the calculated
molecular 27* orbital. Finally, at higher energig8 eV) an ~ HOMO-LUMO gap of the free CO molecule also shown in
antibonding 27*-d,,/d,, hybrid orbital is visible. The inter- Table |. The one-electron gap decreases when the quality of
action with the Ir orbital, located below the metdlstates, the pseudopotential is reduced. This is partly a result of the
shifts thed,, and d,, states to higher energies, whereas in-increased bond length of the CO molecule, which reduces
teraction with the empty 2* orbital pushes them to lower the 17-2#7* splitting through a reduced laterphr interac-
energies. It is clearly visible in thd,,+d,, DOS that the tion. But roughly 50% of the decrease of the HOMO-LUMO
second effect is much strondefownshift of the full thinline  gap is related to lower pseudopotential quality: for the
from Fig. A@—(b)]. Since the I orbital remains addition- present PAW generation scheme, the*2orbital shifts to
ally fully occupied, the interaction with the 2 orbital lower energies at a fixed bond length, when the core radius
dominates over the interaction with theristate. increases. From the previous paragraph and from second or-

Turning now to the adsorption at the hollow site, it is first der perturbation theory, one would expect that a shift of the
noted that the interaction is generally similar to CO on the27* orbital to lower energies should enhance the bonding
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interaction between this orbital and tliestates, since the o3 & .
. . L . o GGA varyingr
interaction strength between two states is inverse propor- o GGALU °
tional to their energy separation. This is exactly what one 0.2 A LDA

0.1 ¢ 1PBE

observes. When the pseudopotential quality decreases, the
adsorption energy increases for all adsorption sites through
the downshift of the Z* orbital. But the effect is twice as

Etop-Efcc (eV)
=

strong for the fcc site, in accordance with the observation 0.1
that the 27* interaction is stronger for the fcc hollow site. 02
With regard to the core radius, the present results are in . | .
contrast to one recent stutfywhich we tend to relate to a 25 2 15
different behavior of extended normconserving potentials.
LUMO (eV)

