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In this paper, we reexamine the surface structures of CO on (100) surfaces of copper. 
palladium. nickel and platinum. We use the types of site determined by High Resolution Energy 
Electron Loss Spectroscopy (HREELS). or Infra Red Spectroscopy (IRS), to propose new models 
for the arrangement of CO molecules at coverages exceeding l/2. i.e. at coverages higher than 
those corresponding to simple structures c(2~ 2) and p(26 X fi)R45’. Laser simulations allow us 
to decide the validity of the proposed models. The consequences of these models are the existence 
of at most two adsorption sites at all coverages. and the existence of antiphase domains separated 
by waits to form the complex structures. The transition between two consecutive structures due to 
an increase of coverage is a unidirectional compression. generating more wall regions. 

1. Introduction 

The adsorption of CO on low index metal surfaces is a very unique system 
in surface crystallography because of the large number of substrates utilized 
and the great variety of surface sensitive techniques used for its analysis. In 
particular, Low Energy Diffraction (LEED) readily gives information on the 
unit cell, and by analysis of the 2-V curves, the position of the molecules 
within the unit cell can be determined, at least ,for the simple structures. On the 
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other hand, High Resolution Energy Electron Loss Spectroscopy (HREELS) or 
Infra Red Spectroscopy (IRS) have also been used to determine the adsorption 
sites of the CO molecules. These two types of technique are complementary. 
because LEED gives long range order information and HREELS or IRS short 
range order information. It is then of great interest to compare the results of 
both, and to try to build a structural model that explains the data of all these 
experiments for different substrates and different coverages. At present, them 
are inconstancies in the structural models based on “pseudohexagonal” over- 
layers proposed in the literature. 

Because of multiple diffraction effects, the analysis of the LEED patterns is 
not straightforward and the observed extra spots have been the object of a 
controversy, at least two solutions being possible: 
(i) The observed LEED patterns are composed of diffraction spots originating 
either from the substrate. or from the adsorbate or by double diffraction 
between the adsorbate and the substrate. 
(ii) There is a coincidence unit cell between the adsorbed layer and the 
substrate giving rise to a superstructure, all the extra spots being due to the 
existence of this coincidence unit cell. 

These two interpretations, when brought to their logical conclusion, lead to 
the same result. However, the first one is normahy used in a simplified form 
where only spots with appreciable intensity are taken into account; specifically, 
there are spots composed of linear combinations of substrate and adsorbate 
reciprocal lattice vector with small (h. k) indices. 

There are two limits where the two models are easily seen to be identical: 
one is when the coincidence unit cell is small, for example a c(2 X 2) structure 
on a square lattice, or a (0 X fi)R30” structure on a hexagonal lattice. and 
the other is when the coincidence lattice is very large, and almost all the 
admolecules are out of registry. The double diffraction model is commonly 
applied to a non-registered adsorbed phase, while the coincidence lattice model 
is most suitable to describe a registered or partially registered adsorbed phase 
depending on the length of the coincidence unit ceil. 

The interpretation of the LEED patterns for the adsorption of CO on low 
index metal surfaces has so far mainly used the double diffraction model. Out 
of the ten systems analyzed this way, there is a contradiction between LEED 
and HREELS or IRS for three systems, i.e. CO on Cu (loo), Cu (111) and Ru 
(OOOI), where top site adsorption is determined by HREELS or IRS and two or 
more sites are deduced from the LEED patterns. 

The purpose of this paper and the following papers [ 11 is to reexamine all 
the ten systems with the coincidence lattice model instead of the double 
diffraction model to show that there is no contradiction between LEED and 
HREELS or IRS for the three systems mentioned above, and that the seven 
other systems are almost identical in both models. 
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2. Analysis of the LEED patterns 

As mentioned in the introduction, there are two possible ways of interpret- 
ing the LEED patterns, one is the double diffraction model and the other is the 
coincidence lattice model Fig. 1 describes for a one-dimensional system the 
consequences of the choice of the model. In fig. la, for a coverage of B = l/2, 
all the admolecules are in site, and half of the substrate sites are occupied. At 
higher coverage, for instance 13 = 2/3, there are two possibilities as shown in 
figs. lb and lc. In fig. lb, the distance b between the admolecules is kept 
constant and b = +a, where a is the distance between substrate sites, thus two 
different sites are populated. In fig. lc, all the admolecules are adsorbed at 
equivalent sites (full circles), but the distances between the admolecules are a 
and 2a. Because of possible repulsive interaction between nearest-neighbour 
admolecules, they might shift out of their position as indicated in fig. Id. If the 
coverage increases and approaches 1, there is less and less difference between 
the two models as shown in figs. le and If for 8 = 8/9. 

