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Abstract 

We present ab initio pseudo-potential plane-wave total-energy calculations for the geometric and electronic structure of the 
CO-covered Pd(110) surface. Our calculations were performed within the local-density approximation (LDA) of density functional 
theory (DFT). There has been some controversy as to whether CO prefers to adsorb at a bridge or on-top site when exposed to 
Pd(l l0) .  Total energy calculations for a CO monolayer adsorbed at the on-top and bridge adsorption sites revealed the bridge site 
adsorption to be favored by 0.59 eV per CO molecule. The preferential adsorption of CO to the bridge site was further corroborated 
by our band-structure calculations, with only the bridge site results being in good agreement with recent inverse photoemission 
experiments. 
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1. Introduction 

The majority of industrial chemical and bio- 
chemical processes rely quite heavily on catalytic 
materials. In automotive industries, catalytic treat- 
ment of the automobile exhaust gases has been a 
standard feature in the USA since 1975 in order 
to control the amount of carbon monoxide, hydro- 
carbons and nitric oxide in the exhaust gases of 
vehicles. At stoichiometric air/fuel ratios, this is 
accomplished by three-way catalysts (TWCs) 
which contain the expensive noble metals Pt, Pd 
and Rh. Pt and Pd are primarily used for CO and 
hydrocarbon oxidation while Rh is found to be 
most effective for NOx reduction. Three-way cata- 
lysts, while being very efficient at treating exhaust 
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emissions from engines operating under a stoichio- 
metric air/fuel ratio, perform very poorly when 
used in conjunction with lean-burn engines. A 
good understanding of the TWC is necessary both 
to improve present-day catalysts and to develop 
efficient lean-burn catalysts. The scientific literature 
is replete with articles concerning work in the last 
twenty years on TWCs [1], as well as related 
chemisorption studies of the relevant gases on ideal 
single crystal surfaces [2-11 ]. In the present study, 
we perform a theoretical investigation of CO che- 
misorption at saturation coverage on the Pd( l l0)  
surface. This is the first step in understanding how 
and why TWCs function. 

There have been a variety of experimental studies 
on CO chemisorption on transition metal surfaces, 
in particular the (111), (110), (210) and the (100) 
surfaces of Pt, Pd and Ni [2-11]. In all but the 
(110) surfaces, saturation coverages were less than 
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a monolayer of CO; also, there is general agreement 
as to what the geometric structure of the chemi- 
sorbed phase is in all cases except the (110) surface. 
The CO-covered (110) surface of Pd has been 
studied by inverse photoemission [6] and also by 
low-energy electron diffraction (LEED) [7]. CO 
forms a densely packed ordered monolayer on 
these surfaces with the CO molecules adsorbed 
along the densely packed surface atom chains in 
the [110] direction. This results in an alternating 
tilt of the CO molecules in the [001] direction 
perpendicular to the atom rows, due to the 
CO-CO repulsion giving rise to a (2x 1)p2mg 
superstructure with two molecules per unit cell. 

Ambiguities still exist regarding the details of 
the geometry of this structure, especially the site 
of the CO molecule (bridge or on-top surface site). 
For the case of (2 x 1)CO/Pd(ll0), Ertl et al. [-8] 
placed the CO in high-coordination B 5 sites, but 
Chesters et al. [-9] showed by electron energy-loss 
spectroscopy (EELS) that CO adsorbs preferen- 
tially at B2 bridge sites. More recently, a reflection- 
absorption infrared spectroscopy (RAIRS) study 
[10] concluded, by comparison of the surface 
vibrational CO stretching frequency with organo- 
metallic data, that CO is two-fold bridge- 
coordinated. A photoelectron diffraction (PD) 
study [ 11 ] also came to this conclusion, whereas 
a recent LEED study [-7] indicated an on-top 
coordination site for CO. In addition to the site 
preference of CO, experimental studies disagree on 
the magnitude of the lateral shift of the C atom, 
the angle of tilt of the C-O bond with respect to 
the surface normal, and whether the metal-C-O 
bond is linear or kinked. There have not been 
many relevant theoretical calculations of CO che- 
misorption on Pd surfaces, or even on Ni or Pt 
surfaces which are expected to behave similarly to 
the Pd surfaces. Wimmer et al. [12] performed 
full-potential linearized augmented plane-wave 
(FLAPW) calculations of CO on Ni(001) coads- 
orbed with K or S, and Wong and Hoffmann [ 13 ] 
studied CO chemisorption on Ni(111), Pd( l l l )  
and P t ( l l l )  using the extended Huckel method. 
We [ 14] had earlier carried out calculations based 
on density functional theory (DFT) to determine 
the geometric parameters for (2 x 1)CO/Pd(ll0) 
assuming an on-top CO adsorption site. More 

