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Abstract

We employ spin-polarized periodic density functional theory (DFT) to characterize CO adsorption and dissociation

on the Fe(110) surface. We investigate the site preference for CO on Fe(110) at hCO = 0.25 and 0.5 monolayer (ML),

for different functional forms of the generalized gradient approximation (GGA) to electron exchange and correlation

within DFT. At 0.25 ML, we predict the existence of a new ordered structure comparable in stability to one proposed

previously. At 0.5 ML, we confirm the preference of a distorted on-top adsorption configuration suggested by exper-

iment. The calculated heats of adsorption, CO stretching frequencies, and work function changes agree well with exper-

iment. When dissociating from the on-top site, we predict that CO first moves off the on-top site and then goes through

a lying-down transition state with a barrier of 1.52 eV. Diffusion of CO on Fe(110) from the on-top site to the long-

bridge site is predicted to have a very small barrier of �0.1 eV. Dissociation of CO from the long-bridge site goes

through the same transition state as from the on-top site, but the former has a slightly lower barrier. After dissociation,

O atoms remain on the surface while C atoms are embedded into Fe(110), indicating C atoms may readily diffuse into

Fe(110).

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The interaction between carbon monoxide and

transition metal surfaces has been the subject of
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many investigations. Activation of CO by transi-
tion metals is an important step in many industrial

processes such as car exhaust catalysis and

Fischer–Tropsch synthesis. Fe is used as a catalyst

in the Fischer–Tropsch process [1] due to its high

ratio of activity to price. On the negative side,

CO can attack steel and cause carburization [2].

In particular, CO can dissociate on a steel surface
ed.
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and carbon atoms may diffuse into steel and form

carbides.

Various experimental techniques have been

used to characterize CO adsorption and dissocia-

tion on low-index surfaces of Fe. It has been
shown that at low temperatures (room tempera-

ture or below), CO is molecularly adsorbed on

Fe(110). At higher temperatures (above 380 K),

decomposition takes place [3–5]. In 1981, Erley

studied CO adsorption on Fe(110) using low en-

ergy electron diffraction (LEED) and high resolu-

tion electron energy loss spectroscopy (HREELS)

at 120 K [6]. Fig. 1 displays four high-symmetry
sites on Fe(110): the long-bridge (LB), the quasi

threefold (TF), the short-bridge (SB), and the on-

top (OT) sites. Erley proposed an upright OT

adsorption of CO at 0.25 ML and a tilted and dis-

placed OT adsorption at 0.5 ML.

Early semiempirical electronic structure cluster

calculations (using a modified tight-binding

method) [7] predicted that CO prefers the TF site
at low coverage, in disagreement with experiment.

A recent density functional theory (DFT) study by

Stibor et al. [8] confirmed the OT adsorption of

CO on Fe(110) at 0.25 ML. However, they found

a displaced long-bridge (LB) site to be most stable

for 0.5 ML, in disagreement with experiment. In

their DFT study, the authors used the PW91 form

[9] of the generalized-gradient approximation
(GGA) to electron exchange and correlation. They

hinted that the disagreement with experiment may

be due to that particular choice of exchange-corre-

lation functional, which is known to favor high-

coordination sites [10]. Some exchange-correlation

functionals have been shown to improve upon
Fig. 1. High-symmetry adsorption sites on Fe(110): OT = on-

top, SB = short bridge, LB = long bridge, and TF = quasi

threefold.
PW91 predictions. Recently, Kurth et al. tested

nine exchange-correlation functionals for various

systems, including atoms, molecules, surfaces,

and bulk solids [11]. They found that the PKZB

form [12] of the meta-GGA functional signifi-
cantly improves upon PBE [13], a simplified ver-

sion of PW91. Here we explore whether PKZB

may be able to predict the correct site preference

of CO on Fe(110).

In this work, we examine CO adsorption on

Fe(110) at 0.25 ML, where we propose a new sta-

ble ordered structure, and at 0.50 ML, where we

consider the possibility of a distorted OT adsorp-
tion site configuration. We test different GGA

functionals to see which one yields the correct

OT site preference at 0.5 ML. We compare with

experiment for the CO heats of adsorption, vibra-

tional frequencies, and work function changes.