The “double diffraction” inte~retation leads to a “compact model” for the 
adsorbed CO layer which forms a pseudohexagonal layer on the two-dimen- 
sional surface. The “coincidence lattice” interpretation leads to a “high sym- 
metry model” for the adsorbed layer as introduced by Huber and Oudar [2], 
where the admolecules are in equivalent sites and the coincidence unit cell is of 
high symmetry. 

, b.2a , 
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Fig. 1. One-dimensional model at three different coverages showing the differences between the 
compact model and the coincidence lattice model. 



446 J. P. Biberian, M.A. Van Hove / New model for CO ordering 

One motivation for the present work is the intriguing observation of a 
feature common to all LEED diffraction patterns that we have seen, published 
or otherwise available, for adsorbed CO molecules: the spot positions are such 
that all patterns can be explained by coincidence unit cells of finite size, i.e. of 
the commensurate superlattices form. The implication ‘is that, as coverage 
increases,  the coincidence unit cell changes in discrete steps from one com- 
mensurate size to the next, rather than in a continuous and smooth fashion. 
For example, CO on Pd (100 produces, with increasing coverage, successively 
~(26 X 2fl)R45O, c(5&? X fl)R45O, ~(30 X fl)R45O and ~(7~5 
X a)R45O unit cells. Nevertheless, some authors have used the double 
diffraction interpretation, leading to a continuously and smoothly compressing 
pseudohexagonal CO lattice. In our view, the discreteness of the sequence of 
patterns is significant and leads to the more satisfactory results described in 
this paper. 

One may wonder how the LEED patterns evolve from one finite unit cell to 
the next. It is known for simpler cases, such as a (2 X 1) to (3 X 1) transition, 
that the evolution from one unit cell to a closely related unit cell is relatively 
continuous, with spots moving gradually from one position to another posi- 
tion. However, during the transition, the spots are elongated in the direction of 
motion. This corresponds to a statistical mixture of the initial and final unit 
cells. We then conjecture that the reason for the discreteness in the available 
diffraction patterns for CO overlayers is due to attempts by the experimenta- 
lists to sharpen the spots: in those attempts the local coverage may unwillingly 
be adjusted to the nearest optimum value for a coincidence unit cell. 

3. Principle of the anlysis 

In the case of CO adsorbed on metals, HREELS and IRS give a direct 
determination of the adsorption sites by the measurement of the C-O stretch- 
ing frequency. Following a frequently used assignment, if the C--O stretching 
frequency is above 2000 cm-‘, the CO molecules are adsorbed on top sites, 
between 1700 and 2000 cm-- ’ they are adsorbed on bridge sites and below 
1700 cm-’ on three-fold sites. These values are determined by IRS from metal 
carbonyl complexes and can vary from one metal to another. 

For the LEED analysis, we use the coincidence unit cells determined by the 
diffraction pattern and build models with the CO molecules adsorbed in the 
sites determined by HREELS or IRS. We check the validity of such models by 
light scattering experiments (described in section 4). 

It is well-known that multiple scattering effects are important in LEED, but 
they affect spot intensities much more than they affect the presence or absence 
of spots. So-called multiple scattering spots are usually already present kine- 
matically as a result of substrate induced deformations of the adlayer. There- 
fore, the kinematical light diffraction is an adequate simulation of LEED 
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patterns. And since multiple scattering only modulates the kinematic intensi- 
ties, there should be a direct correspondence between bright spots in the 
simulation and bright spots in the LEED pattern and also between faint spots 
in both situations (for this to be true, we must assume that the LEED patterns 
published and used to make structural statements are taken at representative 
energies where the relative spot intensities are typical of the entire energy 
range). Many successful laser diffraction simulations have already been per- 
formed which rely on the above assumption. 

