
Embedded Configuration Interaction Description of CO on Cu(111): Resolution of the Site
Preference Conundrum

Sahar Sharifzadeh,† Patrick Huang,‡,§ and Emily Carter* ,‡

Department of Electrical Engineering, Department of Mechanical and Aerospace Engineering, and Program in
Applied and Computational Mathematics, Princeton UniVersity, Princeton, New Jersey 08544-5263

ReceiVed: NoVember 14, 2007; In Final Form: January 11, 2008

We apply an embedded configuration interaction (ECI) theory to study the adsorption of CO on Cu(111), a
well-known case where standard approximations to exchange-correlation within density functional theory
(DFT) fail qualitatively to predict the correct site preference and quantitatively overbind CO to both hollow
and on-top sites. In ECI theory, the chemisorption region is represented by a cluster consisting of CO and a
few (4-10) nearby Cu atoms, with the effect of the periodic metallic background accounted for by an effective
one-electron embedding potential derived from periodic DFT. The embedded cluster is then treated using
accurate ab initio multireference configuration interaction methods for electron correlation. The ECI theory
yields a CO adsorption site preference and binding energy in excellent agreement with experiment, without
resorting to ad hoc corrections.

I. Introduction

Density functional theory (DFT) has proven to be a highly
successful approach for describing the electronic structure of
condensed matter. Although DFT can be rather accurate for the
ground-state properties of nearly free-electron systems, situations
exist where it fails to provide even a qualitatively correct picture,
for example, strong electron-electron correlations, excited
states, and open-shell systems. One well-known controversy
concerns the adsorption of CO on transition-metal surfaces,
where DFT does not always reproduce the adsorption site
observed in experiments. Within local and semilocal approxima-
tions for exchange-correlation, DFT predicts hollow site adsorp-
tion for CO on Cu(111), Pt(111), and Rh(111),1 but experiments
consistently observe on-top site adsorption instead.2-4

The most extensively studied case involves CO on Pt(111).
Feibelman et al.5 reported a detailed plane-wave periodic DFT
study, exploring the effects of variations in the DFT model, for
example, the choice of DFT exchange-correlation, supercell, and
so forth. They consistently found hollow-site adsorption to be
energetically preferred. However, the treatment of Pt core states
and relativistic effects has been an issue of some discussion.
All-electron relativistic calculations by Olsen et al.6 and Orita
et al.7 found a slight top-site preference. This contradicts the
conclusions of Feibelman et al., who considered pseudopotential,
frozen-core, and all-electron relativistic representations of core
states. Although Feibelman et al. saw a stabilization of the on-
top site when full-core relativistic effects are included, in their
calculations this was not sufficient to switch over the CO binding
site preference. In short, there are a number of technical
differences between the various full-core relativistic calculations,
and a careful comparative study would be needed to fully resolve

the role of core relativistic effects. We note that in the case of
CO on Cu(111), where relativistic effects should be negligible,
all-electron DFT calculations still find a preference for hollow
site adsorption, in contradiction to experiments.8

One explanation1,9,10 for the general discrepancy between
experiment and theory invokes the Blyholder model11 for the
transition metal-CO bond. In this picture, the highest occupied
molecular orbital (HOMO) of CO (5σ) donates electrons to the
metaldz2 orbital, while the lowest unoccupied molecular orbital
(LUMO) of CO (2π*) accepts electrons from the metaldπ
orbitals. For hollow site adsorption, the bonding is dominated
by the CO 2π*/metal dπ interaction as a consequence of the
symmetry of the CO 2π* orbital and threefold symmetry of
the hollow site. For on-top site adsorption, the CO 5σ/metal
dz2 interaction dominates. It is known that DFT underestimates
the HOMO-LUMO gap (and band gaps in general) due to the
self-interaction error inherent in most approximate exchange-
correlation functionals. As a result, the CO 2π* level is too
low in energy, producing too strong a CO 2π*/metal dπ
interaction at the hollow site. However, disagreements exist on
whether the Blyholder model is too simple a picture of the
metal-CO bond,12 whether back-donation into the CO 2π*
occurs at all,13 or whether a 2π* resonance exists instead of
back-donation.14

Some attempts have been made to correct the CO 5σ-2π*
gap in DFT, in order to get the correct adsorption site for CO
on transition metals. One strategy is the DFT+U method, where
an additional electron-electron repulsion parameter (U-J) is
introduced to shift the LUMO to higher energies.15 Although
this procedure can lead to the correct on-top site preference for
CO on Cu(111), the U-J parameter is not uniquely determined
in this work. Similarly, if a CI value for the CO singlet-triplet
gap is used to correct DFT-GGA energies, the correct site
preference for CO on a variety of transition-metal surfaces is
obtained.16

Hybrid functionals such as B3LYP that include some fraction
of Hartree-Fock exchange can also improve HOMO-LUMO
gaps in molecules and insulators. Periodic B3LYP calculations
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of CO on Pt(111)8 and Cu(111)9 yield the correct on-top site
preference in both cases. Hu et al. also found the correct on-
top site preference in a B3LYP study for CO on Cu(111),17

employing instead the ONIOM method.18 In short, the ONIOM
strategy is to locally correct the total energy in a subregion of
interest. This is accomplished by carrying out a lower level
calculation of the total system (in this case, periodic DFT-LDA),
corrected by the energy difference between a higher level theory
(here MP2 or B3LYP) and the lower level (DFT-LDA) for a
finite cluster subregion. However, use of hybrid functionals
containing Hartree-Fock (HF) exchange for metals is not well-
justified because HF theory diverges for metallic states near
the Fermi level. Nevertheless, the observation that the correct
CO site preference is obtained in these various studies suggest
that the problem is indeed due to the poor DFT description of
the 5σ-2π* gap.