Lastly, we characterize CO dissociation pathways

and barriers on Fe(110).

The paper is organized as follows. In Section 2,
we present the theoretical method employed. Re-

sults for CO adsorption at 0.25 and 0.5 ML are

presented in Sections 3.1 and 3.2, respectively.

We then show the results for CO dissociation in

Section 3.3. We discuss a likely reason for the need

to tilt CO molecules at 0.50 ML on Fe(110) and

the performance of several GGAs for predicting

the site preference of CO on Fe(110) in Section
4. We summarize and conclude in Section 5.
2. Theoretical method

We performed first principles calculations based

on spin-polarized density functional theory (DFT)

[14,15]. The Vienna Ab Initio Simulation Package
(VASP) [16,17] is used to solve the Kohn-Sham

equations with periodic boundary conditions and

a plane-wave basis set. Here we employ Blöchl�s
all-electron projector augmented wave (PAW)

method [18] as implemented by Kresse and Joubert

[19]. For the treatment of electron exchange and

correlation, we use the generalized gradient

approximation (GGA) of PBE and RPBE. RPBE
slightly modifies PBE and has been shown to pro-

duce better adsorption energetics [10]. We also ex-

plore use of the PKZB form of the meta-GGA,



Fig. 2. Surface cells used for calculations. Rectangle for the

c(2 · 4) and p(1 · 2) structures and rhombus for the p(2 · 2)

structure.

Fig. 3. Structures of CO/Fe(110) from experiment. c(2 · 4) for

0.25 ML: (a) top view and (b) side view. Distorted p(1 · 2) for

0.5 ML: (c) top view and (d) side view. Surface primitive cell

vectors used to name these structures are shown in (a) and are

the same for both c(2 · 4) and p(1 · 2) structures. Fe atoms are

in grey, C white, and O black. The same grey scale convention is

used in all subsequent figures.
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where the current VASP implementation is in the

form of an a posteriori correction to PBE. Since

PBE is known to be reliable for geometry optimi-

zation [20], we optimize all the structures with

PBE and perform single-point calculations with
RPBE and PKZB for the PBE-optimized struc-

tures.

We use a kinetic energy cutoff of 400 eV for

all the calculations; this converges the total en-

ergy of, e.g., ferromagnetic (FM) bcc Fe to with-

in 2 meV/atom. The Monkhorst–Pack scheme

[21] is used for the k-point sampling. Using a

15 · 15 · 15 k-mesh, we obtain an equilibrium
lattice constant (a0 = 2.83 Å), bulk modulus

(B = 174 GPa), and local magnetic moment

(M = 2.20lB) for ferromagnetic bcc Fe. The re-

sults agree very well with previous PAW–GGA

calculations and experiment (a0 = 2.86 Å,

B = 168 GPa, M = 2.22lB) [22]. Placing a CO

molecule in a 10 Å cubic box, we obtain its equi-

librium bond length (Re = 1.14 Å), bond dissoci-
ation energy (De = 11.5 eV; with respect to 3P

atomic carbon and 3P atomic oxygen separately

calculated in the same size cubic box), and har-

monic vibrational frequency (xe = 2158 cm�1).

The agreement with experiment is also quite

good (Re = 1.13 Å, De = 11.2 eV, xe = 2170

cm�1) [23].

Fe(110) is the closest-packed surface of bcc Fe
and is basically bulk-terminated, with very little

relaxation and no reconstruction [24]. To model

the surface, we use a slab with seven layers, which

we showed previously is sufficiently thick [24]. We

put adsorbates on one side of the slab; this pro-

duces a dipole due to the charge rearrangement

on the surface caused by adsorption. We apply

an a posteriori dipole correction in the direction
of surface normal; the correction to the energy is

�0.08 eV per CO.

