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Abstract. Using the lattice gas model and transition-type-dependent type Monte Carlo method,
we calculated the chemical surface diffusion coefficient with nearest-neighbour repulsion (εnn)
and next-nearest-neighbour attraction (εnnn) (εnn = 2.0|εnnn| = εint ) directly from Fick’s first
law. Our results show that the chemical diffusion coefficient depends on the structure of the
adsorbate layer. Whenεint /kBT > 1.20, the ordered lattice gas phasec(2 × 2) is established
nearc = 0.50. The presence of the ordered domains will greatly reduce the chemical surface
diffusion coefficient.

1. Introduction

The diffusion of adsorbates on surfaces is one of the most important stages in many surface
processes such as adsorption and desorption, film and crystal growth, and heterogeneous
catalysis [1, 2]. A variety of experimental techniques are used to examine surface diffusion.
Among these are field emission microscopy [3–5], field ionization microscopy (FIM) [6–8],
laser-induced thermal desorption [9, 10] and, more recently, scanning tunnelling microscopy
(STM) [11], and optical second-harmonic diffraction from a laser-induced monolayer grating
[12]. Theoretical diffusion studies employ a wide variety of techniques, including transition
state theory [13, 14], molecular dynamics computer simulation [15, 16], semiempirical
quantum-chemical study [17] and the lattice gas (LG) model [18, 19]. The information
from these experimental measurements and theoretical studies has already revealed some
complicated mechanisms underlying the surface diffusion process. The surface diffusion
is greatly affected not only by the structure and other physiochemical properties of the
substrate but also by the structure of the adlayer itself and by the nature of the interaction
of migrating species. As pointed out by Gomer [1], a number of questions for surface
diffusion remain largely unanswered, perhaps the most puzzling is the relation of the surface
diffusion coefficient to the phase structure of the adsorbate layer.

The LG model is applicable to many problems of surface diffusion. In general, it
is too complicated for an exact mathematical solution of the master equation but rather
easy to ‘solve’ it by Monte Carlo (MC) simulation, which requires a modest amount of
computer resources. The information obtained from MC–LG modelling is enormously
useful in providing some insight into the complicated mechanism of surface diffusion.
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In the MC–LG model, the self-diffusion coefficientDi , which is also called the tracer
diffusion coefficient, is calculated from the mean square displacement of a tracer particle at
zero coverage in the usual way [20]:

Di = limt→∞(〈r2(t)〉/4t) (1)

where〈r2(t)〉 is the mean square displacement of theith particle at timet from its initial
position at time 0. The response of an adsorbed layer to a gradient in chemical potential,
most often simply a concentration (coverage) gradient, defines via Fick’s law a chemical
diffusion coefficientD (or sometimes called a collective diffusion coefficient). Except for
FIM and STM, all the experiments mentioned above determine the chemical rather than
the tracer diffusion coefficient. Because there are many interacting adatoms in the system,
estimatingD in the course of MC simulation of LGs is not as simple as estimating a tracer
diffusion coefficient [21].

Up to now, only a very few results about the relation of the chemical diffusion coefficient
to the order of the adsorbate layer have been presented. Recently using fluctuation and
the Kubo–Green method, Uebing and Gomer [22] reported that, with the next-nearest-
neighbour repulsive and nearest-neighbour attractive interactions between adparticles, at
half-monolayer coverage, where the orderedp(2×1) andp(1×2) structures are completed,
both diffusion coefficients (from fluctuation and the Kubo–Green method) increase by more
than one order of magnitude. This result is similar to the reports in [19, 23], where much
larger surface diffusion coefficients are shown in the vicinity of half-monolayer coverage.

Recently, using the time-dependent MC method [24] to overcome the ‘rare-event
problem’, we proposed a new calculation method of the real time in MC simulation and
developed a special technique of computation to move rapidly towards faster convergence
[25]; then the algorithm is so efficient that the computational difficulties due to ‘noise’
inherent in the data mentioned above have been overcome. These developments enable us
to calculate the chemical diffusion coefficient directly from Fick’s law. For simplicity we
called this method the transition-type-dependent Monte Carlo (TTDMC) method. If there
are interactions between adparticles, the ordered structure may be completed in some region
of the adsorbate layer; then we can study the relation of the chemical diffusion coefficient to
the order of adsorbate layer in a more direct way. In this paper, repulsive nearest-neighbour
and attractive next-nearest-neighbour interactions are used, then thec(2× 2) structure may
be present near the half-monolayer region.

