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Significance of single-electron energies for the description of CO on Pt„111…
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Semilocal density functionals predict that the stable adsorption site of carbon monoxide~CO! on Pt~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 orbital~LUMO! and highest occupied molecular orbital~HOMO! 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
prototypical system in surface science, with studies da
back at least 30 years. The Pt~111! substrate has recentl
attracted attention, as present density functionals seem
predict the wrong stable adsorption site.1 Experiments indi-
cate that CO adsorbs on the top site on the Pt~111! substrate
at low coverage. The most important experimental data
the high CO stretch frequency (2100 cm21) observed for
CO on Pt~111! at low coverage,2,3 and diffuse low-energy
electron diffraction data.4 Furthermore, in a recent scannin
tunneling microscopy study of CO on a Pt-Co surface all
CO molecules were observed exclusively on top of
atoms.5 The theoretical studies, however, yield a differe
result. A recent investigation applying large clusters and
cal orbitals indicates that the hollow site is preferred over
top site for sufficiently large clusters and semilocal dens
functionals.6 Another comprehensive study applying sla
and three different plane wave based approaches showe
well that CO prefers the hollow site.1 Two of the density
functional codes were based on ultrasoft pseudopoten
and the projector augmented-wave~PAW! method, whereas
the third one used the linearized augmented plane-w
method~LAPW!. All three programs have been applied to
vast number of adsorption problems before, are mature
highly reliable~at least within the boundaries established
DFT!, and, additionally, the authors of the aforemention
study have done careful tests to obtain technically conver
results. The conjecture is clear and not particula
‘‘friendly’’: the present local and semilocal density function
als predict the wrong adsorption site for CO on Pt~111!, and
they do so by at least 100 meV. A point worthwhile mentio
ing is that—although all codes agreed on the hollow site
be more stable—the energy difference between the ho
and top site varied by almost 100 meV between the th
plane wave codes, even though identical density function
were used.

These results are a serious challenge for the prospects
future of density functional based calculations. If compu
tional ab initio modeling wants to be predictive, this defi
ciency has to be addressed. As a first step, it is vital to
0163-1829/2003/68~7!/073401~4!/$20.00 68 0734
a
g

to

re

,
t
t
-
e
y

as

ls

ve

nd

d
d

y

-
o
w
e
ls

nd
-

-

derstand why present density functionals fail to predict
correct adsorption site. Furthermore, one needs to kn
when similar failures might occur in order to be alerted
future pitfalls. In this Brief Report these two points are a
dressed. Additionally, possible solutions to the problem
pointed out.

The calculations presented here were performed with
Vienna ab initio Simulation Package~VASP!,7 using plane
waves and the PAW method. The PAW method is a froz
core method which uses the exact valence-wave funct
instead of pseudowave functions.8 Generalized gradient cor
rections~GGC! of Perdew and Wang~PW91!9 were utilized
throughout this work. Tests with the PBE-GGC~Ref. 10!
yielded within 1 meV identical energy differences betwe
different adsorption sites. We restrict the study to 5 lay
thick slabs at the theoretical lattice constant of Pt with
periodicity ofA33A3 and 636 k points. CO was adsorbe
on one side of the slab, and the two topmost layers and
CO molecule were allowed to relax. Most of the trend stu
ies were however performed with the slab fixed at the po
tions determined for the clean relaxed substrate.

Figure 1 shows the orbital resolved electronic density
states~DOS! for the clean Pt~111! surface layer and for the
CO covered Pt~111! surface. The commonly accepted pictu
for CO adsorption on a transition metal surface is the B
holder model,11 but it lacks some important subtleties on
needs to take into account~see Refs. 12–14!. For CO adsorp-
tion at the top site, the non bonding 5s CO HOMO hybrid-
izes with thedz2 states and shifts to lower energies. Thedz2