The surface cells used for our study are shown

in Fig. 2. We use a converged [24] k-mesh of

6 · 8 · 1 for the rectangular cell and 7 · 7 · 1 for

the rhombic cell. The rectangular cell is used to

study the c(2 · 4) and p(1 · 2) structures and the

rhombic cell is used to study the p(2 · 2) structure.
The c(2 · 4) and p(1 · 2) structures are shown in

Fig. 3 and explained in the next section. Instead

of using a cell shown in Fig. 3(a) to simulate the
c(2 · 4) or the p(1 · 2) structure, we use the rectan-

gle in Fig. 2, since it is a primitive cell for those two
adsorption structures.

Only the top three layers of the seven substrate

layers are allowed to relax, together with the

adsorbate layer. The bottom four layers are kept

fixed in bulk positions to represent the semi-infi-

nite bulk crystal beneath the surface. (Allowing

the fourth layer of the substrate to relax only

changes the total energy of the slab by �5 meV.)
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When the maximum force acting on each atom of

the slab drops below 0.01 eV/Å, the structural

relaxation is stopped.

The climbing image nudged elastic band (CI-

NEB) method [25,26] is used to locate the mini-
mum energy paths (MEPs) and the transition

states for CO diffusion and dissociation on

Fe(110). The NEB method is a reliable way to find

the MEP, when the initial and final states of a

process are known. An interpolated chain of con-

figurations (images) between the initial and final

positions are connected by springs and relaxed

simultaneously to the MEP. With the climbing im-
age scheme, the highest-energy image climbs uphill

to the saddle point. We use the CI-NEB method to

obtain the barrier for CO diffusion and dissocia-

tion on Fe(110) with the rhombic cell (see Fig.

2). However, a smaller k-mesh of 5 · 5 · 1 is em-

ployed to reduce computational cost, which is esti-

mated to change the barrier by �0.02 eV (based on

single point energy calculations at the transition
state structure using a 7 · 7 · 1 k-mesh). We use

a force tolerance of 0.02 eV/Å for the transition

state search.

The work function is obtained from the differ-

ence between the vacuum energy level (given as

the value where the electrostatic potential is con-

stant in the middle of the vacuum region) and

the Fermi level. Vibrational frequencies for CO
on Fe(110) are determined by diagonalizing a fi-
Table 1

Adsorption energies (Ead = EFe-slab + ECO�ECO/Fe-slab) in eV of CO a

Site PW91a

c(2 · 4): h = 0.25 ML

OT (min)b 1.95

LB (min) 1.91

SB (hos)b 1.70

p(1 · 2): h = 0.50 ML

OT (ts)b 1.81

LB (ts) 1.84

SB (hos) 1.56

Distorted OT (min) –

Displaced LB (min) 1.86

Experimentc

a Ref. [8].
b min = minimum, ts = transition state, hos = higher order saddle
c Obtained for coverages between h = 0.12 and 0.25 ML, Ref. [5].
nite difference construction of the Hessian matrix

with displacements of 0.02 Å (only allowing C

and O atoms to move).

Unless noted otherwise, calculations are re-

ported for the PBE–GGA functional only.
3. Results

3.1. Adsorption at 0.25 ML

LEED and HREELS [6] suggested a c(2 · 4) or-

dered structure of CO on Fe(110) at 0.25 ML cov-
erage, as shown in Fig. 3(a) and (b). CO adsorbs

on-top of Fe with the CO bond upright. With

the PBE form of GGA, we explored the OT, SB,

TF, and LB sites of CO on Fe(110). We found

the CO bond length and the C-surface distance

in the relaxed structure in very good agreement

with previous PW91 results [8]. This is to be ex-

pected, since PBE is just a simplified version of
PW91. We display the adsorption energies in

Table 1. At 0.25 ML, PBE predicts that CO

slightly prefers the OT site over the LB site, which

agrees with experiment and previous PW91 predic-

tions. The TF site is not stable, since CO relaxes to

either the OT or LB site when initially put at the

TF site. Our PBE adsorption energies are system-

atically smaller than the previous PW91 ones; this
may be due to the dipole correction we use, since
t different sites on Fe(110) with different functionals

PBE RPBE PKZB

1.88 1.58 1.67

1.80 1.43 1.51

1.63 1.28 1.33

1.66 1.32 1.46

1.68 1.29 1.40

1.40 1.02 1.08

1.69 1.34 1.50

1.72 1.34 1.38

1.24

point.
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our PBE results without a dipole correction match

very well the previous PW91 results. Table 1 also

shows that RPBE and the PKZB meta-GGA give

the same stability trend as PBE for hCO = 0.25

ML. All of the GGA forms overestimate the bind-
ing between CO and Fe(110) compared with

experiment, although RPBE and PKZB correct

the overbinding of PW91 and PBE by �15% and

bring the predicted adsorption energies closer to

experiment.

