J. Phys. Chem. B004,108, 1449714502 14497

High-Coverage Structures of Carbon Monoxide Adsorbed on Pt(111) Studied by
High-Pressure Scanning Tunneling Microscopy

Sarah R. Longwitz,*$ Joachim Schnadtf Ebbe Kruse Vestergaardf Ronnie T. Vang}
Erik Leegsgaard,* Ivan Stensgaard? Harald Brune,® and Flemming Besenbacher*

Interdisciplinary Nanoscience Center (iNANO) and Department of Physics and Astronomy,
University of Aarhus, 8000 Aarhus C, Denmark, Institut de Physique des Nanostructures,
Ecole Polytechnique Terale de Lausanne, 1015 Lausanne, Switzerland

Receied: February 20, 2004

High-pressure scanning tunneling microscopy was used to study the room-temperature adsorption of CO on

a Pt(111) single-crystal surface in equilibrium with the gas phase. The coverage was found to vary continuously,
and over the entire range from28-760 Torr pressure-dependent mgiegterns were observed, characteristic

of a hexagonal or nearly hexagonal CO overlayer. Two different pressure ranges can be distinguished: below

102 Torr, the moifelattice vector is oriented along a 3Mhigh-symmetry direction of the substrate,
corresponding to a pressure-dependent rotation of the CO overlayer with respect toxthe @t surface
lattice, while above 1@ Torr, the CO layer angle is independent of the pressure. This behavior is analyzed
in terms of the interplay of the repulsive CQO interaction potential and the substrate potential.

Introduction tions, a series of nonhexagonal commensurate structures is

Few adsorbate systems have received as much attention a@PServed:**2These are the c( 2) or (/3 x 2)rect @ = Yy,
carbon monoxide on transition-metal surfaces. The enormousWhered is the coverage (ref 13)) and¢8 x S)rect @ = ¥s),
interest originates from the system’s relevance to catalysis, since(v/3 x 3)rect @ = /), and c{/3 x 7)rect @ = 5/;) structures;

CO takes part in many important reactions such as CO the latter three can be cast in a unified picture in which unit
hydrogenation and oxidation and the Fischer-Tropsch synthesis Stripes of the c(4x 2) structure separated by domain walls of
and transition-metal particles are the most common catalytic higher, structure-specific CO densftylt is not yet clear,
materials for these reactions. Notwithstanding these beneficial however, whether these lattice gas structures represent global
interactions, carbon monoxide is also an unwanted poison Or local minima of the potential energy surface.

molecule in, e.g., the hydrogen feed for low-temperature fuel ~ While it was shown that a hexagonal CO overlayer can also
cells produced from hydrocarbofSince all these aspects can  be produced under vacuum conditions when the sample is cooled
be traced back to adsorbatsurface interactions, it is important  sufficiently >°the understanding of the atomic-scale details of
to acquire a thorough understanding of the properties of the the room-temperature adsorption structures of CO on Pt(111)
adsorption of CO on transition-metal surfaces. over the entire pressure range from UHV pressures up to

To date, an impressively detailed knowledge has been gainedatmospheric pressure is still incomplete. In particular, no study
on the adsorption of CO on Pt(111) under ultrahigh vacuum has been able to unambiguously determine the adsorbate
(UHV) conditions (see, e.g., refs 3, 4, and 5). The relevance of structure for the complete pressure range from UHV to one
this understanding to industrial catalytic conditions has however atmosphere.
been questionetl, The divergence of experimental and theoreti-  For the present study we used high-resolution scanning
cal results for systems under UHV and catalytic or realistic tunneling microscopy (STM) to unravel the room-temperature
pressures, respectively, has been designated “the pressure gapadsorption structures of CO/Pt(111). At all pressures above 10
which has to be bridged (see, e.g., ref 8). Therefore the Torr, we observed mairgatterns characteristic of the formation
development of surface-sensitive techniques that are capabledf a hexagonal CO overlayer on the hexagonal Pt(111) surface.
of working at elevated pressures has renewed the interest inThe superposition of the two hexagonal lattices leads to a beating
the CO/Pt(111) system, and a number of recent high-pressurephenomenon resulting in the moipattern. A one-dimensional
studies have addressed the subject using different tech-analogy is given by the sum of two sine functions with slightly
niquest”:9.10These studies revealed that carbon monoxide forms different frequencies. At low CO pressures, up to4Torr,

