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Abstract 
 
A grid of desktop computers has been set-up in which volunteers donate computing 
power to enable a new means of doing calculations often performed in the field of 
Surface Science. The grid has been based on the Berkeley Open Infrastructure for 
Network Computing (BOINC). In this article, the motivations for setting up such grid 
will be made clear through an introduction into the field of Surface Science.  
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Introduction  
 
As is general in nearly all fields of theoretical chemistry, the field of theoretical Surface 
Science relies on the latest computational science and hardware. State-of-the-art 
theoretical Surface Science nowadays includes the modelling of i.e. diatomic molecules 
reacting on a metal surface in which all motions of the approaching molecule are treated 
fully quantum dynamically1. These types of calculations are usually very demanding, 
even for super-computers of today, and therefore require detailed knowledge. Knowledge 
not only of the Surface Science itself, but also of the programs used and developed, all to 
be able to do these types of calculations. It comes therefore to no surprise that the 
scientists in this field usually have a strong interest or background in fields like computer 
science, programming and high performance computing (HPC).  
 
The HPC world has made tremendous developments the last decades. Not only through 
more advanced algorithms HPC has benefited significantly2, but also because of the 
changes in computer architectures. Whereas in the beginning a code was serial and was 
run only on specialized hardware and architectures (vector processing on i.e. the Cray 
computers), (Beowulf) clusters are now becoming increasingly common. With the advent 
of clusters, the programs developed have changed too. No more pure serial programs, but 
today most scientific codes are parallelized, by using threads on a symmetric multi 
processing machine3 (SMP, using i.e. OpenMP) or through message passing between 
several nodes using a fast interconnect4 (MPI). Hybrids of the threading and message 
passing methods will also become more important in scientific codes with the upcoming 
dual-core technologies in Beowulf clusters. 
 
Other fields which will likewise become very important to scientists are distributed 
computing and grid computing.  Grid computing (GC) can be considered the next step on 
the roadmap of HPC. A grid of computers can be regarded as a large heterogeneous 
cluster with a relative slow interconnect which has a high latency. Although within a grid 
a specialized computer, such like a Beowulf cluster can be present, the grid itself is 
perhaps better regarded as the clustering of clusters, other computational resources and 
perhaps storage resources. With GC, the idea is that a suitable computational resource for 
a given task is used, when available, wherever it is located, for a given task. Clearly, the 
GC philosophy allows even for smaller computers, perhaps with less computational 
resources, still to be part of the grid and to contribute as much as they can.  
 
One of the possibilities of GC has been made available by Berkeley University. The 
Berkeley Open Infrastructure for Network Computing (BOINC) allows the clustering of 
normal desktop machines, running all sorts of systems on all sorts of architectures, 
through the Internet5. Volunteers can sign up to one ore more BOINC grids (often called 
BOINC-projects), enable their computers at home to perform computational tasks when it 
can or is allowed (i.e. when the screensaver is active or during night-time) and in such a 
way help science. Theoretical Surface Science can also benefit from this as will be 
explained in the subsequent sections. 
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First of all a short and understandable introduction into Surface Science is given. Then 
the theoretical basis is presented in order to understand what sort of calculations are 
needed. After that, three example systems will be discussed and illustrated. 
 
 
 
Sur face Science for  dummy’s 
 
Although, usually, we do not notice it, in everyday life we are surrounded by phenomena 
involving molecule-surface interactions. One of these phenomena is, for instance, the 
corrosion of a coin (or any other metallic object). Considering the coin, the oxygen 
molecules in the air interact with the metal surface atoms causing a structural damage, 
leaving a layer of oxidized material (rust) on the coin.  Another example is the green 
appearance on the domes of some old buildings. This phenomenon is due to the oxidation 
of copper, material from which the domes are made.  
 
Molecule-surface reactions also play a key role in many industrial processes such as 
corrosion, friction, lubrication, oxidation, hydrogen storage and heterogeneous catalysis. 
An example of a molecule-surface interactions-based catalytic system, closely related to 
our daily life, can be found in the exhaust systems of cars. Here platinum (Pt), rhodium 
(Rh) and palladium (Pd) surfaces are used as catalysts to convert poisonous gasses 
expelled directly from the engine (like CO and NOx), which are known to be harmful to 
the environment, into a less harmful exhaust mixture, of carbon dioxide (CO2), water 
(H2O), nitrogen (N2) and oxygen (O2), before being ejected into the air. 
 
Another example is production of ammonia (NH3). Ammonia is basic in the production 
of artificial fertilizers. In the production of ammonia, ruthenium (Ru) and iron (Fe) 
surfaces are used to catalyse the hydrogenation of nitrogen. To give and idea of the 
importance of this process, it should be pointed out that the use of an iron surface as a 
catalyst in the industrial synthesis of ammonia, used in the so called Haber-Boch process, 
is considered one of the most important inventions of the 20th century6, and that 1% of the 
world's energy supply is used for it7. Other important industrial processes using surfaces 
as catalysts do not deal with hydrogenation but with the reverse phenomenon, 
dehydrogenation. The dehydrogenation of butane (C4H10) to butadiene (C4H6), used in 
the production of synthetic rubber, or in the upgrading of the octane rating of gasoline8 
are also very good examples. In these cases the catalyst is a platinum surface. 
Furthermore, the synthesis of methanol (CH3OH) from CO and H2, or the oxidation of 
ethylene to ethylene oxide (used in the production of antifreezes) are chemical reactions 
of industrial importance in which surfaces play again the role of a catalyst. 
 
Due to the importance of molecule-surface reactions in our daily life, scientists have 
taken a lot of interest in this topic. The goal of Surface Science community is to get 
complete knowledge of the processes involved in such reactions at an atomic scale. This 
fundamental knowledge helps, for instance, to produce better catalytic devices or develop 
new materials for hydrogen storage. Understanding the complex interactions between 
molecules and surfaces begins with trying to understand simpler systems. Systems like 
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i.e. a small molecule interacting with a rigid metal surface. The simplest and smallest 
(diatomic) molecule is hydrogen. This is the reason why a lot of focus has been towards 
hydrogen-rigid-surface reactions and this is also the reason why we have chosen three 
hydrogen-metal surface systems as examples of systems that can be studied using 
Classical Mechanics on a grid of desktop computers. 
 