4. Laser simulation 

In order to perform a kinematical analysis of the structure, the intensity of 
the diffraction spots can be caiculated, or simulated, with a light scattering 
experiment. In our case, we have chosen this second solution, because it gives 
access to a pattern directly comparable with the LEED experiment. The 
diffraction grid is a photographic film with computer drawn transparent dots 
about 30 pm apart. Using a regular He-Ne laser giving a beam about 1 mm in 
diameter, we cover an area roughly 40 dots in diameter that corresponds in 
LEED to a crystal of about 100 A, i.e. of the order of the coherence length of 
the electron beam. So our laser simulation experiments are directly comparable 
to LEED. 

To simulate the surface covered with CO, we have drawn the surface metal 
atoms with dots half the size of those used for the CO molecules. This choice is 
not important since the only aspect that has to be looked at is the relative 
intensity of the extra spots with respect to one another, and not with respect to 
the substrate spots. We shall see in the next sections that this qualitative 
comparison is sufficient to reduce the number of possible models to very few 
and sometimes only one. Some of our laser diffraction patterns show slight 
asymmetries even when the surface model is symmetrical, due to small inaccu- 
racies in the small-scale computer plotting. Also the patterns are slightly 
distorted due to the positioning of the camera. 

We should note that the accuracy of our comparison between LEED 
patterns and laser simulations is uncertain because the LEED patterns are 
taken from published photographs which give imprecise relative intensities of 
the LEED diffraction spots. It would be desirable to observe the diffraction 
patterns at all energies in order to determine if the spots are systematically 
intense or weak or even missing. Hopefully, this paper will incite authors with 
access to the original LEED photographs to check that our interpretation is 
consistent with those photographs. 
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5. Chemisorption of CO on (100) fee metal surfaces 

5.1.1. IRS and HREELS data 
The adsorption of CO on Cu (100) has been studied by IRS [3-51 as well as 

by HREELS [6,7]. Both types of experiment show that there is only one peak 
for the C-O stretching frequency, namely at 2079 cm- ’ as determined by IRS 
[5] or 2089 cm-’ as determined by HREELS [6,7], which position is indepen- 
dent of the coverage: by IRS, a 9 cm-l shift is observed at high coverages. This 
behaviour is characteristic of a top site adsorption for the CO molecules at all 
coverages. 

5.1.2. LEED o~~e~v~tio~s and ~~terp~gt~tions 
LEED observations for CO adsorbed on Cu (100) have been made by 

various authors [3,7- 12]. As the coverage increases, first a c(2 X 2) structure is 
observed that splits into a c(7@ X fi)R45” structure. Fig. 2 shows the sche- 
matic diagram of the LEED pattern corresponding to the c(2 X 2) and c(7fi 
X fiR45” structures. 

Possibly a c(5fi X fi)R45O is observed by Tracy [IO] at higher coverages, 
as indicated in his work by arrows showing the displacement of the diffraction 
spots of the ~(76 X fi)R45’ structure. 

There is no ambiguity in interpreting the c(2 X 2) structure, with a coverage 
of 6 = 0.5: the CO molecules stand on top of the surface copper atoms. This is 
in agreement with the IRS [3-S] and HREELS [6] data and with the LEED 
intensity calculations f 131. 

The c(7fi X fi)R45” structure has been interpreted as a pseudohexagonal 
structure [lo]. The reciprocal unit cell of the CO overlayer is drawn in fig. 2b. 
The two orthogonal domains are equivalent. Fig. 3a shows the position of the 
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Fig. 2. Schematic representation of the LEED patterns observed when CO is adsorbed on Cu (100) 
surfaces: (a) c(2 X 2) pattern; (b) ~(76 X fi)R45” pattern. In full Ike, the pseudohexagonat unit 
cell; in dashed line, the coincidence lattice unit cell. 
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Fig. 3. Models proposed for the interpretation of the c(7fi X fi)R45’ structure: (a) the CO 
molecules form a pseudohexagonal layer on top of the copper (100) surface; (b) a model with top 
and bridge sites; (c) a model with only top site adsorption formed by antiphase domains of c(2X 2) 
strips having the c2mm symmetry; (d) same as (c), but with a relaxation respecting the c2mm 
symmetry. 

CO molecules with respect to the copper substrate. In this interpretation, the 
weak extra spots are assumed to be multiple scattering spots. 

In order to resolve a conflict between the LEED inte~r~tation and work 
function measurements, Pritchard [ 121 has proposed another model with two 
types of site: top and bridge. Fig. 3b shows the position of the CO molecules 
with respect to the copper substrate. But there is no evidence by IRS or 
HREELS of the existence of bridged CO molecules. So, this model cannot be 
accepted. 

