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Abstract

We present a simulation method for describing the diffusion processes of adsorbed atoms on a covalently bound surface. The method takes
advantage of the benefit of the Monte Carlo technique for extending the time scale in simulations, and it is independent of the lattice type of the
surface. It is particularly useful in the study of the diffusion processes on a surface with structural and/or chemical inhomogeneity. As a simple
illustration of the method, we apply it to study hydrogen diffusion on a relaxed regular diamond {111} surface and an irregular diamond {111}-
like surface. Four and five local minima for adsorption of a hydrogen atom are found on the regular diamond {111} surface and the irregular
surface, respectively. The activation energies, the vibrational frequencies and the total escape rates of the hydrogen atom at each minimum are
determined. The mean square displacement and diffusion constant of the hydrogen atom on the surfaces are also calculated. The results indicate

that the Monte Carlo method is effective to investigate the diffusion processes of atoms on an arbitrary surface.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Monte Carlo simulation; Diffusion; Diamond-like carbon

1. Introduction

There is currently considerable interest in the dynamics of
atoms and molecules adsorbed on surfaces, due to the key role
that surfaces play in a variety of important processes, and
because of advances in experimental methods for characterizing
surface events [1,2]. The current theoretical understanding of the
dynamics of particles on a surface comes largely from computer
“experiments,” in which adsorbed atoms or overlayers are
evolved dynamically, allowing observation of the physical
processes of interest. The molecular-dynamics (MD) [3]
simulation method is an extremely powerful tool to study
microscopic motion based on the Newtonian dynamics of atoms
interacting through a model potential. The equations of motion
are solved using a mesh of discrete time steps. The time step of
the MD simulations must be short compared with the phonon
frequencies, usually a fraction of a femtosecond. Hence, the total
simulation time, which is of the order of 107 to 10° steps
depending on the model potential, is limited to the microsecond
region. Non-accelerated MD simulations can be used to simulate
atomic processes occurring on a time scale of microseconds at
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most. For a variety of physical situations, however, this time
scale is far too short to study the true dynamics of a system, in
particular for diffusive processes, such as atom diffusion on
surfaces, certain formation processes during growth, and defect
migration in bulk material [4—6].

An extension of standard MD schemes by Voter [7] focuses
on the simulation of such processes. By adding an artificial
boosting potential to the true local energy landscape of the
atoms, the energy barriers to configurations which are normally
not accessible by ordinary MD can be overcome. Thus, the
atoms are forced to do movements which are related to barrier
heights incompatible with normal thermal activation energies,
yielding an extended time scale.

Another class of methods that has been proposed to relax a
system over a large period of time is based on the knowledge of
the local energy barriers [8,9]. This scheme, which is known as
the activation-relaxation technique (ART), has been used in
identifying relevant local relaxation processes in amorphous
silicon at low temperatures [10]. However, this method also
suffers from the fairly general problem whether all saddle points
relevant for the evolution of the system can be found.

If the dynamics of a system can be described as a sequence of
rather independent infrequent events, long time scales can be
modeled using transition-state theory (TST). Since its
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development in the thirties, TST has been applied to a wide
range of phenomena [11,12]. Dawnkaski et al. used a TST based
time dependent Monte Carlo method to simulate the H reactions
on the diamond {001}(2x1) surface under chemical vapor
deposition (CVD) conditions [13]. Voter developed a TST based
kinetic Monte Carlo (KMC) method for describing the dynamics
of such infrequent events in a regular lattice and applied it to the
study of rhodium clusters on Rh(100) [4]. Srivastava and
Garrison performed TST based lattice gas (LG) simulations to
investigate the Si adatom self-diffusion on the fully relaxed Si
{100}(2 % 1) surface [14]. In this paper, we present a TST based
Monte Carlo method which is more general and can be used to
investigate the diffusion processes on a surface with or without a
regular lattice. This Monte Carlo algorithm in essence followed
that of Gillespie [15]. Netto et al. have adapted this algorithm to
investigate the surface processes, such as growth, etching and
atom migration on surfaces during a CVD diamond deposition
process [16—19]. In Netto and Frenklach paper [16], the particle
escape rates are taken from literature or estimated from the
corresponding mechanisms. In our paper, the atom escape rates
will be calculated after every jump event completed, which
makes this Monte Carlo method more general to be used in
different applications.

