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The chemisorption of CO on a Cr (110) surface is investigated using the quantumMonte Carlo
method in the diffusion Monte Carlo (DMC) variant and a model Cr2CO cluster. The present
results are consistent with the earlier ab initio HF study with this model that showed the tilted/
near-parallel orientation as energetically favoured over the perpendicular arrangement. The
DMC energy difference between the two orientations is larger (1.9 eV) than that computed in
the previous study. The distribution and reorganization of electrons during CO adsorption on
the model surface are analysed using the topological electron localization function method
that yields electron populations, charge transfer and clear insight on the chemical bonding that
occurs with CO adsorption and dissociation on the model surface.

1. Introduction

The interation of diatomic molecules such as CO with

transition metal (TM) surfaces is an important step in

understanding heterogeneous catalysis. Evaluating

quantitatively the interaction energy between a gas

molecule and a TM surface, despite its importance,

still presents computational difficulties; for recent

reviews see [1, 2]. Much effort has been devoted to the

investigation of the specific behaviour of each TM and

the influence of the surface structure of the metal on the

interaction with a diatomic molecule (see, e.g., [3]).

In a previous ab initio restricted Hartree–Fock (HF)

study we considered Cr2CO and Cr4CO surface cluster

models to simulate CO adsorption on the Cr (110) sur-

face in perpendicular and tilted states [4]. The latter state

was identified by us and others to account for the unu-

sually low carbon–oxygen stretching observed in CO

adsorption on TM surfaces and to be a predissociative

molecular state [4].

In general, the direct and the precursor state models
are used to describe the dissociation of a molecule on a
surface [5]. In direct dissociative chemisorption the inci-
dent molecule dissociates into adsorbed fragments
immediately upon collision with the surface. In dissocia-
tive chemisorption through a precursor state, the mol-
ecule is adsorbed intact before dissociating. It is well
known that CO is adsorbed with the carbon atom
closer to the surface. On most densely packed metal
surfaces, CO is adsorbed with the molecular axis parallel
to the surface normal [6]. We note that the more
common Blyholder model [7] does not take into account
the existence of CO tilted states [8] because at the time of
publication there was no experimental evidence for their
existence.
In this paper, we focus on CO adsorption and disso-

ciation on a model transition metal surface for Cr (110).
The Cr (110) surface is described by a Cr2 system with
the interatomic distance set to the experimental lattice
separation of Cr (110). There have been numerous
experimental investigations of CO chemisorption
on single-crystal transition metals using various
experimental techniques, including high resolution

Molecular Physics ISSN 0026–8976 print/ISSN 1362–3028 online # 2003 U.S. Government
http://www.tandf.co.uk/journals
DOI: 10.1080/00268970210162844

*Author for correspondence. e-mail: WALester@lbl.gov

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
C
A
S
 
C
o
n
s
o
r
t
i
u
m
]
 
A
t
:
 
0
8
:
2
1
 
7
 
M
a
y
 
2
0
0
9



electron-energy-loss spectroscopy (HREELS), electron
stimulated desorption ion angular distribution
(ESDIAD), low energy electron diffraction (LEED),
Auger electron spectroscopy (AES) [9], and core valence
photoemission [10]. In addition, there have been a
number of theoretical studies of the adsorption/dissocia-
tion of diatomic molecules on metallic surfaces, of which
we cite only a few, using unrestricted Hartree–Fock
(UHF) combined with resonating valence bond theory
and multiple-scattering X� formalism [6], The Hückel
method [11], and ab initio UHF [12], in addition to the
ab initio HF investigation of CrnCO clusters [4].
The aim of the present work is a quantum Monte