a hexagonal overlayer on Pt(111) at atmospheric pressure andhe moirepattern is characterized by a lattice vector oriented
room temperature. Two different structures were proposed, onealong one of the high-symmetry directions of the substrate, while
close to a (4x 4)-9CO nonrotated structufethe other one at higher CO pressures, a rotation of the pattern is observed. In
compatible with a(/1—g > \/E) R23.4-13CO commensurate  the following, we discuss these results in the context of existing
structure'® The latter structure has also been proposed for the theories and compare them to available UHV low-temperature
adsorption of CO in an electrochemical cell at@2 V electrode ~ data and results obtained in electrochemical cells.

potentiall® In contrast, under UHV and low-temperature condi- ] )
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Figure 1. STM images of 55« 55 A2 and corresponding ball models
showing moifesuperstructures of CO on Pt(111) at room temperature.

(a) Incommensurate structurem@t= 1072 Torr, I, = 1.06 nA,V; = 8.2 P A ~ o °
mV. (b) p = 720 Torr,I; = 1.27 nA,V; = 4.9 mV. The images a and - * * ~
b are aligned so that the bulk [@[Ldirection is oriented along the o - o S .

axis. The image treatment comprised frequency filtering and interpola-
tion. In the ball models in c and d, the open circles represent Pt atoms
and the dark blue dots CO molecules. The rotational anyetween

the substrate and adsorbate lattices Bhtetween the substrate and
moire lattices are indicated. The moitait cell with lattice constant i ) )
du is also shown. (c) Incommensurate structure at2Ilorr. W = Figure 2. (a) FFT of an STM image of a CO/Pt(111) mopattern (5
30°, B = 10.%, dy/ds = 3.6. ds is the real space equivalent of the X 1077 Torr). (b) Relationship between the reciprocal lattice vectors.

reciprocal vectofis observed in the fast Fourier transform (cf. Figure Here the filled circles represent the substrate lattice, the empty circles
= - . A correspond to the adsorbate lattice, and the crosses correspond to the
2). ds is rotated by 30 from ds, and the length relationship ts = = = =

resulting moifepattern. The observed vectoff, s, and ga are
+/3d/2. (d) Commensurate((19 x +/19) R23.4-13CO structure at  rotated by 30 from the vectorgiy, Gs, andGa used in the analysis,

720 Tor W = 23.4, f = 9.5, du/ds = 4.4. and the vector lengths are related Gia= 2,/+/3, wherex = M, S,

o ) ) A. The moirevector §u is equal to the difference vectdp = ga —
terization* Connected to this chamber is a gold-plated cell §s and hence alsty = Ga — Gs.