In Section 2 we describe our method in detail. As an example
we discuss in Section 3 the diffusion of hydrogen adatoms on a
diamond {111} surface and an irregular diamond {111}-like
surface. This is an important process during the CVD frequently
used to deposit diamond and other thin films [19,20]. A con-
clusion is given in Section 4.

2. Simulation method

The fundamental assumption in TST is that there exists a
dividing surface in phase space with two properties: (1) it
separates reactants from products and (2) any trajectory crossing
this surface will not recross it. The related rate constants which
describe the equilibrium flux of particles through the dividing
surface can be approximated to a good extent by simple tran-
sition state theory (STST) [6]:

FSTST — Z viexXp[—(Esaddie=Emin) /KB T], (1)

i=1,n

where 7 is the number of possible diffusion directions of the
adatom, v; is the harmonic frequency, and Fg,qq1c and E i, are the
energies at the transition state (i.e. saddle point) between two
binding sites and at the minimum, respectively; 7 is the tem-
perature and kg is the Boltzmann’s constant. The second basic
TST assumption in practice is violated to a certain extent, since
each crossing of the dividing surface does not necessarily cor-
respond to a reactive event. Thus Eq. (1) gives an upper bound to
the true rate constant. However, some MD studies show that the
STST rate constants give a reasonable approximation to the
exact TST rate constants, and also to the dynamically exact rate
constants [21].

Provided there exists a systematic way of finding all the
minima and saddle points of the energy landscape in the

immediate neighborhood of an adatom one would be able to
evolve the system in accord with the STST expression for the
rate constant. We have implemented this idea into a Monte Carlo
type algorithm in order to study the adatom’s diffusion process
on a surface with or without a regular lattice. The main
procedure of the Monte Carlo method is described as follows:

2.1. Choice of the diffusing atoms

In general, all atoms in a given model structure may be
involved in the jumps (diffusive events) over energy barriers in
their neighborhood. Here, the number of atoms that are ex-
plicitly considered is restricted in order to study only such
processes that are associated with the surface. In this paper, the
atoms which are on the surface and not covered by other atoms
are considered to be possible candidates for diffusion. In the
following these atoms are called the movers. The number of
movers is denoted by Ny

2.2. Search for the saddle points and minima around every
mover

To avoid extensive calculations, the corresponding saddle
points and minima are searched in a small volume around every
mover. The volume should also be large enough to ensure that
the relevant saddle points and minima are included. The total
number of grid points in the volume determines the success rate
with which one will be able to find all the local saddle points and
minima. Hence, the grid should be sufficiently small.

We use the three-dimensional Newton—Raphson root finding
method to search for the saddle points and minima around the
mover. If the search converges to an extreme point, then we use
the Hessian matrix, which is a (3 x3) matrix of second deri-
vatives of energy for motion of the mover, to determine whether
the extreme point is a minimum or saddle point. At each extreme
point, we calculate and diagonalize the (3 % 3) matrix, and obtain
the three eigenvalues and eigenvectors of the matrix. If the
matrix has exactly one negative eigenvalue, this point is a saddle
point. The negative eigenvalue is in the direction over the saddle
point, which will be used to determine along which direction the
mover may jump. If the matrix has three positive eigenvalues,
then this point is a minimum. At these minima and saddle points,
the energies Fqaqq1c and E i, are calculated. At the same time, the
mover’s vibrational frequencies vy, Vom, Vam, Vis and v, are
also obtained from v;=(1 /21T)(b,-/]\/[)1 ’2 where b; is the
eigenvalue of the (3 x3) matrix, and M is the atom mass, and
Vim» Vam» and vs, are the vibrational frequencies at the
minimum, and v5 and v, are the two non-imaginary vibrational
frequencies at the saddle point. Finally, the pre-exponential
factor v; in Eq. (1) is calculated from

VimV2mV
o= ImV2m V3m ) (2)
VisVas

After all the saddle points and minima around the mover are
found, we use the eigenvectors corresponding to the negative
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eigenvalues of the Hessian matrix at the saddle points to
determine in which direction the mover may diffuse. As we
mentioned before, these eigenvectors are in the directions over
the saddle points. The mover must overcome this saddle point
properly, i.e. the line linking the initial minimum where the
mover is localized and the saddle point should be in the
direction that the eigenvector points to. Following this scheme
for every mover, all the possible diffusion directions of every
mover can be determined.