Research on diatomic molecule-surface reactions has revealed a number of reactions 
mechanisms, that we can divide in three big group: i) molecular adsorption, ii) molecular 
desorption and iii) molecular scattering. They are detailed upon in the following sections. 
 
 
 
i) Molecular adsorption 
 
In general, we can define molecular adsorption as a physical process in which a molecule, 
coming from the gas phase, somehow sticks to a surface. The result of this process is a 
relatively high concentration of the molecules (or atoms) at the place of contact and 
therefore results in having a molecular or atomic film on the surface. The three main 
mechanisms associated with molecular adsorption are briefly explained now, for the case 
of a diatomic molecule approaching a metal surface: 
 
1. Dissociative chemisorption (Figure 1a):  a molecule, arriving at the surface from the 

gas phase, breaks its bond and both the atoms get adsorbed on the surface. 
 

2. Abstraction mechanism (Figure 1b): in this case, when the molecule, coming from the 
gas phase, breaks its bond, one of the atoms gets absorbed on the surface and the other 
escapes back into the gas phase. 
 

3. Molecule-surface adsorption mechanism (Figure 1c): a molecule coming from the gas 
phase gets adsorbed on the surface, either by chemisorption or physisorption, but 
remains intact.  

 
 
 

 
Figure 1: a) The dissociative chemisorption mechanism. b) The abstraction mechanism. c) The 
molecule-surface adsorption mechanism. 
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ii) Molecular desorption 
 
Molecular desorption is the process opposite to molecular adsorption. In this process, a 
molecule previously absorbed on the surface, is released. Mechanisms associated with 
molecular desorption are: 
 
1. Langmuir-Hinshelwood mechanism (Figure 2a): two atoms or molecules absorbed on 

a surface, after having spent some time on the surface (they are then considered to be 
equilibrated), meet each other and react. As a result a new molecule is formed and 
leaves the surface.  
 

2. Eley-Rideal mechanism (Figure 2b): an atom coming from the gas phase collides with 
an atom already adsorbed on the surface, upon which reaction is immediate and a new 
molecule is desorbed from the surface. 
 

3. Hot-Atom mechanism (Figure 2c): in this case, the reaction takes place between an 
absorbed atom (in equilibrium with the surface) and an atom that has recently arrived 
from the gas phase, which therefore is not fully equilibrated yet.   

 
 

 
Figure 2: a) The Langmuir-Hinshelwood mechanism. b) The Eley-Rideal mechanism. c) The Hot-
Atom mechanism.  
 
 
 
iii) Scattering 
 
In this physical process, a molecule comes from the gas phase, collides with the surface 
and is finally reflected back into the gas phase. During this process the molecule can 
transfer part of its momentum and energy to the surface. The molecule can also gain 
energy from the surface if the surface has more energy than the molecule. Based on the 
transfer of energy between the molecule and the surface, one can distinguish the 
following cases:  
 
1. Elastic scattering (Figure 3a): No transfer of energy between the molecule and the 

surface occurs during the collision.  
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2. Vibrationally inelastic scattering (Figure 3b): The molecular vibrational energy 
increases or decreases when colliding with the surface, because of a transfer of energy 
towards or from the molecular vibrational motion. In other words, the molecule moves 
away from the surface vibrating faster or slower   
 

3. Rotationally inelastic scattering (Figure 3c): The molecule can also move away from 
the surface rotating faster of slower. In this case, a transfer of energy to or from the 
molecular rotational motion has occurred during the collision with the surface.  

 
 

 
Figure 3: a) Elastic scattering. b) Vibrationally inelastic scattering. c) Rotationally inelastic 
scattering.  
 
 
4. Diffraction: When a molecule is scattered from a periodic surface (the atoms of the 

surface are place following a periodic pattern), the molecule's momentum parallel to 
the surface can only change by discrete amounts. As a result of this phenomenon the 
angular distribution of a beam of molecules scattered from the surface present discrete 
peaks distribution, as is shown in Figure 4. Diffraction is a quantum phenomenon that, 
for example, was used in the early 1930s to demonstrate the wave nature of the atomic 
and molecular matter9.  In a later section a more detailed description of this 
phenomenon will presented and it will be made clear that, despite diffraction being a 
quantum phenomenon, a classical theory, the subject of the next section, can still be 
used. 

 
 
 
Theory 
 
A formally correct description of any molecular system should actually be based on a 
Quantum Mechanical (QM) theory. The use of QM to treat systems that have been 
considered so far realistically, usually is very computationally demanding and in certain 
situations not even necessary. For most of the simulations in Surface Science, even 
regarding a quantum phenomena like diffraction, Classical Mechanics (CM) can often be 
used successfully10-12. 
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Figure 4: Molecular diffraction. 
 
 
Within the theory of CM, the molecule and the surface, being composed out of atoms, are 
described as a collection of point particles of negligible size but with a corresponding 
mass, for which both the positions and momenta can be specified exactly at any given 
moment in time. Although there are several different formulations of the CM theory, in 
this work the so-called Newtonian Mechanics is used13. In this section the basic 
ingredients of the Newtonian Mechanics are described by starting off with the description 
of the motion of a single un-bound particle. After that the description of the particle is 
extended to include a force acting on the particle. Next is the description of a collection 
of particles interacting with each other. Then the concept of the potential energy surface 
(PES) for a system of interacting particles is introduced and finally some PESs, important 
for Surface Science are being dealt with. 
 