recently, Hu et al. [15] performed DFT calcula- 
tions (within both the local density and generalized 
gradient approximations) for CO on Pd(110) and 
observed that the bridge site is preferred over the 
on-top site for CO chemisorption [15]. They also 
demonstrated, using orbital mixing considerations 
[-15], that the traditional Blyholder model [16] 
oversimplifies the interaction between the CO 
molecule and transition-metal atoms. 

In the present study, we provide more conclusive 
evidence regarding CO site preference, confirming 
the work of Hu et al. [15]; our calculations were 
based on DFT within the local-density approxima- 
tion (LDA). The organization of the paper is as 
follows: we describe the methods used in our 
calculations in Section 2. In Sections 3 and 4, we 
present our results for bulk Pd, the clean Pd (110) 
surface and examine the geometric and electronic 
structure of the CO covered Pd (i10). Section 5 
summarizes our results. 

2. Methods of calculation 

The theoretical basis of our calculations is den- 
sity functional theory (DFT) [17,18] which, in 
principle, is an exact theory. It shifts the emphasis 
from the wave-function to the electron density, and 
states that the total energy of a system is a unique 
functional of the electron density [18a]. Present- 
day implementations are based on some form of 
approximation to this theory, for instance, the 
local-density approximation (LDA) [18,19] to 
treat the exchange-correlation contributions to the 
energy. It is this type of implementation that we 
have used in the present work. The Ceperley-Alder 
exchange-correlation potential [-20] as parameter- 
ized by Perdew and Zunger [21] was used, and 
the Kohn-Sham [18] equations were iterated to 
self-consistency using a plane-wave basis set. 

Soft ab initio relativistic pseudo-potentials were 
generated for Pd, C and O in order to avoid 
explicit treatment of the core electrons using the 
method of Troullier and Martins [22] and were 
transformed, for computational ease, using the 
separation technique of Kleinman and Bylander 
[23]. The lowest-order relativistic corrections to 
the atomic energies are 0(0~4Z4), where c~ is the 
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fine structure constant and Z is the atomic number. 
So, for Pd, which is a 4d transition metal atom 
with atomic number 46, we anticipate noticeable 
relativistic effects to manifest, at least for the core 
electrons. Hence, our atomic pseudo-potentials 
were generated by inverting the relativistic 
Kohn-Sham equations so that the relativistic 
effects felt in the core region are adequately incor- 
porated in the pseudo-potentials. We discuss this 
point again in Section 3. The Pd pseudopotential 
was generated from the atomic ground-state con- 
figuration (4dt°5s°5p°) with radial cut-offs of 2.25, 
2.60 and 2.00 au for the s, p and d components. 
The 5s component was chosen as the local compo- 
nent. The C pseudopotential [22] was generated 
from its atomic ground-state configuration (2s22p 2) 
with radial cut-offs of 1.50 and 1.54 au for the s 
and p components. Here, the 2p component was 
chosen as the local component. The O pseudo- 
potential was obtained from Ref. [24]. The d 
component was neglected in the cases of C and O 
as the 3d atomic energies for both these atoms 
were too high in energy compared to that of the 
2s and the 2p states. Our choices of the local 
potentials did not introduce any ghost states [25]. 
In order to ensure good transferability of the 
pseudo-potentials over a wide energy range, we 
calculated logarithmic derivatives of the radial 
component of the pseudo wave-function over a 
wide energy range and compare them with our all- 
electron calculations, as shown in Fig. 1, where 
arrows indicate atomic eigenvalues calculated from 
all-electron calculations for the reference configu- 
rations mentioned above. By construction, the 
pseudo-potential eigenvalues are equal to the all- 
electron results. As can clearly be seen, our pseudo- 
potential calculations show excellent agreement 
with our all-electron calculations for both Pd and 
C below 1 Ry. One-electron energies less than 1 Ry 
are the ones that are physically significant and 
important in the present study. It can also be seen 
in Fig. 1 that spurious ghost states are absent. 