An alternative approach for improving the CO 5σ-2π* gap
is the application of ab initio quantum chemistry methods on a
cluster representing a fragment of the surface. Because cluster
size effects can be significant, accounting for the extended nature
of the surface is important in such calculations. An embedded
quantum chemistry approach suitable for periodic, metallic
crystals was developed recently,19-25 which considers a parti-
tioning of the total system into the periodic background and
the embedded cluster containing the adsorbate. The strategy
allows for the application of accurate ab initio correlation
methods for the chemisorption region, in combination with a
DFT-based description of the periodic background, thus over-
coming the DFT band gap problem in a first-principles manner.
(A thorough review of the pros and cons of other embedding
methods may be found in ref 20.) Here we present results for
such an embedded cluster approach to the study of CO
adsorption on Cu(111). Unlike the Pt(111) case, there is no
ambiguity regarding the role of core relativistic effects, which
is negligible for first-row transition metals. This allows us to
focus our interpretations on the role of the HOMO-LUMO gap.
Earlier work22 showed that CO excitation energies (and hence
the 5σ-2π* gap) are well reproduced by multireference single
and double excitation configuration interaction (MRSDCI)
calculations; hence, our method of choice is to employ embed-
ded MRSDCI calculations to study CO chemisorption.

II. Embedding Theory

Details of our embedding methodology are given in ref 25.
In short, the total system is partitioned into a cluster containing
the adsorbate and nearby metal atoms (region I) and the periodic
background (region II). The total densityFtot and energyEtot

are decomposed as

and

whereFI andFII are densities associated with regions I and II,
respectively.EI andEII denote the exact (albeit unknown) energy
density functionals associated with regions I and II, andEint is
the unknown interaction energy between the cluster and
background. We employ a DFT-based model forEint

where Ei
DFT[Fi] (i ) tot, I, II) are approximate DFT energy

functionals of the form

Here, Ts, J, and Exc are the kinetic, Hartree, and exchange-
correlation energy functionals, respectively, andυion-DFT

i (r ) is
the electron-ion potential. In practice, core electrons and nuclei
are typically jointly represented by pseudopotentials; the
subscript “ion-DFT” emphasizes that these pseudopotentials are
derived from a DFT description for the isolated atom and are
unscreened with DFT exchange-correlation.

The embedding approach involves recasting the total system
into the form of a cluster in an effective background.19,20,21,22,25

Given a model forEint, we seek the solution of

where υemb ) δEint/δFI is an effective embedding potential
representing the background. The HamiltonianHI associated
with EI is strictly ab initio in the sense that it does not rely on
an approximate description for exchange and correlation; this
applies as well to the electron-ion contribution toHI, which is
represented in terms of Hartree-Fock (HF) effective core
potentials (ECP),υion-HF

i (r ). A DFT-type approximation is
made only for the cluster-background interactionEint. The
densityFI that satisfies the previous equation can equivalently
be found via the application of ab initio quantum chemistry
methods to the eigenvalue equation

whereΨI is a many-body wavefunction from which the density
FI can be derived.

The embedding potential can be written as a sum of individual
contributions

where

and υion-DFT
II is the electron-ion potential due to the back-

ground region ions. Three quantities are needed to completely
define the embedding potentialυemb: (1) an approximation for
the kinetic energyTs, (2) an approximation for the exchange-

Ei
DFT ) Ts[Fi] + J[Fi] + Exc[Fi] + ∫ drFi(r )υion-DFT

i (r )
(1)

δEI[FI]

δFI
+ υemb) 0

[HI + ∑
j)1

N

υemb(rj)] ΨI ) EΨI (2)

υemb)
δEint

δFI

)
δEtot

DFT[Ftot]

δFtot
-

δEI
DFT[FI]

δFI

) υTs
[Ftot,FI] + υJ[Ftot,FI] + υxc[Ftot,FI] + υion-DFT

II (3)

υTs
[Ftot,FI] )

δTs[Ftot]

δFtot
-

δTs[FI]

δFI

υJ[Ftot,FI] )
δJ[Ftot]

δFtot
-

δ J[FI]

δFI

υxc[Ftot,FI] )
δExc[Ftot]

δFtot
-

δExc[FI]

δFI
(4)

Ftot ) FI + FII

Etot[Ftot] ) EI[FI] + EII [FII ] + Eint

Eint ) Etot
DFT[Ftot] - EI

DFT[FI] - EII
DFT[FII ]
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correlationExc, and (3) a pseudopotential model forυion-DFT
II .

Once specified, eq 2 is solved self-consistently for the wave-
functionΨI and potentialυemb. In the next section, we provide
details on our choices forTs, Exc, and pseudopotentials and
outline a procedure for a self-consistent solution of eq 2.

The total energy for the embedded cluster and background
is evaluated as20

whereEI ) 〈ΨI|HI|ΨI〉 is computed by taking the embedded
wavefunctionΨI from the solution of eq 2 and evaluating its
energy with respect to the isolated cluster HamiltonianHI. We
define

where {æn} and FI are the natural orbitals and density,
respectively, associated withΨI. Adding and subtractingẼI

DFT

to the right-hand side of eq 5 and rearranging, we get

where

represents a DFT energy for the total system; note, however,
that underlying this definition is a HF ECP representation for
the nuclei plus core electrons in region I. The (EI - ẼI

DFT) term
in eq 7 can be regarded as a local correction forẼtot

DFT in region
I. In this way, the embedding potential never explicitly appears
in the total energy expression, though it is felt implicitly in the
evaluation of the local correction becauseΨ1 and F1 are
optimized in the presence ofυemb. It is important to distinguish
the local correction (EI - ẼI

DFT) here from the analogous
quantity in the ONIOM method.18 In ONIOM, the wavefunction
ΨI and densityFI that go into the evaluation of the local
correction are obtained from a calculation for theisolatedcluster
itself, without an effective potential representing the effects of
the periodic background.