2.3. Choice of a diffusion event

After determination of the possible diffusion directions for
every mover, the escape rate &y >! for the mover i can be
calculated by using Eq. (1). The escape rates of the Ng;;r movers
define a set of local escape rates of the movers from their
harmonic basins (i.e. local minima). This set of escape rates can
be regarded as a distribution function, from which the specific
mover can be determined, which will actually carry out the
jump. This is done by drawing a probability, given by
Pi=k>"T/ kiorar, Where kow = > &' is the total escape rates
of Ngigr movers. We then use a"random number RE (0, 1) to
determine which mover will jump at this time.

After the effective mover 7 is chosen, the diffusion direction j
of mover 7 is determined by another random number and proba-
bility given by P;=k;/k 5", where k;=v; exp[— (Esaadic ~ Emin)
/kgT1] is the escape rate of mover / in the direction j.

2.4. Completion of the diffusive event

After the event, i.e. the specific mover plus its escape
direction have been determined from the probabilities P; and P;,
this mover 7 is set to its nearest minimum around it in the
diffusion direction j. The time clock is incremented by
Atnop=1/KT5T, where "=k is the total escape rate of
mover i from its initial minimum, i.e. the sum of the escape rates
of mover { in its n possible diffusion directions [6]. It should be
pointed out that our time increment At,, yields only a lower
limit of the time duration while it assumes that any of the
diffusion jumps has taken place. A more rigorous way to define
the time increment is given by Netto and Frenklach [16] and
Battaile et al. [22].

s

Fig. 1. Three-dimensional picture of the relaxed diamond substrate consisting of
a 6-layer thick carbon slab with 25 atoms per layer. The surface atoms are
indicated in black and the other atoms are grey.
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Fig. 2. Schematic picture of the regular diamond {111} surface. (A) The surface
with unique binding sites labelled with B, F, G and S. The atoms are indicated as
white, light grey and dark grey in the first, second and fourth layer, respectively.
The atoms in the third layer are overlapped by the atoms in the second layer. (B)
Energy profile for a single H adatom on the surface, the letters B, F, G and S
denote the unique binding sites.

2.5. Update of the escape rates

Because the local environment of every mover may be
changed considerably due to the last diffusion event, the local
escape rates of the various movers also need to be updated before
defining the next successful jump event. This step is done in the
same way as described above in Sections 2.1, 2.2 and 2.3. Note
that movers may change their status from being defined as
“movers’’ to “‘non-movers’’ or vice versa in the simulations
according to the definition of a mover (see Section 2.1).

3. Illustration of the simulation results and discussions

3.1. Diffusion of a single H adatom on a relaxed diamond {111}
surface

To illustrate our Monte Carlo method, we investigate
hydrogen diffusion on a relaxed diamond {111} surface. The
simulation system consists of a 6 layer thick carbon slab with 25
atoms per layer (see Fig. 1). Periodic boundary conditions are
used in the £x and +y directions of the system. The relaxed
diamond {111} system is obtained in the following manner. All
of the atoms in the system are initially given lattice sites
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corresponding to the pure unstrained system. The periodic
boundary conditions parallel to the {I111} surface plane
maintain the horizontal lattice constant to be that of the
unstrained substrate; whereas, in the plane perpendicular to the
{111} surface the crystal is allowed to relax freely via the forces
derived from the Brenner potential [23]. This procedure is done
by heating the crystal to 300K for a period of approximately
50ps during which time the atoms move to positions
corresponding to a lower energy configuration. The system is
then cooled slowly for an additional 50 ps to near 0K.

In the following simple illustration, the carbon atoms in the
relaxed substrate are assumed fixed, and a single hydrogen
adatom (i.e, Ng;r=1) is diffusing on the relaxed diamond {111}
surface. We consider the diffusion process as a sequence of
jumps from one stable site (i.e. minimum) to another on the
surface. The Brenner potential is chosen to calculate the atomic
interactions and, hence, the energies at the minima and the
saddle points. It should be pointed out that although the Brenner
potential is not the most accurate potential to calculate the
potential energy at surfaces [24], this potential is still very
useful for our simulations to calculate the surface energy in a
relatively short time [25]. Calculations based on an ab initio
potential would yield extremely long calculation time, and the
advantage of modeling surface diffusion by using a Monte
Carlo method (i.e., to increase the speed of the simulation of
atom diffusion) would become lower. In this paper, in view of
the fact that our main purpose is to demonstrate the efficiency of
the Monte Carlo method to investigate the atom diffusion on a
surface, the Brenner potential is adopted. In future studies, for a
better description of the surface energy, other more accurate
potentials may be adopted [24,26]. The possible impact of the
Brenner potential on our simulation results is discussed in the
following sections.