2. Method

The TTDMC [25] simulation, based on a LG model, was performed for a two-dimensional
square lattice, with periodic-boundary conditions in one direction (sayy) and with a
stationary concentration gradient in the other direction (sayx). Lx × Ly with Lx = 72
and Ly = 30 were used in these calculations. The coverage in the first four columns of
Lx = 1, 2, 3 and 4 is fixed atc0 and in the last column ofLx = 72, the coverage is fixed at
zero by adding or subtracting particles in the process of diffusion. By setting some initial
adparticle concentration gradients (e.g. linear gradients), a stationary gradient is assumed to
be established if the total number of adparticles in the system and the adparticle current of
diffusion start to fluctuate about mean values. In our calculations, a total of 4× 106 hops
of particles are generally taken to ensure this condition.

The binding energy of a typical adparticle to the surface is given by

εij = ε0
b − Iεnn − Jεnnn (2)



Chemical surface diffusion coefficient 1337

Figure 1. Average chemical diffusion coefficients̄D versusεint .

whereI andJ are the number of nearest- and next-nearest-neighbour adparticles, andεnn

andεnnn are the nearest- and next-nearest-neighbour interaction energies, respectively. The
binding energy of an isolated adatom to the substrate is given byε0

b . The activation barrier,
which is calculated from the intersection point between harmonic potential wells centred on
adjacent sites, is defined as [24]

εij,kl = ε0
m + (εij − εkl)/2 + (εij − εkl)

2/16ε0
m (3)

where(i, j) and(k, l) refer to the initial and final site, the migration barrier for an isolated
adparticle is given byε0

m. In our LG model, migration is allowed only to vacant nearest-
neighbour sites [26].

The average concentration on theLx th column is given by

C̄(Lx) =
( ∑

i

nLx
τi

/ ∑
i

τi

) (
1

30a2

)
(4)

whereτi is the real time interval of theith TTDMC cycle,nLx
is the number of adparticles

in theLx th column at that time, anda is the nearest-neighbour distance. In our calculations,
summation began after the stationary concentration gradients were established after about
4×106 hops of adparticles. The particle currents are obtained by the total particles entering
the column ofLx = 72 divided by the total real time interval1t and 30a. 1t is calculated
by [25]

1t =
∑

τi =
∑ τ 0

i

M

τ 0
i = 1

ν
exp

(
εbi

kBT

)
(5)

whereM is the total number of possible transition types,εbi is the energy barrier for the
ith transition type and6 represent the sum over all jumps. Generally speaking, a smooth
average concentration curve (versusLx) will be obtained after 4× 107 TTDMC cycles;
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Figure 2. (A) ConcentrationC versusx and (B) chemical diffusion coefficientD/D1 versus
concentrationC (kBT = 0.05 eV): curves a,εint = 0.00 eV; curves b,εint = 0.01 eV; curves c,
εint = 0.03 eV; curves d,εint = 0.06 eV; curves e,εint = 0.15 eV; curves f,εint = 0.40 eV.

it will take about 24 CPU h on our 486 computer. ThenD is obtained from the particle
current divided by the negative concentration gradient:

D = − J

dC/dx
= − N

(dC̄/dx)s1t
(6)

whereN is the total number of particles across the plane with areas (perpendicular tox)
in the time interval1t , and C̄ is the average concentration calculated using equation (4).
The advantage of this technique is that, from the profile of the particle concentration, not
only the average but alsoD as functions of concentration (or coverage) are obtained.
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Figure 3. ‘Snapshots’ of representative equilibrium distribution of diffusing adparticles near
c = 0.50 for (A) εint = 0.03 eV (εint /kBT = 0.60), (B) εint = 0.15 eV (εint /kBT = 3.0) and
(C) εint = 0.40 eV (εint /kBT = 8.0).

