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The ground state potential energy surface for CO chemisorption across Pd$110% has been calculated
using density functional theory with gradient corrections at monolayer coverage. The most stable
site corresponds well with the experimental adsorption heat, and it is found that the strength of
binding to sites is in the following order: pseudo-short-bridge.atop.long-bridge.hollow.
Pathways and transition states for CO surface diffusion, involving a correlation between translation
and orientation, are proposed and discussed. ©1997 American Institute of Physics.
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I. INTRODUCTION

Potential energy surfaces for molecular chemisorpt
on metal surfaces provide a basis for understanding inte
tions between molecule and surface. In particular, direct
formation can be derived for chemisorption energies, surf
diffusion activation energy barriers, and diffusion mech
nisms. In this paper, we show the potential energy surf
~PES! for molecular chemisorption on a solid surface, d
rived ab initio from density functional theory with gradien
corrections. We also display the detailed variable orienta
of chemisorbed molecules undergoing frustrated translat
The physical origin of this frustrated translation motion
discussed.

CO/Pd$110% was chosen for this study, which was esse
tially motivated by two factors.

~i! CO chemisorption on Pd$110% is currently a subject of
controversy, despite the extensive literature on C
adsorption.1,2 On this surface, CO exists in thre
phases, as follows.3,4 Up to a fractional coverage o
about 0.3, CO molecules are adsorbed in a disorde
fashion on the unreconstructed Pd$110% surface, pro-
ducing a (131) low energy electron diffraction
~LEED! pattern with a high background intensity. I
the range 0.3,u,0.75, CO adsorption induces
missing row reconstruction of the Pd$110% surface,4

but when the coverage is raised to one monolayer
reconstruction is lifted to give a (231) p1g1 phase.
From a detailed infrared spectroscopy study ove
wide temperature range, Ravalet al.3 concluded that
CO molecules adsorb preferentially on short-brid
sites at monolayer coverage. Later, a LEED I–V sp

a!Present address: School of Physics, University of Bath, Bath, BA2 7
United Kingdom.
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tra analysis5 showed that the agreement between c
culated LEED I–V spectra from CO on short-bridg
sites with experimental data is worse than calcula
spectra from CO on atop sites, in contrast with t
infrared results. From a subsequent photoelectron
fraction analysis, based on a relatively small databa
it was concluded that the short-bridge site is correc6

conflicting with the LEED analysis. Obviously, fur
ther studies are called for.

~ii ! The process of the surface diffusion of molecules o
solid surface is important. It is often the controllin
step in many surface processes, such as surface r
tions and epitaxial growth. For example, in th
Langmuir–Hinshelwood mechanism, which is th
most common catalytic surface reaction mechanis
the surface diffusion of adsorbed molecules is an i
portant elementary step. Taking CO oxidation as
example, the basic reaction mechanism is
Langmuir–Hinshelwood,7 involving the diffusion of
CO as an essential elementary step, since O adat
are strongly bonded and hence less mobile. A study
CO surface diffusion is therefore an important fir
step in tackling CO oxidation reactions.

The vibrational mode leading to the diffusion of a
sorbed molecules is the frustrated translation. The frequ
cies of these modes are usually low and close to subs
vibrational frequencies. Thus, a strong coupling betwe
these modes and substrate modes is to be expected, and
are readily excited upon thermal excitation. Despite its i
portance, little is known about the subject.

The frustrated translational mode of adsorbed molecu
on solid surfaces has been observed by several techniq
Several systems, CO/Ru$100%,8 CO/Cu$100%,8 and
NO/Ni$111%,9 were studied indirectly through detaile
temperature-dependent line shape analyses of high-lying

,
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8104 Hu et al.: CO chemisorption on Pd$110%
brational modes, while others, CO/Pt$111%,10 CO/Ni$100%,11

and CO/Ni$111%,12 have been directly measured by He ato
scattering and inelastic electron scattering. Other techniq
such as electron stimulated desorption ion angu
distribution,13,14 photoelectron diffraction,15 and low energy
electron diffraction~LEED!16 have also been used to stud
the frustrated translational motion of adsorbed molecules.
the other hand, theoretical studies are rare. It would be
importance to study these prediffusive motions theoretica
Finally, anisotropic molecular surface diffusion has recen
been reported for CO on Ni$110%,17–19 and it would clearly
be of interest to determine the PES relevant to such di
sional motion.