 
 
A single un-bound particle  
 
For a single particle in vacuum, several properties can be determined. Firstly, its position 
( )(tr
�

) can be determined, together with its mass (m) and charge (q) at any given time (t). 
Secondly, when the particles position is known as a function of time, its velocity ( )(tv

�
), 

thus also its momentum ( )(tp
�

), and ultimately its acceleration ( )(ta
�

) can be determined 
according to the formulas: 
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The kinetic energy of a particle is directly related to its momentum and the more kinetic 
energy a particle has, the faster it moves or the more mass it has.  
 
Although it is nice to have some properties of the particle one can determine by 
measurement at each time, it would be more interesting if it were possible to predict what 
the particle would do at other times and in the future. The second law of Newton allows 
just that: 
 

)),((
)(

ttrF
dt

tpd ���
= . 

 
In this formula, the change of the momentum of the particle in time is related to the total 
force ( )),(( ttrF

��
) exerted on the particle. For a single un-bound particle however, there is 

no net total force acting on the particle ( 0)),(( =ttrF
��

) so that according to the above law 
of Newton, the momentum of the particle should not change and stay constant with time. 
Clearly, if the mass of the particle is assumed to be constant in time, this ultimately 
means that the velocity of the particle should stay fixed and that the particle will not 
accelerate ( 0)( =ta

�
). As a consequence, the kinetic energy of the particle is also a 

constant value. 
 
Furthermore, according to the above law of Newton, the following applies: 
 

dttvtrd
dt

trd
tvtv

dt
tvd

)0()(
)(

)0()(0
)(

==�===�=
��

�
��

�
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This formula states that the change in position of the particle can be determined by its 
initial velocity at t=0 ( )0( =tv

�
). It is therefore possible to predict where the particle will 

be located at a future time. Therefore the law of Newton is often called an equation of 
motion, as it determines how the system will evolve in time. Clearly all properties of the 
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particle can now be determined exactly at any time t too as the velocity is constant and 
known at all times and the position can be easily determined from it.  
 
 
 
A force on a single particle 
 
Nature, however, does not only have single un-bound particles. More often it is the case 
that a net force, dependant on time or perhaps the particles relative position, is exerted on 
the particle because other particles are present and they interact, or the particle is situated 
in a field like for example an electric or a gravitational field. The second law of Newton 
can still be used to predict the motion and other properties of the particle as will be 
explained in this section. 
 
Let’s assume we have the following situation: 
 
 
 
 
 
 
 
 
 
 
 
in which a spring is attached to the particle. This spring exerts a returning force towards 
the wall if the particle moves away from the wall, but will exert a net force towards the 
right if the particle moves to close to the wall. Furthermore, let’s assume Hook’s law, 
which states that the direction and magnitude of the force on the particle is directly 
proportional, with proportionality constant k, to the amount it deviates from it 
equilibrium position 0r

�
: 

 
( )0)()),(( rtrkttrF

����
--= . 

 
Now according to the Newton’s law, the following should apply: 
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dt
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dt
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dt
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The equation of motion of the system is again known and turns out to be a second order 
differential equation in t. It clearly states that the second derivative of the particles 
position ( )(tr

�
) should be equal to ( )0)(/ rtrmk

��
--  at all times.  
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�
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�
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Solving these types of differential equations can be tricky business, but very often an 
educated guess helps a lot and such a guess can always easily be tested. In this case the 
solution )sin()( 0 fw ++= tArtr

���
 with mk /=w , f  an arbitrary phase factor and A

�
 

being the vector direction in which the particle was pushed from it’s initial equilibrium 
position 0r

�
 at t=0, is a good candidate to try.  

 
As it turns out, the initial guess is actually a very good solution as it applies exactly to the 
conditions set by the equation of motion of the system. The exact values of the phase 
factor f  and the A

�
 vector are determined by the initial conditions of the problem at 

hand. If, for example, the particle was pushed to position Ar
��

+0  at t=0, not given any 

velocity but allowed to freely move and act upon the forces exerted by the spring, the A
�

 
is given already and the phase factor can only be equal to p  because 

ArArArtr
�������

+=+=+== 000 )sin()sin()0( pf . As can be understood from the functional 

form of the solution, the particle will vibrate with a frequency of p2
mkf =  in the 

direction of A
�

 about the equilibrium position 0r
�

. 
 
With the exact solution for )(tr

�
 at hand, )(tv

�
 is also easily obtained by differentiating 

the solution )(tr
�

 with respect to time: )cos()( fww += tAtv
��

. Clearly, with a phase factor 
of p , the functional form of the particle’s velocity is also an oscillatory function. At t=0 
the velocity is zero, as was required by the initial conditions, but at w

p=t  the velocity of 

the particle is at it’s maximum ( ) ww
p Atv

�
== . Precisely at w

p=t  the particle passes 

through it equilibrium position 0r
�

 and directly after that the velocity gradually decreases 
again. The functional form of the particle’s kinetic energy, for this specific system, is 

given by 2/)(cos)()()( 22
2

2
1 fww +=×= tAmtvtvmtEk

���
. It also varies with time and is 

also at its maximum value for the first time at w
p=t , in-phase with the oscillatory 

behaviour of )(tv
�

. 
 
From the oscillatory behaviour of the particle’s motion and its kinetic energy, it is clear 
that the spring is actually doing work on the particle. Work is defined as the amount of 
energy it takes to apply a force )),(( ttrF

��
 over a certain distance )(trd

�
: 

 

� ×=
final

start

r

r
spring trdttrFtW

�

�

���
)()),(()( . 

 
In the above formula startr

�
 and finalr

�
 can also both depend on time. 
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For the spring, obeying Hook’s law, the expression can be simplified again: 
 

))(())((
2

)())(()( 000 rtrrtr
k

trdrtrktWspring

�������
-×--=×--= � . 

 
With the solution of the equation of motion, )(tr

�
, the work performed by the spring on 

the particle is actually given by: 
 

)(sin
2

)( 2
2

fw +-= tA
k

tWspring

�
. 