We did not include self-interaction corrections 
[26-28] to our approximate (LDA) exchange- 
correlation functional as it has been generally 
accepted [-27] that these corrections are not impor- 
tant for metallic systems whose wave-functions are 
delocalized Bloch functions. We also found that 
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Fig. 1. Logarithmic derivatives of the radial components  of the 
pseudo wave-functions (dashed lines) and the all electron wave 
functions (solid lines) for different angular  momen tum compo- 
nents for (a) atomic Pd at a radius of 2.58 au, and (b) atomic 
C at a radius of 1.46 au. 

core corrections [29,30] did not significantly 
change our results. 

Analysis of the convergence of the calculated 
total energy per primitive unit-cell of bulk Pd and 
diamond with respect to the plane-wave cut-off 
energy showed that plane-waves up to an energy 
of 50 Ry yielded well-converged total energies. 
Increasing the plane-wave cut-off energy to 90 Ry 
decreased the total-energy per primitive cell by 
only 0.001Ry in the case of bulk Pd and by 
0.004 Ry in the case of diamond. However, for O, 
convergence was achieved only at a plane-wave 
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cut-off energy of 64 Ry. As a result, we used a 
plane-wave cut-off energy of 50 Ry when studying 
bulk Pd and the clean Pd ( l l 0 )  slab, and used 
64 Ry when studying the CO-covered Pd ( l l 0 )  
surface. We used the supercell method in all our 
calculations. Clean Pd ( l l 0 )  was modelled with 
three layers. CO-covered Pd ( l l 0 )  was modelled 
by assuming that both sides of the three-layer slab 
were covered with CO. This resulted in a supercell 
belonging to a space group with more symmetry 
operations than the supercell that would have 
resulted if we had covered only one side of the 
slab with CO. This was desirable as our code was 
equipped to make use of symmetrized plane-waves 
to speed up calculations. At self-consistency, the 
Fourier components of the potential differed by 
less than 0.1 mRy from the previous iteration, and 
the total-energy was stable to within 10 - 6  Ry per 
atom or better between iteration cycles. Self- 
consistency was typically reached in five iterations 
in the case of bulk Pd, in 24 iterations in the case 
of the clean Pd ( l l 0 )  surface, and in about 40 
iterations in the case of CO-covered Pd( l l0) .  
Geometry optimizations were performed using a 
conjugate gradient minimization. All atoms were 
allowed to relax in an unconstrained manner till 
each component of the forces was less than 
0.007 Ry au-1. The supercell sizes were 
7.36 au × 5.20 au × 15.61 au for the clean Pd ( l l 0 )  
calculations (over 10 au vaccuum) and 
7.36 au × 10.40 au x 20.82 au for the CO-covered 

Pd(110) calculations (over 8 au vacuum). We used 
six special k points (per irreducible wedge of the 
Brillouin zone) in studying bulk Pd, four k points 
in studying the clean Pd ( l l 0 )  surface, and two 
k points in studying the CO-covered Pd( l l0 )  
surface. For bulk Pd, increasing the number of 
special k points to 19 decreased the total energy 
by only 0.003 Ry per atom. For the clean and 
CO-covered Pd ( l l 0 )  surface, the number of k 
points we used were found to yield well- 
converged results. 