Carlo (QMC) study in the diffusion Monte Carlo
(DMC) approach of CO adsorption and dissociation
on the Cr (110) model surface both to assess our pre-
vious ab initio HF study [4], and to gain insight into the
use of the DMC method for quantitative description of
gas–surface interactions. To these ends we compute the
total energy of the system in the same configurations as
previously investigated and identify the more stable
binding mode. The DMC method has been successful
in providing accurate descriptions of energies, including
binding and atomization energies, ionization potentials,
electron affinities [13–15], reaction barriers [16], and
related properties. It had been used previously to
study a number of TM systems [17–22].
The DMC method scales very favourably with system

size, viz. N3, which is to be compared with other corre-
lated methods that scale as N6 or higher. The method is
readily adaptable to parallel systems and has relatively
modest memory requirements compared with the other
high accuracy methods CI (N!) and coupled cluster (N4)
[23]. The usefulness of the DMC method has been
demonstrated in many studies (for reviews, see, e.g.,
[24–26]). Due to the stochastic nature of the method,
the computed DMC error depends on CPU time:
longer simulations give more accurate results.

2. The quantum Monte Carlo method

The QMC method is a stochastic procedure for solv-
ing the time-dependent electronic Schrödinger equation
in imaginary time. The imaginary-time evolution is
accomplished using a density of ‘walkers’, each of
which corresponds to a configuration of the system,
i.e., corresponds to a set of particle positions. In
the present study, as is common in molecular QMC
applications, the nuclear positions are held fixed.
The fixed-node DMC method leads to the following
Schrödinger-like equation [24–26]:

@f
@t

¼ 1
2r � ðr � FqÞf � ðEL � ETÞf : ð1Þ

We have introduced importance sampling to arrive at
equation (1), which provides improved efficiency of the
simulation. Here

f ¼ CTF; ð2Þ
where CT is a known approximate wavefunction, F is
the exact solution and ET is an energy offset. The quan-
tity Fq ¼ ln jCTj2 is labelled the quantum force and has
the effect of increasing sampling in the regions where the
wavefunction is large (and thereby increases efficiency),
and

ELðRÞ ¼
ĤHCTðRÞ
CTðRÞ

; ð3Þ

is the local energy, where R denotes the 3N coordinates
of the system. The evaluation of equation (3) for a broad
range of randomly sampled coordinates or walkers from
the distribution f using the Monte Carlo method leads
to the DMC estimate of the energy.
The usual representation of a DMC trial wavefunc-

tion is in the form

CT ¼  expðUÞ; ð4Þ
where typically  is an independent-particle-based func-
tion: Hartree–Fock, configuration interaction, or multi-
configuration HF. The function U is chosen to be
explicitly dependent on interparticle distance, i.e.,
Uðfrijg; fri�g; fri�gÞ, where rij is the distance between
electrons i and j, ri� is the distance separating electron
i and nuclear � and, ri� is the distance separating elec-
tron i and nucleus �. The two electron–nucleus terms
describe density-dependent correlation. In the present
study we have used the Schmidt–Moskowitz [27] func-
tion first introduced by Boys and Handy in the trans-
correlated wavefunction method [28].
In this study we have used the short term approxima-

tion that characterizes the DMC method [24–26], and
the Stevens–Basch–Krauss (SBK) effective core poten-
tials (ECPs) [29]. The use of ECPs yields significant
reduction in computer time because the detailed
motion of the innermost electrons requires very small
random-walk timesteps for high accuracy.

3. The electron localization function (ELF) method

The partitioning of molecular space into chemi-
cally significant regions remains an open challenge. In
recent years topological theories of chemical bonding
[30, 31, 33] have been formulated and applied [32, 34,
35] to analyse local quantum mechanical functions
such as electronic density. One such function, Becke-
Edgecombe’s electron localization function (ELF) [36],
includes the capability of partitioning molecular space
into basins corresponding to core and valence (attrac-
tors) regions, which helps one to understand the struc-
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tural and chemical properties of a system, and to gain a
deep insight into bond and lone pair localization. The
picture of a molecule provided by the ELF analysis is
consistent with Lewis valence theory, and enables one to
assign chemical meaning to attractors and their basins.
We have applied the topological ELF analysis to the
Cr2CO system.
The ELF function is defined by

�ðrÞ ¼ 1

1þ �ðrÞ ; ð5Þ

where �ðrÞ defines the ratio DðrÞ=DhðrÞ. For a single
determinant wavefunction, built from orbitals desig-
nated 
�ðrÞ, the function DðrÞ is given by