The only model that can explain both the LEED observations and the IRS 
and HREELS spectra is shown in fig. 3c where all the CO molecules are on top 
sites and they form ordered antiphase domains of c(2 X 2) strips. A similar 
model has been proposed for the adsorption of sulfur on Fe (100) by Huber et 
al. [2] and lead on gold (100) by Biberian et al. [ 141. This model has the highest 
symmetry compatible with the substrate, namely C2mm. The main argument 
against this model is that some of the CO molecules are separated by only 2.56 
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a b 

Fig. 4. Models proposed for the interpretation of the ~(56 X fi)R45” structure: (a) the CO 
molecules form a pseudohexagonal layer on top of the copper (100) surface; (b) a model with only 
top site adsorption formed by antiphase domains of c(2 X 2) strips having the c2mm symmetry. 

A, a distance much smaller than the Van der Waals radius of the CO 
molecules, 3.3 A. This point will be discussed in detail in section 7. However, a 
possible way of resolving this steric problem is a relaxation of the CO 
molecules either by a shift of some of the molecules keeping the C-O direction 
perpendicular to the surface, or by a tilt of the molecule, its direction being no 
more perpendicular to the surface, but still in a linearly bonded situation. One 
way of doing that is to relax the molecules into a pseudohexagonal arrange- 
ment similar to the one of fig. 3a. This operation has the disadvantage of 
breaking the C2mm symmetry. Another relaxation of the CO molecules is 
described in fig. 3d that keeps the C2mm symmetry, the molecules being 
translated along the mirror planes of the unit cell. This relaxation respects the 
top sites as necessitated by the HREELS and IRS data. It has to be pointed 
out that the four models of fig. 3 have the same coverage, 4/7. The ~(50 
X &?)R45” structure observed by Tracy [lo] can be interpreted in a similar 
way to the c(7n X &?)R45” structure. Fig. 4a shows the compact model 
associated with this structure and fig. 4b the 2D dislocation model. Here the 
c(2 X  2) strips are three atoms wide instead of four for the ~(70 X fi)R45” 
structure. Similar relaxations are possible. Here the coverage is 3/5 for both 
models. 

5.1.3. Laser simulations 
Laser simulations of the models of fig. 3 for the ~(70 X  fi)R45O structure 

are shown in fig. 5. It appears that the best fit with the LEED pattern 
(schematically drawn in fig. 2b) occurs for the model with top site adsorption 
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Fig. 5. Laser simulation of the models proposed in fig. 3. Only one overlayer orientation is shown, 
while LEED patterns normally show degenerate orientations related by 90” rotations and/or 
mirror plane operations. 

without relaxation (fig. 3~). The laser diffraction pattern shows intense spots 
around the (l/2, l/2) positions as in the LEED pattern (there is only one 
domain in the laser simulation). 

5.1.4. Conclusion 
We have shown that for CO adsorbed on the (100) surface of copper, there 

is full agreement between LEED and HREELS or IRS with models based on 
adsorption of the CO molecules on top sites only. Better agreement between 
the LEED patterns and the laser simulation is obtained when there is no (or 
little) relaxation of the molecules to take into account the short distance (2.56 
A) between the molecules at the antiphase boundary. The sequence of LEED 
structures is described by creation of antiphase domains of c(2 X 2) as shown 
in fig. 3c. The domains are infinitely wide for the c(2 X 2) structure, 4 
molecules wide for the c(7fi X fi)R45’ structure and 3 molecules wide for 
the c(5fi X @)R45” structure. 

5.2. co OR Pd (IO@) 

5.2.1. IRS data 

The adsorption of CO on Pd (100) has been studied by IRS 115-171 at 300 
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K; the experiments show the presence of only one adsorption peak for the 
C-O stretching frequency whose position varies with increasing coverage from 
1895 cm-’ at very low coverage (B = 0.03) to 1983 cm- * at saturation 
(B = 0.61). This energy is characteristic of bridge site adsorption at all eover- 
ages. The shift with increasing coverage is due to lateral interactions, in part 
via the substrate. 

