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LEED investigations on Co„0001…: The „2Ã2…-„K¿2CO… overlayer
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The local adsorption structure of the coadsorption phase of K and CO on Co~0001! has been determined at
160 K using dynamical low-energy electron diffraction. The K atoms in the (232) overlayer adopt the on-top
sites as in the (232)-K structure, but the bond length to the nearest Co atom increases by 0.2 Å to 3.14
60.05 Å. The CO molecules are shifted from the on-top sites of the (A33A3)R30°-CO structure to the fcc
and hcp three-fold hollow sites. The axis of the CO molecule is perpendicular to the surface. The adsorption
induce buckling in the top Co layer, pushing the Co atom beneath the K by 0.2760.03 Å towards the bulk.
The optimum length for the C-O bond is 1.2260.1 Å and that for the C-Co bond 2.060.1 Å. The obtained
structure is compared to other known CO1K coadsorption structures on transition metals, as well as to the
(A33A3)R30°-CO and (232)-K structures on Co~0001!.

DOI: 10.1103/PhysRevB.63.155402 PACS number~s!: 68.35.Bs, 61.14.Hg
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I. INTRODUCTION

The coadsorption of alkali metals~AM ! with simple mol-
ecules like CO or O2 form a well-defined playground fo
studying promotion effects in catalytic systems. The inter
tions of the adsorbed species with the surface and with e
other are of great importance in understanding more com
cated systems.

The adsorption of CO is generally assumed to take pl
via charge donation from the 5s orbital of CO to the empty
states of the substrate, whereby the M-CO bond is form
The simultaneous back donation from the substrate to
antibonding 2p* orbital of CO weakens the C-O bond. O
the hand, the charges removed from the 5s level and do-
nated to the 2p* level result in a more uniform distribution
of the 1p level which strengthens the C-O bond.1,2 Potas-
sium adsorption has been shown to facilitate the CO dis
ciation on Ni surfaces, and this has been explained to t
place via charge transfer from the AM atom to the antibo
ing 2p* orbital of CO, probably via the substrate. The a
sorption energies of the coadsorbates have been observ
increase in calorimetric studies3 and in thermal desorption
experiments.4

According to our earlier results, the presence of K do
not promote the CO dissociation on Co~0001! at room tem-
peratures and at UHV conditions.5 On the contrary, on poly-
crystalline Co foil, where CO dissociation has been seen6,7

the K atoms inhibit the CO dissociation probably by pref
ential adsorption at the same sites facilitating the C-O b
breaking.8 The binding energies of both K and CO increas
however, as evidenced by the shift in the desorption max
in thermal desorption~TDS! experiments5 in accordance
with CO and AM coadsorption on other transition metals.
Co foils a small increase in the production of longer ch
hydrocarbons during CO hydrogenation at atmospheric p
sures, normally explained by the increased tendency for
dissociation, has been observed due to K promotion.9 This
0163-1829/2001/63~15!/155402~7!/$20.00 63 1554
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effect is, however, much smaller than what is reported on
Ni surface.10

This paper is part of a larger study of adsorbate structu
on Co~0001!: The structures of the clean surface and the
32)-K ~Refs. 11,12! and that of the (A33A3)R30°-CO
overlayer13,14have been reported earlier. The coadsorption
potassium and CO on Co~0001! has been studied in the pa
with TDS, low-energy electron diffraction~LEED!, x-ray
photoelectron spectroscopy~XPS! and low-energy ion scat
tering ~LEIS!. Based on these studies, we know that the
sorption takes place molecularly on the surface and the
32) structure is formed with one K atom and two CO mo
ecules in the unit cell. The CO molecules are located
tween the K atoms so that the oxygen atoms are loca
closer to the surface than the K atoms.5 In this paper we
report the (232) surface structure formed during coadsor
tion of CO and K on Co~0001!.