This paper is organized as follows. In the next secti
we describe the methodology of our calculations with so
test results for the CO molecule, bulk Pd, and a CO–
cluster. In the first part of the third section, a potential ene
surface fromab initio calculations for CO chemisorption o
Pd$110% is presented, which supports the conclusion of
infrared study that CO molecules adsorb on pseudo-sh
bridge sites at monolayer coverage. In the second part,
time-dependent configuration of chemisorbed CO under
ing frustrated translation is shown. By displaying som
molecular-orbital-derived Bloch states, we aim to provi
insight into the understanding of the frustrated translation

II. METHODOLOGY

Ab initio total energy calculations within the densi
functional theory~DFT! framework were carried out in thi
study. A type of Car–Parrinello20 approach, the conjugat
gradients minimization scheme, was utilized to directly
cate electronic ground states, thus speeding up the calc
tion considerably compared to the traditional scheme
large systems.21 The basis set consists of plane waves. T
supercell approach was employed to model periodic ge
etries. A Fermi smearing of 0.5 eV was utilized and t
corrected energy extrapolated to zero temperature by
method of Gillan and De Vita,22,23 which reduces consider
ably k-point sampling. Both local density approximatio
~LDA ! and gradient corrections were used in our calcu
tions.

Ab initio nonlocal pseudopotentials of C, O, and Pd
fully separable Kleinman–Blylander form were generated
using a kinetic-energy-filter optimization scheme,24–26 in
which electrons of 2s and 2p in C, 2s and 2p in O, and 4d,
5s, and 5p of Pd were treated as valence electrons and
rest of the electrons were included in core potentials. It w
found that a 500 eV cutoff energy was high enough to obt
properties we are interested in. Ap(231) unit cell was used
in our calculations, which corresponds to 5.5033.89 Å2 in
the surface plane. Pd$110% was modeled using a superce
with three Pd layers and a vacuum layer thicker than 8
The sampling of thek-grid was 43531.

In recent studies, it was found27,28 that LDA calculations
yield chemisorption energies which are significantly high
than experimental values but the inclusion of gradient c
rections gives better agreement. It was also found27 that sites
J. Chem. Phys., Vol. 107, N
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for CO chemisorption with higher coordination of the adso
bate to surface atoms lead to a larger degree of overbin
with LDA, and give larger corrections with gradient corre
tions. In this study, the generalized gradient approximat
~GGA! of Perdew and Wang29 was used, while the Ceperly–
Alder exchange-correlation energy was employed in LD
calculations.

Some physical and chemical properties of the CO m
ecule, bulk Pd, and CO on a Pd cluster were tested. In
CO molecule calculations, the molecule was placed in a b
Table I lists LDA and GGA calculation results for CO bon
length and vibrational frequency, which were obtained s
consistently. It is clear that there is good agreement w
experimental bond length and vibrational frequency fro
both LDA and GGA. Table II shows some calculated bu
properties of Pd. A CO–Pd cluster was chosen, in whic
linear O–C–Pd wasplaced in a box. Some results are liste
in Table III. Although there is no direct experimental da
C–Pd and C–O bond lengths are reasonable compare
available experimental values from analogo
compounds.30,31 From Table I to III, we can see clearly tha
LDA in our calculations produces good geometric structu
and vibrational frequencies, while there is no improvem
using GGA. On the other hand, the overbinding is very o
vious from LDA calculations, and GGA produces much b
ter bonding energies compared to experimental work~Table
III !.