3. Results 

3.1. Bulk  Pd  

Bulk Pd occurs in an fcc crystal structure. We 
have performed calculations to determine the struc- 
tural, cohesive, elastic and electronic properties of 
bulk Pd. This served as a test of our Pd pseudo- 
potential. The ground state of the system is 
obtained by minimizing the total energy per atom 
of the fcc structure with respect to the lattice 
parameter. The ground-state structural and elastic 
properties are determined by fitting the theoretical 
values of energy and volume to an integrated 
equation of state. Here, we have used the Birch- 
Murnaghan form [-31]. In Table 1, we compare 
the calculated structural, cohesive and elastic prop- 
erties with the corresponding experimental values 

Table 1 
Structural, cohesive and elastic properties of bulk Pd 

Property This work a SR b [35] NR ~ [35] CC d Experiment 

ao e (~,) 3.89 3.88 3.94 3.91 3.89 [32] 
Eeoh f (eV) 4.62 4.56 3.61 4.54 3.91 [33] 
Bo g (GPa) 210.5 215 180 207.3 195.5 [34] 
B~ h 5.95 - - 5.89 - 

Results of the present work without core corrections. 
b SR= scalar relativistic. 
c NR = non-relativistic. 
d Results of the present work with core corrections included. 
e ao is the lattice constant. 
r Ecoh is the cohesive energy. 
g B o is the bulk modulus. 
h B~ is the first pressure derivative of the bulk modulus. 
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[32-34]  and also with other non-relativistic and 
scalar-relativistic calculations [35].  It can be seen 
that the calculated lattice constant is in excellent 
agreement with experiment. The bulk modulus is 
about 8% higher, which is reasonable. The cohesive 
energy is about 18% higher than the corresponding 
experimental values, which is typical of LDA. We 
also give the value for the first pressure derivative 
of the bulk modulus B;. It is interesting to note 
that our results are in closer agreement to other 
scalar-relativistic (SR) calculations than with non- 
relativistic (NR) calculations. This is because we 
constructed our pseudo-potentials from relativistic 
atomic calculations. Although our solid calcula- 
tions were non-relativistic, the relativistic effects 
that manifest in the core region are built into the 
pseudopotentials. In Fig. 2, we show the calculated 
band-structure of bulk Pd. We compare it with an 
all-electron, scalar-relativistic augmented plane- 
wave (APW) band-structure calculation performed 
earlier [36] (shown as dots in Fig. 2) and find that 
the agreement is excellent. 
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Fig. 2. Calculated bulk band structure of Pd. Dots indicate 
results from a previous all-electron, scalar-relativistic aug- 
mented plane-wave (APW) calculation [36]. The Fermi level 
(EF) is indicated by a line. 

In the case of transition-metal atoms, there is 
also the question of whether or not a core correc- 
tion [29,30] to the exchange-correlation potential 
is necessary. It is generally believed that a core 
correction is necessary whenever there is significant 
overlap between the valence and core charge densi- 
ties. As is evident from Fig. 3, there is significant 
overlap between the valence and core charge densi- 
ties. The core charge density shown in Fig. 3 is 
from a Gaussian core model, which approximates 
the core charge over the region in which the core 
and valence charge densities overlap. We then 
performed bulk Pd calculations, this time with the 
core corrections included and we show the results 
in Table 1. We found that the core corrections 
show no significant improvement over our original 
results. This was not surprising, as core corrections 
produce significant changes only for the 3d trans- 
ition metals as in these metal atoms, there is no 
inner d shell to repel the valence d orbital. 
However, since Pd is a 4d transition metal with a 
core consisting of a 3d orbital, these core correc- 
tions should not be important (as we found). 
Hence, all subsequent calculations were done with- 
out core corrections. 