5.22. LEED ohemations and interpretation 
The adsorption of CO on Pd (100) has been studied by LEED [15-211. With 

increasing coverage, the following sequence of patterns is observed: ~(26 
X fi)R45”, c(Sn X fl)R45’, p(3fi X fi)R45’ and ~(70 X 6)R45’. Fig. 6 
shows a schematic diagram of the LEED patterns corresponding to the various 
structures. The transitions between all these structures are continuous in the 
sense described in section 2. 

At normal incidence, there are systematic extinctions in the ~(20 
X fl)R45” structure indicating that the symmetry of the layer is p2gg involv- 
ing glide planes, and for the coverage 0 = 0.5 the only possible model is shown 
in fig. 7 where the CO molecules are in bridge sites, but in alternate directions 
[ 181. This result is in agreement with the IRS spectra and LEED intensity 
calculations 1221. 
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Fig. 6. LEED patterns fpr CO adsorbed on Pd (100): (a) p(2fi X fi)R45’ structure, the extra 
spots represented by open circles are actually missing at, normal incidence. indicating a p2gg 
symmetry for the adlayer; (b) c(5fi X&)R45O structure; (c) ~(38% X v!?)R4S0 structure, same 
comments as for (a); (d) c(7fi X &)R4S” structure. 
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a b 

Fig. 7. CO/Pd (100) - the ~(26 X \iT)R45’ structure - model with all the molecules adsorbed on 
bridge sites, with the p2gg symmetry. The CO molecules represented by full squares are not 
identical to those represented by open squares. 

Fig. 8. CO/W (100) - the ~(56 Xv’?)R45’ structure - (a) a compact model; (b) coincidence 
lattice model with all molecules in bridge sites. 

The next structure, c(5fi X u/i-)R45’, can be interpreted with a compact 
model 1191; the reciprocal unit cell is represented in fig. 6b and the direct 
lattice in fig. 8a. A small relaxation of this structure gives the model with all 
CO molecules on bridge sites as shown in fig. 8b. This structure has the high 
c2mm symmetry. 

The next structure, p(3fi X fi)R45’, can be interpreted in the same way 
with a compact model [ 191 whose reciprocal unit cell is shown in fig. 6c and the 
direct lattice in fig. 9a using a compact model. A small relaxation of the CO 
molecules gives the model shown in fig, 9b with all CO molecules sitting on 

a b 
Fig. 9. CO/Pd (100) - the ~(36 Xfi)R45’ structure - (a) a compact model; (b) coincidence 
lattice model with all molecules in bridge sites. 
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a b 

Fig. 10. CO/Pd (100) - the c(7fi X &)R45” structure - (a) a compact model; (b) coincidence 
lattice model with all molecules in bridge sites. 

bridge sites. This structure has the p2gg symmetry. 
The saturation structure c(7fi X fi)R45” can be interpreted in a way 

similar to the ~(50 X a)R45” and p(3&? X n)R45” structures. Fig. 6d 
shows the reciprocal lattice, while the compact model and the coincidence 
lattice unit cell model are shown in fig. 10. 

5.2.3. Laser simulations 

Fig. 11 shows the laser simulation patterns corresponding to the non-relaxed 
models with all the CO molecules on bridge sites. For the three structures c(5a 
fi)R45”, ~(30 X fi)R45’ and c(7@ X a)R45’, there is agreement be- 
tween the relative intensities of the LEED patterns sketched in fig. 6 and the 
laser simulations of fig. 11 (only one domain orientation is present in the laser 
simulations). 

Fig. 11. Laser simulations of the coincidence lattice models with bridge site adsorption: (a) the 
c(5fi x fi)R45’ structure; (b) the p(3fi X fi )R45” structure; (c) the ~(76 x fi)R45” structure. 
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5.2.4. Conclusion 
For CO adsorbed on palladium (100) surfaces, there is full agreement 

between the LEED and IRS data, using models involving only bridge sites 
adsorption. The p(2fi X fi)R4fi0 structure at half coverage is formed by 
alternate rows of CO molecules sitting on the two types of bride site; for this 
structure, the ratio between the two types of sites is 1 : 1. The next structure, 
c(S~~)R4S’, is formed by antiphase domains of ~(20 X fi)R45” strips; 
the ratio between the two types of bridge site is 1: 2. The p(3fi X a)R45” is 
also composed of antiphase domains of p(2fi X a)R45” strips, but the ratio 
is now 2: 2. The saturation structure c(7fi X fi)R45’ is similar to the other 
ones, but the ratio is 2 : 3. Another way of looking at this series of structures is 
to observe that the boundaries between the ~(20 X a)R45” strips are areas 
where the CO molecules form (1 X 1) structures and as a consequence the 
intermediate structures are in fact mixtures of ~(20 X a)R45O and (I X 1) 
structures. 