containing the newly developed Aarhus high-pressure scanning . . . .
tunneling microscop& With this, STM experiments can be unreactive nature, ultrapure argon as commercially available is
carried out at pressures of up to 760 Torr of pure gases or gasused_ for backfilling from the desired CO pressure up to the
mixtures. Sample transfer between the systems takes place undef’orking pressure.
clean conditions, i.e., without removing the sample from the
vacuum. The gas exposure system of the high-pressure cell hagteSults
been designed to avoid nickel-carbonyl (Ni(Gformation, Figure 1 shows two typical STM images of CO adsorbed on
which is of utmost importance when working with CO. For that Pt(111) at room temperature. Image a was recorded at a CO
purpose, the gas line has been constructed primarily using coppepressure of 1 Torr, image b at 720 Torr. In both images,
tubing instead of stainless steel. Furthermore, just prior to the two hexagonal structures coexist, one with a short and one with
inlet, the CO is passed through an activated high surface areaa longer periodicity. The short-periodicity hexagonal lattice is
carbon powder filter heated to400 K, over which the Ni- the image of either the Pt(111) substrate (panel a) or the CO
carbonyls dissociate, leaving the Ni behind. The efficiency of overlayer (panel b), while the long-periodicity lattice (the moire
this system was checked by performing Auger electron spec- lattice) is characterized by the periodic height modulation
troscopy after extended high-pressure CO exposure and subseinduced by the superposition of the hexagonal CO adsorbate
quent pump-out. layer and the Pt(111) surfaé® Similar images, all of which
The sample was cleaned in the UHV chamber following exhibited moifgatterns, were obtained at the other investigated
standard sample cleaning procedures: 30 min 800 eV Ar pressures.
sputtering, followed by an annealing procedure (in case of We observed quite generally that we could not image the
severely contaminated samples, 10 min annealing at 800 K in CO molecules at pressures below 0.1 Torr (at room temperature),
1077 Torr O; plus 3 min annealing at 1000 K in UHV, otherwise  but instead we sampled the underlying Pt(111) substrate, as in
just UHV anneal). The experiments at low and medium pressure Figure l1a. The measurement of the mopattern with a
(up to 5x 1074 Torr) were then performed in the UHV chamber, hexagonal shape, however, proves the presence of a hexagonal
while those at higher pressures up to 760 Torr were performed CO overlayer. The invisibility of CO adsorbed on Pt and other
in the high-pressure cell. For pressures between 0.1 and 100metal surfaces in STM is known to occur under certain
Torr, electric discharges between the closely spaced piezoconditions (see, e.g., refs 18, 19, and 20).
electrodes may occur. We thus always work at a total pressure Performing fast Fourier transforms (FFT) on the STM images
of close to 760 Torr in the high-pressure cell. Because of its allowed us to measure the periodicities and angles of the
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-30 - = p indirectly determined - moire pattern, which is rotated by a fixed angle ¥f = 30°
107 : 1 (']_5 . “')_3 : 1 6_1 : 1(']1 . 163 with respect to the Pt(111) substrate, whereas the adsorbate angle

p decreases from about 14 to°1@\t the same time, the lattice
Pressure [Torr] constant of the moir@attern changes approximately linearly

Figure 3. (a) Moire lattice constantly for a CO layer on Pt(111) as  with the logarithm of the CO pressure. At CO pressures above

a function of CO partial pressurey is normalized with respect to the 1072 Torr, W decreases, whilg remains approximately constant

substrate lattice constar. (b) Rotational angles between the substrate gzt ahout 16. Close to atmospheric pressure, the mdattice

and the moitdattice W (filled symbols) and the substrate and adsorbate constantdy approaches a fixed saturation value.

lattice 5 (open symbols)3 can also be calculated frodw, ds, andW - .
(crosses§! In those cases, where two equivalent domains were observed In panels ¢ and d of Figure 1, a schematic model of the CO

(rotation of the moiteind adsorbate lattices By¥ and=/ with respect structures observed at 1and 720 Torr is given. The ball
to the substrate [ direction, respectively), the angles for both model in panel ¢ was created with tHg dy, da, andj values
domains are given. from the measurement. The structure at 720 Torr is compatible
with a (V19 x +/19) R23.4-13CO commensurate structure,
and the corresponding values were used in panel d.
Knowledge of the substrate and adsorbate lattice constants
allows one also to determine the CO coverage, which is given
by 6 = (dsg/da)? = (ga/gs)2. Figure 4 shows how the coverage
increases continuously with CO pressure in the range 010
10® Torr. Toward atmospheric pressures, the CO coverage
saturates due to the increasingly repulsive-GID interaction.
We confirmed that the variation of the CO coverage was
reversible by first exposing the sample to a CO pressure of 760
Torr and then adjusting the pressure to a lower value. The
structural parameters were the same as for a sample that was
exposed to the lower pressure only. The results for the CO
coverage are in good agreement with the previously determined
CO coverages at 18 Torr (0 = 0.58 and 760 Torr @ = 0.68)1°
The CO coverage given for 1®Torr corresponds to the c(4
2) structure observed in low-energy electron diffraction
(LEED) 322