DðrÞ ¼ 1
2

X
i
jr
�ðrÞj2 �

1

8

jr�ðrÞj2

�ðrÞ ;

and expresses the excess of local kinetic energy due to
Pauli repulsion [35]. The quantity DhðrÞ ¼ CF�ðrÞ5=3 is
the Thomas–Fermi kinetic energy density (uniform gas
of electrons) [36], which here acts as a renormalization
factor, and CF is the Fermi constant (CF ¼ 2:871 au).
The range of values of �ðrÞ is 04 �4 1. In a region of
space with a single pair of electrons with anti-parallel
spins, � ¼ 1 due to the absence of Pauli repulsion
between the electrons. In a region where two electrons
with parallel spins come close the kinetic energy differ-
ence DðrÞ becomes large (the two electrons avoid each
other), and consequently � ffi 0. By construction for a
uniform electron gas, � ¼ 0:5. In principle, the ELF
can be calculated from the exact wavefunction, if avail-
able, or from experimental results. In practice �ðrÞ is
calculated from the natural orbitals, with no restriction
on the quantum mechanical method used for obtaining
them.
The partitioning of molecular space into regions

where pairs of electrons (bonds, lone pairs) or even
unpaired electrons can be achieved by standard topolo-
gical analysis of well defined scalar functions. This pro-
cedure involves three steps: 1, evaluation of the ELF
over a 3D grid; 2, localization of the critical points of
the ELF, i.e., maxima, minima, and saddle points,
defined by r�ðrÞ ¼ 0; and 3, identification of the basin
of each ELF maximum, i.e., all the points of the 3D grid
from which if the r� is followed the trajectory termi-
nates on the maximum considered.
Within this framework a partition of the molecular

space into basins of maxima of the ELF having a clear
chemical meaning can be achieved. These basins are
either core basins located around the nuclei (for
Z > 2) or valence basins in the remaining space. With
this well defined mathematical partitioning of molecular
space it is possible to integrate the electronic density

�ðrÞ, over a given volume Oi, corresponding to basin i
in order to calculate basin populations,

hNðOiÞi ¼
ð
Oi

�ðrÞdr; ð6Þ

and the associated variance of the basin population
given by

�2ðhNi;OiÞ ¼ hN2iOi � hNi2Oi : ð7Þ

This quantity measures the variance of the quantum
mechanical uncertainty of the basin population which
may be interpreted in terms of electron delocalization.
It may be written in terms of contributions arising from
other basins according to

�2ðhNi;OiÞ ¼
X
j6¼i

hNiOihNiOj � hNi2Oi;Oj ¼
X
j 6¼i
Bij: ð8Þ

In equation (8), hNiOihNiOj are the numbers of electron
pairs classically expected from the basin population,
whereas hNi2Oi;Oj is the actual number of pairs obtained
by integration of the pair function over the basins Oi
and Oj. The quantity Bij is the covariance defined as
Bij ¼ hðNi � hNiiÞðNj � hNijÞi. The pair covariance Bij
indicates how much the populations of two given basins
are correlated.
The ELF calculations were performed with the

TopMoD package [32, 37] and the isosurfaces have
been visualized using SciAn software [38]. The
TopMod program requires a wavefunction file gener-
ated by Gaussian98 [39]. With evaluation of the ELF
grid file and identification of the different basins and
associated attractors, TopMod calculates the electron
population in the different molecular space partitions
or basins.
The goal of the ELF analysis is to provide a clear

picture of how the electron population, the making
and breaking of bonds, and charge transfer are affected
by the adsorption and dissociation of CO on our cluster
surface representation of Cr (110). The ELF approach
provides a better description of the electron distribution
and associated properties than the Mulliken population
analysis used in our earlier study [4].