Normal mode analysis shows that the LB and

OT sites are true minima, while the SB site is a

higher order saddle point for CO adsorption on
Fe(110) at 0.25 ML. The calculated CO stretching

frequency for the OT site (1928 cm�1) agrees well

with experiment (1956 cm�1) [6], which is another

indication that CO adsorbs at the Fe OT site. The

calculated CO stretching frequency for the LB site

is 1690 cm�1, indicating a lower CO bond order at

this site compared to the OT site. HREELS also

shows a loss at 500 cm�1, which is assigned as
the carbon-surface stretching mode; our calcula-

tion produces a frequency of 438 cm�1 for this

mode, for CO in the OT site.

We also explored another ordered structure for

0.25 ML, the p(2 · 2) structure shown in Fig. 4.

Here CO also prefers the OT site, as expected.

Moreover, we found this p(2 · 2) structure is

�10 meV more stable than the c(2 · 4) structure
for CO on the OT site, for all three GGA func-

tional forms. Therefore, the p(2 · 2) structure is

likely to be as stable as the c(2 · 4) structure.

Low temperature LEED analyses may be able to

distinguish between these two structures.
Fig. 4. The p(2 · 2) structure of CO adsorption on Fe(110) at

0.25 ML.
3.2. Adsorption at 0.5 ML

At 0.5 ML, LEED and HREELS data indicate

that CO adsorbs on Fe(110) in a ‘‘distorted’’

p(1 · 2) configuration, as shown in Fig. 3(c) and
(d) [6]. In this model, it has been suggested that

CO molecules are tilted and displaced off-center

from the OT site by �0.7 Å, caused probably by

steric repulsion among adsorbed CO molecules.

To our knowledge, this adsorption model has

not been confirmed theoretically. Starting from a

displaced and tilted initial configuration, we con-

firmed that it is indeed a local minimum and its
structure is just as experiment suggested. We

found that CO molecules are displaced off the

OT site by �0.5 Å and the tilt angle of CO is

�13� from the surface normal. In the previous

PW91 study by Stibor et al., they found a dis-

placed LB site to be most stable at 0.5 ML for

the p(1 · 2) structure, in disagreement with exper-

iment. We also found this displaced LB site, and in
our relaxed structure CO molecules are slightly

displaced (�0.003 Å) off the center of the LB site

towards the TF site. From the adsorption energies

at 0.50 ML (Table 1), we can see that our PBE re-

sults give the same stability trend as PW91, while

RPBE predicts that OT, distorted OT, LB, and

displaced LB are almost degenerate. What is sur-

prising is that PKZB correctly predicts that CO
prefers the distorted OT site for the p(1 · 2) struc-

ture. This (perhaps fortuitous) agreement may

indicate that PKZB improves upon PBE in pre-

dicting the site preference of CO on transition

metal surfaces. We will discuss this further in

Section 4.

Normal mode analysis shows that only the dis-

placed LB site and the distorted OT site are true
minima for CO adsorption on Fe(110) at 0.5