observed structure. A typical FFT is shown in Figure 2a, and a
sketch of the relevant parameters is shown in Figure 2b. These
are the reciprocal lattice vecto@s of the moirelattice, §a of

the adsorbate lattice, arfi} of the substrate lattice, which are
related to each other by virtue @fy = §a — §s. This set of
reciprocal vectorgjy translates into the s@ (x = M, S, A),
where Gy are the reciprocal space vectors of the real space
vectorsdy used in Figure 1 and in the analysis below, by a
rotation of 30 and by virtue oft = 2qX/«/§. Hencegu = Ga

— Gs. Ball models showing the real space vectors are given in
panels ¢ and d of Figure tiy andda form anglesW and g,
respectively, relative to the [D] direction of the substrate. From
Figure 2a, it is seen that the adsorbate lattice vector can be
determined even if the adsorbates are not visible in the STM
image, since the moirgpots appear as satellites around the
substrate spot8. The substrate spots can be identified unam-
biguously by comparison to the Fourier transforms of images
taken on the clean Pt(111) crystal.

Figure 3 shows these parameters as a function of the CO
partial pressure ranging from 1®to 760 Torr. In panel a, the
moiré superlattice constaik, is plotted in units of the Pt(111) From Figure 4, the coverage of CO on Pt(111) at room
substrate nearest neighbor distamge= 2.77 A. In panel b, temperature is seen to vary continuously (and reversibly, as
the filled circles refer to the rotation angl¥ between the outlined above) over the pressure range fromf6 760 Torr.
substrate and mdirattice and the open circles to the rotation The observed CO structures were hexagonally ordered. The
angles between the substrate and adsorbate lattice. In addition,finding of a continuous variation of the CO coverage with
crosses indicate values f8iwhich were derived from the mdire  pressure and the observation of hexagonal, ordered overlayer
parameters only as described in ref 21. The procedure provedstructures for all pressures above 40 orr is in contrast to the
to be useful in case of barely visible satellites and gave CO/Pt(111) lattice gas structures found in the same coverage
additional confidence, since these values coincide withgthe range at lower pressures and temperatéfé$ The formation
values determined directly from the images within the measure- of lattice gas structures would lead to a phase diagram with
ment uncertainty. From Figure 3b, we can identify two regimes alternating regimes of ordered and disordered CO overldyers.

Discussion
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Figure 5. Rotation angle between CO adsorbate layer and Pt(111)
substrate as a function of the lattice misfit betwekrandds, (da —
ds)/ds. The solid and short-dashed lines indicate the theoretical high-
symmetry solutions of ref 35 and the dashelbtted line marked NM

the harmonic approximation of ref 29 for a Lennard-Jones sysiém.

is the rotation angle of the mdirsuperlattice with respect to the
substrateW, is the rotation angle of the moiseiperlattice with respect

to the adsorbate.

Longwitz et al.

hollow bri'dge tc;p

top

Figure 6. Qualitative potential energy curve for an isolated CO
molecule on Pt(111) along the lines connecting the top, bridge and
hollow sites.

derived for a Lennard-Jones system in refs 26 and 29. (The
longitudinal and transverse sound velocitiesandcr are the
only system parameters which enter into the solution. For a two-
dimensional hexagonal lattice they are related to each other by
L = @CT.) For misfit values between 0.3 and 0.4, i.e.,
coverages below 0.6 monolayers, the experimental data points
are found to be in good agreement with ¥le = 30° solution
found from the high-symmetry hypothesis, i.e., the moeetor
aligns with the 30 high-symmetry direction of the substrate
(which corresponds to the [1P direction). For misfit values
lower than 0.3, however, a deviation from the theoretical lines
is observed. As the compression of the CO layer continues, i.e.,
for lower values of da — ds)/ds, § remains constant at
approximately 10 within the error bars, whereaB decreases
from 3C° to about+24° (cf. Figure 3b).