The binding energy for CO on Cu(111) is defined as21

With this definition, a positive value for∆Etot
emb corresponds to

a bound adsorbate. The quantitiesECu(111)
emb , ECO, andECO/Cu(111)

emb

are given in a manner analogous toEtot
emb in eq 7 above, that is

ECu(111)
emb is the energy for theclean Cu(111) slab, where the

local correction (ECun - ẼCun

DFT) comes from an embedding
calculation involving just theclean Cun cluster, that is, no
adsorbate.ECO is the ab initio energy for the isolated CO
molecule. Substituting eq 9 into eq 8 and rearranging, we obtain

where

∆EI and ∆ẼI
DFT are theab initio and DFT binding energies,

respectively, for the embedded cluster; they are readily evaluated
from the embedded wavefunctionΨI. ∆Ẽtot

DFT, on the other
hand, is the DFT binding energy for CO on Cu(111). It is not
as straightforward to evaluate because of the presence of HF
ECPs in region I. We obtain an approximation for this term via
a periodic plane-wave DFT calculation for the CO/Cu(111)
binding energy, using DFT pseudopotentials for both ions in
regions I and II.

III. Calculational Details

A. Periodic Kohn-Sham DFT for CO on Cu(111).Periodic
Kohn-Sham DFT calculations were performed for CO on Cu-
(111); results for both the local density approximation (LDA)26

and generalized gradient approximation (GGA-PBE)27 exchange-
correlation functionals are reported here. The Cu(111) slab
consists of four layers of Cu, and a 3× 3 lateral supercell was
employed to simulate1/9 monolayer coverage (Figure 1). The
C, O, and Cu nuclei plus core electrons were represented as
ultrasoft pseudopotentials.25 The Cu(111) supercell was con-
structed from bulk lattice parameters of 3.57 Å (LDA) and 3.69
Å (PBE), which correspond to the equilibrium bulk Cu fcc lattice
parameters associated with the underlying Cu pseudopotentials.
The plane-wave basis was truncated at a kinetic energy cutoff
of 1100 eV, and Brillouin zone integrations were done on a
symmetrized 5× 5 × 1 Monkhorst-Packk-point mesh.28 This
choice of numerical parameters was sufficient to converge the
total energy of the Cu(111) slab to within 0.01 eV/atom. All
periodic DFT calculations were performed using the CASTEP
plane-wave DFT code.29

The Cu atoms were initially placed at their bulk-terminated
positions, and the positions of the CO and Cu atoms in the top
two layers were subsequently optimized until the magnitude of
the maximum force component acting on these atoms was below
0.05 eV/Å. Allowing for full relaxation along all directions for
CO and Cu(111) produces negligible displacements of the Cu
atoms relative to bulk-terminated positions and lowers the total
energy of CO adsorbed on the hcp and on-top sites by only
∼0.02-0.04 eV, compared to the case where only CO coordi-

Etot
emb) EI + EII

DFT + Eint (5)

ẼI
DFT ) Ts[{æn}] + J[FI] + Exc[FI] + ∫ drFI(r ) υion-HF

I (r )
(6)

Etot
emb) Ẽtot

DFT + (EI - ẼI
DFT) (7)

Ẽtot
DFT ) ẼI

DFT + EII
DFT + Eint

DFT

∆Etot
emb) (ECu(111)

emb + ECO) - ECO/Cu(111)
emb (8)

ECO/Cu(111)
emb ) ẼCO/Cu(111)

DFT + (ECunCO - ẼCunCO
DFT )

ECu(111)
emb ) ẼCu(111)

DFT + (ECun
- ẼCun

DFT)

ECO ) ẼCO
DFT + (ECO - ẼCO

DFT) (9)

∆Etot
emb) ∆Ẽtot

DFT + (∆EI - ∆ẼI
DFT)

Figure 1. CO adsorption at on-top, fcc-hollow, and hcp-hollow sites
of a 3 × 3 Cu(111) cell.

∆Ẽtot
DFT ) (ẼCu(111)

DFT + ẼCO
DFT) - ẼCO/Cu(111)

DFT

∆EI ) (ECun
+ ECO) - ECunCO

∆ẼI
DFT ) (ẼCun

DFT + ẼCO
DFT) - ẼCunCO

DFT (10)
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nates were optimized. Therefore, for CO on Cu(111), we only
report results where the Cu atoms were constrained to bulk-
terminated positions, while CO positions were optimized along
the surface normal. Geometry relaxation of the clean Cu(111)
slab lowered its total energy by only 0.01 eV; therefore, the
bulk-terminated geometry was always used for Cu(111). More-
over, the difference between the DFT hcp- and fcc-hollow site
adsorption energies for both LDA and GGA-PBE calculations
was 0.02 eV or less, and so we focus only on the hcp-hollow
site for reasons of computational convenience. The optimized
gas-phase CO bond length (LDA: 1.122 Å; GGA: 1.132 Å;
experiment:30 1.128 Å) and surface-CO distance (LDA: 1.85
Å; GGA: 1.92 Å; experiment:31 1.91 Å) are in reasonable
agreement with experiment.

B. Multireference Single and Double Excitation Config-
uration Interaction (MRSDCI) Calculations for Bare Cu nCO
Clusters. Bare cluster calculations were done for Cun clusters
(n ) 4, 10) representing a fragment of the Cu(111) slab and
for the corresponding CunCO clusters (Figure 2). We selected
clusters with an even number of Cu atoms to allow for the
possibility of a nonmagnetic electronic structure as in bulk Cu.
The Cu4 and Cu4CO clusters possessC3V point group symmetry,
whereas Cu10 and Cu10CO haveC3 symmetry. The number of
Cu atoms per surface layer (a, b, c) for each cluster is (1, 3, 0),
(3, 1, 0), (4, 3, 3), and (3, 4, 3) for Cu4-top, Cu4-hcp, Cu10-top,
and Cu10-hcp, respectively. Here,a, b, andc denote the number
of Cu atoms in the top, second, and third surface layers,
respectively. Positions for Cun were kept at the bulk-terminated
DFT-LDA Cu(111) values, whereas the positions for CO in the
gas and adsorbed phases were taken from the geometry
optimized DFT-LDA values. The LDA optimized geometries
were used rather than the GGA ones for consistency with
subsequent embedding calculations, which involve an embed-
ding potential derived from the LDA. Because the valence band
of Cu(111) is nearly free-electron-like, LDA should give a good
description of the background. HF ECPs were employed to
represent the nuclei plus core electrons of the clusters, while
Gaussian basis sets optimized for use with these ECPs were
employed for the valence electrons. The C and O ECPs32 include
the 1s shell as core and regard the 2s2p shells as valence. For
the top layer Cu atoms, the ECPs33 include shells up to 3s and
3p as core, and treat 3d4s as valence. Beyond the first layer,
Cu 3d electrons are not expected to play an active role in the
metal-CO bond, and thus the remaining Cu atoms are modeled

with large core ECPs34 where the 3d shell is also subsumed
into the core, leaving only the 4s as valence.