 
The work performed by the particle, on the spring, as a function of time, is therefore 

found to be 2)(sin)()( 2
2

fw +=-= tAktWtW spring

�
. 

 
Now if the total energy of the particle is considered, the work it does plus the kinetic it 
has, the following is found: 
 

( ) 2
22
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2
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��
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The total energy of the particle is found to be time-independent. This was to be expected 
from the well-known conservation of energy law. Apart from demonstrating the energy 
conservation law, the above formulas also show that the particle not only has kinetic 
energy, but apparently also has the potential to do work on the spring, a form of energy 
know as potential energy. 
 
Moreover, from the above definition of work, the following relations between the 
potential energy )),(( ttrV

�
 of the particle and the force )),(( ttrF

��
 on the particle can now 

be understood: 
 

�
�
�
�
�
�

�

�

�
�
�
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�
�
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�
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A collection of interacting particles 
 
In nature there is usually more to see than just the single particle. When a collection of 
non-interacting particles is considered, the above theory is easily extended. For each 
particle a separate equation of motion can be written down and solved. All particles move 
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without interfering each other and for each individual particle one can measure its 
position, mass, charge, velocity, acceleration, momentum and its kinetic energy. In this 
way, the total system is decomposed and solved as a collection of single particle systems. 
 
However, with such a system, one could also define the total kinetic energy of the system 
being the sum of all individual particles kinetic energies. Moreover, one could also 
similarly define the total potential energy of the system to be the sum of all particles 
potential energy. Mathematically one could even go one step further and treat the whole 
system with a single equation of motion by considering the total position vector ( )(tR

�
) of 

the system to be the augmented position vectors of the n individual particles ( )(tr
�

): 
 

( ))(,...),(),()( 21 trtrtrtR n

����
º . 

 
In this representation, each individual particle contributes its three position components 

))(),(),(( tztytx iii  and the system is now said to have 3n degrees of freedom (DOF). 
 
The treatment of the composed system, with the single equation of motion and using the 
total position vector )(tR

�
, seems like a complicated thing to do for a collection of n non-

interacting particles. The use of such a description will however be exactly what’s needed 
when the particles cannot be regarded as non-interacting individual particles anymore.  
 
The need for an extended theory for a collection non-interacting particles, is immediately 
clear when even the most basic reaction is considered. Within the most basic reaction two 
particles either form or break a bond. The two particles thus must be able to interact with 
each other and move relative to each other. In other words, the motion of the one particle 
will be governed by the relative motion and position of the other particle. When such a 
system would be described by considering each particle individually and setting up each 
particle’s individual equation of motion, the two equations of motions of the particles 
would now be two coupled differential equations. This would mean that the derivative of 
the position vector of the one particle would depend on the others particle position and 
perhaps velocity. These coupled differential equations are usually hard to solve and exact 
solutions can only be obtained for certain types of interactions.  
 
However, when one does adopt the total position vector ( )(tR

�
) representation, one can 

define and calculate the total force ( )),(( ttRF
��

) as being the negative gradient of the 

potential energy surface(PES) ( )),(( ttRV
�

) of the system: 
 

)),(()),(( ttRVttRF
R

����
�Ñ-= . 
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With this formula, the force on each individual particle is known, its change in 
momentum (acceleration) is determined by the second law of Newton, and the total 
equation of motion can be easily integrated, numerically if needed2,14: 
 

( ) ( )dtmtptrddtttRVdtttRFtpd iiiRii
i

/)()()),(()),(()(
�������

� =Ñ-== . 

 
Once the PES of the system is known, the above theory can be used to determine the fate 
of the system. How to obtain such accurate PES is, however, a subject of research on its 
own in the field of Theoretical Chemistry. Some detail will be given now. 
 
 
 
Potential energy surfaces in Surface Science 
 
We can consider the PES as an “ landscape in which the molecule is moving, while it 
approaches the surface. Computing a classical trajectory, i.e., computing the path that the 
molecule follows when approaching the surface, requires the knowledge, as accurate as 
possible, of that energy landscape. This was the was explained the previous section. 
 
In principle the PES is n-dimensional (nD), with n being infinite because the surface has 
an infinite number of atoms. But some approximations can be made in order to reduce the 
dimensionality of the system. For example, the surface can be taken to be frozen, i.e., it 
can be assumed that the atoms of the surface are fixed at their equilibrium positions and 
the surface is therefore called ‘ rigid’ . The degrees of freedom of the surface atoms are not 
taken into account anymore.  
 
This rigid surface approximation reduces the dimensionality of the system to the 
molecular degrees of freedom, six in the case of a diatomic molecule (see Figure 6). The 
six DOF are the coordinates of the centre of mass of the molecule, Xcm, Ycm and Zcm, the 
distance between the atoms of the molecule r, the polar angle q (angle between r and the 
Z axis) and the azimuthal angle j  (the angle between the projection of r on the plane XY 
and the X axis).  
 

 
 
Figure 6: The molecular degrees of freedom of a diatomic molecule on a rigid surface. 
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However, before investigating PESs even further, there are two important concepts that 
should be explained: 
 
a) The Miller indices (h,k,j)15: The orientation of a surface is defined using so-called 
Miller indices, which are a set of integer numbers inversely proportional to the intercepts 
of the plane along the crystallographic axes (X,Y,Z): 
 

h:k:j=1/X1:1/Y1:1/Z1 . 
 
 
 

 
Figure 7: The Miller indices and the corresponding surface geometries. 
 
 
In Figure 7 some surfaces are shown, which all can be obtained by cutting a solid with a 
so-called face centered cubic (FCC) geometry. FCC means that if one takes a unit cubic 
of the crystal, one can find one atom in each corner and one in each face. The three metal 
surfaces, Cu, Pt and Pd, which will be presented as examples later on, are also identified 
and described in this fashion.   
 
b) Configuration: Here we define a configuration as a particular arrangement of the 
molecule with respect to the surface, in which the coordinates X, Y q and j  are fixed. In 
Figure 8, two examples of different configurations are shown. 
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Figure 8: The XZ representation of two configurations (X,Y,q,j ). a) For (0,0,0°,0°). b) For 
(0,a,90°,0°). The inset shows the XY representation of the same configurations. 
 