The alignment of the moir@ector with the 30 substrate
direction indicates that the particular rotation of the adsorbate

Nevertheless, a true pressure gap is not observed for the COfayer is due to the finite size of the substrété® The role of

Pt(111) system since cooling of the sample to approximately the sybstrate boundaries is played by the substrate steps, which
170 K leads to an increase in CO coverage and the formation 5re oriented along the [D].and equivalent directions. It would

of a hexagonal CO overlayer similar to that at 760 T8rr.
The formation of moitestructures has been observed previ-

ously for a large variety of adsorbate systems. For example,

be interesting to confirm this result in experiments using samples
with varying step density.
As established above, the moivector does not align with

moire patterns for CO overlayers have been reported for the any of the substrate high-symmetry directions at pressures above

Ni(111) 2 Ag(111)2* and graphité® substrates and, at a pressure
of ~760 Torr, also for the CO/Pt(111) systéif. Generally,
the occurrence of mairpatterns can always be expected when
the adsorbate lateral repulsive potentiabalances or exceeds
the corrugationAU of the adsorbatesubstrate interaction
potential. In theV, > AU and infinite lattice limit, the resulting

1072 Torr. The energy gain associated with this transition (see
discussion below) thus does not give a sufficiently high impetus
to achieve the rotation. We can analyze the situation in further
detail by taking the form of the substrate interaction potential
U and the strength of the lateral interactivhinto account.
The exact form o¥, has not yet been determined (see refs 38

structure can be viewed as a mere superposition of two perfect,41), but an approximation is given by the semiempirical-cO

in this case hexagonal, lattices of the substrate and adsorbatecQ pairwise interaction potential in ref 42. A qualitative sketch
reSpectiVEly. Because of the small difference in the adsorbateof Uis given in Figure 6, and Table 1 reproduces some potentia]
and substrate lattice constants, a long-periodicity (given by the parameters, derived from the semiempirical single-molecule

moire wave vector) height modulation is then obser¥gd.

In the caseV, ~ AU, the situation is more complicated and
has received considerable theoretical intet&s€ The various
theories predict an alignment of the moirector in preferred
directions if the molecules are able to relax their positions with
respect to the perfect hexagonal overlayer latfic® and/or if
the system has a finite si?&.36 References 3336 put forward

potential curvé?® of ref 42. The top sites are energetically most
favorable, followed by the bridge sités® Here we assume that
the maximum of the potential energy barrléy, between top
and bridge sites lies below the local potential energy minimum
Uy, at hollow sites, in agreement with the calculations in ref 38
and the experimental findings of ref 11. As a consequence, the
hollow sites are not occupied over the entire investigated

a "high-symmetry hypothesis” according to which the adsorbate pressure range, in agreement with the results of ref 11. The

layer rotates by an anglg such that the resulting incom-
mensurate moiresuperlattice is either oriented along a high-

observation of a hexagonal superstructure is not contradicted,
since we expect the positions of the adsorbed CO molecules to

symmetry direction of the substrate or along a high-symmetry be relaxed with respect to a perfect hexagonal overlayer. In
direction of the adsorbate layer. Numerical calculations showed addition, the area of the near-hollow sites amounts to a relatively
that these situations correspond to an energy minimum, sincesmall fraction of the total surface area only, so that these sites
the number of adsorbates in or close to low-energy sites is do not necessarily have to be occupied in a close-to-hexagonal

maximized®*3536 The maximization is solely due to a finite-
size effect, with relaxation only resulting in a second-order
correction.

In Figure 5 the rotation angje of the CO lattice with respect
to the Pt substrate as a function of the lattice misfif ¢ ds)/
ds is compared to the high-symmetry (30 and®)66olutions

relevant for the (111) surface. For comparison, we also show,

marked NM, the theoretical harmonic approximatiosolution

overlayer.