states broaden significantly@thin broken line, Fig. 1~b!# and
split into a 5s-dz2 bonding contribution below the Ferm
level and 5s-dz2 antibonding contributions located most
above the Fermi level. Since two almost fully occupied sta
interact, the interaction would be only a Pauli-like repulsio
if the Pt-CO antibondingdz2-5s hybrid states were no
pushed partly above the Fermi level.13 The depletion of 5s
states is in accordance with the common picture that thes
orbital donates electrons to the substrate.11 The 1p orbital
and the 2p* CO LUMO, on the other hand, interact withdyz
and dxz states. The interaction is fairly complicated, a
©2003 The American Physical Society01-1
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leads to three distinctive energy ranges.12 At low energies, a
1p-like orbital is still visible. Through the bonding interac
tion with the substrate the 1p orbital is polarized towards the
substrate, gaining intensity at the carbon atom (2p* contri-
bution!. In the medium energy range between25 and 0 eV,
a nonbonding O lone pair orbital develops~termeddp).12

Since this orbital is a hybrid of the unperturbed molecu
1p and 2p* orbitals, its occupation involves a back don
tion of electrons from the substrate to the originally emp
molecular 2p* orbital. Finally, at higher energies~3 eV! an
antibonding 2p* -dyz /dxz hybrid orbital is visible. The inter-
action with the 1p orbital, located below the metald states,
shifts thedyz and dxz states to higher energies, whereas
teraction with the empty 2p* orbital pushes them to lowe
energies. It is clearly visible in thedyz1dxz DOS that the
second effect is much stronger@downshift of the full thin line
from Fig. 1~a!–~b!#. Since the 1p orbital remains addition-
ally fully occupied, the interaction with the 2p* orbital
dominates over the interaction with the 1p state.

Turning now to the adsorption at the hollow site, it is fir
noted that the interaction is generally similar to CO on

FIG. 1. Orbital resolved electronic density of states~DOS! for
the top most clean Pt surface layer and for CO~a! 3 Å above the
substrate and adsorbed at the~b! top and~c! hollow sites. For CO,
the DOS is shown by thick lines shifted by 1.0 with respect to
abscissa. The DOS was smoothed by a Gaussian function w
width of 0.2 eV. The Fermi level is located at 0 eV.
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top site, but since three Pt atoms interact with the CO m
ecule, the modifications of the DOS for a single substr
atom are smaller. To access qualitatively the interact
strength, it is useful to concentrate on the DOS on the C
The 5s orbital is now at higher energies, indicating a weak
interaction withd states. This also follows from simple geo
metrical and symmetry considerations, which indicate t
the 5s orbital interacts now mainly withdxy and dx21y2

states@small peak in the thin dotted line in Fig. 1~c! at
26.5 eV]. Due to the increased Pt-C distance~2.13 Å com-
pared to 1.88 Å!, the hybridization is weaker than for th
direct 5s-dz2 interaction for atop adsorption. On the oth
hand, the 1p and 2p* orbitals interact remarkably effec
tively with the dyz and dxz states as corroborated by th
intensivedp peak. Furthermore it is noted, that the antibon
ing 2p* -dyz /dxz hybrid orbital has moved to much highe
energies, so that one can conclude that the 2p* -dyz /dxz in-
teraction is the dominant one for the CO adsorption at
hollow site~the 2p* contributions below the Fermi level ar
predominantly CO-metal bonding!. This leads to the first im-
portant conclusion. Both the 5s metald and the 2p* -metal
d interactions are bonding, and donation from the 5s orbital
to the substrate tends to drive the molecule towards the
site, whereas the back-donation from the substrate to
2p* orbital favors the hollow sites. This conjecture is su
ported by the results presented below.

In a second step, four PAW potentials with different co
radii were generated and the adsorption energy of the
molecule was calculated for each potential. The subst
was kept frozen in this case. The results are summarize
Table I. The energy difference between the adsorption at
fcc and top site changes quite substantially, when the c
radius changes. We relate this to the change in the calcul
HOMO-LUMO gap of the free CO molecule also shown
Table I. The one-electron gap decreases when the qualit
the pseudopotential is reduced. This is partly a result of
increased bond length of the CO molecule, which redu
the 1p-2p* splitting through a reduced lateralpp interac-
tion. But roughly 50% of the decrease of the HOMO-LUM
gap is related to lower pseudopotential quality: for t
present PAW generation scheme, the 2p* orbital shifts to
lower energies at a fixed bond length, when the core rad
increases. From the previous paragraph and from secon
der perturbation theory, one would expect that a shift of
2p* orbital to lower energies should enhance the bond

e
a

TABLE I. Binding energy differenceDE between adsorption o
CO at the top and fcc site on Pt~111!, heat of adsorption for the fcc
site Efcc and one-electron DFT HOMO-LUMO (5s22p* ) gap
Egap of the free relaxed CO for four different PAW potentials. Th
pseudopotential core radii of thep wave functionsr c and the re-
laxed CO bond lengthd are also specified.

