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Unequal-sphere packing model is applied for the simulation of large number of hexagonal adlayer
structures with surface coverage between �= 1

3 and �=1 on the hexagonal substrate, with atomic
radius of the adsorbate and substrate atoms as the only input. Each structure is characterized with
respect to collective adlayer properties: the average adlayer height and the adlayer roughness. The
distribution of hexagonal arrangements is presented in a special plot, which can be used for
identification and characterization of hexagonal adlayers of different surface coverages and atomic
registries. The most likely structures are related to the extreme values of our model parameters. The
usefulness of this methodology is successfully demonstrated by comparison with some real
adsorbate-substrate systems, i.e., halogens and rare gases adsorbed on �111� surface. Besides the
agreement with experimental results, our model offers new insight into the formation of atomic
adlayers and detailed analysis of the atomic registry. We believe that our approach will be of use for
identification of probable structures among the large number of combinatorial possibilities in
theoretical studies and for better interpretation of experimental results �i.e., scanning-tunneling
microscopy images of atomic adlayers�. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2360530�

I. INTRODUCTION

The arrangement of adsorbates on well-defined sub-
strates has been the subject of numerous different studies in
surface and material sciences and modern
electrochemistry.1–3 Results of these studies help us to under-
stand the mechanisms of catalyst action, the electrical double
layer structure, and adsorption phenomena.1–3 Indeed, some
of the adsorbate-substrate systems have been successfully
characterized at the atomic level by quantum mechanical
methods, such as density functional theory4 �DFT� or Monte
Carlo �MC� methods.5 Recent and rapid progress in nano-
science indicates that this knowledge could also be useful for
future technological development.6,7 Still, such advancement
is prevented by the lack of general knowledge related to the
possibility of formation of different adsorbate arrangements
at different substrates and by the fact that no methodology is
available for selection of probable structures among all the
combinatorial possibilities for an adsorbate-substrate system.
Namely, the number of atoms involved in the formation of an
adlayer is usually very large, thus making the traditionally
used techniques intractable. Herein we focus on the develop-
ment of an approach, which will allow an analysis of a large
number of possibilities for the structure of atomic adlayer
and select the most likely structures with only a few input
parameters. We believe that development of simple models,
such as the one proposed in this study, could allow detailed
understanding regarding the atomic structure and formation
of adlayers on well-ordered surfaces.

In this study, we focus on one particular case frequently
reported in experimental studies, which involves formation
of hexagonally ordered adlayers on face centered cubic �111�
substrates. From a methodological point of view, we pursue
several goals: determination of the “total” number of differ-
ent hexagonal adlayer structures, identification of structural
parameters which will lead to easy classification of the many
hexagonal adlayer arrangements and comparison with real
structures obtained in experiments. We use unequal-sphere
packing �USP� model,8 which is based on packing of layers
of spheres having a specific radius. The determination of
stable structures is done according to the analysis of collec-
tive adlayer properties: the average adlayer height and the
adlayer roughness. Selection and description of these two
particular parameters were presented in our previous work,
see Refs. 8 and 9. Our model, based on sphere packing, was
developed for specific adsorbate-substrate system character-
ization. However, the packing of geometrical objects has
been of interest and widely studied in physical sciences for
description of complex materials before.10 For example, it
has been recently shown that ellipsoidal particles can pack
better in three dimensions �3D� than spherical particles, a
quiet unexpected result.11,12 Therefore, we believe that mod-
els based on geometrical principles can still lead to many
important discoveries.

II. METHODOLOGY

The height of each adsorbate particle �sphere� �Z� is cal-
culated in the surface-normal direction:a�Electronic mail: bani@xanum.uam.mx
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Z = ��r1 + r2�2 − �x − xs�2 − �y − ys�2, �1�

where r1 and r2 are the substrate and adsorbate radii, respec-
tively, �x ,y� is the adsorbate particle position, and �xs ,ys� is
the closest substrate particle position.

The adlayer �P� average height �A�P�� and adlayer
roughness �R�P�� are calculated as follows:

A�P� = �
i=1

N

Z�Pi�/N , �2�

R�P� =��
i=1

N

�Z�Pi� − A�P��2/N . �3�

The adlayer and the substrate are arranged in rigid hex-
agonal order. The radii of adsorbate and substrate were taken
to be equal to 1. In case of larger adsorbate radius, no
changes in simulation results were noticed. The surface cov-
erage was gradually decreased from �=1 to �= 1

3 , which is
achieved by increasing the interadsorbate distance in steps of
0.007. For each interadsorbate distance, the adlayer rotation
angle was changed from 0° to 30°, in increments of 0.3°.
Afterwards, the adlayer was allowed to shift laterally in the
substrate unit cell with steps of 0.05 in the X and 0.0577 in
the Y directions. For each interadsorbate distance, the simu-
lation square size was adjusted in order to keep the adsorbate
particle number constant �around 2000�. A total of
24 000 000 hexagonal structures were analyzed. This simu-
lation, equivalent to 750 h on a single 3 GHz processor, was
performed by means of parallel processing. Each hexagonal
structure was characterized by two parameters: the average
adlayer height and adlayer roughness, specifically introduced
in our study.