Relevant for a comparison of the lateral interaction energy
and the corrugation of the substrate potential are the barriers
between the different sites. In the analysis, we have to take into
account that the measurements are carried out at room temper-
ature. A crude estimation for the effective barrier height is
derived by assuming parabolic and isotropic oscillators. The
resulting values for the effective barriers between the bridge
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TABLE 1: Parameters of the Employed Substrate Interaction Potential and the Lateral Interaction (All Energies Are Given in
meV)?

AU = Uy AU = Uy — [Wp0
T(K) Uy Us Us wo WO — W Uy — Uy Vi(6 = 0.5) Vi(6 = 0.6)
0 0 60 300 6 37 294 203 200 290
300 0 60 300 72 60 248 180 200 290

a AUy andAUy-, represent effective barrier heights relative to the mean energy of the molecule inside the potential wells, which were assumed
to be parabolic. These effective barrier heights are derived assuming isotropic oscillators with €fiigieshw, + Ao/ (eExpiory/KT) — 1),
wherefiw; = 48 cnt! andhw, = 300 cnTt are the vibrational motion frequencies in the top and bridge positions, respedfiviéig. values
defining the potentialsl;, Uy, U, andV;) have been taken to be temperature independent.

and on-top sitesAUyp—1 = Uy — [W{O0— Uy, as seen from the ~ Summary
on-top potential-energy minimum adJy,—, = Uy, — Wp0—
Up as seen from the bridge minimum, are given in Table 1.
AUy—¢ and AUy, represent the room-temperature effective
barrier heights relative to the mean energy of the molecule inside
the potential wells (see the Table caption), which were assumed
to be parabolic, whiléJ;, Uy, andUy, are the parameters of the
potential energy surface for the on-top and bridge sites and the
barrier between these (cf. Figure*6)-or the on-top sites, the
lateral repulsion energy, is smaller than the barrier height
AUy, at the onset of the high-symmetry mojpaase withd
~ 0.5. At6 ~ 0.6, corresponding to the rotational transition at
1072 Torr, V, is essentially equal t&\Uy—. In contrast, the
barrier as seen from the bridge sitédJip-p, is found to be
smaller than the lateral repulsiof) over the entire coverage
range of 0.5-0.6. This indicates that the occupation of top sites
is decisive for the formation of the high-symmetry nigitease
at lower CO pressures.

At pressures above 18 Torr, the orientation of the maire
superstructure along the high-symmetry directiBrn= 30° is
not maintained. Hence, the rotation concomitant with such an

alignment is not favorable anymore, af‘d m_stead, the CO explained in terms of a maximum occupation of high-binding
adsorbate layer keeps a constant orientation with respect to theenergy sites for a substrate of finite sf2€8where the size is
substratg. In th_|s pressure regime, the lateral rep_u|5|on ex_c_eed%iven by the surface terraces. Second, at a coverage of 0.6, the
the barrier height between the on-top and bridge position, system undergoes a rotational phase transition. Above this

|rr|]resbp%ctlve of whether thes? are measured Wgh refzrence tocoverage, the rotation angle of the adsorbate layer with respect
the bridge fUyp-p) or on-top site AUy—). Hence the tendency e sybstrate does not change anymore. We explain this

Or]: thef co moleculeﬁ to (r)]cc_upy (near) g)p Sites Is refdt;]ce(lj. Welbehavior in terms of an increasing importance of the repulsive
therefore propose that the increasing dominance of the lateralj o o) molecular interaction, which starts to dominate over the

repulsion over the barrier heigitUy,— causes the deviation corrugation of the substrate interaction potential. A quantitative

from the high-symmetry direction just abo.ve”EOI'orr. . ~analysis based on previous restftsupports our explanation.
However, close to 760 Torr, the occupation of top sites again

becomes decisive, namely, for the formation of a commensurateReferences and Notes

(V19 x v19) R23.'¢-13CO structure. In this commer\surate (1) Handbook of Heterogeneous Catalysitl, G., Knézinger, H.,
structure, a very high number of CO molecules can sit exactly \yeitkamp, J., Eds.; Wiley-VCH: Weinheim, 1997; Vols-8.

on top sites. We note that the electrochemical study of Villegas  (2) See, e.g., ref 1, Vol. 4, p 2094.