Coadsorption structures of CO and alkali metals ha
been solved only in the case ofc(232)-(K1CO) on
Co(101̄0),15 (232)-~K12CO) on Ni~111! ~Ref. 16! and
(232)-(Cs12CO) on Ru~0001!.17 The current results will
be compared to these studies. In this respect we will disc
the CO bond lengths and the possible trends for CO dis
ciation on transition metal surfaces. A review has recen
appeared discussing the existing coadsorption structures18

We pose three questions for the alkali-metal coadsorp
with CO: ~i! What are the actual adsorption sites on the s
face and how does this differ from the single absorbant ca
~ii ! How does the coadsorption affect the bond length of
CO molecule and the radius of the alkali metal and how
these correlate with the increased tendency of CO disso
tion? ~iii ! How does the coadsorption change the binding
the adsorbed molecules to the surface and what is the me
nism causing this effect?

II. EXPERIMENT

The experiments were performed in a stainless steel U
chamber with facilities for, e.g., x-ray photoelectron spe
troscopy, thermal desorption spectroscopy, and low-ene
©2001 The American Physical Society02-1
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electron diffraction measurements. The system was pum
with an ion pump, and the base pressure during the exp
ments was around 50 nPa. A more detailed description of
UHV setup is available elsewhere.5,19

The Co~0001! sample disk was spot welded to the sam
holder via tantalum wires, which were used both for resist
heating and conducting heat to the heat sink cooled w
liquid nitrogen. The lowest attainable sample temperature
160 K was used in the experiments. The manipulator st
could be rotated around the vertical axis and the sam
holder provided azimuthal rotation enabling accurate ali
ment of the sample normal along the electron beam.

The initial cleaning procedure of the sample has been
scribed earlier.20 Between the experiments, the surface re
dues were removed by one hour sputtering with 1.1 keV A1

ions, followed by annealing at 650 K for one to two hou
Cleanliness of the sample was checked by measuring the
s and C 1s peaks using XPS before each measurement
final test for the cleanliness was the formation of the LEE
pattern of the (A33A3)R30° structure. This surface struc
ture was obtained by exposing the Co~0001! crystal to 1.25 L
of CO at 160 K, as described earlier by us.14

Potassium evaporation was accomplished with a stan
SAES getter source at a distance of about 2 cm from
sample. A current of 4.6 A was passed through the ge
and four minutes was allowed for the stabilization of the
flux before each evaporation. The (232)-K structure was
prepared by depositing a full monolayer of potassium
room temperature and subsequently heating the surface
400 K as reported earlier by us.11,12

When the (232)-K surface was exposed to CO, the qu
ity of the LEED pattern improved, but no other changes w
detected indicating formation of a (232)-~K1nCO! struc-
ture. A saturation exposure of 45 L of CO were used. T
amount of CO in the coadsorption phase was deduced c
paring the TDS spectra from the (A33A3)R30°-CO and
(232)-(K12CO) structures, resulting in the structu
where there is two CO molecules in the unit cell.5

The LEED experiments were made with a four-grid re
view LEED unit. The diffraction images were recorded to
computer with a video camera having a resolution of 5
3512 pixels and 256 grayscales. The same computer
trolled the incident electron beam, allowing measurement
the intensity versus voltage curves. More details on
LEED measurement is available in Refs. 13,21.

The degree of damage due to the electron beam was
mated by comparing visually the spot sizes and the brig
ness of the background before and after the LEED meas
ment. No changes in the quality of the LEED pattern w
detected, even after extended exposures of electron bea
contrary to the very delicate (A33A3)R30°-CO structure.

III. COMPUTATIONAL DETAILS

The spot intensities in the diffraction images were a
lyzed off line after the measurement with a homemade s
ware producing the experimental I~E! ~intensity vs. energy!
curves. The shape of the measured spot area is circular
its size is adjusted to give a constant area in thek space. The
15540
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intensity of the diffraction spot was calculated without a
background subtraction to minimize the amount of noise
the IV spectra.

The theoretical I~E! spectra were calculated using th
symmetrized automated tensor LEED package of Barb
and Van Hove.22 The phase shifts were calculated using t
Barbieri–Van Hove phase-shift package.22 We used ten
phase shifts in the calculation.