III. RESULTS AND DISCUSSIONS

A. Potential energy surface of CO/Pd ˆ110‰

To generate the potential energy surface for CO che
sorption on Pd$110%, schematically shown in Fig. 1, we com
puted two slices, one alongAB and the other alongCD, by
moving the carbon atom positions along these directions.
tal energies are obtained by fixing the C atom positions in
surface plane but allowing relaxation along the surface n
mal; O atoms were allowed to move in any direction to low
the energy, according to forces calculated by the Hellman

TABLE I. A comparison between calculated and experimental propertie
free CO. LDA is the local density approximation and GGA is the gene
ized gradient approximation.

Exp. LDA GGA

C–O bond length~Å! 1.1283 1.1281 1.1257
Error in bond length 20.02% 20.23%
Vibrational frequency (cm21! 2143 2167 2206
Error in vibrational frequency 1.1% 2.9%

TABLE II. A comparison between calculated and experimental bulk latt
constants of Pd.

Experiment LDA GGA

Lattice constant
~Å!

3.89 3.94 4.03
o. 19, 15 November 1997
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8105Hu et al.: CO chemisorption on Pd$110%
Feynman theorem and total energies. All the results show
this paper were obtained by using the symmetry of the u
cell to save computing time. Consequently, the forces al
^11̄0& are zero. However, we also did some calculations w
out imposing any symmetry, and found that the forces on
were negligible alonĝ11̄0& compared to the forces alon
^001&. Chemisorption energies are calculated by subtrac
the total energy of CO/Pd$110% from the total energy of the
CO molecule and Pd substrate. It is clear from Fig. 2~a! that
the pseudo-short-bridge site in which C atoms are later
displaced by about 0.6 Å from the symmetric short-brid
site gives rise to the strongest bonding~21.43 eV, in very
good agreement with the experimental value of21.55 eV3!,
while the hollow site leads to the weakest bonding. T
short-bridge site is about 0.3 eV more stable than the top
The stability of the pseudo-short-bridge site rather than
symmetric short-bridge site is due to CO–CO repulsi
along the close packed rows, which is reduced by alterna
tilting CO molecules sitting on adjacent Pd atoms away fr
each other. We expect that CO would adsorb on short-bri
sites at lower coverages. This result supports the infra

FIG. 1. Schematic illustrations of~a!, ~b! an fcc $110% surface and~c! the
CO tilt angle.

TABLE III. A comparison between calculated and experimental~Refs. 30
and 31! properties of Pd–CO. The overbinding of LDA can be clearly se

LDA GGA Exp.

Pd–C bond length
~Å!

1.90 1.92 1.93a

C–O bond length~Å! 1.14 1.14 1.15a

Bonding energy of
Pd–CO~eV!

2.47 1.72 1.6b

aFrom CO/Pd$100%, Ref. 30.
bFrom CO/Pd$100%, Ref. 31.
J. Chem. Phys., Vol. 107, N
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FIG. 2. ~a! Computed ground state chemisorption energies for CO
Pd$110%, along^001& in the two directionsABA andCDC defined in Fig. 1.
The most favorable site is displaced 0.6 Å along^001& from the short-bridge
site A, and the least favorable is the hollow siteB. ~b! The CO tilt angles
along ABA and CDC. ~c! The vertical displacement of the CO C atom
relative to top-layer Pd atom centers, alongABA andCDC.

.

o. 19, 15 November 1997
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8106 Hu et al.: CO chemisorption on Pd$110%
assignment.3 A recent photoelectron diffraction study6 fa-
vored the short-bridge site. The present work therefore s
ports this assignment, but not that of a LEED study.5

From the data presented in Fig. 2~a!, the PES for CO
diffusion on Pd$110% has been constructed, as shown in F
3. A polynomial interpolation procedure was used to gen
ate this figure, based on the two slices shown in Fig. 2~a!.
Some years ago Doyen and Ertl32 calculated diffusional po-
tential energy surfaces for CO on Cu, Ni, and Pd surfa
using the Anderson–Grimley–Newns formalism, with r
sults that have not been borne out by experiment. Our po
tial energy surface shown in Fig. 3 is qualitatively and qua
titatively different from their results. The failure of th
application of the Anderson–Grimley–Newns formalism
calculating potential energy surfaces is not surprising, gi
the small energy differences between different chemisorp
sites. To obtain an accurate potential energy surface is
demanding, and any major approximation can lead to m
leading results. For example, we have shown, as mentio
above, that with LDA the degree of overbinding depends
site coordination,27 and this would dramatically alter the dif
fusional PES.