 
To accurately determine the PES of a molecule-surface system, we need to know the (r,Z) 
energy landscape for any possible configuration. The calculation of the energy, for one 
such landscape, requires one to take into account not only the atomic nuclei but also the 
electrons, which are, in fact, responsible for the interactions between the atoms of the 
system. One way of dealing with the quantum mechanical nature of the electrons and to 
be able to get a point in the systems energy landscape is by using of the Density 
Functional Theory (DFT)16-18. However, a detailed explanation of DFT is out of scope 
here.  
 
Of course, to perform a dynamical calculation, the whole energy landscape has to be 
known for all possible configurations. This would involve a huge amount of DFT 
calculations. To perform all these DFT calculations on the fly is very expensive, from a 
computational point of view. Therefore, another strategy is needed. The better strategy 
consists of computing partial energy landscapes for a set of selected configurations, and 
then interpolate between these calculated DFT points. 
 
A considerable number of methods have been proposed to do this interpolation. One can 
divide these methods in two groups: i) methods that use analytical expressions to describe 
the potential, in which parameters are fitted indirectly to some DFT calculations; ii) the 
interpolation methods of the PES is given by a direct interpolation of the results obtained 
by DFT calculations.   
 
One such an analytical expression to represent a PES is known as LEPS (London-Eyring-
Polanyi-Sato). Applied for the first time in the seventies19 these LEPS-PESs make use of 
Morse potentials (see Figure 9) to describe the intramolecular and the atom-surface 
interactions. 
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A Morse potential is a potential expression with three parameters and has the simple 
form: 
 

V(r)=De(1-e-a(r-re))2. 
 
Here r is the bond length, re is the equilibrium bond length (the bond length at the 
potential minimum), De is depth of the potential energy function (the dissociation energy) 
and a is a parameter controlling the width of the potential well. 
 
 

 
Figure 9: A Morse potential for H2. 
 
 
PESs based on LEPS functions have been widely used20-25 because they can be 
implemented easily and they allow you to control rather easily the physical ingredients 
you want to include in the PES. A LEPS potential has been used, for instance, to compute 
the 6D PES for the system H2/Cu22. In Figure 10 we present a 3D and a 2D representation 
of the H2/Cu(111) LEPS potential. 
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Figure 10: top) A 3D representation of the H2/Cu(111) LEPS-PES for the configuration shown 
(top right). bottom) A 2D representation (projection of the potential energy on the plane (r,Z)) for 
the same configuration.  
 
 
 

 
Figure 11: Plot of the change of the potential energy along the reaction path, for the configuration 
shown in Figure 10. 
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The potential energy landscape shown in Figure 10, as a function of (r,Z), corresponds to 
the configuration (see top right panel) for which the reaction energy barrier is minimal 
for this system. If the molecule follows this pathway when approaching the surface it will 
have to overcome an energy barrier of 0.72 eV, as is shown Figure 11. Any other 
configuration (thus, moving along any other pathway) will result into the molecule 
having to overcome an even bigger barrier. 
 
The LEPS-PES, although very advantageous in its use, contains only a few parameters 
and the analytical expression is difficult to adjust to describe a realistic PES for most 
systems. This is the reason why, during the last few years, a lot of effort has been done to 
develop 6D PESs based on direct interpolation of DFT data. Between these methods 
should be mentioned the Corrugation Reducing Procedure (CRP)26-29, which allow us to 
compute very accurate 6D PESs. 
 
The idea behind the CRP method is to decompose the total molecule-surface interaction 
into two contribution, one part strongly corrugated (atom-surface interaction) and the 
other part weakly corrugated (molecule-surface interaction). In doing so, it is possible to 
interpolate the weakly corrugated part accurately, and later add again the strongly 
corrugated part.  
 
An example of a PES computed using the CRP method is presented in Figure 12. The 
PES is for the system H2/Pt(111)27. Again, shown are 3D and 2D representations, 
corresponding to the configuration (see top right panel of Figure 12) with the minimum 
barrier to reaction. In this system the minimum reaction barrier is very small (around 0.06 
eV) (see Figure 13), which means that most of the molecules will be able to overcome 
this barrier. This will be detailed upon in the following section.  
 
The CRP method has also been used to compute a PES for the system H2/Pd(110)30. This 
system is quite different from the other two systems already seen, because for some 
configurations, there is no energy barrier to reaction at all. There are some pathways that 
a hydrogen molecule can follow towards dissociation, along which it is not going to find 
any “obstacles” . 
 
The disadvantage of the CRP method is that, in order to be able to use it, the set of DFT 
data, which is to be interpolated, has to be homogenous in space. This means that regions 
of the PES that the molecule will never “visit”  are also described. This essentially only 
increases the number of DFT points to be computed and thus the computational time.  A 
method that reduces the number of needed DFT points and thus reduces the 
computational time, while keeping most of the accuracy of the final interpolated PES, is 
the so called Modified Shepard (MS) interpolation method31,32. This method allows one 
to reduce the number of needed DFT data by focusing the interpolation only on the 
dynamically important regions of the PES, i.e., regions of the PES that could be “visited”  
by the molecule. Another advantage of this method is that it can be readily extended to 
systems of much higher dimensionality, molecules with more than 2 atoms approaching a 
rigid surface.  
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Figure 12: top) A 3D representation of the PES for the configuration shown (top right). bottom)  
A 2D representation (projection of the potential energy on the plane  (r,Z)) for the same 
configuration.  
 