The MRSDCI35 method was applied to the CunCO (n ) 4,
10) clusters, and binding energies were evaluated relative to a
CunCO supermolecule with the CO and Cun cluster over 20 Å
apart. The MRSDCI method forms a configuration interaction
(CI) expansion from single and double excitations out of a set
of dominant reference configurations. Use of a supermolecule
approach to calculate binding energies renders MRSDCI size-
consistent though not size-extensive. For systems of the size
under investigation, size extensivity errors are expected to be
small. Input molecular orbitals and choice of reference con-
figurations for MRSDCI calculations were generated by the
complete active space self-consistent field (CASSCF) method36

for n ) 4 clusters or the restricted active space self-consistent
field (RASSCF) method37 for n ) 10 clusters.

The CASSCF method is a full CI expansion within a
prescribed set of valence electrons and orbitals (the active space)
where the orbitals and CI coefficients are both variationally
optimized. CASSCF captures static correlation by mixing near-
degenerate electron configurations. We used an active space of
10 electrons in 8 orbitals for CO, which was found to be suffi-
cient,22 and 1 electron per orbital for each Cu atom (i.e., the
Cu 4s) for our CASSCF calculations. Forn ) 10, a CASSCF
active space constructed in an analogous manner was not compu-
tationally feasible and therefore the RASSCF method was used.
Instead of a full CI in an active space, RASSCF limits the excita-
tion order while still optimizing both CI and orbital coefficients.
Here, we carry out an MRSDCI-SCF as our RASSCF.

We chose to include within the RASSCF active space all
orbitals and electrons that can potentially contribute to the CO/
Cu(111) bond. Because CO may bond to Cu d orbitals near the
adsorption site or to the s band of Cu(111), the active space
should in principle include all CO valence electrons, all Cu s
electrons, and all d electrons on the Cu atom(s) adjacent to the
adsorption site. Although the inclusion of all such electrons in
the active space is most likely unnecessary, we prefer not to
have any a priori bias as to which ones are required and which
are not. Thus, for top-site adsorption, we should include in our
MRSDCI-SCF active space all orbitals and electrons associated
with CO, the Cu s band, and the top-site Cu d orbitals. Similarly,
to describe hcp-hollow site adsorption properly, we should
include all orbitals and electrons associated with the CO, the
Cu s band, and the three sets of Cu d orbitals associated with
Cu atoms adjacent to the adsorption site. However, we find that
the CO 3σ orbital and one low-energy orbital of Cu sp character
are unnecessary to include in the active space because they
remain essentially doubly occupied in the RASSCF wavefunc-
tion when included (with occupation numbers of 1.992 and
1.996, respectively). Therefore, instead we include CO 4σ, 1π,
5σ, as many of the desired Cu orbitals and an equal number of
corresponding empty correlating orbitals as is computationally
possible. When the ground-state wavefunctions of the Cu10 or
Cu10CO clusters are closed-shell, only one reference state
dominates and therefore the CI involves single and double
excitations from that single reference configuration only. When
the ground-state wavefunctions of the Cu10 or Cu10CO clusters
contain in their dominant configurations two open-shell electrons
distributed over two orbitals, these two orbitals define the multi-
(three) reference states from which single and double excitations
are allowed. For on-top site calculations, all desired occupied
and correlating orbitals could be included: 26 electrons in 26
orbitals. For closed-shell clusters, the active space contains 13
strongly (nearly doubly) occupied CO and Cu10 orbitals and 13

Figure 2. CunCO cluster geometries. On-top and hcp-hollow site
adsorption on Cu4 and Cu10 clusters. The X indicates top-site Cu atom
for on-top site adsorption. Atomic radii are not to scale. An additional
Cu4 cluster employed consists of the top layer of the leftmost Cu10

cluster.
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correlating orbitals; for open-shell clusters, the active space
consists of two Cu10 orbitals defining the multireference states,
12 strongly occupied CO and Cu10 orbitals and 12 correlating
orbitals. For hcp site calculations, it was feasible to include only
22 electrons in 22 orbitals. For closed-shell clusters, the active
space consisted of 11 strongly occupied CO and Cu10 orbitals
and 11 corresponding correlating orbitals; for open-shell
systems, the active space consisted of the two Cu10 orbitals
defining the multireference state, 10 strongly occupied CO and
Cu10 orbitals and 10 corresponding correlating orbitals. Although
not all of the desired orbitals are contained within the RASSCF
active space, here RASSCF is used only to generate input
orbitals and to identify the important reference configurations
for subsequent MRSDCI calculations. Test calculations on Cu4-
CO comparing RASSCF and CASSCF orbitals and CI coef-
ficients show little difference in the resulting MRSDCI total
energy (<0.02 eV), suggesting that the RASSCF wavefunction
will provide an adequate starting point for the subsequent
MRSDCI calculations.

Because of the large number of electrons in these clusters, it
is also necessary to limit the number of correlated electrons
and/or number of reference states within the MRSDCI calcula-
tions. In order to evaluate the best course of action, tests were
performed where the number of correlated electrons and number
of reference configurations were varied. These results are
discussed in detail in Section IV.

All ab initio cluster calculations were performed using a
modified version of the MOLCAS package,38 MOLCAS-embed.