The real part of the inner potential was varied in t
R-factor analysis. The imaginary part of the inner potent
had a constant value of25 eV. Because of the limited con
vergence range of tensor LEED, we repeated the calcula
of the reference structure for a large range of K-Co distan
in steps of 0.3 Å and again at the finalR-factor minima.

For the substrate Co layers, a Debye temperature of 38
was used. For the outermost Co layer an enhanced vibra
amplitude was used, beingA2 times the root-mean-squar
amplitude in the substrate. The adsorbate atoms were tre
as one composite layer and the rumpled substrate layer
treated as another composite layer.

The theoretical and experimental I~E! spectra were com-
pared using the PendryR factor.23 The total energy range o
the symmetrically inequivalent beams was 2250 eV,
which 870 eV for integer-order beams and 1380 eV for ha
order beams.

The termination of the~0001! surface leads to two differ-
ent domains, both exhibiting threefold symmetry. The e
perimental data is an average over these domains and
diffraction pattern has sixfold symmetry. Each experimen
curve can thus be calculated as an average of six individ
spots save for the~3/2, 1/2! beam, which is an average of 1
spots. In the calculations, both terminations have three
symmetry but they are averaged using equal weight in or
to reproduce the experimental data. Additionally, in some
the models, three coexisting adsorbate domains were form
which were similarly averaged.

After obtaining the best-fit structure, the geometric p
rameters were varied one at a time in the neighborhood
the R-factor minimum and the uncertainties of the para
eters were obtained using the variance of theR factor.

IV. RESULTS

The experimental intensity vs. energy curves for the th
integer and five half-order beams are shown in Fig. 1 w
solid lines.

The calculations were started by testing all hig
symmetry sites for the K atom and the CO molecules in
rough search. The K atom can locate at the on-top site,
site, or hcp site and if the CO molecules are placed sy
metrically between them, a combination of fcc and hcp sit
top and hcp sites, or top and fcc sites is obtained, resp
tively, as shown in Fig. 2. As an alternative, the CO m
ecules can be placed at the similar sites as the K atoms
ing rise to rows of CO molecules between the K atoms a
to the formation of three different adsorption domains
tated by 120°. As the last structure, the K atoms can be at
bridge sites, and the CO molecules at the top and fcc sit

In each reference structure, the substrate was ideally
2-2
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minated. The distance from the potassium to the first
layer was varied in 0.3 Å steps and the CO bond length w
1.13 Å. The reference structures were optimized with resp
to the atomic positions of the K atom and the CO molecu
one Co layers, and the inner potential. The full data se
three integer-order and five half-order beams was used
the optimization. The PendryR factors for the optimized

FIG. 1. Experimental~solid lines! and calculated~dashed lines!
I~E! curves for the integer-order and half-order beams from the
32)-(K12CO) structure on the Co~0001! surface.

FIG. 2. Top views of the different (232)-(K12CO) structures
on the Co~0001! surface tested in the calculations. The wh
spheres are the surface Co atoms, the large black spheres are
atoms, and the small gray spheres denote CO molecules stan
perpendicular to the surface. Next to each structure are given
adsorption sites for the K atom and the two CO molecules in a
tion to the optimized PendryR-factor values.
15540
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structures after the rough search are given next to each s
ture in Fig 2. The top view cannot differentiate between t
fcc and hcp sites, but the IV analysis gave differentR factors
for the K atoms at fcc sites compared to the K atoms at
sites, as shown with the twoR-factor values adjacent to th
right side structures in Fig 2.

The lowest PendryR factor of 0.285, was obtained for th
structure where the potassium atom is at the on-top site
the CO molecules at the hcp- and fcc-hollow sites. Based
the clearly higherR factors, the other adsorption site comb
nations were ruled out.

The K-Co distance was 3.03 Å and the fcc and hcp C
molecules were located so that the center of the O atoms
located 0.46 Å below the center of the K atom. A sm
difference in the bond length was detected between the
molecules adsorbed on the fcc and hcp sites. This struc
was then subjected to a refined analysis that also inclu
variations of the nonstructural parameters.