For these potentials, the position of the LUMO probably
shifts in a different way with increasing pseudopotential core  F|G. 2. Energy difference between adsorption of CO at the top
radius. and hollow site on F111) verus the position of the LUMO of the
Within the PAW approximation an upper limit for the one free CO molecule with respect to the vacuum level. The LUMO
electron S-27* gap exists, which is obtained for a core was determined at a fixed bond lengthas£ 1.142 A. Squares in-
radius ofr.=1.1 a.u. A further improvement of the pseudo- dicate results obtained with the pseudopotentials specified in Table
potential quality changes neither the description of the CQ. Circles correspond to results with the GGAJ functional for
molecule nor the position of the eigenenergy of the*2 U=0.25, 0.5, 0.75, 1.0, and 1(See text LDA and RPBE results
orbital. Therefore, an energy difference of 105 meV is theare also shown. The correlation would remain qualitatively similar
most precise value one can determine using a frozen sulfbut with a larger scatter if the LUMO were calculated at the
strate and the PW91 functional. If substrate relaxation is inPosition of the relaxed free CO molecule.
cluded, the energy difference reduces to 90 meV, but the site
ordering remains incorrect. This value agrees well with reeV for U=0.75 eV, in better agreement with most experi-
ported calculation$ Additionally, testwise spin-orbit cou- ments[1.24 (Ref. 18-1.39 eV (Ref. 19]. The results for
pling was included, but it did not change the energy differ-different potentials and the GGAU calculations suggest
ence between adsorption sites. A slightly larger effect washat the position of the LUMO plays a key rule in determin-
observed when the RPBERef. 16 instead of the PW91 ing the site preference. An interesting point is that the energy
density functional was used. This functional generally favorsequired for transferringone electron from the & to the
low compared to high coordination sites, but at the expens@* orbitals is 7.3 eV in DFT, if spin polarization is ne-
of grossly underestimating surface energies. The RPBE fungylected(this excitation does not correspond to the triplet or
tional lowered the adsorption energy to 1.34 eV, but the holthe singlet transitioR® but is similar to the process on the
low site is still 30 meV more stable than the top site. surface. The single particle 5—27* gap is only 6.9 eV. A
In a final step, we have modified the DFT functional in ¢orrection of U=0.75 eV, yields a single particle gap in
order to shift the CO LUMO to even h|gher energieS. To thiSC|ose accordance W|th the Ca'cu|ated [79) 271-* DFT tran-
end, a GGA-U inspired method was applied with sition energy. We will come back to this point in the discus-
P sion. It is also noted, that calculations with the B3LYP
E Bt U S S (7= p7p) ) functionaf*— a functional, which adds a fraction of the ex-
GGATUT EGGAT o & & WP T PP act exchange to otherwise semi local density functionals—
give the correct site preferenén the light of the previous
Here Egga andEgga+u are the conventional and modified arguments, this is to be expected, since the B3LYP functional
density functionalsg is an index for the spin, angl” are the  also increases the HOMO-LUMO separatfon.
occupancies of the two LUMO orbitals for the up and down A few additional tests were performed for the present
spin. They are determined, by defining two projection operamodified functional. For higher CO coverage ofi1Ri), the
tors, which are 1 for the two LUMO orbitals of the free CO ¢(4x2)-2CO structure(one CO molecule ontop and the
molecule, and 0 for all other CO single particle states. It isother one at a bridge sjtés observed experimentaf{.For
emphasized, that this method leaves the DFT energies umur present setufPAW, five layer slabs the bridge-bridge
modified, if the occupancies;” are zero or one. Hence the configuration is almost degenerated with the top-bridge con-
bond length of the molecule and even excitation energies diguration, if no corrections are applied. Applying tblecor-
the isolated CO molecule remain entirely unchanged. Theection, the experimentally observed structure is clearly pre-
important result is that despite the unmodified ground-statelicted among the test structures considered in Ref. 1. For CO
structure and energetics, the adsorption energies change suwin Rh, DFT predicts the hcp site to be more stable than the
stantially. As shown in Fig. 2, the energy difference betweertop site?? in disagreement with the experimentally observed
the top and fcc site lies on a straight line, when displayedatop adsorption at low coverageAgain, even a modest
versus the position of the LUM@he correlation even holds of 0.5 eV yields the experimentally observed top site as
for the LDA and RPBE functionals Already for U stable adsorption site.
=0.5 eV a crossover from the hollow to the top site is ob- In summary, we have demonstrated that the strength of
served, and folU=0.75 eV the top site is favored by 60 the hybridization between the methstates and the2* CO
meV. The adsorption energy also decreases from 1.72 to 1.39JMO plays a key rule in determining the binding site. By
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applying a GGArU inspired method, the LUMO was energy of molecules for noninteger electron values correctly.
shifted to higher energies, which in turn decreased the inteffOr the exact DFT functional, the total energy as a function
action between the LUMO and the metal d states. In thi®f the number of electrons should be a set of straight
way, agreement with experiment for the site preference anﬁne segments connecting the energies for integer
the adsorption energy was obtained. Certainly the applieg

modification is an oversimplification, and less empirical ap-giaie5” with fractional orbital occupancies and mixed states
proaches such as B3LYP should be appfiedevertheless, re incorrectly favored by most DFT functionals. In other
we believe that even the simple approximation captures thgords, it is too easy to partially occupy or deplete states, or
essential physics. It is remarked, that a recent experimenta transfer the fraction of an electron from the HOMO to the
survey also came to the conclusion, that the interaction be-=UMO orbital. Therefore, the stability of states which corre-
tween the metal and then2 orbital is overestimated in spond to mixtures of single Slater determinants is overesti-
present DFT calculation$. Our arguments are also consis- mated. Self interaction corrected density functionals or the
tent with that of Grinberget al,'® who argued that DFT un- inclusion of a fraction of the Hartree-Fock exchange, men-
derestimates the cost for breaking one CO bond. An upshiffioned already above, can cure this problem.
of the one electron 2* orbital makes a partial charge trans- It is almost certain, that the discussed deficiency of the
fer from the 5r to the 27* orbital more difficult and there- local and semilocal DFT functionals for the description of
fore stabilizes the third CO bond. adsorption processes is not limited to the CO adsorption on
In view of these results, one might argue that the wrongmetal surfaces. On the contrary, similar problems must be
prediction of the adsorption site is related to the deficiency okxpected for all adsorption systems, where a tight competi-
present semilocal DFT functionals to describe the one eledtion between the donation of electrons from the molecular
tron gap correctly. The incorrect description of this propertyHOMO to the metal and backdonation of electrons from the
is related to the failure of present functionals to describe thenetal to the previously empty LUMO occurs.

ccupancie$®?® But local and semilocal DFT functionals
ften yield a curve lyingoelowthese line segments. Hence
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