4. Results and discussion

4.1. DMC computations
We used a trial function consisting of a product of a

restricted HF function, and a Schmidt–Moskowitz cor-
relation function [27] (equation (4)). In addition to Cr,
SBK ECPs were also used for C and O. The reliability of
these functions for first- and second-row atoms is well
established [13, 39, 40].
As in our ab initio HF study, the Cr interatomic dis-

tance was set to the experimental bcc lattice constant of
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the bulk nearest neighbour distance for Cr (110) of
2.498 Å (all bond distances are in Å). The distance
between C and the surface is 1.935 Å for the perpen-
dicular configuration from our earlier study, which com-
pares favourably with the experimental CrC distance in
Cr(CO)6 of 1.92 Å, and the CO geometry was that opti-
mized in [4], 1.149 Å, which is in agreement with experi-
ment (1.15 Å). In the tilted orientation, we have used an
optimized CO distance of 1.233 Å, the height of C above
the CrCr bond as 1.581 Å, the inclination angle of CO to
CrCr as 11.38 and the distance between the CO and
CrCr bond axis as 1.366 Å from our previous study [4]
(figure 1).

Trial wavefunction optimization was carried out
using the recently developed absolute value functional
for a fixed sample [41]. This optimization scheme is
quite stable and does not show numerical instabilities
during the minimization. Trial function optimization
with imposed cusp conditions in this approach
recovers more correlation energy than the widely
used variance minimization procedure. With 60 itera-
tions, parameter convergence is attained to 0.0001 for
the Schmidt–Moskowitz correlation function. The
absolute value functional technique significantly
reduced local energy fluctuations after three optimiza-
tions (table 1).
Table 2 presents the total energies from DMC of the

Cr2CO molecule for the two geometries. As expected
from our previous study, the tilted configuration is ener-
getically favoured. This stable binding mode of mol-
ecular CO chemisorption on Cr (110) consists of CO
adsorbed with the molecular axis approximately parallel
or tilted to the surface, as was identified experimentally
by Shinn and Madey using HREELS as the only CO
binding mode at low coverage [9]. This is understand-
able from the present study, considering the 1.9 eV
greater stability of the tilted configuration. Other experi-
ments including Auger electron spectroscopy (AES) [9]
confirm this finding; they demonstrate that the near-
parallel orientation undergoes dissociation upon heating
to T > 200K and indicate that this mode serves as a
precursor state to CO dissociation. ESDIAD studies
for different metals such as Ru (001) support the
model involving parallel adsorption of CO molecules
by the metallic surface [10]. On this surface there is a
large reduction in molecular binding for perpendicular
adsorption relative to the bent near-parallel geometry
for adsorption.

280 O. El Akramine et al.

Figure 1. Geometries used for the near-parallel and the per-
pendicular orientations of CO on a dimer model surface
of Cr (110).

Table 1. Optimization using the absolute value functional (absolute
deviation minimization in Eh).

Optimization

Tilted
configuration

Perpendicular
configuration

Initial Final Initial Final

1st 6.742 624 2.555 961 6.200 884 2.492 217
2nd 2.254 479 2.184 730 2.327 177 2.247 538
3rd 2.228 339 2.226 472 2.246 985 2.242 024

Table 2. DMC energies (in eV) for Cr2CO in the tilted/near-parallel and
perpendicular configurations.

Tilted

configuration

Perpendicular

configuration Difference

DMC energy �194.0569 (0.0020) �193.9866 (0.0020) 0.0703 (0.0040)
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It is worth noting that the large 1.9 eV energy differ-
ence between the two geometries agrees well with semi-
empirical results based on the Hückel Hamiltonian [11].
The tilted/near-parallel configuration is a consequence
of strong p and 5s donation bonds whose antibonding
counterparts are empty [1, 3]. The DMC energy differ-
ence is considerably larger than that obtained in our ab
initio HF study [4].