3.2. Clean Pd(llO) 

Clean Pd(110) forms an unreconstructed chan- 
neled surface. We chose a three-layer Pd(110) slab 
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Fig. 3. Gaussian core (dashed line) and valence (solid line) 
radial charge densities [4nr2p(r)]; in the Gaussian core model, 
the core charge density is approximated in the region in which 
the core and the valence charge densities overlap. 
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as a model for the Pd( l l0 )  surface. Experiments 
[37] indicate that for the Pd( l l0 )  surface, the 
interlayer relaxation does not go beyond the 
second interlayer spacing. So, although we expect 
the first interlayer relaxation for clean Pd(110) to 
differ quantitatively from experiments, we do not 
anticipate the geometric details of our CO/Pd(110) 
calculations to change significantly if we use a 
thicker slab. Also, Hu et al. [15] have shown that 
their CO/Pd(110) results did not change quantita- 
tively when they replaced their frozen three-layer 
Pd(110) slab with a four-layer Pd( l l0 )  slab. As 
we use periodic boundary conditions along all 
three dimensions of the unit cell, the optimum 
unit-cell height in the direction perpendicular to 
the (110) surface is to be determined, for which 
the total-energy of the slab is well converged. We 
found that a unit-cell height of 15.61 au (six times 
the bulk (110) interplanar spacing) gives good 
total-energy convergence. Increasing the unit cell 
height to 20.82 au (eight times the bulk interplanar 
spacing) decreased the total energy by only 
0.002 Ry per atom. We next determined the surface 
relaxation between the first and the second layers, 
which was done by minimizing the total energy of 
the slab with respect to variations in the first 
interlayer spacing. We found that the total energy 
was a minimum for an interlayer spacing of 2.54 au, 
implying a -2 .3% relaxation (contraction) of the 
first interlayer spacing. The surface energy for this 
relaxed structure was 1.60 J m -2. Considering that 
the slab we have studied is only three layers thick, 
these calculated values are in reasonably good 
agreement with the experimental first interlayer 
relaxation value [ 37 ] of - 6.0_+ 2.0%, and in excel- 
lent agreement with the experimental 0 Kelvin 
(extrapolated) surface energy of 1.63 J m -2 [38]. 

3.3. CO/Pd(110)  

The CO-covered Pd( l l0 )  surface at saturation 
coverage is an ordered structure with a (2 × 1)p2mg 
superstructure with two molecules per surface unit 
cell. Fig. 4a shows the side view (along the [-110] 
direction) and Figs. 4b and 4c show the top view 
for on-top and bridge CO adsorption, respectively. 
For reasons of symmetry, as mentioned earlier, we 
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Fig. 4. (a) Side view (along the [ 110] direction) of CO/Pd(110) 
geometry showing the relevant structural parameters. (b) Top 
view of the CO/Pd(ll0) (2x 1)p2mg superstructure (on-top 
CO adsorption) showing the surface unit cell; open circles 
indicate Pd atoms and solid circles schematically represent CO 
molecules. (c) As (b), but for bridge-site CO adsorption. (d) The 
first Brillouin zone of the surface structure of (b) and (c), 
showing the high-symmetry points. 

placed CO on both sides of the three-layer 
Pd(110) slab. 

3.3.1. Geometric details 

We have minimized the total-energy with respect 
to six structural parameters (for both possible CO 
adsorption sites), i.e. the C-O bond length dc-o, 
the Pd-C bond length dpd_ c, the Pd(110) interlayer 
spacing diE , the angles 0 and ~ (as defined in 
Fig. 4a) and the lateral reconstruction shift of the 
first layer Pd atoms 6. All these parameters are 
shown in Fig. 4a. In Table 2, we compare our 
calculated parameters for on-top CO chemisorp- 
tion, the LEED experimental values [7] (which 
predict an on-top equilibrium adsorption site for 
CO) and the theoretical calculations of Hu et al. 
[15]. From Table 2, it is evident that dc~,  d12, 
and 6 are all well within the experimental error. 
The calculated 0 value is larger than the experimen- 
tal value. The calculated dpd-c value is significantly 
shorter than the corresponding experimental value, 
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Table 2 
Parameters (as defined in Fig. 4a) of the CO-covered Pd(110) slab for on-top site adsorption 

37 

Parameter This work Hu et al. [15] (LDA) Hu et al. [15] (GGA) TLEED experiment [7] 

dc~ (.~) 1.15 1.14 1.14 1.16_+0.04 
o(/k) 1.91 1.94 1.96 2.114- 0.06 dl, d~c 

d12 (A) 1.33 - - 1.32 + 0.05 
0(°) 19.7 12.3 12.4 11_+4 

(°) 1.4 --1.6 -0.3 2_+5 
6 0.006 - - 0.04 _+ 0.11 

due to the thinness of the slab (which results in a 
poorer  supply of electronic charge). The differences 
between the calculated and experimental values 
are also in part  due to interactions between the 
periodic images of the polarized CO molecules, 
and also between CO molecules on either sides of 
the slab of the same unit cell. All the bond lengths 
are in good agreement with the results of Hu et al., 
but the bond angles differ considerably, presuma- 
bly due to the neglect of substrate relaxations by 
Hu et al. We also mention, in passing, that as per 
the results of Hu et al., the structural parameters 
do not change significantly when generalized gradi- 
ent approximation (GGA) corrections are added 
to the LDA, although this is not the case with 
relative or total energies. 