ML. HREELS shows that the CO stretching fre-

quency increases from 1948 cm�1 at 0.25 ML

for the c(2 · 4) structure to 1985 cm�1 at 0.5

ML for the p(1 · 2) structure. This blue shift

can be explained by the dipole coupling of ad-

sorbed CO molecules: intensity is shifted from

the low-frequency out-of-phase mode to the high-
er frequency in-phase mode [27]. Our prediction

of the in-phase CO stretching frequency (1966

cm�1) for the distorted p(1 · 2) structure agrees
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quite well with experiment. In the HREELS

experiment by Erley, a wide loss band is observed

between 360 and 444 cm�1 [6], which is in line

with the six modes we found, ranging from 352

to 436 cm�1, for the two CO molecules in the sim-
ulation supercell. Erley attributed the 360 and 444

cm�1 losses to frustrated rotation and carbon-sur-

face stretching modes, respectively. We find that

the vibrations at 436, 384, 368, and 352 cm�1

are all frustrated rotation modes and the vibra-

tions at 398 and 396 cm�1 correspond to car-

bon-surface stretching modes. However, since

these low frequency modes probably couple with
surface phonons and since we did not include

phonon coupling in our calculations, we do not

want to overemphasize this discrepancy with

experiment.

Measurements of work function changes at low

temperature (100–120 K) from both Erley�s and

Wedler and Ruhmann�s work [5,6] showed that

the work function increases linearly upon CO
exposure until it reaches saturation. The maximum

change in work function was measured to be 0.86

eV by Erley for HH = 0.25�0.50 ML and 1.20 eV

by Wedler and Ruhmann for HH > 0.25 ML.

Our calculation predicts work function increases

at 0.25 ML of 0.85 and 0.87 eV for the OT sites

of the c(2 · 4) and p(2 · 2) structures, respectively,

and 1.26 eV for the distorted OT site of the
p(1 · 2) structure at 0.5 ML. The sign and magni-

tude of work function changes predicted here

agree well with experiment. Given the inherent

sensitivity of work function changes to charge

transfer and structures of adsorbates on surfaces,

the quantitative agreement between theory and

experiment suggests that our predicted structures

are likely to be correct.
Table 2

Adsorption energies [Ead = EFe-slab + Ex = C,O�Ex = C,O/Fe-slab] and he

Fe(110) at 0.25 ML

OT SB

Ead,C (eV) 5.46 (hos) 6.79 (ts

Ead,O (eV) 4.75 (hos) 5.80 (ts

dC (Å) 1.50 1.09

dO (Å) 1.67 1.28

The nature of the critical point is given in parentheses (min = minimu
3.3. CO dissociation on Fe(110) at 0.25 ML

Since 0.5 ML is the saturation coverage of CO

on Fe(110), CO dissociation may occur more

readily at 0.25 ML where there is more room for
the products. We therefore focus on CO dissocia-

tion at H = 0.25 ML. In Section 3.1, we showed

that the p(2 · 2) structure is slightly more stable

than the c(2 · 4) structure for 0.25 ML coverage.

As a result, we examine CO dissociation in the

p(2 · 2) structure. This choice of structure will

not affect the dissociation energetics very much,

since the energy difference between those two
structures is only �10 meV. In order to study

CO dissociation with the climbing-image nudged

elastic band (CI-NEB) method, we need to know

the preferred adsorption sites for C and O atoms

on Fe(110). Table 2 displays the adsorption ener-

gies of isolated C or O atoms on the high-symme-

try sites of Fe(110). We see that C prefers the LB

site on Fe(110), where the LB site is the only min-
imum, whereas both the TF and LB sites are mini-

ma for O, with the TF site �10 meV lower in

energy. At the most stable sites, C and O are

0.59 and 1.03 Å above the substrate surface,

respectively. Next, we put both C and O atoms

next to each other on Fe(110). In this case, O pre-

fers the LB site over the TF site by �0.20 eV, in

order to minimize interaction with the neighboring
C atom, which is still at the LB site but is embed-

ded into the substrate surface by 0.28 Å. Interest-

ingly, it seems that having an O atom nearby

pushes the C atom into the substrate. We will dis-

cuss this further below.

Both experiment and our work show that CO

prefers the OT site at 0.25 ML coverage, therefore

we first examine CO dissociation from this site.
ight above surface (dx = CorO) for isolated C or O atoms on

LB TF

) 7.77 (min) Relaxed

to LB

) 6.30 (min) 6.31

(min)

0.59 –

1.03 1.09

m, ts = transition state, and hos = higher order saddle point).