4.2. ELF analysis
The results of the ELF topological study of the inter-

action of CO with the model surface are presented in
figures 2–4. It has been shown that this topological
description is structurally stable in the sense that the
number and type of ELF partitioning plus their evolu-
tion are not dependent on the quantum mechanical
method used in determining the ELF. For convenience,
we have chosen the DFT/B3LYP method with with 6-
31G** basis set for the present ELF analysis. To see
clearly the effect of CO adsorption on the surface and
how electron populations change, we have carried out a
topological analysis with the two Cr atoms at the experi-
mental separation for Cr (110) in the absence of CO.
Figure 2 shows the ELF molecular partition of the two

isolated Cr atoms. We label here core basins C(Cr1) and

C(Cr2), two monosynaptic valence basins V(Cr1),

V(Cr2), corresponding to lone pairs of electron, and dis-

ynaptic basin V(Cr1,Cr2), associated with the bonding of

the two Cr atoms. If we examine the molecular space for

large ELF values, we see that the different initially com-

pact basins start to separate from each other. Figure 2 (a)

displays the ELF isosurface for � ¼ 0:65. Basin popula-
tions, are obtained from integration of the one-electron

density �ðrÞ over these basins, are given in table 3. The
population of the V(Cr1,Cr2) basin is 2.04 electrons,

indicating a single covalent bond, whereas the torus

shape of this basin is similar to the triple bond in acet-

ylene [33]. The valence basins V(Cr1) and V(Cr2) have a

population of 0.88 electrons. Accordingly, the total

Quantum Monte Carlo study of the CO interaction with a dimer model surface for Cr (110) 281

Figure 2. Electron localization function (ELF) analysis for
the dimer model of the Cr (110) surface: (a) the ELF iso-
surface for � ¼ 0:65; (b) the two Cr atoms for � ¼ 0:75,
and (c) the two Cr atoms for � ¼ 0:92.

Figure 3. ELF representation of CO adsorption on the
Cr (110) dimer model surface: parallel orientation of CO
to Cr2.
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valence charge on each Cr atom is 1.90 electrons. The

rest of the charge, 22.10 electrons, is contained within the

two core basins indicated in figure 2 by Cr1 and Cr2 and

coincide with the location of the nuclei. The shape along

with the basin population of V(Cr1,Cr2) may be under-

stood by considering (i) the symmetry of the system

(D1h) and (ii) the effect of Pauli repulsion. Note that
the stronger the Pauli repulsion, the lower the ELF

values for V(Cr1,Cr2) (table 4) and the smaller the

basin population. The torus shape of V(Cr1,Cr2) satisfies

the above requirements. The classification of the CrCr

bond is not straightforward because the low V(Cr1,Cr2)

population and the large delocalization between the

metallic cores is confirmed by a standard deviation of

2.60 electrons (table 3) of each Cr core indicated by

Cr1 and Cr2 in figure 2.

The origin of the low value of the V(Cr1,Cr2) popula-

tion, compared with that expected based on the ‘nominal

bond order’ is certainly due to the character of the d

atomic orbitals. They may be considered either as core

orbitals or valence orbitals, depending on the chemical

system under scrutiny. In the case of metallic solids, it

has been found that the TM d orbitals contribute very

282 O. El Akramine et al.

Table 3. Basins, populations and standard deviation of the 2
Cr atoms.a

Basin Population
Standard
deviation (�) �b

C(Cr1) 22.10 2.60 0.99
C(Cr2) 22.10 2.60 0.99
V(Cr1) 0.88 0.58 0.78

V(Cr2) 0.88 0.58 0.78
C(Cr1,Cr2) 2.04 1.50 0.75

a The Cr atoms are separated by the lattice distance for
Cr (110) of 2.498 Å.
b ELF value.