3.1.1. Surface structure and energy profile for a single H
adatom on the relaxed diamond {111} surface

Following the procedure outlined above we calculated the
energy profile of a single H adatom on the relaxed diamond
{111} surface. Fig. 2A shows the relaxed diamond {111}
surface with unique binding sites (i.e. minima) labeled as B, F,
G and S. Fig. 2B shows the energy profile for a single H adatom
on the surface. The four local minima are identified by a letter
and the number of nearest neighbor atoms in the surface and
subsurface (i. e. second layer) of the substrate, respectively. The
B(1,3) and S(3,1) sites are the on-top sites over the bulk
terminated first layer atom and over the second layer atom,
respectively. The hollow F(3,3) site is over the fourth layer

Table 1

Geometries and energies of a H adatom on the relaxed diamond {111} surface
Site Adatom height® (A) Energy (eV)
B (1,3) 1.08 -4.15
F(3,3) 0.00 -3.10
G(2,1) 0.57 —2.38

S 3,1) 0.93 —2.68

? The adatom height is relative to the position of surface atoms on the relaxed
diamond {111} surface.

Table 2
The H adatom diffusion dynamics on the relaxed diamond {111} surface at
1100K

Jump Activation energy Vibrational frequency  Total escape rates
type (eV) s s

B—F 197 5.29x10" 1.77x10*

B—S 237 6.21x10"

F—>G 075 8.39x10" 1.23x 10"

F—>B 093 1.40x 10"

G—S 052 4.46x10" 1.76x 10"
G—>F 0.03 227x10"

S—>G 082 2.23x10M" 5.87x 10"

S—B 0.91 2.24x10"%

atom, and the G(2,1) site is midway between site F(3,3) and S
(3,1). The locations of these four local minima are very similar
to the important interstitial sites, i.e., BC-site, T-site and H-site,
of a single hydrogen atom in diamond [6,27-30]. Indeed, the B
(1,3) site is similar to the BC-site which is the bond-centered
site and is the midpoint between two carbon atom sites. The F'
(3,3) and S(3,1) sites are similar to the 7-site which lies
equidistant from four carbon sites. The G(2,1) site is similar to
the H-site which lies midway between two T-sites. Their
geometries and energies are given in Table 1.

3.1.2. Energetics and diffusion of a H adatom on the relaxed
diamond {111} surface

From Table 1, one can see that the global minimum for the
surface occurs at site B (E=—4.15eV). This B site has a large
region of the surface over which the adsorption can occur. The
other sites F, G and S have a higher energy and narrower region
onto which the incoming atom can be adsorbed. These features
of the energy profiles indicate that adsorption on site B would be
more probable than adsorption on sites F, G and S. So, the B site
must be more stable, and the residence time of an H adatom at
this site is much longer than at other sites.

To determine the escape rates we have also calculated the
activation barriers (given in Table 2) between these sites. The
corresponding jump frequencies and the escape rates are also
calculated and given in Table 2. The activation barriers vary
from 0.03eV (G— F) to 2.37eV (B—S). The calculated vibra-
tional frequencies used as prefactors in Eq. (1) have values
ranging from 5.29x10'%s™" to 2.24x10"°s™ !, The calculated
escape rates from the various sites vary from 1.77x10*s™ 'to
1.76x 10" s " at a temperature of 1100K. Correspondingly, the
residence times vary from 5.66x10 °s to 5.68x10 '*s.
Naturally the longest residence time is for site B, the most
stable site. Our results also show that the diffusion of hydrogen
on the surface does not occur between neighboring B sites, and
only occurs between B and F, F'and G, or G and S sites. These
results are consistent with the results of Kaukonen et al. [6]. It
should also be pointed out that the escape rates calculated from
the Brenner potential might be smaller than those calculated
from the molecular anharmonic potentials with switching
(MAPS) functions, derived from ab initio calculations [24].
Some studies show that the Brenner potential does not seem to
accurately describe the long-range interactions while accurately
representing short-range properties of diamond materials [24].
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Fig. 3. Calculated mean square displacement of the H adatom on the regular
diamond {111} surface as a function of time.

This fact may cause the time increment (At =1/ £2™5T) in our
simulations to become larger, and the atom diffusion constants
(calculated below) to become smaller than those calculated from
the MAPS potential. However, the comparison between our
results and the results of Kaukonen et al. [6] shows that the
Brenner potential still can give reasonable results in our
simulations.