We also performed a geometry optimization for 
the other possible adsorption site for CO, i.e. the 
short bridge site (Fig. 4c). The geometric details 
are shown in Table 3 along with the photoelectron 
diffraction (PD) experimental results [11] (which 
predict a bridge adsorption site for CO) and the 
LDA and G G A  results of Hu et al. [15].  As in 
the case of on-top adsorption, our values for dpd_ c 
and 0 differ from the corresponding experimental 
results, and as before, our bond lengths are in 

good agreement with the results of Hu et al., but 
our bond angles differ considerably from their 
results. 

3.3.2. Relative energies 
We found that the bridge site was energetically 

favored over the on-top site by 0.59 eV per CO 
molecule. This is in agreement with the calculations 
of Hu et al. [15] mentioned above, which also 
predict that the bridge site is energetically favored 
by 0.47 eV within the local density approximation 
(LDA), and by 0.33eV within the generalized 
gradient approximation (GGA). 

3.3.3. Surface band structure 
We now shift our attention to the electronic 

structure of the C O / P d ( l l 0 ) - p 2 m g  superstructure. 
Figs. 4b and 4c show the ordered (p2mg symmetry) 
surface structure for CO adsorbed to the on-top 
and bridge adsorption sites, respectively, along 
with the surface unit-cell. The corresponding first 
Brillouin zone is shown in Fig. 4d. We use the 
fragment molecular orbital (FMO) analysis of 
Hoffmann [39,40] as applied to periodic systems 
to study the electronic structure of C O / P d ( l l 0 ) .  
The band structure of the ordered, double-layered 

Table 3 
Parameters (as defined in Fig. 4a) of the CO-covered Pd(ll0) slab for bridge-site adsorption 

Parameter This work Hu et al. [15] (LDA) Hu et al. [15] (GGA) PD experiment [11] 

dc~ a (,~) 1.16 1.15 1,15 - 
dpa~c°(A) 2.01 2.05 2.08 1.8 + 0.1 
d12 (A) 1.37 - - - 
0 (°) 24.9 11.9 15.7 5___5 

(°) - 1.3 0.5 - 2,2 - 
0 - - - 
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CO array without the Pd-CO interaction is shown 
in Fig. 5a, and that with the Pd-CO interaction 
turned on is shown in Fig. 5b (on-top adsorption) 
and Fig. 5c (bridge adsorption). We restrict our- 
selves to only the bands formed from the frontier 
molecular orbitals and have not shown the pro- 
jected bulk band-structure. Since LDA methods 

are known to poorly describe bandgaps (and band 
energies of unoccupied bands with respect to the 
Fermi energy), we uniformly shifted the calculated 
bands to best fit the experimental data. The band 
structure for the on-top site adsorption was shifted 
up by about 0.8 eV (Fig. 5d) and that for bridge- 
site adsorption was shifted up by about 0.5 eV 
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Fig. 5. Surface band-structure of the (2 × 1)p2mg ordered CO array. (a) Without  the C O - P d  interaction; 5a(+) and 5a ( - )  bands are 
derived from bonding and anti-bonding combinations within the surface unit cell of the CO 5a molecular orbital. (b) With the 
C O - P d  interaction turned on for CO adsorbed to the on-top site. (c) With the C O - P d  interaction turned on for CO adsorbed to 
the bridge site; bands arising from the bonding and antibonding combinations of the CO 2n-derived and Pd d-bands, and bands 
arising from the antibonding combination of CO 5a-derived and Pd d-bands are shown. The Fermi energy level is indicated "EF". 
(d) As (b) but with the calculated bands shifted up by 0.8 eV. (e) As (c) but  with the calculated bands shifted up by 0.5 eV. 
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(Fig. 5e). We clearly see a better agreement between 
the calculated band-structure for the bridge-site 
adsorption case than for the on-top adsorption 
case. This leads us to believe that the experimen- 
tally observed bands are due to CO adsorbed to 
the bridge site. Thus, we have arrived at the 
conclusion that CO prefers to bind to the bridge 
sites on P d ( l l 0 )  by two very different analyses, 
i.e. total-energy and unoccupied band-structure 
considerations. 