In conclusion, we have determined the room-temperature
surface structure of CO on Pt(111) over the entire pressure range
of 1076—-760 Torr. For all pressures, the formation of a
hexagonal or quasihexagonal CO overlayer is observed, showing
that for CO/Pt(111) a true pressure gap cannot be established.
Nevertheless, extreme care has to be taken when relating UHV
results to systems operating under realistic conditions such as
atmospheric pressure. One has to consider (a) the existence of
different commensurate vacuum structures on cooled samples
(see, e.g., refs 3 and 4) and (b) the subtle differences between
the reported hexagonal structures in terms of the adsorbate layer
rotation angle.

In further detail, the CO adsorbate layer is continuously
compressed with increasing pressure, resulting in a continuous
coverage variation from 0.5 to 0.7. The orientation of the moire
superlattice, whose formation is due to the superposition of the
hexagonal adsorbate layer with the hexagonal substrate, is
pressure dependent. First, for coverages betwe®b and 0.6,
the moirepattern is rotated by 30with respect to the [10]
direction of the Pt(111) substrate. The orientation can be

and Weavét indicates that going from a negative to a slightly (3) Ertl, G.; Neumann, M.; Streit, K. MSurf. Sci.1977 64, 393.
positive sample bias leads to a switching from ax(2)-3CO 1998429;9;05;2”’ B. N. J.;"Hhaus, M.; Bradshaw, A. MI. Chem. Phys.
structure to the {19 x v19) R23.4-13CO system. The (5) McEwen, J.-S.; Payne, S.; Kreuzer, H. J.; Kinne, M.; Denecke, R.;
rotation concomitant with such a transformation indicates an Steinrick, H.-P.Surf. Sci.2003 545, 47. o

enhanced stability of thev(19 x +/19) structure. Together (6) Su, X.; Cremer, P. S.; Ron Shen, Y.; Somorjai, G.Phys. Re.

. AP Lett. 1996 77, 3858.
with the present resullts, this finding suggests that the occupancy  (7) Jensen, J. A.; Rider, K. B.; Salmeron, M.; Somorjai, GPhAys.

of a high number of on-top sites to some extent can outweigh Rev. Lett. 1998 80, 1228.

the lateral repulsion even at high coverages. (8) Ertl, G.Angew. Chem., Int. Ed. Engl99Q 29, 1219.
. . (9) Rupprechter, G.; Dellwig, T.; Unterhalt, H.; Freund, H}JPhys.
The energy gain due to the formation of the commensurate chem. B2001 105 3797.

(V19 x +/19) R23.4-13CO structure is judged to be higher (10) Kruse Vestergaard, E.; Thostrup, P.; An, T.; Leegsgaard, E.;
than the energy gain that would result from a reorientation of Stensgaard, I.. Hammer, B.; BesenbacherPRys. Re. Lett. 2002 88,

. e o ; 259601.
the incommensurate moéisuperstructure alon§ = 30° just (11) Villegas, I.; Weaver, M. JJ. Chem. Phys1994 101, 1648.
above 102 Torr. We suggest that above F0Torr the lateral (12) Biberian, J. P.; van Hove, M. /Surf. Sci.1984 138, 361.

forces are sufficient to exceed the corrugation of the substrate él?) tHere ;Ne del;ine the coverageas the number of CO molecules per
H H H H H supstrate surrace atom.

pptenpal. .Hence a simple reorientation aIc_)ng a high symmetry (14) Besenbacher, Rep. Prog. Phys1996 59, 1737.

direction is prevented but not the formation of a particularly (15 | egsgaard, E.: €®erlund, L.; Thostrup, P.; Rasmussen, P. B.:

stable commensurate structure. Stensgaard, |.; Besenbacher,Rev. Sci. Instrum2001, 72, 3537.
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