5.3. CO on Ni (I 00) 

5.3.1. IRS and HREELS data 
The adsorption of CO on Ni (100) has been studied by HREELS [23,24] at 

173 and 293 K, and by IRS 1251 at 200, 230 and 285 K. Up to a coverage of 
0 = 0.5, there is only one peak at 2068 cm -r for the CO stretching frequency, 
indicating top site molecules. But at saturation, both top and bridge sites are 
present, the frequency associated with the bridge sites being at 1931 cm-‘. 
There is almost no shift of either peak with coverages. 

5.3.2. LEED observations and interpretation 
The adsorption of CO on Ni (100) has been studied by LEED [13,26-331. 

a II 

* Substrate spots . Intense extra spots 
o Weak extra spots 

Fig. 12. LEED patterns for CO adsorbed on Ni (100): (a) ~(2x2) structure; (b) ~(56 Xfi)R45O 
structure. 
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At 0 = 0.5, a c(2 X 2) structure is observed and at 8 = 0.6, a c(S@ X fi)R45’ 
structure. Tracy [29] also reports the existence of a compressed structure at 
8 = 0.68 whose notation would be p(3fi X fi)R45’. Fig. 12 shows the LEED 
diagrams associated with the first two structures. 

There is no ambiguity in determining the arrangement of the CO molecules 
corresponding to the c(2 X 2) structure. As determined by HREELS [23,24] or 
IRS [25] and LEED intensity calculations [30-331, the CO molecules are on 
top sites. 

Fig. 13a shows a possible model for interpreting the ~(50 X fi)R45” 
structure with a slightly relaxed compact model. Figs. 13b and 13c show two 
possible ways of having top and bridge sites, with 2 bridge sites for each top 
site, while fig. 13d shows a possible arrangement with 2 top sites for each 
bridge site. 

5.3.3. Laser simulation 
Fig. 14 shows the laser diffraction patterns corresponding to the models 

described in fig. 13. The only model that does not give a laser diffraction 

Fig. 13. CO/Ni (100) - c(5fi Xfi)R45’ structure - (a) a compact model, (b) and (c) coincidence 
lattice models with top and bridge sites, with one top site for two bridge sites: (d) coincidence 
lattice models with top and bridge sites, with two top sites for one bridge site. 
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Fig. 14. Laser simulations of the models of the c(5ti X fi)R45” structure represented in fig. 13. 

pattern similar to the LEED pattern is the hexagonal model (fig. 13a). The 
three other models give laser simulation patterns compatible with the LEED. 

5.3.4. Cunclwion 
At half coverage, CO forms on nickel (100) surfaces a c(2 X 2) structure, 

with all the CO molecules on top sites. At higher coverage, a c(5fi X fi)R45’ 
structure appears with top and bridge sites. From our laser simulations, it is 
not possible to determine which of the three models proposed in figs. 13b-13d 
is better. But the hexagonal model {fig. 13a) is not adequate. The three models 
of figs. 13b- 13d have bridge and top sites only. 

5.4. CO on Pt (100) 

5.4.1. HREELS data 
The adsorption of CO on Pt (100) has been studied by HREELS 134,351 on 

the reconstructed as well as on the unreconstructed surfaces at 300 and 150 K. 
For the reconstructed surface, at low coverage, there is only one peak for the 
CO stretching frequency at 2089 cm-‘, corresponding to top sites, and at high 
coverage, a second peak appears at ‘1971 cm-‘, corresponding to bridge sites. 
For the unreconstructed surface, bridge sites are present at low coverage as 
well as top sites. At higher coverages, spectra of the reconstructed and 
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non-reconstructed surfaces are identical as expected since the reconstruction is 
removed by the adsorption of CO. 

5.4.2. LEED observations and interpretation 
The adsorption of CO on Pt (100) has been studied by LEED on the 

reconstructed [36,37] and the unreconstructed [38,39] surfaces. At coverage 
0 = 0.5, a c(2 X 2) structure is observed only on the unreconstructed surface. 
For 8 = 2/3, a ~(30 X fi)R45’ structure is observed for both surfaces (the 
reconstruction having disappeared) and at B = 3/4 a ~(4 X 2) structure appears 
again for both surfaces. Fig. 15 shows the sequence of the LEED patterns 
observed. 