3.1.3. Diffusion constant of the H adatom on the surface

During a long simulation time, thousands of randomly
generated jumps can be made and the mean square displacement
of the adatom, (A7?(7)) could be evaluated as a function of the
time, ¢. The slope of the long time portion of this curve yields
the macroscopic diffusion constant, D [6,31]. In the simulation,
the diffusion constant D can be evaluated by calculating it
directly from

d 1 N ifr 5
D= tim 43 (LS ri0) ®)

=1

where the average is an ensemble average, Ng;ris the number of
diffusing adatoms, and r;(¢) indicates the position of the ith
adatom at time . We have calculated the adatom’s mean square
displacement as well as the diffusion constant. Fig. 3 shows the
time evolution of the mean square displacements of the
diffusing H atom for a time period A7=0.6ms. A linear
dependency is found, in accordance to the Einstein—Smolu-
chowski theory [31]. According to Eq. (3), we obtain the
diffusion constant D=1.32x10"'*cm?/s. This value is a little
bit higher than the value in Ref. [6] (D=9x10" "cm?/s).
However, in Ref. [6], the H atom is diffusing inside diamond,
and it must overcome the restrictions from other atoms
localized above it, and hence its diffusion constant is reduced.
In our case, there are no atoms situated above the diffusing
atom, and the diffusion constant of the H atom is therefore
expected to be indeed higher than the value for diffusion inside
diamond.

3.2. Diffusion of many H adatoms on an irregular diamond
{111}-like surface

As mentioned before, this Monte Carlo method can also be
applied to cases in which the surfaces are irregular, i.e. multiple
crystal layers are simultaneously exposed, e.g., for treating the
diffusion of adatoms over a stepped surface, or in modeling
amorphous thin film (e.g. diamond-like carbon) growth or
surface roughening. Additionally, in experiments, many
adatoms on a surface may diffuse simultaneously within a
time period. So, we simulate the diffusion process of many H
adatoms on an irregular diamond {111}-like surface. The
surface is similar to the previous relaxed diamond {111}
surface, but in order to make an irregular surface, we remove
two atoms from the first layer of the relaxed diamond {111}
surface, which is shown in Fig. 4A. The periodic boundary
conditions are also used in the +x and +y directions of the
system. The layers are assumed fixed during the adatoms
diffusion processes. As an illustration, we only choose the
number of the diffusing adatoms as Ngx=3 to limit the
complexity of the simulation.
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Fig. 4. The irregular diamond {111}-like surface. (A) The surface with unique
binding sites labelled with B, F, G, S and V. The atoms are white, light grey, dark
grey and black in the first, second, fourth and sixth layer, respectively. The
atoms in the third and fifth layer are overlapped by the atoms in the second and
fourth layer, respectively. (B) Energy profile for a single H adatom on the
surface, the letters B, F, G, S and V denote the unique binding sites.
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Table 3
The activation energies, vibrational frequencies and total escape rate of a H
adatom from the site /on the irregular diamond {111}-like surface at 1100K

Jump Activation energy Vibrational frequency Total escape rates
type (eV) ") s

V—B 167 2.06x10"

V—F  1.66 1.60x 10" 1.90x 10°
V-G  1.63 4.18x10"

3.2.1. Surface structure, energy profile and energetics of the H
adatoms diffusing on the irregular diamond {111 }-like surface