Using optical diffraction from a laser-induced monolay
grating, Shen and co-workers17–19 recently made the firs
measurements of the anisotropic diffusion of CO on Ni$110%.
In the coverage range up to;0.7 monolayer, diffusion acti-
vation energies of 0.17 and 0.20 eV along^11̄0& and ^001&,
respectively, were reported. They proposed diffusion pa
ways for CO on Ni$110% from short to short-bridge sites vi
top sites alonĝ11̄0& and from short bridge to short-bridg
sites via hollow sites alonĝ001&, as shown in Fig. 4~a!. The
proposed transition states for diffusion are marked w
crosses in the figure. We now propose alternative pathw
for CO on Pd$110% based on our calculated potential ener
surface. As shown in Fig. 3, along^11̄0&, CO simply diffuses
from short bridge to short-bridge sites through top sites,
suggested by Shen and co-workers.17 The diffusion activa-
tion energy barrier is about 0.3 eV at low temperatur
Along ^001&, however, it is likely that the minimum energ
pathway avoids the hollow site, passing instead throug
saddle point atD. This pathway is also shown in Fig. 4~b!.
In the transition state, CO is bonded in the long bridge site
two Pd atoms in the top layer. The diffusion activation e
ergy barrier along this direction is about 0.6 eV at low te
peratures. Of course, it must be stressed that the above
cussions are based on calculations with monolayer CO. W
vacancies, the potential energy surface may be different,
ticularly for CO diffusion at low coverages. However, w
found that there is no direct bonding between CO molecu
and the CO–metal bonds are relatively strong at monola
coverage. In other words, CO–CO interactions are m
weaker than CO–metal interactions. We therefore exp
that the potential energy surface shown in Fig. 3 is mai
determined by the interaction between CO and Pd, and
key features discussed above will even apply to CO diffus
at quite low coverages.

The striking feature in this potential energy surface is
large barrier at the hollow site. This may be understood
J. Chem. Phys., Vol. 107, N
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follows. At this site, CO is bonded atop to a second layer
which is less stable than the bridge site. More importan
the high charge density generated at this site bysp electrons
on neighboring top layer Pd atoms prevents the CO molec
from approaching sufficiently close to the second layer at
to form an optimal overlap with the tightly boundd states
which provide most of the bonding.33 The neighboring hol-
low site, the long bridge, provides more optimal brid
bonding, but again the overlap between CO molecular or
als and metald orbitals on this site is poor.

B. Physical origin of frustrated translation

In Fig. 2~b!, we show optimal CO tilt angles for CO
surface diffusion from short bridge to hollow and to sho
bridge sites displaying in curveABA, and from top to long
bridge and to top sites showing in curveCDC. In both cases,
the optimal CO tilt angle shows a strong variation as
molecule is moved across the unit cell, with small tilt ang
(;7°) at the symmetric short bridge or atop sites, and at
hollow and long-bridge sites, and large tilt angles~;27°
along AB and ;16° alongCD! at intermediate locations
This may not seem immediately obvious: why the CO
angle increases and then decreases as the molecule m

FIG. 3. The computed potential energy surface for the surface diffusio
CO on Pd$110% constructed from Fig. 2~a!, plotted as a function of the C
atom positions across the surface unit mesh, corresponding to mono
coverage.