C. ONIOM Correction to Periodic Kohn -Sham DFT.For
comparison with other studies,17 we also report adsorption site
preferences and binding energies using the ONIOM correction,
evaluated as

where Etot
DFT is obtained from the periodic plane-wave DFT

calculation for CO/Cu(111), andEI and EI
DFT come from ab

initio and DFT calculations with HF ECPs for the isolated region
I cluster (υemb) 0), respectively. Note that this is not the same
asEtot

emb in eq 7, where the correction terms are evaluated using
wavefunctions derived from an embedded cluster calculation.
To computeEI

DFT for the cases where the cluster wavefunction
was an open-shell singlet, unrestricted DFT was applied.

The DFT calculations are performed using the modified
version of the MOLCAS package,38 MOLCAS-embed.

D. Embedded Cluster: Specification ofυemb. For calcula-
tions involving the embedding formalism of Section II, two
approximations for the kinetic energy potential, eq 4, were
considered: the Thomas-Fermi 1/9-von Weizsa¨cker model39

and an orbital-based model25

In the latter definition,{ψi} andFtot are the orbitals and density,
respectively, obtained from a plane-wave Kohn-Sham DFT
calculation for the total CO/Cu(111) system. Similarly,{æj}
andFI are the orbitals and density from a plane-wave Kohn-
Sham DFT calculation for theisolated CunCO cluster. The
parameterγ is an adjustable nonlinearity parameter set to 0.8;
this choice was made based on DFT-in-DFT embedding tests
for a Cu dimer in Cu(111).25 For embedding calculations
employing kinetic energy in the form of eq 12, this quantity
must be evaluated once and held frozen at its initial value; that
is, it is not self-consistently updated along with all the other
terms in the embedding potential.

The electron-ion contribution to the embedding potential due
to the background,υion

II , is given by norm-conserving pseudo-
potentials constructed to be consistent with the ultrasoft pseudo-
potentials used in the plane-wave DFT calculations.25 These
pseudopotentials consist of a long-range Coulombic (-Zval/r)
term and short-range nonlocal contributions. The Coulombic
term is evaluated in reciprocal space, whereas the nonlocal terms
are evaluated in real space. Therefore, a finite number of ion
centers have to be explicitly defined in real space for the
nonlocal terms, which are shown in Figure 3. In all cases, we
have checked that an increase of the number of nonlocal
pseudopotential centers does not change the embedded wave-
function. The number of nonlocal pseudopotential centers per
layer is (6, 9, 6, 7, 0), (9, 6, 6, 12, 0), (33, 24, 24, 37, 27), and
(24, 33, 24, 27, 37) for Cu4-top, Cu4-hcp, Cu10-top, and Cu10-
hcp, respectively. This corresponds to a total number of 28 (Cu4-
top), 33 (Cu4-hcp), 145 (Cu10-top), and 145 (Cu10-hcp) centers.

The exchange-correlation contribution to the embedding
potential,υxc, is computed using the local density approximation

Figure 3. Positions for nonlocal pseudopotential centers for Cu4 and
Cu10 clusters. Convergence with respect to changes in the embedded
wavefunction determined the number of centers required.
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DFT)
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9
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) -
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δFI
+ 1

9

δTvW[FI]

δFI
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-
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2
γ ∑

i

ψi
/∇2ψi
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(LDA), which is consistent with the plane-wave DFT calcula-
tions. The valence electrons of Cu, the 4sp band, are nearly
free-electron-like and therefore are well-described by the LDA.

The Hartree contribution to the embedding potential,υJ, is
computed exactly in reciprocal space.20

E. Embedded Cluster: Self-Consistent Solution.Once the
embedded cluster is chosen, an estimate for the background
densityFII is made. Two estimates forFII were considered. The
first is the difference density

whereFtot
DFT is obtained from a plane-wave DFT calculation for

the clean Cu(111) slab andFI
DFT comes from a plane-wave

DFT calculation for the isolated Cun cluster. The second is a
notched surface densityFII ) FII

notched, which is obtained from a
plane-wave DFT calculation for the background region alone.
We investigate both possibilities.FII is the density associated
with a set of background atoms; this set contains all atoms (with
the exception of those contained in region I) of either the four-
layer, 3× 3 supercell for then ) 4 clusters or the five-layer,
8 × 8 supercell for then ) 10 clusters. We increase the
background size for then ) 10 cluster in order to avoid the
cluster interacting with its periodic image. The difference density
method for constructingFII has the advantage that it can be
constructed from an inexpensive primitive cell calculation for
the metal surface forFtot

DFT by simply extending the primitive
cell densities to construct a larger supercell.40

Once FII is constructed, it is kept fixed throughout the
embedding calculation. An initial guess forυemb[Ftot

(0),FI
(0)] is

first constructed, whereFI
(0) is initially taken to be the bare

region I cluster CASSCF/RASSCF density, and in generalFtot
(n)

) FI
(n) + FII . A new embedded cluster wavefunctionΨI

(1) and
its associated densityFI

(1) is found from CASSCF or RASSCF
calculations in the presence of thisυemb[Ftot

(0),FI
(0)], and an

updatedυemb[Ftot
(1),FI

(1)] is evaluated accordingly. This procedure
is repeated until self-consistency is reached. Once the converged
CASSCF/RASSCF embedding potential is found, an MRSDCI
calculation is performed in the presence of this potential. This
calculation produces the embedded wavefunction from which
energiesEI and ẼI

DFT as described in eqs 5-7 are obtained.
F. Embedded Cluster: Calculation ofẼI

DFT. As discussed
earlier, ẼI

DFT is computed from natural orbitals of the embed-
ded MRSDCI wavefunction. The natural orbitals are kept frozen,
and the DFT energy is computed using integer occupation of
orbitals, as appropriate for a ground-state DFT calculation.
Because the natural orbitals of MRSDCI wavefunctions are
fractionally occupied, by integer occupation of orbitals we mean
that all strongly occupied orbitals are given occupation number
2, all weakly occupied orbitals are assigned occupation number
0, and singly occupied orbitals have occupation number 1. For
the cases in which the clusters are open-shell singlets, the DFT
energy is computed using unrestricted DFT.