4. Further discussion of band structure 

In what follows, we first attempt to describe 
some of the important features of Fig. 5a, before 
moving on to Figs. 5b (or 5d) and 5c (or 5e). Each 
CO molecule gives rise to two lrc (occupied) orbit- 
als, one 5a (occupied) orbital and two 2re (unoccu- 
pied) orbitals. The surface unit-cell (Fig. 4b) has 
two CO molecules and so, we should see four lr~, 
two 5a and four 2re bands, half of which are 
bonding combinations, and the other half anti- 
bonding combinations of the appropriate molecu- 
lar orbitals of the two CO molecules within the 
unit cell. We, on the other hand, see twice as many 
bands in Fig. 5a as we have covered both sides of 
our Pd slab with CO, and the interaction between 
CO molecules (which are, for the most part, long- 
range dipole-dipole interactions) on different sur- 
faces further splits up each of the expected bands 
into two closely spaced bands, as can be seen in 
Fig. 5a. Had we used a thick enough slab, we 
would have seen the right number of bands, but 
in this case each of the bands would have been 
doubly degenerate at all points in the Brillouin 
zone. From this point, unless otherwise stated, we 
ignore the splitting of the bands due to interaction 
between CO molecules in different layers. 

It is evident from Fig. 5a that there is no degener- 
acy between rr x- and rot-derived bands. It is interes- 
ting to note that the bands arising from the 
bonding and anti-bonding combinations of a cer- 
tain molecular orbital are degenerate at the Y 
point but not at the X point. If we follow the 
bands in k space (Fig. 5a) along F-Y, we see, for 
instance, that the 5tr(+) band increases in energy, 
while the 5cr(-) band decreases in energy until it 

0 0 0  0 0 0  0 0 0  
0 0 0  0 0 0  0 0 0  

0 0 0  0 0 0  
0 0 0  0 0 0  
0 00 0 

0 0 0  
0 0 0  

x F Y 

Fig. 6. Schematic real-space representation of the CO 5or- 
derived wave-functions at three high-symmetry points of the 
( 2 x l ) p 2 m g  surface Brillouin zone. The surface unit-cell 
is shown. 

becomes degenerate at Y. The reason for this is 
pretty clear if we examine the nature and symmetry 
properties of the wave-functions at these special 
points in the Brillouin zone. In Fig. 6, we show 
schematically two-dimensional, periodic wave- 
functions of a symmetry at the high-symmetry 
points of the (2 x 1)p2mg structure (the same argu- 
ments can be used to explain the degeneracies that 
manifest in bands with rc symmetry). In the 
bottom panels, we show wave-functions which are 
bonding (+) within the unit cell; the top panels 
show wave-functions which are anti-bonding ( - )  
within the unit cell. From Fig. 6, we see that, for 
the 5a(+) at the Y point, we have a wave-function 
with phase changes only between double rows in 
the [110] direction. For the 5~r(-) case, the same 
wave-function results at the Y point, causing the 
bands to be degenerate at that point. For the 
X point, however, there is no such symmetry 
restriction; the spatial separation between sites of 
equal phase is more for the anti-bonding case than 
it is for the bonding case, and so the wave-functions 
are not degenerate at this point. 

Before we move on to a discussion of Figs. 5b 
and 5c, we briefly review the current status of 
understanding regarding bonding in a transition- 
metal carbonyl [ 14]. In the case of a PdCO cluster, 
the CO 5or and 2re orbitals combine in a bonding 
and antibonding fashion with the metal d-orbitals. 
The 5tr-d interaction is a four-electron two-orbital 
interaction which results in two fully occupied 
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orbitals (5cr-d bonding, primarily 5or, and 5cr-d 
anti-bonding, primarily d), and so is a net destabi- 
lizing interaction. The 21r-d interaction is a four- 
electron four-orbital interaction which results in 
two fully occupied orbitals (27~-d bonding, primar- 
ily d) and two unoccupied orbitals (2n-d anti- 
bonding, primarily 2n) and so stabilizes the cluster 
(though the CO molecule is itself partially destabi- 
lized, as the initially unoccupied 2~z orbitals have 
picked up some electron density). Ideas very similar 
to these were originally proposed by Blyholder 
[16]. 