As a result, we obtained three local minima for the K-C
distance: 3.14 Å (RP50.273), 2.66 Å (RP50.342), and
3.63 Å (RP50.419). The radius of the K atom calculate
from these numbers are between the ionic and metallic r
of K, and can thus be regarded reasonable, but the dif
ences in theR-factor values are large enough to exclude t
two latter structures. The best-fit values of theR factors of
the individual beams are shown in Table I. The best-fit
tensity vs. energy curves for the three integer and five h
order beams are shown in Fig. 1 with dotted lines and can
compared to the experimental curves.

The final structure of the (232)-(K12CO) layer on
Co~0001! surface is presented in Fig. 3. The structure ha
K-Co distance of 3.1460.05 Å. The C-Co layer distance
for the fcc and hcp sites are 1.3860.11 Å and 1.32
60.19 Å, giving C-Co bond lengths of 2.0060.08 Å, and
1.9660.13 Å, respectively. The layer distances of the ox
gen atoms and the outermost Co layer are 2.5860.06 Å for
the fcc site and 2.5660.07 Å for the hcp site. The C-O bon
lengths, calculated from the positions of the C and O ato
for the fcc and hcp sites, are 1.2060.13 Å and 1.24
60.20 Å. The accuracy in the position of the carbon atom
rather low, but that for the oxygen atom is much better. T
can result from the shadowed position of the rather we
scatterer of the carbon atom in the midst of oth

2

e K
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TABLE I. The final PendryR factors for the different beams o
the optimized (232)-(K12CO) structure on Co~0001! shown in
Fig. 3.

~1,0! 0.282
~1,1! 0.160
~2,0! 0.278

~1/2,0! 0.210
~3/2,0! 0.256

~1/2,1/2! 0.316
~1,1/2! 0.363
~2,1/2! 0.249

Rtot 0.273
2-3
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scatterers. The results also indicate huge buckling of 0
60.03 Å in the top most Co layer, where the Co ato
below K is pushed towards the bulk with respect to the th
other surface atoms in the unit cell. The first Co-Co lay
distance is 2.1460.03 Å and, thus, relaxed outwards fro
the bulk value of 2.035 Å. The final value of the PendryR
factor is 0.273.

The Debye temperatures of the adsorbed layer in the fi
analysis were optimized to 215 K for potassium, 425 K
carbon, and 445 K for oxygen. The optimum value of t
inner potential is 7.4 eV with an imaginary part value
25 eV.

V. DISCUSSION

Based on our earlier measurements of the K and CO
sorption and coadsorption, we know the following:CO mol-
ecules adsorbon the Co~0001! surface molecularly and form
three different surface structures depending on the cove
and temperature, the most stable of which is the (A3
3A3)R30°-CO seen below 330 K. The desorption from th
phase takes place around 390 K.14,24,25The positions of the
atoms on the surface have been analyzed with dynam
LEED technique and the results indicate CO adsorption
the on-top site.13

Adsorption of potassiumon Co~0001! led to the formation

FIG. 3. Top view ~upper panel! and side view cut along the

(112̄0) surface~lower panel! of the (232)-(K12CO) structure on
the Co~0001! surface. The white spheres denote the outermost
atoms and the light gray spheres the Co atoms below the sur
The large black spheres are the K atoms and the small black
gray spheres are carbon and oxygen atoms, respectively. The le
unit is 1 Å.
15540
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of a (232)-K overlayer with coverage ranging from 0.18
0.31 at room temperature. The best quality LEED patt
was obtained with the optimum coverage ofu50.25. The
desorption spectrum of the (232)-K overlayer was very
broad and lacked a well-defined maximum typical for cle
alkali metal on a transition metal surface.11 The (232)-K
structure has been analyzed with dynamical LEED techni
and the results indicate K adsorption on the on-top site.12

When the (232)-K surface was exposed to CO, the sym
metry of the LEED pattern remained the same, indicatin
formation of (232)-(K12CO) structure. In the TD spectr
of the coadsorption phase, the K desorption took place in
two distinct stages, around 430 and 570 K, and the CO
sorption peak was shifted from 380 K seen in (A3
3A3)R30°-CO to 570 K. The CO desorption was takin
place simultaneously with the potassium desorption. T
Monte Carlo simulation indicated an attractive interacti
between K and CO and a repulsion between the neighbo
K atoms.5 With LEIS, the outmost surface layer was found
be composed of K and O atoms, indicating that those ato
were almost at the same elevation on the surface. These
ies are now completed by the full structural analysis of
(232)-(K12CO) surface.