Since the c(2 X 2) structure appears only on the unreconstructed surface, 
where mainly bridge site CO are present according to the HREELS data 
134,351, there is no ambiguity in determining the structure associated with the 
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Fig. 15. LEED patterns for CO adsorbed on Pt f 100): (a) c(2 X 2) structure; (bf ~(36 X 6)R45O 
structure, the open circles are missing extra spots; (c) c(4X 2) structure. 
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Fig. 16. CO/R (MO): (a} ~(2 X 2) structure with bridge site adsorption; (b) ~(3~5 
top and bridge site adsorption; (c) and (d) 44x2) structure with top and bridge 
same as (c) and (d) after relaxations leading to compact models. 

-Xfi)R4S” 
sites: (e) ar 

c(2 X 2) structure as shown in fig. 16a. There is only one model to interpret the 
p(3& X @)R45O structure with bridge and top sites, as shown in fig. 16b. The 
ratio is I : 1 between the bridge and top sites. There are two possible models for 
the ~(4 X 2) structure, figs. 16c and 166; the first model assumes 2 bridge sites 
for each top site and the second model 2 top sites for each bridge site. Figs. 16e 
and 16f show the models corresponding to those of figs. 16~ and 16d with 
relaxation. 

Fig. 17 shows the laser simulation corresponding to the p(3fi X a)R45O 
structure of fig. 16b. The laser diffraction pattern is in good agreement with 
the LEED diagram. 

Fig. 18 shows the laser simulations of the ~(4 X 2) structure co~esponding 
to the models of fig. 16 without relaxation, and with relaxation to take into 
account the short distance between the pairs of CO on bridge sites. The small 
differences between all these simulations do not help in deciding between the 
two models for the ~(4 X 2) structure. Yet it seems that the two non-relaxed 
models are closer to the LEER patterns. 
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Fig. 17. Laser simulation of the ~(36 X fi)R45” structure of CO on Pt (100) 

Fig. 18. Laser simulation of the c(4 X 2) structure of CO on Pt (100) corresponding to the models of 

figs. 16c-16f. 

5.4.4. Conclusion 
For the adsorption of CO on Pt (loo), there is no ambiguity in determining 

the position of the CO molecules for the c(2 X 2) and c(3fi X fi)R45” 
structures. For the c(4 X 2) structure, there are two possible models, and if we 
assume that the ratio of the number of top site molecules to the bridge sites 
increases with coverage, then the model of fig. 16d is best suited to describe the 
surface. 

6. General discussion and conclusion 

In this paper, we have reexamined the 2D crystallographic arrangements of 
carbon monoxide adsorbed on (100) surfaces of copper, palladium, nickel and 
platinum. We have assumed that the CO molecules sit at or very near to 
specific sites: top or bridge as determined by HREELS or IRS, and that the 
LEED patterns are formed by coincidence lattices. We have compared the 
experimentally observed LEED patterns to laser simulations. From our work, 
it appears that the high symmetry models are more favoured compared to the 
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compact models. The preferred surface structures are summarized in table 1. 
This result has a number of consequences: 
(i) The “complex” CO structures are formed by ordered antiphase domains of 
the low coverage high symmetry structure such as c(2 X 2). This point was first 
shown by Huber and Oudar [2] in a broad way and applied more specifically 
to the adsorption of sulfur on the (110) faces of molybdenum [40], the (110) 
faces of platinum [41] and palladium [42]. This model has also been applied to 
the adsorption of metals on (100) surfaces of metals [43]. The existence of walls 
between antiphase domains has been used to explain the non-commensurate 
structures of rare gases adsorbed on the basal plane of graphite [44-471, and 
was also proposed for the reconstruction of the (100) surfaces of platinum and 
gold [48]. 
(ii) The transition between two consecutive structures as the coverage increases 
is obtained by unidirectional compression. This behaviour has been predicted 
theoretically for physisorption on anisotropic substrates [49] and checked 
experimentally for xenon adsorbed on (110) copper surfaces [50]. For hexago- 
nal symmetry substrates like (0001) graphite surfaces, theory predicts in some 
cases the existence of parallel walls upon adsorption near the commensurate- 
incommensurate transition [45,51]. Also uniaxial compression is proposed to 
explain the LEED patterns of bismuth adsorbed on (100) surfaces of copper 
[521. 
(iii) Some of the CO molecules are separated by distances equal to the 
diameter of the metal substrate atoms. Most authors have compared CO-CO 