Figure 4. ELF representation
of CO adsorption on the
Cr (110) dimer model sur-
face: perpendicular orien-
tation of CO to Cr2.
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little to the interstitial density [35]. Note that the experi-
mental lattice bcc bulk distance (2.498 Å) separating Cr
atoms on the Cr (110) surface is larger than the optimum
distance between Cr atoms in the dimer (1.679 Å) and
corresponds to a single bond between diffuse singly occu-
pied 4s orbitals, while the d electrons remain localized on
the cores. In the present case, the orbital contributions
(table 4) to the core and V(Cr1,Cr2) populations provide
the pertinent information: the molecular orbitals essen-
tially contribute to the core populations.
The main characteristic of CrCr bonding is the co-

variance between the two Cr core basins. In general,
the standard deviation between two core basins is
about 0.1–0.5 electron; however, we have found a stan-
dard deviation of 2.60 electrons between the Cr cores.
Such large fluctuations lead us to introduce a resonance
structure between the Cr cores. In fact, the two Cr atoms
are in a closed-shell singlet state. There is no spin polar-
ization and each core is considered to be in a local
closed-shell structure whose orbitals satisfy D1h point
group symmetry conditions. The population of each Cr
core is �22 electrons and hence 4 electrons out of the 6
formally considered as valence from MO theory should
now be considered as core electrons. Moreover, each Cr
atom participates with one 4s electron in the V(Cr1,Cr2)
population and has one electron in its valence basin,
namely, V(Cr1) and V(Cr2). Accordingly, there are
four electrons occupying molecular orbitals arising
from d orbitals included in core basins. In a resonance
description we assume that each of the Cr cores may
adopt either of the configurations, Cr: [Ar]d4 or
Cr: [Ar]d2. Using these core configurations, we form
the following resonance structures:

Cr1: ½Ar�d4NCr2: ½Ar�d4 $ Cr1: ½Ar�d4NCr2: ½Ar�d4; ð9 aÞ

Cr1: ½Ar�d6NCr2: ½Ar�d2 $ Cr1: ½Ar�d2NCr2: ½Ar�d6: ð9 bÞ

Both resonance descriptions 9(a; b) yield an average
population of 22 electrons for the Cr core basins. The
first has a standard deviation of zero electrons while the
value for the second one is 4 electrons. The calculated
standard deviation of 2.60 electrons can be recovered

approximately assuming that this first resonant struc-

ture contributes with a coefficient of �1/3 and the
second with a coefficient of �2/3.
In conclusion the chromium d orbitals determine the

metal–metal interactions through their involvement in

the delocalization of the electronic density between the

two cores and the V(Cr1,Cr2) bonding basin. This

approach is an alternative to the description of the

CrCr bond provided by MO theory. The total valence

charge on each Cr atom is 1.90 electrons. The rest of the

charge, 22.1 electrons, is contained within the two core

basins indicated in figure 2 by Cr1 and Cr2. In figure

2 (b) the two Cr atoms are shown for � ¼ 0:75. The Cr1
and Cr2 core basins have a cylindrical shape, as

expected from the linear symmetry of the system.

These basins are composed of s, p and d orbitals, and

the inset figure presents its structure.

Figure 3 depicts the molecular structure of the Cr2CO

complex with the CO molecule tilted towards the CrCr

axis, and shows that there is no longer a bond between

the two Cr atoms. Moreover, there is no bonding basin

between CO and the two Cr atoms. Atom Cr1 appears

with the same local structure as in the two-atom system.

Atom Cr2 appears, however, polarized by the oxygen

lone pairs indicated by V(O) and appears with a local

coordination of 6, indicated by the 6 basins around the

position of the nucleus (figure 3 (b)). The standard devia-

tion for the two Cr core basins decreases to 1.54 elec-

trons for Cr1 and 1.25 electrons for Cr2 (table 5) while

the covariance between the two basins is 0.21. The CO

molecule has its regular form: V(C,O) bonding basin,

V(C) and V(O) lone pairs. The valence basin V(O) con-

tains 5.41 electrons, 1.41 electrons more than expected

for oxygen lone pairs. The remainder of the charge dis-

tribution and the standard deviations over the basins are

listed in table 5.
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Table 5. Basins, populations and standard deviation of the
tilted/near-parallel configuration of CO inclined to the
model Cr Surface.

Basin Population
Standard
deviation (�) �a

C(Cr1) 22.71 1.54 0.99

C(Cr2) 22.43 1.25 0.99
C(O) 2.09 0.12 1.00
C(C) 2.09 0.23 1.00

V(O) 5.41 1.58 0.90
V(C) 3.85 1.42 0.96
V(Cr1) 0.90 0.59 0.90

V(Cr2) 0.62 0.30 0.78
V(C,O) 1.90 1.11 0.87

aELF value.