A summary of the structural parameters of thealkali atom
during adsorption and coadsorption with CO on transitio
metal surfaces is given in Table II. The Alkali atoms adso
on the on-top site of the close-packed transition-metal s
face in the case of (232)-K structures on, e.g., Co~0001!
~Ref. 12! and Ni~111! ~Refs. 26,27!, as well as in the case o
Cs on Ru~0001!.28 In the case of coadsorption of an alka
metal and CO, our results are in line with the other tw
known structures where the alkali atom resides at the on
site.16,17 However, in the system where the original adso
tion site for the alkali metal is not the on-top site on a clos
packed surface, such as the (232)-K on Pt~111!,29 a recent
structural analysis indicated that the alkali atom in this c
also remains in its original adsorption site in th
coadsorption.30

The size of the alkali atom increases due to the coads
tion in all the cases given in Table II. The increase is larg
with potassium than with cesium probably because of
larger initial size of the Cs atom. On Co(1010̄), the change
in the K radius is huge compared to the close-packed
faces and clearly due to the fourfold coordination of the
atom, resulting in a large change in the bond length wit
small increase in the elevation. The increase in the alk
metal radius in coadsorption is against the conventional
terpretation, where the alkali metal acts as an electron do
during CO adsorption and is expected to increase its de
of ionization and thus move closer to the surface. Both
charge transfer from the alkali atom to the CO molecu
seen in the density functional theory calculations,31 and the
increase in the AM radius should increase the dipole mom
of the AM-surface complex and give rise to a decrease in
work function. Because the charge from AM is not left to t
substrate but to the CO molecule, the dipole moment of
O-C-surface complex compensates the proposed decrea
the work function, and experimentally, the work functio

o
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nd
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TABLE II. Structural parameters of the alkali atom for the alkali adsorption and coadsorption with C
transition metal surfaces. AM-s indicates the distance between the alkali atom and the nearest substrate
A negative value for the buckling means moving the substrate atom towards the bulk. Estimated err

given in brackets in hundredths of Å . In the case of Co(1010̄), the buckling is in the second Co layer.

AM-s AM radius Buckling
Substrate Structure AM site ~Å! ~Å! ~Å! Method Ref.

Co~0001! (232)-K top 2.93~11! 1.68 20.16(3) LEED 12
Co~0001! (232)-(K12CO) top 3.14~5! 1.89 20.27(3) LEED this work

Ni~111! (232)-K top 2.82~4! 1.57 20.12(2) LEED 26
Ni~111! (232)-K top 2.87~3! 1.62 20.01 PED 27
Ni~111! (232)-(K12CO) top 3.02~3! 1.77 PED 16

Pt~111! (232)-K hcp 3.12~4! 1.74 20.07(2) LEED 29
Pt~111! (A33A3)R30°-~K1CO! hcp 3.28~6! 1.9 n/a LEED 30

Ru~0001! (232)-Cs top 3.25~8! 1.9 20.10(4) LEED 28
Ru~0001! (232)-~Cs12CO! top 3.35~4! 2.0 20.19(4) LEED 17

Co(101̄0) c(232)-K fourfold 3.12~5! 1.87 <0.1 LEED 45

Co(101̄0) c(232)-~K1CO! fourfold 3.51~11! 2.26 20.05(9) LEED 15
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actually increases due to coadsorption, as seen with Cs1CO
on Ru~0001!.32 According to Over, the increased AM
substrate distance is due to the electrostatic attraction
tween the charge densities of CO and the alkali metal.18