Table 1 
Preferred models for CO adsorption on fee (100) surfaces; “strip width” indicates the width of 
strips with the l/2 monolayer coverage structure (c(2 X 2) or p(2& X &)R45’), separated by walls 
with a larger local coverage 

Substrate Unit cell Top/bridge Strip width Coverage Illustrating 
site in rows figure 
occupancies 

cu (100) c(2X2) 
c(7& X fi)R45O 
c(5fi x fi)R45’ 

Pd (100) p(2fi X &)R45” 
c(5fi x fi)R45’ 
p(3fi X fi)R45O 
c(7fi x &)R45’ 

Ni (100) c(2X2) 
c(Sfi X &)R45’ 
p(3fi X fi)R45O 

Pt (100) c(2X2) 
p(3fi X fi)R45’ 
~(4x2) 

l/O 
*/‘3 
6/O 
o/2 
O/6 
O/4 
o/10 

l/O 
l/2 or 2/l 

O/l 
2/2 
312 

co 
4 
3 
00 
3 
2 
2-l 
m 

0” 
2 

l/2 
4/7 
213 
l/2 
3/5 
213 
5/7 
l/2 
3/5 
_ 

l/2 
213 
5/* 

3c 
Similar to 3c 

7 
8b 
9b 

10b 
_ 

13b, c or d 

16b 
16d 



462 J.P. Biberian, M.A. Van Hove / New model for CO ordering 

distances to the relatively large Van der Waals diameter of CO, but this is not 
a correct comparison because the chemisorption involves electron transfer that 
drastically changes the “diameter” of the molecule. It is preferable to compare 
the CO-CO distance in chemisorbed CO on metal surfaces to the same 
distance in metal carbonyls. It has been shown that in some cases, like 
vanadium carbonyls [53], linearly bonded terminal CO molecules that are 
parallel to each other are separated by distances of about 2.7 A, much smaller 
than the Van der Waals diameter. In biscarbonyl annulene (C,H,,O,), the 
bridges CO molecules, with are nearly parallel to each other, are at even 
shorter distances (about 1.5 A) [54]. It is interesting to note that in the early 
days of surface science, chemisorbed oxygen and sulfur for example where 
assumed to have their ionic diameter and that later, LEED intensity calcula- 
tions have demonstrated that the adsorbed oxygen and sulfur atoms are in fact 
much smaller. Because of the short distance between the CO molecules, it is 
tempting to suppose that they shift or tilt on the surface, keeping their bonding 
bridged or linear. Yet our laser simulations suggest that this is not the case, 
and that if it happens it is only a secondary effect. As a support for this model 
for (100) surfaces, a similar analysis of the adsorption of CO on Pt (111) 
surfaces by HREELS and LEED has been made [55], showing the necessity of 
CO molecules adsorbed at 2.76 A distances. A possible consequence of these 
results is that more compressed structures could be obtained by increasing the 
adsorption pressure and decreasing the substrate temperature, and ultimately 
in cases where there is only one type of adsorption site - like linear for Cu 
(100) and bridged for Pd (100) surfaces - a (1 X 1) structure could be obtained 
with one CO molecule per metal surface atom. 
(iv) Another consequence of our model is that calculations performed to 
explain the shift of the HREELS or IRS peaks versus coverage using compact 
models should be reexamined with this new model, since CO molecules are 
allowed to sit at closer distances and the shifts should be correspondingly 
larger. 
(v) Some accepted coverages may have to be recalibrated. 

In conclusion, it appears that the study of the adsorption of CO on metal 
surfaces is of particular interest for understanding complex surface structures, 
because of the ability of independent determination of the adsorption sites by 
HREELS and IRS. The existence of antiphase domains or walls is proved in 
this case by comparison between LEED and laser simulations. This should 
encourage more experimental and theoretical work on 2D crystallography. 
This paper will be followed by a similar paper on the adsorption of CO on 
(111) fee surfaces [ 11, part of which has already been published [56]. 
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