Fig. 5. DFT–GGA–PBE minimum energy path for CO dissociation on Fe(110) starting from the on-top site. Several intermediate

structures along the path are shown.
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The predicted MEP for CO dissociation from the

OT site is displayed in Fig. 5. The CO first moves

off the OT site, reorients itself, and then goes

through a transition state where CO lies almost flat

on the short-bridge site. The reaction is �0.50 eV

endothermic and has a barrier of 1.52 eV. At the
transition state, the C–O bond is very elongated

(�1.74 Å). This type of transition state is quite

common for CO dissociation on transition metal

surfaces [28,29]. In the final structure along the

path, one can see that the C atom embeds itself

into the Fe(110) surface (0.28 Å below the surface)

after dissociation; this species is a likely precursor

to carburization. At the final state, the O atom is
�1.0 Å above the surface, close to the value for

O on Fe(110) without C (Table 2).

Although CO prefers the OT site at 0.25 ML,

the C–O bond is 0.02 Å longer and the CO stretch-

ing frequency is �240 cm�1 lower in the LB site

than the corresponding value for the OT site. This

suggests that the C–O bond could be weaker at the

LB site. We find that the diffusion barrier from
the OT site to the LB site is very low (�0.10 eV),

so the LB site is easily accessible from the OT site.

Fig. 6 displays the predicted MEP starting from

the LB site as well as several structures along the
dissociation path. If we compare Fig. 6 with Fig.

5, we can see that the path for the LB site is exactly

the same as the later part of the path for the OT

site. Due to the lower energy of the OT site, the

overall dissociation barrier from the OT site is

slightly (�0.10 eV) higher than from the LB site.
Although there is a slight preference for diffusion

followed by dissociation at the LB site, the energ-

etics are so similar (within 0.1 eV) that we con-

clude that it is roughly equally likely for CO to

dissociate from either the OT or the LB sites.

For CO dissociation on Fe(110) from the OT

site, we obtain a dissociation barrier of 1.52 eV

for the PBE functional, which is �0.40 eV higher
than that on Fe(100) [30], indicating that

Fe(110) is less active towards CO. This is in agree-

ment with experimental observation [31]. The CO

dissociation barriers for the RPBE and PKZB

functionals are 1.83 and 1.77 eV, respectively.

The dissociation barrier is �0.30 eV smaller for

PBE (but 0.25 and 0.10 eV greater for RPBE

and PKZB, respectively) than the calculated CO
desorption barrier from the LB site (Table 1; here

we quite reasonably assume no barrier to adsorp-

tion exists so that the adsorption energy equals

the desorption barrier). As discussed earlier and



Fig. 6. DFT–GGA–PBE minimum energy path for CO dissociation on Fe(110) starting from the long-bridge site. Several

intermediate structures along the path are shown.
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from what previous work [24] has shown, RPBE

and PKZB yield better adsorption energetics than

PBE, which often overestimates the adsorption en-
ergy by >30% compared with experiment [10]. We

therefore believe that comparing dissociation bar-

riers and desorption energies for RPBE and PKZB

will be more relevant to experiment. We therefore

conclude that since the predicted dissociation bar-

rier is only 0.10–0.25 eV higher than the predicted

desorption energy, dissociation should compete

with molecular desorption upon heating. This is
indeed what has been observed in experiment

[3,5]. Thermal desorption experiments [3] exhibit

one peak at 400 K from molecularly adsorbed

CO and another peak at �775 K from recombina-

tive desorption of dissociatively adsorbed CO.
4. Discussion

Our present work shows that DFT-PBE pre-

dicts a tilted state for CO on Fe(110) at 0.50

ML and DFT-PKZB also predicts this tilted state

as the most stable site, consistent with LEED

measurements. Here we discuss possible origins

of the tilted state and the sensitivity of the results

to the choice of GGA.
4.1. Tilted state of CO on transition metal surfaces

at high coverage

The fact that steric repulsion causes the CO axis

to tilt at higher coverages on transition metal sur-

faces is well established by experiments [32–36].