r c ~a.u.! d(Å) Egap ~eV! DE ~meV! Efcc ~eV!

PAW hard 1.1 1.134 7.01 105 1.67
PAW standard 1.5 1.142 6.91 126 1.72
PAW 1.7 1.162 6.71 180 1.83
PAW soft 1.85 1.180 6.48 243 1.91
1-2
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interaction between this orbital and thed states, since the
interaction strength between two states is inverse pro
tional to their energy separation. This is exactly what o
observes. When the pseudopotential quality decreases
adsorption energy increases for all adsorption sites thro
the downshift of the 2p* orbital. But the effect is twice as
strong for the fcc site, in accordance with the observat
that the 2p* interaction is stronger for the fcc hollow site
With regard to the core radius, the present results are
contrast to one recent study,15 which we tend to relate to a
different behavior of extended normconserving potentia
For these potentials, the position of the LUMO probab
shifts in a different way with increasing pseudopotential c
radius.

Within the PAW approximation an upper limit for the on
electron 5s-2p* gap exists, which is obtained for a co
radius ofr c51.1 a.u. A further improvement of the pseud
potential quality changes neither the description of the
molecule nor the position of the eigenenergy of the 2p*
orbital. Therefore, an energy difference of 105 meV is
most precise value one can determine using a frozen
strate and the PW91 functional. If substrate relaxation is
cluded, the energy difference reduces to 90 meV, but the
ordering remains incorrect. This value agrees well with
ported calculations.1,15 Additionally, testwise spin-orbit cou
pling was included, but it did not change the energy diff
ence between adsorption sites. A slightly larger effect w
observed when the RPBE~Ref. 16! instead of the PW91
density functional was used. This functional generally fav
low compared to high coordination sites, but at the expe
of grossly underestimating surface energies. The RPBE fu
tional lowered the adsorption energy to 1.34 eV, but the h
low site is still 30 meV more stable than the top site.

In a final step, we have modified the DFT functional
order to shift the CO LUMO to even higher energies. To t
end, a GGA1U inspired method was applied with17

EGGA1U5EGGA1
U

2 (
s51

2

(
i 51

2

~r i
s2r i

sr i
s!. ~1!

Here EGGA and EGGA1U are the conventional and modifie
density functionals,s is an index for the spin, andr i

s are the
occupancies of the two LUMO orbitals for the up and dow
spin. They are determined, by defining two projection ope
tors, which are 1 for the two LUMO orbitals of the free C
molecule, and 0 for all other CO single particle states. I
emphasized, that this method leaves the DFT energies
modified, if the occupanciesr i

s are zero or one. Hence th
bond length of the molecule and even excitation energie
the isolated CO molecule remain entirely unchanged. T
important result is that despite the unmodified ground-s
structure and energetics, the adsorption energies change
stantially. As shown in Fig. 2, the energy difference betwe
the top and fcc site lies on a straight line, when display
versus the position of the LUMO~the correlation even hold
for the LDA and RPBE functionals!. Already for U
50.5 eV a crossover from the hollow to the top site is o
served, and forU50.75 eV the top site is favored by 6
meV. The adsorption energy also decreases from 1.72 to
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eV for U50.75 eV, in better agreement with most expe
ments @1.24 ~Ref. 18!–1.39 eV ~Ref. 19!#. The results for
different potentials and the GGA1U calculations sugges
that the position of the LUMO plays a key rule in determi
ing the site preference. An interesting point is that the ene
required for transferringone electron from the 5s to the
2p* orbitals is 7.3 eV in DFT, if spin polarization is ne
glected~this excitation does not correspond to the triplet
the singlet transition,21 but is similar to the process on th
surface!. The single particle 5s→2p* gap is only 6.9 eV. A
correction of U50.75 eV, yields a single particle gap i
close accordance with the calculated 5s to 2p* DFT tran-
sition energy. We will come back to this point in the discu
sion. It is also noted, that calculations with the B3LY
functional24— a functional, which adds a fraction of the ex
act exchange to otherwise semi local density functional
give the correct site preference.6 In the light of the previous
arguments, this is to be expected, since the B3LYP functio
also increases the HOMO-LUMO separation.6