When we move from the cluster to the surface 
case, we notice similarities, but there are differences 
as well. The frontier orbitals of CO, i.e. those 
corresponding to the 5a and 2~ bands, interact 
with those of the Pd d-bands of suitable symmetry. 
Using the theory of group representations, one can 
classify levels of like symmetry at various points 
in the Brillouin zone according to the representa- 
tion they transform. Since in our case the inter- 
action between CO molecules in different layers 
complicates the band structure, we do not give 
detailed symmetry assignments to the bands. 
Rather, we give tentative assignments to groups of 
bands reminiscent of their origin and analogous to 
the cluster case (such assignments are meaningful 
only at certain special points in the Brillouin zone, 
like the Y point, in the present case). We show 
only the bands resulting from the antibonding 
combination of the 5a-d interaction and the bond- 
ing and anti-bonding combination of the 2n-d 
interaction. The reason we say that these assign- 
ments are only tentative is due to the fact that no 
band is entirely 5a-d or 2n-d; for one thing, there 
is the possibility of little admixtures of sp(Pd) 
character in these bands, but more importantly, 
there could be hybridization between some 5a and 
2~ bands, depending on whether they belong to 
the same representation and if they are in proximity 
with each other, either energetically or spatially. 
Just as in the PdCO cluster case, we see in Figs. 
5b and 5c, that the band corresponding to the 
bonding combination of 2~-d interaction is fully 
occupied (barring hybridization), and that corre- 
sponding to the anti-bonding combination of the 
2n-d interaction is fully unoccupied. The antibond- 
ing combination band of the 5tr-d interaction is, 

however, only partially occupied as the Fermi 
surface goes clean through the band (we note once 
again that the "5a-d" band is predominantly 5a-d 
in character, with varying small admixtures of 
sp(Pd), 2n and 4a at different points in the 
Brillouin zone). Here, we see an essential difference 
between bonding of a molecule to a cluster and to 
a surface. Our results also indicate that the 
Blyholder model [ 16] is over-simplistic, as empha- 
sized by others elsewhere [-15, 41-43]. 

5. Summary and conclusions 

We have reported self-consistent calculations 
performed within the LDA framework of DFT 
using soft ab initio pseudo-potentials and a plane- 
wave basis. Our results can be summarized as 
follows. 

5.1. Bulk Pd 

Our bulk Pd calculations yielded results that 
are in reasonable agreement with experiments. Our 
calculated lattice constant for Pd was less than 1% 
different from the experimental value, the bulk 
modulus was about 8% higher and the cohesive 
energy was about 18% higher than the correspond- 
ing experimental values. The calculated band- 
structure for bulk Pd were in excellent agreement 
with previous scalar relativistic calculations. 

5.2. CO/Pd(IIO) surface geometry 

We have compared our geometric parameters to 
experiments and earlier calculations and found 
that the level of agreement varied. For instance, 
the Pd-C bond length was too small (on-top case) 
or too large (bridge case) when compared to the 
relevant experiments (presumably in part due to 
the thinness of our slab), but was in good 
agreement with the calculation of Hu et al. [15]. 
Also, the calculated CO bending angle was different 
from both the earlier theoretical and experimental 
estimates. Other geometric parameters were in 
good agreement with previous experimental and 
theoretical values. 
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5.3. Site preference 

We also performed total-energy and surface 
band-structure calculations to determine the equi- 
librium adsorption site for CO on Pd( 110): (i) total 
energy considerations indicated that the bridge site 
was preferred for CO chemisorption by 0.59 eV 
relative to the on-top CO adsorption case, and 
(ii) surface band-structure calculations for both 
on-top and bridge adsorption cases were performed 
and the unoccupied bands were compared to 
inverse photoemission results. It was quite appar- 
ent that the calculated band-structure for the 
bridge-site adsorption case was in better agreement 
with the experimental band-structure. Based on 
two different considerations, i.e. total-energy and 
band-structure considerations, we find that CO, at 
saturation coverage, preferentially adsorbs on the 
bridge site of the Pd(ll0) surface. 
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