Surfaces on which CO tilt has been observed

include Ni(110), Pd(110), Pd(100), Ru(001),

Pt(112) steps, etc. Since 0.50 ML is the experimen-

tal saturation coverage of CO on Fe(110), this

should be considered a quite high CO coverage
for this surface. This is consistent with the fact that

the surface atom density (atoms per unit area) is

quite high for Fe(110), due to the small lattice

parameter of bcc Fe. Indeed, 0.50 ML of CO on

Fe(110) amounts to an absolute surface coverage

of 0.088 CO molecule/Å2, very similar to the abso-

lute surface coverage of 1.0 ML of CO on Pd(110)

of 0.094 CO molecule/Å2.
When a dense layer of CO molecules are ad-

sorbed on a metal surface, the distance between

two nearest-neighbor adsorption sites available

to CO can be smaller than the van der Waals

diameter of CO (�3.0 Å) [6], which then forces

CO molecules to tilt in order to reduce steric repul-

sion. For example, on Pd(110), the nearest-neigh-

bor distance is 2.75 Å and a tilted state is observed
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for the (2 · 1)p2mg-CO structure at 1 ML [36].

Likewise, the nearest-neighbor distance on

Fe(110) is even smaller, 2.48 Å, which is too small

for occupation by two aligned CO molecules. This

is why half of the rows of Fe atoms on Fe(110) are
not occupied by CO even at saturation coverage

(0.50 ML). The distance between the next-near-

est-neighbor adsorption sites for CO on Fe(110)

is 2.83 Å along [001]. This distance is large enough

to allow two CO molecules to occupy the two sites,

but is still smaller than the van der Waals diameter

of CO. So tilting of CO molecules follows.

It is clear from the above analysis that steric
repulsion causes CO to tilt on Fe(110) at 0.50

ML coverage. Part of the analysis was done by

Erley when he offered an explanation of the

p(2 · 1)-CO structure on Fe(110) [6]. In our case,

it is fortuitous that DFT correctly captures this

steric repulsion of CO on Fe(110), since the avail-

able DFT exchange-correlation functionals do not

contain the essential physics required to describe
van der Waals interactions properly.

4.2. Site preference predictions for CO on Fe(110):

sensitivity to choice of GGA

Recently, there has been some discussion about

the accuracy of current implementations of DFT

for describing chemisorption [37–40]. Here we con-
sider the origin of the success of the PKZB meta-

GGA in predicting the correct site preference of

CO on Fe(110). Stibor et al. [8] showed that

PW91 predicts the correct site preference at 0.25

ML but the wrong one at 0.5 ML. This tendency

to overbind small molecules (or atoms) in high me-

tal coordination sites is most clearly demonstrated

in the case of CO adsorption on Pt(111). Almost
all experiments clearly place CO on top of a Pt

atom at low coverage, while PW91 predicts the

fcc-hollow site to be the most stable [37]. Various

arguments have been offered to explain this dis-

crepancy. Kresse et al. [39] proposed that the error

comes from the underestimated CO HOMO-

LUMO gap by the DFT–GGA(PW91) functional,

yielding too strong an interaction of the LUMO of
CO with the metal substrate at the hollow site.

Using of a semi-empirical DFT method such as

GGA + U or B3LYP, which can artificially in-
crease the HOMO-LUMO gap, yields the correct

site preference of CO on Pt(111) [39].

Another explanation of DFT–GGA�s incorrect
prediction of site preference is offered by Grinberg

et al. [38]. They argue that the error is due to the
GGA treating different bond orders with varying

accuracy. Since the CO bond has a different order

at the on-top adsorption site compared to the hol-

low adsorption (as inferred from CO frequency

trends), DFT–GGA may describe them with differ-

ent degrees of accuracy. Thus, Grinberg et al. pro-

posed that the advantage of error cancellation is

lost and the wrong site preference is produced.
They then suggested that the PKZB meta-GGA

functional may predict the right site preference,

due to its excellent performance for both small

molecules and extended systems (surfaces and sol-

ids), as demonstrated by Kurth et al. [11]. Just as

Grinberg et al. suggested, we did find that the

PKZB meta-GGA functional predicts the correct

site preference of CO on Fe(110). The VASP code
used here only supports non-self-consistent DFT

calculations for the PKZB functional using self-

consistent densities from the PBE functional.