IV. Results and Discussion

We examined CO adsorption on Cu(111) and compared
results from four different models: (1) periodic slab DFT, (2)
MRSDCI calculations for CO on bare Cun clusters representing
fragments of Cu(111), (3) a local correction to the periodic slab
DFT results via the ONIOM scheme, and (4) MRSDCI
calculations for embedded CunCO. The theoretical predictions
were compared to experimental measurements, where a number
of studies for CO on Cu(111) at low coverage have been

reported. The observed low-energy electron diffraction (LEED)
pattern is consistent with on-top site adsorption, and CO binding
energies of 0.45-0.52 eV have been derived from temperature-
programmed desorption (TPD).2,41-44

A. Periodic Kohn-Sham DFT Calculations.As expected,
the periodic DFT calculations yield a preference for hollow site
adsorption, in disagreement with experiment (Table 1). In
addition to the typical overbinding at the LDA level, even GGA
overbinds CO compared with experiment. As discussed in the
Introduction, DFT-LDA and GGA underestimate the CO 5σ-
2π* gap, leading to a preference for hollow site binding, thus
motivating an ab initio description of the metal-CO bond.

B. Bare Cluster MRSDCI Calculations and ONIOM
Corrections. CASSCF/RASSCF and MRSDCI calculations
were performed for the isolated CunCO cluster (n ) 4, 10),
and binding energies were obtained relative to the Cun/CO
supermolecule. The binding energy is reported only at the
MRSDCI level because dynamical correlation is critical to
describe the weak bonding of CO to Cu, where dispersion forces
also play a nontrivial role.

For n ) 4 and 10, both Cun and CunCO have triplet ground
states, with the two triplet-coupled electrons distributed over
Cu orbitals of sp character. Such a triplet ground state for Cu4

and CO adsorbed on top-site of Cu4 was also predicted in CI
calculations by Mochizuki et al.45 However, because we aim to
model CO adsorption on the nonmagnetic Cu(111) surface, we
report binding energies with respect to the lowest-energy singlet
state of each cluster. Forn ) 4, the clean Cu4 clusters used to
model both top- and hcp-site adsorption have identical Cu-Cu
relative positions (Figure 2). However, as described in Section
III, the ECPs and basis sets describing the Cu atoms at the
chemisorption site differ from the other Cu atoms. The Cu4

cluster employed for top-site adsorption has one Cu at the
chemisorption site, while the hcp cluster has three Cu. In both
cases, for the clean Cu4 clusters, we find two electrons
distributed over ana1 and an{ex, ey} set of orbitals of Cu sp
character, forming a set of doubly degenerate1E states and a
nondegenerate1A1 state that are all close in energy (within 0.2
eV). The lowest singlet state of the Cu4 top-site cluster is1A1,
while for the hcp-site cluster the lowest singlet is1E. Adding
the CO molecule yields an open-shell1E as the lowest singlet
state for both top- and hcp-site clusters, with the open-shell
electrons distributed over{ex, ey} orbitals of Cu sp character.
For n ) 10, the lowest-energy singlet states for the Cu10CO
clusters are doubly degenerate1E states, with the two open-
shell electrons distributed over a set of{ex, ey} orbitals. For
on-top adsorption, this set of orbitals{ex, ey} are of Cu sp
character, while for hcp-site adsorption, this set of orbitals are

FII ) Ftot
DFT - FI

DFT (13)

TABLE 1: Binding Energies (eV) for Top- and hcp-Site
Adsorption of CO on Cu(111), Evaluated from Periodic Slab
DFT, Bare CunCO (n ) 4, 10) Cluster MRSDCI Theory, an
ONIOM Correction to the Periodic Slab DFT, and
Embedded MRSDCI Theorya

on-top site hcp site

CO/Cu(111), LDA 1.24 1.54
CO/Cu(111), PBE 0.65 0.75
expt2,41,42,43,44 0.45-0.52

Cu4CO Cu10CO Cu4CO Cu10CO
bare cluster MRSDCI 0.50 (-0.59) 0.33 -0.40 -0.66
ONIOM MRSDCI-LDA 0.94 (0.42) 0.63 0.058 -0.11
embedded MRSDCI 0.67 (0.48) 0.49 -0.10 -0.092

a The binding energy is defined such that it is positive for a bound
adsorbate. Values in parentheses are the binding energies of CO to a
Cu4 cluster with four top-layer Cu atoms (see text for details).
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composed of a mixture of Cu sp and COπ character. For the
two clean Cu10 clusters, the lowest-energy singlet state is a1E
state for the on-top site cluster, with the doubly degenerate
electrons distributed over{ex, ey}, while the lowest-energy
singlet state for the hcp-site cluster is a1A1 state.

Figure 4 shows the results of CI expansion tests for the
binding energy of CO adsorbed at the on-top sites of Cu4 and
Cu10. The specification of a MRSDCI wavefunction involves
two choices: the number of reference configurations out of
which single and double excitations are generated and the
number of correlated/uncorrelated electrons. We use the term
“correlated” here to refer to electrons that occupy different
orbitals in the CI expansion, while “uncorrelated” or “frozen”
refer to electrons that doubly occupy the same orbital in all
configurations. In order to assess the necessary number of
reference configurations, we first fixed the number of correlated
electrons at 14 forn ) 4 and 16 forn ) 10 and varied the
number of references (Figure 4a). References were taken from
CASSCF/RASSCF wavefunctions by selecting configurations
with CI coefficientsc g |0.1|; the number of references was
then increased by lowering this threshold toc g |0.05| for n )
4 andc g |0.04| for n ) 10. The CO binding energy changed
by a very small amount (e0.05 eV) as the number of reference
configurations was increased.