 

 
Figure 13: Plot of the change of the potential energy along the reaction path, for the configuration 
shown in Figure 12. 
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Figure 14: top) A 3D representation of the PES for the configuration shown (top right). Bottom) 
A 2D representation (projection of the potential energy on the plane (r,Z)) for the same 
configuration.  
 
 
 
Three example systems 
 
The use of classical dynamics, instead of quantum dynamics, to study molecule-surface 
interactions has mainly two advantages. The first advantage is that these classical 
calculations are considerably less expensive from a computational point of view. The 
calculations do not need vast amounts of memory and a several trajectories can be easily 
computed on a standard desktop PC. The second advantage is that the pathway followed 
by the molecule, on its way towards the surface, is known at each time step. Because of 
the later, one can actually visualize the trajectory of the molecule from the initial (with 
the molecule located far away from the surface) to the final configuration. To analyse this 
final state is also very simple using classical dynamics, as will be detailed upon later on. 
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To show how classical dynamics can be used to study molecule-surface interactions, 
three examples have been chosen: a H2 molecule interacting with three different metallic 
surfaces H2/Cu(111), H2/Pt(111) and H2/Pd(110).  
 
 
 
H2/Cu(111) 
 
As was already shown in the PES of H2/Cu(111) (see Figure 10), this system is 
characterized by the presence of high reaction barriers for any possible reaction pathway. 
In fact, the minimum barrier is around 0.72 eV, which is a quite big value. This means 
that a molecule approaching the surface with a translational energy below this value will 
not be able to arrive to the surface, but is going to be scattered back to the vacuum (to the 
gas phase). 
 
Of course, once the molecule has enough translational energy to overcome this barrier the 
probability that the molecule arrives to the surface and dissociates, will be bigger than 
zero. In general, within the low energy regime (0.001-1.0 eV), actually only two things 
can happen: i) the H2 molecule can be scattered back to the vacuum or ii) the molecule 
can be dissociated on the surface with the two H atoms remaining adsorbed on the 
surface. 
 
However, because the molecule can follow several pathways, and not just only the 
minimum reaction path (the path that has the smallest barrier), the dissociation 
probability is generally expected to be smaller than one. This picture is clearly a very 
simplified picture, because the dissociation (and scattering) probability also depends on 
other properties of the molecule and/or the surface. It is however enough to understand 
how the specific properties of the PES can influence the dynamics of the molecule and 
that this will ultimately determine how the dissociation will take place. 
 
In Figure 15 we present an example of a typical trajectory of a H2 molecule, initially in 
the gas phase, that on its way towards the Cu(111) surface, finds a barrier. The molecule 
is not able to overcome the barrier so it will scatter back to the gas phase.  
 
When performing a classical calculation not just one single trajectory is considered. One 
needs to take into account all the possible pathways that the molecule can follow when 
approaching the surface. What usually is done is to select a set of molecules (of the order 
of 10000-100000 molecules), with each molecule starting from a different initial 
configuration above the surface, so that, in principle, each molecule will explore a 
different pathway. At the end of the trajectory of each molecule, the final coordinates and 
momenta of the molecule are recorded, allowing one to distinguish between molecules 
scattered back or dissociated. 
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Figure 15: From left to right and from top to bottom, the time evolution of a trajectory followed 
by a H2 molecule when approaching a Cu(111) surface. Here the barrier to reaction is too high 
and the molecule scatters back to the gas phase.  
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The classical dissociation probability can now be computed as 
 

Pdiss=Ndiss/Ntotal. 
 
Here Ndiss is the number of molecules that ended up being dissociated and Ntotal is the 
total number of molecules inspected. The dissociation probability of a H2 molecule on 
Cu(111) can now be computed as a function of the translational energy of the molecule, 
as is shown in Figure 16. 
 
In Figure 16 one can see that the dissociation probability is zero below 0.72 eV and then 
increases with the energy. As was mentioned before, this result reflects the fact that the 
energy landscape (PES), in which the molecules move, has several barriers. One for each 
possible pathway. The lowest barrier a molecule can encounter is 0.72 eV.     
 
 

 
Figure 16: The dissociation probability of H2 on Cu(111) as a function of the incidence energy of 
the molecule. 
 
 
 
H2/Pt(111) 
 
The interactions of H2 approaching Pt(111) are different from those of H2 approaching 
Cu(111). See also Figure 12. This is because for H2/Pt(111) the barriers that the molecule 
will encounter on its way towards the surface, are smaller. In fact, the minimum barrier is 
around 0.06 eV, which means that most of the molecules will be able to reach the surface 
and end up being dissociated. 
 
A typical trajectory for this system is shown in Figure 18. In this case, when the molecule 
approaches the surface, it will not encounter any obstacles, the molecule will dissociate 
and the atoms of the molecule move away from each other, both ending up stuck to the 
surface. 
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When plotting the dissociation probability as a function of the molecular incidence 
energy (Figure 17), it can be seen that the dissociation probability increases very fast with 
the incidence energy, for energies bigger than 0.6 eV. Eventually it reaches the saturation 
point (probability close to one) for energies above 0.6 eV. It is worth noticing that the 
dissociation of H2 on Cu(111) only just starts to appear around this translational energy of 
about 0.5 eV.  
 
Clearly, it can be seen that, although the behaviour is qualitative similar (the dissociation 
probability increases with increasing incidence energy, as it also did for H2/Cu(111)), for 
H2/Pt(111) reaction occurs for translational energies much smaller than for H2/Cu(111). 
This makes these systems fundamentally different, and therefore their use for practical 
(industrial) purposes is very different.  
 
Within the field of Surface Science, systems like H2/Cu(111) and H2/Pt(111), for which 
the PES shows an energy barrier in the reaction path for any possible initial 
configuration, are known as activated systems. This because there is always a certain 
amount of energy needed to ‘activate’  the dissociative adsorption process. 
 
 
 

 
Figure 17: The dissociation probability of H2 on Pt(111) as a function of the incidence energy33. 
 