FIG. 4. Proposed CO surface anisotropic diffusion pathways on$110% sur-
faces.~a! The surface diffusion pathways proposed by Shen and co-wor
~Ref. 17! for CO on Ni$110%, where the crosses mark the transition stat
~b! The surface diffusion pathways we propose for CO on Pd$110%, based on
the PES in Fig. 3.
o. 19, 15 November 1997
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8107Hu et al.: CO chemisorption on Pd$110%
from short bridge to hollow sites. The same is true from t
to long-bridge sites. In this section, we address the phys
origin of these striking CO axial variations.

In our ab initio total energy calculations, total charg
densities are obtained as

r total~r !5 (
i band

(
k j

r i band,k j
~r !5 (

i band
(
k j

uc i band,k j
~r !u2,

where i band is a band number;k j is a k-point; the first and
second summations run over all occupied bands and sam
k-points, respectively; andc i band,k j

is a well-defined Bloch
state. In a recent study, we examined the charge densitie
individual Bloch states,r i band,k j

, in real space for a CO
chemisorption system33; this approach provides strikingl
clear insight into the bonding between molecules and
tended surfaces.33 Most bonding comes from the mixing o
the CO 5s orbital with Pdd states, forming some antibond
ing states above the Fermi level, and Pdd states with the CO
2p state, forming bonding states below the Fermi level. H
we use this approach again to examine the nature of
chemical bond as the molecule is moved across the unit
in order to understand the CO tilt angle variations.

In Figs. 5 and 6, we display 2D cuts of the CO 5s-orbital
derived Bloch states in real space for C atom positions of
at 0.0 @short-bridge site, Figs. 5~a! and 6~a!#, 0.38 ~b!, 0.67
~c!, 1.33 ~d!, and 1.95 Å~hollow site, e! from the short-
bridge site, respectively. The cuts in Fig. 5 are parallel
^001& and through O, C, and two Pd atoms in thesecond
layer, which are shown asABCD in Fig. 7~a!, while the cuts
in Fig. 6 are perpendicular tô001& and through O and C
atoms, which are shown asEFGH in Fig. 7~b!, and pass
through Pd atoms in the top layer. Any bonding between
and top-layer atoms should show up asd character in Figs.
6~a! to 6~e!, while bonding to second-layer atoms in th
troughs between the top-layer rows should show up ad
mixing in Figs. 5~a! to 5~e!. From Figs. 5 and 6, it is clea
that CO bonds to the short-bridge site along top-layer ro
@Figs. 6~a! and 6~b!#, and there is no bonding between C
and Pd atoms in the second layer@Figs. 5~a! and 5~b!# when
the C atom of CO is 0.0 and 0.38 Å away from the sho
bridge site, which is not surprising. It can be seen in Fi
5~c! and 6~c! that CO still bonds to the short-bridge si
rather than the pseudo-3-fold site when the C atom of CO
0.67 Å away from the short-bridge site. At the hollow sit
the bonding has been switched from CO to the single sec
Pd layer atom, as clearly shown in Fig. 5~e!; there is also
now clearly no bonding to top-layer atoms, as shown in F
6~e!. Obviously, on both the symmetric short bridge and h
low sites, the ideal configuration of the CO axis is uprig
Since there is a repulsion between CO molecules at mo
layer coverage, the CO molecules do tilt away from ea
other, leading to small tilt angles at these sites. When th
atom is 1.33 Å away from the short-bridge site, CO bonds
both the top-layer short-bridge site, shown in Fig. 6~d!, and
the second Pd layer atom, shown in Fig. 5~d!.