In contrast, Figure 4b shows that the CO binding energy is
strongly affected by a decrease in the number of correlated
electrons. Here we exhibit how the CO binding energy to Cu10

is affected, when only reference configurations with coefficients
c g |0.1| within RASSCF are included, and the number of
correlated electrons is systematically decreased. The first two
electrons we freeze correspond to the CO 3σ electrons, which
contribute negligibly to the Cun-CO bonding. When the number
of correlated electrons is 28, all electrons that we expect to
contribute to the bond (all CO electrons other than 3σ, all top-
site Cud-electrons, and all Cus-electrons) are correlated, while
the d electrons of Cu atoms for atoms adjacent to the binding
site are kept frozen. In this case, CO binding energy changed
by 0.25 eV. This indicates that the correlation of all Cu electrons
is much more crucial within our calculations than the inclusion
of many reference configurations. Even though these orbitals
may not contribute obviously to the bonding, they contribute

to describing polarization of the Cun cluster. Similar tests
performed for hcp site adsorption lead to the same conclusions.
Therefore, the final MRSDCI calculations include reference
configurations with coefficientsc g |0.1| within CASSCF or
RASSCF, and all valence electrons are correlated within
MRSDCI for all clusters except for CO adsorption on the hcp
site of Cu4, where the CO 3σ was not. This was necessary
because of the large number of reference configurations required
for this system; moreover, we have shown that CO 3σ has a
negligible effect on the binding energy, so there is no need to
include it here.

In order to calculate the ONIOM energy as described in
Section III, we must calculate the DFT energy of the cluster.
We calculated the DFT energy of the clusters using unrestricted
DFT, in order to allow for the formation of an open-shell singlet
as was seen with MRSDCI. However, the wavefunctions could
only be converged to symmetry-broken closed-shell wavefunc-
tions in all cases; we report numbers with respect to these results.

In Table 1, we compare binding energies for bare (not
embedded) CunCO calculations within MRSDCI and local
corrections to periodic DFT via the ONIOM approach. In
contrast to periodic DFT, both MRSDCI cluster calculations
and the ONIOM approach predict top-site adsorption. This is
due to an improved description of the CO 2π* level with
MRSDCI. However, for Cu10CO, the CO binding energy to the
isolated cluster from MRSDCI (0.33 eV) and from the ONIOM
approach (0.63 eV) deviate from the experimental value (0.45-
0.52 eV). Moreover, the binding energies for both the top and
hollow site are not converged with respect to cluster size for
either method at Cu10.

C. Embedded MRSDCI Calculations.Embedded MRSDCI
calculations with an LDA embedding potential were performed
for CunCO and Cun/CO supermolecules. As with the bare
cluster, we report binding energies for the lowest-energy singlet
state and we optimize the embedding potential and wavefunction
with respect to the singlet. The embedding potential stabilizes
the singlet state relative to the triplet (as it should, given that
an extended Cu surface is nonmagnetic). For embedded Cu4-
CO and Cu4 clusters, the singlet and triplet states are nearly
degenerate, whereas for embedded Cu10CO and Cu10, the ground
states are singlets. Already then, we see an improved representa-

Figure 4. MRSDCI expansion tests for top-site CO adsorption on bare Cun. (a) The effect of increasing the number of references on the CunCO
binding energy. The two data points for each cluster correspond to inclusion of reference configurations with CASSCF coefficients>0.1 and>0.05
(n ) 4) and or RASSCF coefficients>0.1 and>0.04 (n ) 10). The number of correlated electrons are 14 and 16 forn ) 4 and 10, respectively.
(b) The effect of leaving some electrons uncorrelated on Cu10CO binding energy. The same number of reference configurations (those with RASSCF
coefficients>0.1) were included in all calculations. We conclude that to achieve highest accuracy it is necessary to correlate all valence electrons,
whereas use of reference configurations with coefficients>0.1 is sufficient.
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tion of the Cu surface via the embedding theory as compared
to bare cluster or ONIOM calculations because we find singlet
ground states for the Cu substrate model. For CunCO (n ) 4,
10), the symmetries of the lowest singlet states are the same as
for the bare clusters. For the top-site Cu4 embedded cluster,
the lowest singlet state is a doubly degenerate1E state, where
the two open-shell, singlet-coupled electrons are distributed over
a1 and{ex, ey} orbitals of Cu sp character. For the hcp-site Cu4

embedded cluster, the lowest-energy singlet state is a closed-
shell 1A1. For both the on-top and hcp-hollow site Cu10

embedded clusters, the ground states are closed-shell1A1 states.
In order to gain insight into the nature of the Cu surface-CO
bond, we look at the RASSCF natural orbitals of the embedded
CunCO system and how they change character as the CO
molecule is brought to the surface. Although we see mixing of
both COσ and π with Cu sp states, theσ-mixing dominates
for on-top adsorption, whileπ-mixing dominates for hcp site
adsorption. This confirms the idea that the CO 5σ interaction
is of primary importance for on-top site adsorption whereas
π-backbonding is primary for hcp-site adsorption.

The choice for the frozen background densityFII and the
kinetic energy componentTs of the embedding potential in
principle are critical features of the model that should be tested.
We looked at their effects on the CO binding energy for Cu4-
CO (Figure 2) and Cu6CO at the CASSCF level. The Cu6 cluster
has three atoms per layer, (3, 3, 0) in the earlier nomenclature,
and is a convenient choice because the same cluster can be used
to model on-top and hcp site adsorption. We do not report CO
binding energies on this cluster because it breaks the surface
three-fold symmetry and COπ symmetry; nevertheless, this
cluster is useful for examining the role ofFII and Ts. The
background density corresponds to a four-layer Cu(111) 3× 3
supercell and CASSCF calculations are performed with 10
electrons in 8 orbitals for CO andn electrons inn orbitals for
Cun (n ) 4, 6). Embedded CO binding energies using
background densities as defined in eq 13 or asFII ) FII

notched

differed bye0.1 eV. Similarly, given a definition of the frozen
background density,FII ) Ftot

DFT - FI
DFT, varying the kinetic

energy component of the embedding potential between the non-
self-consistent orbital-based and orbital-free functionals pro-
duced a CO binding energy difference of only 0.1 eV. For our
final calculations, then, we chose to useFII ) Ftot

DFT - FI
DFT and

the self-consistent orbital-free kinetic energy.
We performed MRSDCI calculations in the presence of the

converged CASSCF/RASSCF embedding potential to get an
embedded wavefunction and evaluated binding energies as
described in eq 10 for embedded CunCO (n ) 4, 10) and
associated supermolecules. The CASSCF/RASSCF active spaces
are the same as given in Section III and the MRSDCI
calculations correlate all valence electrons and include reference
configurations with coefficientsc g |0.1| for all clusters.