III. RESULTS AND DISCUSSION

The plot in Fig. 1 represents the distribution of hexago-
nally ordered adlayers with respect to our model parameters.
The shape of this graph is very interesting and irregular, with

the majority of structures �points in the graph� in the middle
of the plot. Clearly, the distribution of hexagonal structures is
limited to a certain confined space. For example, a hexagonal
adlayer with an average height of 1.7 and roughness equal to
0.16 does not exist. Few structures are found in the top-left
corner with average adlayer height close to 2 �atop position
of the adsorbate layer with very low value of the adlayer
roughness� or structures with maximum adlayer roughness
equal to 0.16 �right part of the graph� with modest distance
from the substrate �1.78�.

The origin of variations in the average adlayer height
and adlayer roughness between hexagonal structures is due
to differences in the adlayer atomic registry. Detailed analy-
sis of this relation was done for certain structures marked as
�a�–�k�. The chosen structures were identified as extreme
points in Fig. 1. The point marked with a circle was found to
be a feature of our finite size simulation and was identified as
a slightly rotated �i� structure. Although Fig. 1 does not in-
clude the surface coverage data explicitly, the chosen struc-
tures are ordered by increase in the surface coverage from �a�
to �k�. Detailed analysis of the atomic registry for these
structures is presented in Fig. 2. By combining information
from Figs. 1 and 2 just for these selected extremes, we find
that the structure �a�, characterized as �2�2�R30°-symmetry,
possesses the same atomic registry as structure �g�
���7��7�R19.1°-symmetry�. Therefore in Fig. 1, they are
found at the same position. The same conclusion could be
drawn for other pairs of structures: �b� and �h�, �d� and �f�,
and �c� and �e�. This shows that hexagonally ordered adlay-
ers with different surface coverage could occupy the same
atomic registry. For example, �b� and �h� are always flat with
all atoms positioned at the same adsorption site. Another
interesting fact is the distribution of a particular arrangement
��7��7�R19.1°, which occupies space between two ex-
treme points, denoted as �g� and �h� having maximum ad-
layer roughness or completely flat, respectively. Probably,
the most understandable and the most simple is the pathway
for arrangements with �1�1� and ��3��3�R30° symme-
tries, with identical adlayer registry. Moving these adlayers
over the substrate induces changes in the average adlayer
height, but not in the adlayer roughness. Both arrangements
are always flat and with atomic registry between threefold
�structure �i�� and atop �structure �k��. Results obtained from
such kind of analysis could be useful in the search for struc-
tures with very specific properties, i.e., a certain distance
from the substrate or adlayer roughness, which could allow
the design of atomic assembly devices within the adsorbate-
substrate systems or be helpful for the analysis of experimen-
tal data.

In order to relate the observed structures with surface
coverage, we plot the average adlayer height versus adlayer
interadsorbate distance �Fig. 3�. For each interadsorbate dis-
tance, we plot the average heights of minimum �solid line�
and maximum �dashed line� positioned adlayer structures
�see analogy of structures �i� and �k� with Fig. 1�. In Fig. 3,
one can easily identify several minimum and maximum dis-
tinguished points, which we believe are related to the forma-
tion of the most probable structures. Note that all of these
extreme points correspond to commensurate structures.

FIG. 1. Plot of average adlayer height vs adlayer roughness for a variety of
hexagonal structures simulated in our study. Each point of the plot corre-
sponds to specific hexagonal structure. The labels of the marked points refer
to structures from Fig. 2.
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In order to compare results of our simulation with real
experiments and validate our approach, we use two sets of
data obtained for adsorption of halogens �or halides� on �111�
metal surfaces �chemisorption� and another set involving
rare-gas adsorption on �111� fcc metal surfaces �physisorp-
tion�. Both systems have been thoroughly investigated by
different experimental techniques and are well known. For
recent reviews of both systems, see Refs. 2 and 13. There is
plenty of evidence of hexagonally ordered adlayers related to
these two cases, many of which are commensurate with the
substrate surface.