The buckling of the first layer increases due to CO co
sorption as compared to K adsorption, both on Co and
close-packed surfaces, and the well the alkali atom is cr
ing is rather deep. The second layer spacing of the Co s
strate, calculated from the three Co atom is 0.08 Å lon
than that for the clean surface, and 0.09 Å longer than in
case of K adsorption. Together with the increased buck
in the first Co layer, this leads to the same distance of 1.8
between the downwards shifted Co atom and the sec
layer atoms. Thus, it seems that the increased buckling
be understood as moving the first layer towards the vacu
The third layer spacing coincides with the clean surfa
value.

The CO moleculeoccupies the on-top site in the (A3
3A3)R30°-CO structure on Co~0001!,13 Ru~0001!,33,34

Rh~111!,35 and Cu~111!.36 Other adsorption sites with th
(A33A3)R30°-CO structure include bridge sites on Ni~111!
~Ref. 37! and fcc sites on Pd~111!.38,39From these structures
the coadsorption of CO with AM has previously been stud
only on the Ru~0001!,17 Ni~111!,16 and Pt~111! ~Ref. 30!
surfaces. The on-top adsorption site of CO, seen with (A3
3A3)R30° structure foru5 1

3 , changes on Ru~0001! and
Ni~111! to the fcc and hcp sites of the (232) structure with
u5 1

2 or to the hcp sites of the (A33A3)R30°-K1CO struc-
ture on Pt~111!. The CO molecules seem to give their pla
to the much larger AM atoms. The change in the CO adso
tion site on the Ni~111! surface from the bridge to the three
fold hollow sites stem from the occupation of K atoms at t
on-top site, leaving no symmetrical bridge sites for the C
molecules. It should also be noted that on Ni~111! in the
15540
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c(432)-2CO structure, the fcc and hcp sites are alrea
occupied without the alkali metal.16,40 The change in the ad
sorption site originates from the increased back dona
from metal to CO due to the alkali adsorption.18 At the three-
fold hollow site the charge transfer from the metal to t
2p* orbital of CO is maximized, making this site favorab
for CO. A summary of the structural parameters during C
adsorption and coadsorption with alkali atoms on transiti
metal surfaces is given in Table III.

The length of the carbon-substrate bond was found to
crease by 0.2 Å with the change in the adsorption site dur
coadsorption on Co~0001!. This increase is in line with the
observations made in other coadsorption systems, and
Ni~111! ~Refs. 16,37! the same values have been measur

The direction of the first layer buckling is outwards in th
case of CO adsorption on closed-packed surfaces,13 but in-
wards in the case of alkali adsorption as shown in Table
The increased rumpling due to coadsorption can be du
the charge transfer to the CO molecule resulting in stron
bonding of the molecule to the surface and decreased Co
interaction in the top substrate layers.

Calculating the electrostatic interaction between po
charges located at the adsorption sites for K, C, and O at
on the surface, and summing over several neighbor
points, their image charges, and a charged surface laye
suring charge balance, a potential energy of22 eV for both
CO and K, was obtained when the charges were11 e,
21.5 e, and 0.74 e for K, C, and O atoms, respective
This calculation is, of course, an oversimplification of t
interactions on the surface, because no structure in the ch
distribution within an atom has been taken into accou
However, the values for the atomic charges are reasona
and the value of the potential energy relates well to the m
sured simultaneous desorption around 550 K seen from
2-5
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TABLE III. Structural parameters of the CO molecule for CO adsorption and coadsorption with alkali atoms on transition metal s
C-s indicates the bond length between the carbon atom and the substrate atom. A positive value for the buckling means moving the
atom outwards. Estimated errors are given in brackets in hundredths of Å .

C-s C-O AM-O Buckling
Substrate Structure CO site ~Å! ~Å! ~Å! ~Å! Method Ref.