 
 
H2/Pd(110) 
 
Another system, totally different from the two already presented, is the dissociation of a 
H2 molecule on palladium (Pd(110)). See Figure 14. For this system, the PES, according 
to which the molecules move, also contains pathways without energy barriers. Thus, in 
principle, a H2 molecule will be able to reach the surface independently of its energy and 
dissociate. However, as can be seen from the plot of the dissociation probability as a 
function of energy (Figure 19), H2/Pd(110) behaves different than i.e. H2/Pt(111). 
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Figure 18: From left to right and from top to bottom, the time evolution of a trajectory followed 
by a H2 molecules approaching a Pt(111) surface. In this case, no barrier to reaction is present and 
all molecules end up being dissociated on the surface 
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For H2/Pd(110), the dissociation probability presents a maximum value (�  1) for very low 
energies and then decreases when the energy increases. The dissociation probability 
keeps on decreasing up to a minimum value. After that, the probability increases with the 
energy again. This was not seen for H2/Pt(111). 
 

 
Figure 19: The dissociation probability of H2 on Pd(111) as a function of the incidence energy30. 
The black line shows the total dissociation probability, the blue line shows direct dissociation and 
the red line shows dissociation after trapping.  
 
 

 
Figure 20: The schematic representation of a trajectory for a molecule that dissociates directly 
(left panel) and a molecule that dissociates after trapping (right panel). 
 
 
 
To understand this dissociation probability curve, two possible of behaviours, of H2 
arriving at the surface, need to be considered30 (see Figure 20). The first possibility is that 
the molecule reaches the surface and dissociates directly. The probability for this 
mechanism increases monotonously with the energy (see the blue line of Figure 19). This 
was also seen for the other two systems H2/Cu(111) and H2/Pt(111). The second 
possibility is that the molecule reaches the surface, starts to bounce and explores the 
surface before it will finally dissociate. It is said to be trapped. The probability of this 



 28

mechanism decreases monotonously with the energy (see the red line of Figure 19). The 
combination of these two mechanisms leads to the non-monotonous behaviour of the total 
dissociation probability, as is seen in Figure 19. 
 
In Figure 21, a trajectory is shown for such a trapping molecule. The molecule 
approaches the surface and starts to ‘hover’  above the surface for a relative long time 
before it finally dissociates or scatters back into the gas phase.    
 
 
 
Classical diffraction 
 
As was already pointed out, diffraction is a quantum phenomenon and is therefore closely 
associated with the wave nature of atomic particles. Diffraction is observed when the 
variation of the momentum parallel to the surface is restricted to well-defined discrete 
values. This can be understood from considering the scattering of waves from a 1D 
periodic system as is shown in Figure 22. 
  
When the two waves, shown in Figure 22, are scattered in phase (constructive 
interference) the intensity will show a maximum. This is the condition to be satisfied to 
see a final diffraction pattern. By using simple geometry, it can be shown that this 
condition is fulfilled when 
 

asinqi  - asinq = nl      n=1,2,3… 
 
If we now take into account the “de Broglie”  relation between the wavelength  of the 
wave associated to the motion of a particle and the momentum k of the particle, l =2p/k, 
the diffraction condition can be rewritten to: 
 

ksinqi  - ksinq = 2pn/a. 
 
In this expression, ksinq is nothing more than the momentum parallel to the 1D array, so 
one can rewrite this to: 
 

ki
|| - k|| = 2pn/a. 

 
In a classical world, the momentum changes continuously, so the question is how to 
transform this classical continuous momentum distribution into a discrete one, as is 
dictated by the above formula. A method to make the classical dynamics compatible with 
the above quantum mechanical nature of atomic particles was already proposed in 197534. 
This will be described now. 
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Figure 21: From left to right and from top to bottom, the time evolution of a trajectory followed 
by a H2 molecules approaching a Pd(110) surface. In this system, all molecules with low 
incidence energy will get trapped for a long time on the surface before they scatter back or 
dissociate. 
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Figure 22: The diffraction of two interfering waves from a periodic array of atoms. 
   
 

 
Figure 23: Top panel, real lattices of a square, rectangular and a hexagonal surface. Bottom panel, 
the corresponding reciprocal lattices. 
 
 
As diffraction is closely related to the change in the parallel momentum of a particle 
being scattered from a periodic surface, it is advisable to regard the process in the so-
called momentum space instead of the normal coordinate space we all know of.  
 
Considering diffraction in momentum space is actually very similar to considering the 
velocities of the molecules instead of their positions. In the Surface Science language, 
this means that one works in the reciprocal lattice instead of the real lattice. 
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The relation between the reciprocal and the real lattice, for any dimensionality, is given 
by: 
 

ai  bj = 2pdij 
 
where ai is a real lattice unit vector and bj a reciprocal lattice unit vector (see Figure 23). 
In other words, the real lattice and the reciprocal lattice are defined to be mutually 
orthonormal to each other. 
 
Now combining the last two equations, for the 1D case specifically, one can write: 
 

Dk|| = ki
|| - k|| = 2np/a = nb. 

 
For a 2D lattice, any momentum vector (Dk||) can also be expressed as a linear 
combination of the two reciprocal basis vectors (b1,b2): 
 

Dk||  = nb1 + mb2 
 
where (n,m) are now equal to the Miller indices of the surface. The Miller indices of a 
surface were already described previously in the section about PESs in Surface Science. 
 
From the latter expression, it is also clear that Dk|| can only have discrete values 
coinciding with a vector in the reciprocal lattice space. In classical theory however, Dk|| 
can be any vector in the plane that defines the surface in reciprocal space and therefore a 
discretization method needs to be adopted. Such a method is shown in Figure 24, in 
which the reciprocal plane is divided into identical regions around each reciprocal lattice 
point. 
 