Therefore the HOMO-LUMO gap of CO remains

that predicted by PBE (too low), even though the

total energy changes. So Kresse et al.�s analysis

does not appear to hold in this case. The ‘‘gap’’

problem may be not as big an issue in the CO/
Fe(110) system as in the CO/Pt(111) system. This

is supported by the fact that DFT–GGA(PBE)

does predict the right site preference of CO on

Fe(110) at 0.25 ML. It should be noted that there

is one empirical parameter in the PKZB meta-

GGA functional, which is obtained by fitting

experimental data. Recently, Tao et al. developed

a new functional form (TPSS) [41] of meta-GGA
that eliminates that empirical parameter from

PKZB. However, TPSS has not been implemented

in the version of the code used here, so we could

not test it. We caution that the non-self-consistent

way VASP calculates the PKZB energy might

be not reliable and the predicted correct site

preference from the PKZB functional might be

fortuitous.
Although the RPBE functional gives the best

prediction of the adsorption energy of CO on

Fe(110), it predicts that the OT, distorted OT,



176 D.E. Jiang, E.A. Carter / Surface Science 570 (2004) 167–177
LB, and displaced LB sites are almost degenerate.

RPBE and previous revPBE [42] predictions of

chemisorption energies are superior, due to their

excellent performance on atomic total energies

and molecular atomization energies. However,
they worsen the descriptions of bulk crystals and

surfaces compared with PBE [10,20]. This may ac-

count for the fact that RPBE does not predict the

right site preference of CO on Fe(110) at 0.5 ML.
5. Summary and conclusions

Employing first principles PAW–DFT–GGA

techniques, we have studied CO adsorption, diffu-

sion, and dissociation on Fe(110). In agreement

with experiment and previous theory, we find that

CO adsorbs in a upright fashion and the on-top

(OT) site is preferred over the long-bridge (LB)

and short-bridge (SB) sites for 0.25 ML coverage.

We also find a new p(2 · 2) structure of CO on
Fe(110) at 0.25 ML, which is different from, but

predicted to be as stable as, the c(2 · 4) structure

suggested by experiment. We confirm the stability

of the distorted OT p(1 · 2) structure at 0.5 ML

proposed from experiment. Here the CO molecule

is displaced off the on-top site by 0.5 Å and the CO

bond is tilted �13� with respect to the surface nor-

mal. Steric repulsion is likely the reason CO mole-
cules tilt in an alternating fashion. While all GGAs

yield the correct site preference at 0.25 ML, only

the PKZB meta-GGA predicts the correct site

preference of CO on Fe(110) for both 0.25 and

0.5 ML. We predict CO stretching frequencies of

1928 and 1966 cm�1 and work function changes

of �0.86 and �1.24 eV for the most stable site at

0.25 and 0.5 ML, respectively, in good agreement
with experiment.

We have examined CO dissociation on Fe(110)

at 0.25 ML. Starting from the most stable OT site,

CO dissociation on Fe(110) is endothermic by

�0.5 eV and has a barrier of 1.52 eV. CO first

moves off the OT site and then dissociates via a

transition state where CO is lying down on the

SB site. We predict that the CO diffusion barrier
across the Fe(110) surface is small (�0.1 eV from

the OT site to the LB site). Since the LB site is eas-

ily accessible from the OT site, we also investigated
CO dissociation at the LB site. We find that CO

dissociates from the LB site via the same transition

state as from the OT site but has a slightly lower

barrier, because the LB site is slightly higher in en-

ergy that the OT site.
The high barrier (1.52 eV from the OT site) of

CO dissociation on Fe(110) is consistent with

the fact that the decomposition of CO on

Fe(110) is only observed at high temperatures

(above room temperature). CO dissociation is

found to be competitive with molecular desorp-

tion, thereby providing the means to produce ad-

sorbed carbon and oxygen atoms on the surface.
After dissociation, O atoms remain on the surface

while C atoms burrow into Fe(110), presumably

as the initial step toward carburization of Fe.
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