Co~0001! (A33A3)R30°-CO top 1.78~6! 1.17~6! 0.04~4! LEED 13
Co~0001! (232)-(K12CO) fcc, hcp 1.94/1.99 1.20/1.24 2.91 20.27(3) LEED this work

Ni~111! (A33A3)R30°-CO bridge 1.78~5! 1.13 PED 37
Ni~111! c(432)-2CO fcc, hcp 1.95/1.92 1.22/1.18 PED 16
Ni~111! (232)-~K12CO! fcc, hcp 1.92~5! 1.20~7! 2.92 PED 16

Pt~111! (A33A3)R30°-CO top 1.91~1! ARPEFS 36
Pt~111! c(432)-2CO top, br. 1.85~10! 1.15~5! LEED 46
Pt~111! (A33A3)R30°-~K1CO! hcp 2.08~6! 1.26~6! 2.87 n/a LEED 30

Ru~0001! (A33A3)R30°-CO top 1.93~4! 1.10~5! 0.07~3! LEED 34
Ru~0001! (232)-~Cs12CO! fcc, hcp 2.18~4! 1.10~5! 3.16 -0.19~4! LEED 17

Co(101̄0) p(231)-CO top RAIRS 41

Co(101̄0) c(232)-~K1CO! bridge 1.90 1.20~8! 2.87 LEED 15
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(232)-(K12CO) structure. The mutual stabilization of C
and alkali metal has been observed with the other system
well, and explained by the electrostatic interaction betwe
AM1d and CO2e ions.18

Unfortunately, there is no structural study of CO adso
tion on Co(101̄0). Reflection-absorption infrared spectro
copy, however, indicated top-site adsorption forp(231)
structure with coverageu,0.5 based on the CO stretch o
1994 cm21,41 although assignment of the adsorption s
based on vibrational data is uncertain, especially at hig
coverage.35,42,43 The adsorption site thus changes from t
assumed on-top site to the center of gravity of the K ato
giving a short bridge site displaced by 0.5 Å towards t
neighboring atomic row. The stretch frequency of the C
molecule in the c(232)-~K1CO! structure shifts to
1732 cm21, which is lower than the value expected f
bridge or threefold coordinated CO on clean surface. Ho
ever, the authors were expecting an even more pronoun
decrease in the stretch frequency due to the short rang
tractive interaction between K and O.44

The optimum C-O bond length increases from the va
of 1.1760.06 Å seen with CO only13 to 1.2060.11 Å and
1.2460.19 Å for the fcc or hcp sites and they are clea
longer than the gas phase value of 1.13 Å. Because the
margins in the C-O bond lengths are quite large, the hcp
fcc sites can be regarded similarly on Co~0001!. The general
effect due to AM coadsorption is an increase in the CO bo
length as seen in Table III. This can be taken to indicate
tendency of AM to enhance the dissociation CO
transition-metal surfaces.
15540
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The promotion effect of K in CO hydrogenation on C
and Ni surfaces can be partially explained as an increa
bond length of the CO molecule. On clean metals, the se
tivity towards methane is higher on Ni than on Co, and
deposition on the surface produces a more pronounced e
on Ni. On clean Co~0001!, the C-O bond length is longe
than on Ni~111!, but after K addition almost equal bon
lengths have been measured.

VI. CONCLUSIONS

In this paper we have presented a quantitative struct
analysis of the (232)-(K12CO) structure on Co~0001! sur-
face using low-energy electron diffraction together with d
namical LEED calculations. The potassium atom adsorbs
the top site as was the case with the (232)-K structure. The
bond length increases by 0.2 Å to 3.1460.05 Å.

The CO molecules are shifted from the top sites of
(A33A3)R30°-CO structure to the threefold hollow fcc an
hcp sites. The molecular axis is still perpendicular to t
surface with the carbon atom bonding to the three Co ato
The CO bond lengths are 1.2060.11 Å and 1.2460.19 Å,
and the Co-C distances 1.94 and 1.99 Å for the CO m
ecules at the fcc and hcp sites, respectively. The first
layer distance undergoes huge buckling where the Co a
underneath the K atom are pushed 0.2760.03 Å towards the
bulk.
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