As the first attempt to correlate results of our simulation
and real experimental data, we take the I–Pt�111� system. It

is very well known that it forms structures �i�, �g�, and �e�,2,3

which are clearly identified as minima in Fig. 3. See Ref. 8
for more detailed analysis of this case. Bromine on Pt�111�
also forms a �3�3� �structure �e�� and high-order commen-
surate structures,14 which we believe could be identified as
intermediate minima between peaks �c� and �e�. In general,
in the case of halogen adsorption, it is established that the
most stable adlayer structures are those which occupy three-
fold sites.2,3 According to our study, we could broaden this
conclusion to structures with the minimum average adlayer
height �the closest to substrate� as being the most likely ones.
See the minimum adlayer height structures marked on Fig. 3.
This example shows how our approach alone with available
experimental data could identify important parameters for
finding most likely structures from a large pool of possibili-
ties for an adsorbate-substrate system.

In the case of the rare-gas adsorption, according to the
most recent studies,13,15 i.e., as found for Xe–Pd�111�,
the ��3��3�R30°-atop structure is formed, which is marked
as �k� in Fig. 3. In addition, ��7��7�R19.1° and
��19��19�R23.4° structures were found for the same sys-
tem by different authors.16–18 Vogt et al.17 proposed that
��7��7�R19.1° is arranged in a symmetric structure with
atop and threefold adsorption sites, like the one presented in
�g�. In the same study, the threefold adsorption site was pro-
posed for ��3��3�R30° structure, marked as �i� in our
graph. This is in contradiction with recent experimental13 and
theoretical15 findings, which postulate that the atop site is
preferential for the rare-gas adsorption on metal surfaces in-
stead of the threefold one.

In order to address this issue, it is very helpful to analyze
the distribution plots for hexagonally ordered adlayers pre-
sented in Figs. 1 and 3. The set of ��7��7�R19.1° structures
is limited to one with threefold and atop adsorption sites,
marked as �g� �with minimum average adlayer height and
maximum roughness�, and another one with registry between
atop and bridge sites, marked as �h� �with maximum average
adlayer height and minimum roughness�. Indeed, we believe
that the ��7��7�R19.1° adlayer formed by Xe on Pd�111�

FIG. 2. Transparent model of specific hexagonal structures, marked in Fig.
1. Large circles represent adsorbate, while smaller circles represent sub-
strate. Note the same atomic registry between structures: �a� and �g�, �b� and
�h�, �c� and �e�, and �d� and �f�.

FIG. 3. Plot of average adlayer height vs interadsorbate distance for the
surface coverage interval from �=1 to �= 1

3 . The labels refer to structures
from Fig. 2.
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corresponds to structure �h�. This is due to a tendency of Xe
to occupy an atop site. This conjecture is further supported
by the fact that an intermediate maximum between structures
�k� and �h� on Fig. 3 is the ��19��19�R23.4° structure with
�=0.37, which was also reported for Xe–Pd�111�.18 Further-
more, the ��7��7�R10.9°-symmetry structure was reported
for Ar–Ag�111� system by Caragiu et al.19 and
�3�3�-symmetry structure was found in the case of Kr–
Ru�0001� by Narloch and Menzel.20

IV. CONCLUSIONS

It is very encouraging to see how our rather simple
model can be easily applied, with a great precision, for
adsorbate-substrate systems with different interactions
�chemisorption versus physisorption�. Therefore, we believe
that the approach presented here will facilitate the under-
standing of atomic adlayer formation, i.e., differences be-
tween halogen �or halide� and rare-gas adsorption on metal
surfaces. To our knowledge, no such comparison between the
halogen and rare-gas adlayer structures has been made to
date. As suggested in the literature, in the case of the rare-gas
adsorption, structures with occupancy of atop site �with
maximum adlayer height in our study� are preferred. On the
other side, the halogen hexagonal adlayers with minimum
average adlayer height are favored. Our methodology based
on evaluation of the average adlayer height and the adlayer
roughness is very useful for understanding the adlayer char-
acteristics and clearly demonstrates the structural differences
due to the atomic registry. The parameters used in our model
are clearly the most simple for the purpose of identification
of the most likely structures. Although we did not test our
approach on systems other than halogens and rare-gases ad-
sorbed on metal surfaces, we have preliminary results show-
ing that other systems could be described. We have recently
shown that the I–Au�111� system, which possesses structures
with long periodicity, could also be described by our
unequal-sphere packing model.21 Moreover, additional pa-

rameters could be used for identification of the most likely
structures in the case of different adsorbate-substrate sys-
tems.
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