Table 4. Basins and orbital contributions of the six last
occupied orbitals.

Basin

Orbital contributions

sg pu pu dg dg su

C(Cr1) 0.32 0.84 0.84 0.91 0.91 0.37
C(Cr2) 0.32 0.84 0.84 0.91 0.91 0.37

V(Cr1) 0.26 0.02 0.02 0.02 0.03 0.52
V(Cr2) 0.26 0.02 0.02 0.02 0.03 0.52
V(Cr1,Cr2) 0.82 0.29 0.29 0.13 0.13 0.19
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The total number of electrons on CO is 15.34. This
indicates charge transfer from the Cr atoms towards CO
of about 1.34 electrons and is due mainly to charge
transfer from the V(Cr1,Cr2) basin towards the V(O)
basin. The 2-Cr complex has 46.66 electrons. In par-
ticular, Cr1 carries a charge of þ0:39 and Cr2 a charge
of þ0:95. This charge distribution induces a dipole
moment of 1.848D. From the above analysis we con-
clude that the interaction between CO and the model
2-Cr surface is purely ionic.
The other interaction mode for this system is CO

oriented perpendicular to the surface. This chemisorp-
tion process has the structure given in figure 4. The
isosurfaces in this figure correspond to � of 0.56, 0.65,
0.82 and 0.85, values that measure the degree of locali-
zation. Figure 4 (a) shows clearly that the valence of CO
follows from the separated valence of the two Cr atoms.
The CO valence splits at a higher value of the ELF, as
shown in figure 4 (b). In this geometry both Cr1 and Cr2
have local coordination 6 (figure 4 (d)). In figure 4 (a; b)
the dashed line shows the separation between the Cr1
and Cr2 valences, 0.90 electron for each atom (table 6).
Each of the two ensembles of non-bonding Cr1 and cr2
contains 22.50 electrons. Figure 4 (b; c; d) shows the
ELF function � for increasing values culminating in
very localized CO and two Cr atoms. From table 6 we
conclude that CO carries a total of 15.20 electrons or,
alternatively, a net charge of �1:20, and each of the Cr
atoms carries a net charge of þ0:60. This charge distri-
bution induces a dipole moment of 0.5578D. From this
analysis we conclude that the interaction between CO
and our model surface is strongly ionic. The Cr cores are
split because of the polarization of d orbitals due to the
environment. The tilted configuration considerably
polarizes the second Cr atom because of the oxygen
lone pairs. This behaviour disappears for the perpen-
dicular configuration because the lone pair on carbon
plays the role of a bonding basin.

Typically the transfer of charges is larger when CO is
tilted (near-parallel configuration). The Cr2CO interac-
tion model shows general features of charge transfer
from the 5s orbital of CO to unoccupied Cr orbitals,
followed by back donation of d electrons from the Cr
surface to unoccupied 2p* CO orbitals, which are
important in explaining the dissociation of CO.

5. Conclusion

We have carried out DMC calculations for the
ground state energy of a Cr2CO model for the interac-
tion of CO with the Cr (100) surface. This system yields
useful insight into the adsorption of CO on Cr metal
surface and may hold value for other 3d metal surfaces.
The present results are consistent with various experi-
ments that show the tilted/near-parallel configuration to
be a more stable orientation mode for low CO coverage
than the perpendicular arrangement. We have deter-
mined the energy difference between these two modes
of CO–surface interaction to high accuracy. The adsorp-
tion of CO on the model surface have been analysed in
terms of the topological representation of the electron
localization function (ELF). This procedure provides a
clear understanding of the electron rearrangement and
reorganization during the interaction of CO with the
metallic surface. The CO dissociation on 3d metal sur-
faces is confirmed to be a two-step (metal!CO and
CO!metal) charge transfer process, and the near-
parallel orientation (tilted state) is identified as the pre-
cursor state to the dissociation.
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