We therefore find that the CO axis angular variations c
be attributed to the changing nature of the chemical bond
J. Chem. Phys., Vol. 107, N
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the molecule is moved across the unit cell. Taking the d
placement alongAB, CO is initially bridge-bonded to two
top-layer Pd atoms. At the midpoint between site A, the sh
bridge, and site B, the hollow site, where the C atom is 1
Å away from the short-bridge site, the CO molecule is s
essentially bridge-bonded to the same two top-layer Pd
oms, although some charge density is beginning to accu
late between the C atom and a second-layer Pd atom.
effort to maintain this bridge-bonding configuration results
the large tilt angle at this point@Fig. 2~b!#. Further movement
produces~unfavorable! bonding to the second-layer Pd atom
and the CO axis moves back toward the upright position.
a consequence, the translational motion of the molec

FIG. 5. Illustration of bonding between CO and Pd$110% for several differ-
ent CO positions from short-bridge to hollow sites using CO 5s-derived
states.~a!, ~b!, ~c!, ~d!, and ~e! are 2D contours of charge densities of C
5s-derived Bloch states~Ref. 33! for CO at 0.0, 0.38, 0.67, 1.33, and 1.95
from the short-bridge site respectively, cutting through the O, C, and two
atoms in the second layer, shown asABCD plane in Fig. 7~a!.
o. 19, 15 November 1997
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8108 Hu et al.: CO chemisorption on Pd$110%
FIG. 6. Illustration of bonding between CO and Pd$110% for several differ-
ent CO positions from short-bridge to hollow sites.~a!, ~b!, ~c!, ~d!, and~e!
are 2D contours of charge densities of CO 5s-derived Bloch states corre
sponding to~a!, ~b!, ~c!, ~d!, and~e! in Fig. 5, respectively, cutting through
the O, C, and two Pd atoms in the first layer, shown asEFDH in Fig. 7~b!.
J. Chem. Phys., Vol. 107, N
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acrossABA is coupled to a hindered rotational motion of th
molecule. As shown in Fig. 2~c!, this motion is also accom
panied by a relatively large corrugation, of;0.8 Å, as the C
atom sinks into the hollow site B or the long-bridge site D.
was anticipated that the translation of molecules across
faces would be coupled to a hindered rotational moti
Perez Jigato, Walter, and King34 performed a liquid helium
temperatureNEXAFS study on NO/Pd$110% and determined
the temperature dependence of thep* and thes* resonance
cross sections. Their results showed strongly anharmonic
havior, and it was suggested34 that translational motion was
accompanied by a change in tilt angle. The present res
provide quantitative support for this conclusion. We note t
the tilt angles alongAB are larger than that alongCD, which
is probably due to differences in the corrugation wells atB
andD.

IV. CONCLUSIONS

In summary, we have calculated the diffusional grou
state potential energy surface for CO chemisorption
Pd$110%, shown in Fig. 3, within the density functiona
theory framework with gradient corrections. The potent
energy surface is both qualitatively and quantitatively diffe
ent from previous potential energy surfaces obtained us
the Anderson–Grimly–Newns formalism. We find that t
most stable site, with an adsorption heat of21.43 eV~close
to the experimental value of21.55 eV! is the pseudo-short
bridge, and least stable is the hollow site in the trough
tween top-layer rows. We have also demonstrated a str
correlation between translation and orientation for CO dif
sion along^001& and attributed it to the changing nature
the chemical bond during CO diffusion. Alonĝ11̄0&, CO
diffuses from pseudo-short-bridge to pseudo-short-brid
sites via an on-top site; this being the saddle point, with
barrier of 0.3 eV. Alonĝ 001&, the diffusion path avoids the
nd
FIG. 7. Schematic illustration of cuts shown in Fig. 5 for CO/Pd$110%. ABCD in ~a! is parallel to^001& and through O, C, and two Pd atoms in the seco
layer.EFGH in ~b! is perpendicular tô001& and through O, C, and two Pd atoms in the first layer.
o. 19, 15 November 1997
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8109Hu et al.: CO chemisorption on Pd$110%
hollow site, moving across a saddle point at the long-brid
site, with a barrier of 0.6 eV. The switch in bonding as t
molecule is moved across the trough from bridged with t
layer atoms to atop with a second-layer Pd atom is cle
demonstrated in charge-density plots of the eigenstates
responding to the bonding mixed 5s2d state formed be-
tween CO and metal. It is this switch which is responsi
for a coupling between translational and rotational motio
of the molecule.
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