Table 1 displays CO binding energies obtained with embed-
ded MRSDCI theory. As with the isolated cluster calculations,
embedded cluster calculations yield the correct preference for
on-top site adsorption by providing via MRSDCI a correct
description of the CO 2π* level, which then disfavors hcp site
adsorption. Unlike the isolated cluster MRSDCI or ONIOM
calculations, however, the predicted CO binding energy on
embedded Cu10 (0.49 eV) is in excellent agreement with
experiment. Moreover, we see that the embedded MRSDCI
predictions for COnon-bindingto the hcp site are converged
with respect to cluster size to within 0.01 eV, even at Cu4, again
in excellent agreement with the observed absence of CO hollow
site binding. We believe this fast convergence with respect to

cluster size is due to the presence of the embedding potential,
which minimizes the finite size effects seen in bare clusters.22

However, the on-top site adsorption energies do not show the
same full convergence with cluster size. Examination of the
cluster morphology suggests that the origin of changes in the
adsorption energy for the on-top site may be the presence of
only one surface Cu atom for the on-top site Cu4 cluster. It
seems plausible that our assumption that the background density
in region II is unaffected by changes in region I may not be
valid in this case. It is likely that a minimum of three surface
layer Cu atoms are required for this assumption to be valid;
other embedding calculations for chemisorption on Cu surfaces
support this suggestion.24,25,40This is also supported by the rapid
cluster size convergence seen with hcp site adsorption, for which
the clusters all have three top layer atoms. Thus it is likely that
the embedded Cu10CO cluster offers a good description of CO/
Cu(111) because four top layer atoms are used to represent the
surface.

In order to test the importance of including more Cu surface
atoms in the embedded cluster, we carried out embedded
MRSDCI calculations on a different Cu4 cluster: we took the
top layer of the Cu10 cluster shown in Figure 2 (bottom left),
which contains four surface Cu atoms. If this cluster gives
binding energies that agree with the Cu10 binding energies, then
we will have shown what is necessary to achieve convergence
of adsorption energies. Of course, we would have preferred to
go to even larger clusters of Cu beyond Cu10 to further prove
convergence, but the prohibitive cost of MRSDCI precludes this
route.

CO binding energies to the two-dimensional Cu4 (subset of
Cu10) cluster are also given in Table 1 (in parentheses) for
embedded MRSDCI, isolated cluster MRSDCI, and the ONIOM
approach. We see that the embedded MRSDCI value (0.48 eV)
is in excellent agreement with both the embedded MRSDCI
value for Cu10 above and experiment. We therefore conclude,
to the best of our ability to do so, that the embedded CI results
are converged with respect to cluster size. In contrast, the
isolated cluster MRSDCI and ONIOM calculations do not show
convergence of binding energy with respect to cluster size.
MRSDCI calculations on this cluster find CO to be unbound,
and ONIOM calculations show a 0.2 eV difference in binding
energy compared to ONIOM applied to the Cu10 cluster.

In principle, MRSDCI on a sufficiently large bare metal
cluster should give the correct binding energies. The trouble is
that very large (∼100 atom) clusters would be required, much
larger than can be treated with CI, in order to represent properly
an extended metal surface (due to its inherently delocalized
electronic structure). In contrast, small metal clusters suffer from
edge effects that make them poor models for an extended
surface. This is evident in Table 1, where CO binding energies
are still not converged for theN ) 10 bare cluster models. CO
binding energies from the embedded clusters, however, are
converged atN ) 10, demonstrating that the embedding
eliminates the edge effects and allows convergence of local
properties such as chemisorption at cluster sizes amenable to
CI.

V. Conclusions

Our goal in this work was to apply a theory with no ad hoc
corrections or inappropriate physics that would reveal whether
an ab initio method could reproduce the correct chemisorption
binding site of CO on a transition-metal surface, which standard
forms of DFT fail to do. The failure is due to self-interaction
error within standard DFT, which yields too low a 2π* level
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for CO and therefore overemphasizes dπ backbonding to CO,
which overstabilizes hollow site adsorption, contrary to experi-
ment where hollow site adsorption is not observed. Earlier work
has only been able to obtain the correct binding site (and
sometimes binding energy) by resorting to either empirical
corrections or methods that we believe give the right answer
for the wrong reason, namely, any method that employs
Hartree-Fock theory (e.g., B3LYP, with or without ONIOM)
to describe a metal. Instead, we applied our embedded MRSDCI
theory to this problem, which has a correct description of both
the extended Cu(111) crystal via a periodic embedding potential
and a correct description of the metal-CO bond and CO 2π*
level. We compared our results to standard periodic DFT, bare
cluster MRSDCI, and the ONIOM correction to periodic DFT.
As expected, DFT predicts hollow site adsorption with too high
a binding energy. MRSDCI (with a bare cluster to represent
atoms near the adsorption site, with ONIOM theory, or with
embedding theory) predicts the correct binding site due to a
high-quality ab initio description of the CO 2π* level. Moreover,
the embedding theory predicts a CO binding energy in excellent
agreement with experiment and greater stability of binding
energy with respect to change in cluster size (when compared
with bare cluster MRSDCI or ONIOM theory). Last, unlike in
periodic DFT, which predicts that CO should bind to both hcp
and top sites on Cu(111), our embedded MRSDCI calculations
find that CO strongly prefers the top site, with CO not bound
to the hcp site at all. This finding is consistent with experiment
because CO binding to the threefold hollow site on Cu(111) is
never observed. Thus, we see that when an ab initio theory
incorporating the correct physics into the model is employed it
is possible to get the correct description of the basic chemi-
sorption phenomenon.
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