A few additional tests were performed for the prese
modified functional. For higher CO coverage on Pt~111!, the
c(432)-2CO structure~one CO molecule ontop and th
other one at a bridge site! is observed experimentally.20 For
our present setup~PAW, five layer slabs!, the bridge-bridge
configuration is almost degenerated with the top-bridge c
figuration, if no corrections are applied. Applying theU cor-
rection, the experimentally observed structure is clearly p
dicted among the test structures considered in Ref. 1. For
on Rh, DFT predicts the hcp site to be more stable than
top site,22 in disagreement with the experimentally observ
atop adsorption at low coverage.23 Again, even a modestU
of 0.5 eV yields the experimentally observed top site
stable adsorption site.

In summary, we have demonstrated that the strength
the hybridization between the metald states and the 2p* CO
LUMO plays a key rule in determining the binding site. B

FIG. 2. Energy difference between adsorption of CO at the
and hollow site on Pt~111! verus the position of the LUMO of the
free CO molecule with respect to the vacuum level. The LUM
was determined at a fixed bond length ofa51.142 Å. Squares in-
dicate results obtained with the pseudopotentials specified in T
I. Circles correspond to results with the GGA1U functional for
U50.25, 0.5, 0.75, 1.0, and 1.5~see text!. LDA and RPBE results
are also shown. The correlation would remain qualitatively sim
~but with a larger scatter!, if the LUMO were calculated at the
position of the relaxed free CO molecule.
1-3
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applying a GGA1U inspired method, the LUMO was
shifted to higher energies, which in turn decreased the in
action between the LUMO and the metal d states. In t
way, agreement with experiment for the site preference
the adsorption energy was obtained. Certainly the app
modification is an oversimplification, and less empirical a
proaches such as B3LYP should be applied.6 Nevertheless,
we believe that even the simple approximation captures
essential physics. It is remarked, that a recent experime
survey also came to the conclusion, that the interaction
tween the metal and the 2p* orbital is overestimated in
present DFT calculations.18 Our arguments are also consi
tent with that of Grinberget al.,15 who argued that DFT un
derestimates the cost for breaking one CO bond. An ups
of the one electron 2p* orbital makes a partial charge tran
fer from the 5s to the 2p* orbital more difficult and there-
fore stabilizes the third CO bond.

In view of these results, one might argue that the wro
prediction of the adsorption site is related to the deficiency
present semilocal DFT functionals to describe the one e
tron gap correctly. The incorrect description of this prope
is related to the failure of present functionals to describe
fle

nd

G

e
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energy of molecules for noninteger electron values correc
For the exact DFT functional, the total energy as a funct
of the number of electrons should be a set of strai
line segments connecting the energies for inte
occupancies.25,26 But local and semilocal DFT functional
often yield a curve lyingbelow these line segments. Henc
states with fractional orbital occupancies and mixed sta
are incorrectly favored by most DFT functionals. In oth
words, it is too easy to partially occupy or deplete states
to transfer the fraction of an electron from the HOMO to t
LUMO orbital. Therefore, the stability of states which corr
spond to mixtures of single Slater determinants is overe
mated. Self interaction corrected density functionals or
inclusion of a fraction of the Hartree-Fock exchange, me
tioned already above, can cure this problem.

It is almost certain, that the discussed deficiency of
local and semilocal DFT functionals for the description
adsorption processes is not limited to the CO adsorption
metal surfaces. On the contrary, similar problems must
expected for all adsorption systems, where a tight comp
tion between the donation of electrons from the molecu
HOMO to the metal and backdonation of electrons from
metal to the previously empty LUMO occurs.
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