 

 
Figure 24: The reciprocal space for the several surface geometries showing the 2D region around 
each reciprocal lattice point. Numbers within parentheses indicate the corresponding Miller 
indices. 
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It is now rather straightforward to run a trajectory and determine the Dk|| for it by 
subtracting the initial parallel momentum from the final parallel momentum of the 
molecule when it was scattered back into the gas phase. Given the Dk|| for each trajectory 
the closest (n,m) Miller indices can be easily determined from Figure 24. The classical 
diffraction probability can now be computed by counting the number of trajectories for 
each (n,m) pair and by evaluating: 
 

Pn,m = Nn,m/Ntot. 
 
In this formula the Nn,m is the number of trajectories for which the molecule scatters with 
Dk|| in the (n,m) range and Ntot is the total number of trajectories. 
 
This method has been used successfully, for example, to study diffraction of H2 from 
Pd(111)35. Figure 25 shows two typical diffraction patterns for this system. A comparison 
is made to experimental and quantum mechanical results. From Figure 25 one can see 
that classical calculations are able to reproduce quite well the relative importance of the 
different diffraction peaks found experimentally. Although the intensity of the peaks are 
overestimated in the classical calculations, it is worth noticing that the diffraction peaks 
which are not found experimentally are not also found theoretically, even though one 
would expect them to be visible beforehand. 
 
  

Figure 25: Diffraction spectra for H2/Pd(111) at different incidence conditions. The red lines 
show the experimental results, the blue lines show the quantum dynamical results and the black 
lines show the classical results35. 
 
 
These results again demonstrate that classical dynamics can be a powerful tool to study 
molecule surface interactions. As classical dynamics requires “ little”  computational 
power, a desktop computer (or a grid of desktop computers) is very useful for computing 
the typical trajectory calculations that need to be performed in the field of Surface 
Science. 
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Glossary 
 
Abstraction mechanism: A mechanism where part of a molecule gets absorbed. 
 
Activated systems: A system that shows significant barriers to reaction for all possible 
configurations. 
 
Adsorption mechanism: A mechanism in which a particle gets stuck to the surface. 
 
Barr ier : A certain amount of energy to be overcome along a reaction path.  
 
Bond: The bonding interaction between atoms in which the electrons play a significant role. 
 
de Broglie: A famous French scientist who related waves and the momenta of particles. 
 
Chemisorption: Adsorption in which chemical bonds are formed with the surface. 
 
Classical Mechanics: Mechanics as it was understood by ‘classical’  physicists, i.e. Newton 
mechanics. 
 
Configuration: A certain orientation of the molecule with respect to the surface. 
 
Corrosion: Deterioration of intrinsic properties in a material due to reactions. 
 
Corrugation: The roughness of a surface because of the surface atoms.  
 
Corrugation Reducing Procedure (CRP): A method to interpolate DFT data by removing 
the corrugation first, then interpolate the smoother function and finally add back the 
corrugational parts. 
 
Density Functional Theory (DFT): A theory, using a calculated electron density 
distribution, to be able to find the energy of a molecular system. 
 
Degrees of freedom (DOF): Variables in a system which are associated with the directions of 
motion. 
 
Dehydrogenation: Extracting a hydrogen molecule from a larger molecule. 
 
Differential equation: An equation containing differentials of the unknown function. 
 
Diffraction: A quantum interference phenomenon seen when particles scatter from a periodic 
surface. 
 
Dissociative chemisorption: A molecule, while being dissociated, for which the fragments 
form new bonds with a surface. 
 
Elastic scatter ing: Scattering without energy transfer to and between the molecular degrees of 
freedom. 
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Eley-Rideal mechanism: A reaction mechanism for a molecule adsorbed on a surface in 
which another reactant arrives from the gas phase. 
 
Equation of motion: The equation that describes the evolution in time of a system. 
 
Fr iction: A force that opposes the relative motion or tendency of such motion of two surfaces in 
contact. 
 
Heterogeneous catalysis: Catalysis in which two the reactants and catalyst are in different 
phases. 
 
Hot-Atom mechanism: A reaction mechanism in which a non-equilibrated reactant recently 
absorbed on the surface combines with an equilibrated reactant. 
 
Hydrogenation: A reaction in which a hydrogen molecule is made part of the product. 
 
Langmuir -Hinshelwood mechanism: A reaction mechanism in which two fully equilibrated 
reactants absorbed on a surface react to a product. 
 
Lubr ication: Make two surfaces have less friction by introducing another layer between the two 
surfaces. 
 
Miller  indices: Indices used to describe the shape of a surface as it is obtained by cleaving a 
crystal. 
 
Momentum space: The vector space obtained by expressing all observables in the momenta in 
stead of the positions of the particles. 
 
Morse potential: An analytical model potential often used to describe a dissociative bond. 
 
Orthonormal: A collection of unit vectors which are also orthogonal are said to be 
orthonormal. 
 
Oxidation: A reaction in which electrons are lost to a reductor to form the product. 
 
Potential energy: The energy stored in a system ready to used. 
 
Potential energy sur face (PES): The functional form of the potential energy of the 
system as a function of all the degrees of freedom in question. 
 
Physisorption: A process in which a particle gets absorbed but does not form a new chemical 
bond with the surface. 
 
Quantum: A small amount of energy, fixed in size and therefore discrete by nature. 
 
Quantum dynamics: The theory of motion based on the quantum mechanical nature of 
particles. 
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Reciprocal lattice: The surface lattice system expressed in momentum space. 
 
Rotationally inelastic scatter ing: Scattering in which the rotational degrees of freedom pick 
up are release energy. 
 
Scalar : An observable that can be represented by one single number. 
 
Trajectory: The reaction path a molecule follows. 
 
Trapping: A dynamical mechanism in which the molecule is hovering above the surface without 
actually scattering back or absorbing. 
 
Vector : A quantity that has a direction and needs more than a single number to be represented. 
 
Vibrationally inelastic scatter ing: Scattering in which the vibrational degrees of freedom of 
the molecule pick up or release energy. 
 
Work: The energy associated with opposing a force for a certain distance. 
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