Fig. 4A shows the irregular diamond {111 }-like surface with
unique binding sites (i.e. minima) labeled as B, F, G, S and V;
Fig. 4B shows the energy profile for a single H adatom on the
surface. A new local minimum #(2,1) is observed on the surface,
beside the other four local minima B, F, G and S discussed in
Section 3.1. At the Vsite, the adatom height is 0.05 A relative to
the position of the atoms in the first layer, and its potential energy
is —4.18eV, which is very close to the energy of a H adatom at
the B site (E=—4.14¢V). From Fig. 4A, one can see that the B
and Vsites both have a large region of the surface over which the
adsorption can occur. The other sites ¥, G and S have a higher
energy and narrower region into which incoming atom can be
adsorbed. The region for the B site is still larger than that for the
V site. These features of the energy profiles indicate that
adsorption into B and V sites would be more probable than
adsorption into sites F, G and S, and the residence time of
adatoms at B and V'sites should be much longer than that at other
sites. We have calculated the activation energies, jump
frequencies and the total escape rate for a H adatom to escape
from site ¥ to other sites on the surface, and the results are given
in Table 3. Note that the escape rates for H adatoms from sites B,
F, G and S which are far away from the Vsite remain the same as
given in Table 2. However, the escape rates from sites B, F, G
which are near to the site V are influenced by the removal of
the two carbon atoms from the surface, and the total escape rates
of a H adatom from the B and F sites are increased to
5.74x10°s 'and 2.27x10'%s™", respectively, and the total
escape rate from G site is decreased to 5.96x10'*s™'. The
corresponding residence time of the adatom at these sites B, F’
and G are 1.74x10 % , 4.41x10 s and 1.68x10" s,
respectively. The total escape rate of a H adatom from the V'
site is 1.9 10%s™ ! at a temperature of 1100K. Correspondingly,
the residence time of the adatom at site ¥ is 5.26x10 's.
Comparing this value with the residence time of 5.66x 10 s
and 1.74x 10~ ®s of an H adatom at site B which is far from and
near to the site V] respectively, we can conclude that the site B is
still the most stable site, and site Vis the second stable site on the
irregular surface.

3.2.2. Diffusion constant of the H adatom on the irregular
diamond {111 }-like surface

We have calculated the adatom’s mean square displacement
as well as the diffusion constant according to Eq. (3). In Eq. (3),
the number of diffusing adatoms is Ngir=3, i.e. the contribu-
tions of the three diffusing adatoms to the mean square dis-
placement and diffusion constant are taken into account. Fig. 5

shows the time evolution of the mean square displacements of
the diffusing H adatoms for a time period Az=1.6 ms. A linear
dependency is found, and the diffusion constant is then
calculated as D=1.22x10""*cm?/s. This value is much lower
than the diffusion constant (D=1.32x10"">cm?/s) of a H
adatom diffusing on the regular diamond {111} surface
discussed in Section 3.1. This is due to the irregular surface:
some defects are introduced by removing two carbon atoms in
the first layer of the substrate, and a relatively stable site V' is
produced beside the other stable sites B, F, G and S on the
surface. Therefore the diffusing adatoms may stay at the most
stable site B and second stable site } for a long time, and hence
the adatom diffusion constant is greatly reduced.

4. Summary

We developed a TST based Monte Carlo method for
describing the diffusion process of an adatom on a covalently
bonded surface without assuming a regular lattice. With this
method the time scale of a simulation is extended such that a
much longer simulation time can be achieved compared to
ordinary MD. The increase of the time scale depends only on
the height of the true energy barriers of the system under
consideration and there are no uncertain parameters such as
boosting potentials or artificial activation energies needed to
evolve the system. In this method, after finishing a jump of an
adatom, the local geometries around all the adatoms are
reconsidered and their escape rates are updated, such that
many-atom jumps can be induced.

We illustrated the method by a simple investigation of
hydrogen diffusion on a relaxed regular diamond {111} surface
and an irregular diamond {111}-like surface. On the regular
diamond {111} surface, four stable sites B, F, G and S, which
are very similar to the important interstitial sites, i.e., BC-site,
T-site and H-site, of a single hydrogen atom in diamond are
observed. The most stable site is the B site. The diffusion of
hydrogen on the surface does not occur between neighboring B
sites, and only occurs between B and F, F and G, or G and S
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Fig. 5. Calculated mean square displacement of the H adatoms on the irregular
diamond {111}-like surface as a function of time.
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sites. The mean square displacement and diffusion constant of a
H adatom on the regular surface are also calculated. The
diffusion constant is a little bit higher than the value of diffusion
constant inside diamond. On the irregular diamond {111}-like
surface, an additional stable site V' is observed, beside the other
four sites B, F, G and S. The B site is still the most stable site, but
the V site is the second stable site for the H adatom adsorption
on the surface. The mean square displacement and diffusion
constant of the adatoms on the surface are also calculated. The
results show that the adatom diffusion constant is reduced
greatly by the defects on the irregular surface. Finally, we would
like to emphasize again that although the imprecision of the
Brenner potential in calculating the surface energies may cause
the obtained atom escape rates and the atom diffusion constants
to become smaller than those obtained from the MAPS
potential, the comparison between our results and the results
of Kaukonen et al. indicates that the Brenner potential still can
give relatively reasonable results in our simulations. The
illustrations performed in this paper indicate that this TST
based Monte Carlo method is effective to investigate the
diffusion process of adatoms on regular or irregular surfaces.
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