3. Results and discussion

It is well known that, if there are nearest-neighbour repulsive and next-nearest-neighbour
attractive interactions between adparticles (the strength of the interaction denoted byεnn

and εnnn), the c(2 × 2) ordered structure may be established in an adsorbate layer. In
our calculations we assume thatεnn = 2.0|εnnn| = εint . As a first step, we calculated
the chemical diffusion coefficients with differentεint . The results of average diffusion
coefficientsD̄, calculated using (6) in which the average gradient fromLx = 4–72 is used,
are shown in figure 1. In these calculations, the parameters arec0 = 1.0, kBT = 0.05 eV,
ε0
b = 2.0 eV (40 kBT ), ε0

m = 0.40 eV andν = 1010 s−1. The calculated results show
that, as the interaction energyεint increases,D̄ first increases, and then decreases. Asεint

approaches about 0.75kBT , theD̄ reaches its maximum value. As discussed in Naumovets
and Vedula [2], in the presence of lateral interactions, an additional driving force of diffusion
acts together with the concentration gradient; the lateral attraction will reduced the surface
diffusion, and the lateral repulsion will increase the surface diffusion. In these calculations,
the strength of nearest-neighbour repulsion is larger than that of next-nearest-neighbour
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attraction; it is easy to understand why the chemical surface diffusion will increase with
increasingεint . However, as shown in figure 1, whenεint /kBT > 1.0, D̄ will decrease
with increase in the strength of lateral interactionεint . We shall discuss this in more detail
below.

Figure 4. Relation between the order parameterg nearC = 0.5 andεint /kBT (kBT = 0.05 eV).

Other important data obtained from the calculations are the chemical diffusion coefficient
as a function of concentration (or coverage). Our results for the Langmuir LG, i.e. no
lateral interaction, show that the concentration againstx is perfectly linear withx; so the
concentration gradient is constant. As expected, the diffusion coefficientD is independent
of concentration. Figure 2(A) shows the calculated concentration versusx, and figure 2(B)
the chemical diffusion coefficient as a function of concentration (coverage here), with the
interaction strengthsεint = 0.00 eV (curve a), 0.01 eV, (curve b), 0.03 eV (curve c),
0.06 eV (curve d), 0.15 eV (curve e), and 0.40 eV (curve f).kBT = 0.05 eV. Because the
concentration curves are too close each other, in figure 2(A), onlyεint = 0.03 eV (curve c),
0.06 eV (curve d), 0.15 (curve e) and 0.40 eV (curve f) are shown. The parameters are
the same as above. Figure 2(B) shows that the chemical diffusion exhibits strong non-
monotonic behaviour as a function of concentration. Nearc = 0.5, the chemical diffusion
coefficient may be a maximum or minimum. In the case ofεint = 0.03 eV (0.6kBT ), as
the concentration increases from 0.0 to 1.0, the chemical diffusion coefficient is increased
from D1, a low coverage limit, to its maximum value at aboutc = 0.50 and then decreases
to D1 at c = 1.0. The maximum value ofD for εint = 0.03 eV is larger than that
of εint = 0.01 eV. Whenεint is increased from 0.03 to 0.06, 0.15 and 0.40 eV, the
chemical diffusion coefficient nearc = 0.50 is greatly decreased, and this reduces the
average chemical diffusion coefficient, as indicated above in figure 1. Figures 3(A), 3(B)
and 3(C) show ‘snapshots’ of representative equilibrium distribution of diffusing adparticles
for εint = 0.03 eV (εint /kBT = 0.6), εint = 0.15 eV (εint /kBT = 3.0) andεint = 0.40 eV
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Figure 5. Calculated chemical diffusion coefficientsD/D1 nearC = 0.50 as a function of the
order parameterg.

(εint /kBT = 8.0), respectively. Clearly an almost perfectc(2 × 2) structure is observed in
the region nearc = 1/2 for εint /kBT = 3.0 and 8.0 but, forεint /kBT = 0.6, this perfect
structure does not appear. For a perfectc(2×2) structure, we know that its coverage is 0.50,
and there is not any nearest-neighbour atom. If there is complete disorder, forc = 0.50,
the average nearest-neighbour atom number is 2.0; so we define an order parameterg for
c(2 × 2):

g = |2 − nav|
2

(7)

wherenav is the average nearest-neighbour atom number,g stands for the perfection of the
c(2 × 2) structure. Figure 4 shows the relation between calculatedg nearC = 0.5 and
εint /kBT . When εint /kBT increases from 0 to near 1.20,g increases quite rapidly, and
the ordered structure is almost complete at aboutεint /kBT > 1.20. Uebing [27] pointed
out that, with the nearest-neighbour repulsive interaction, ac(2 × 2) ordered LG phase in
the range 0.4 6 c 6 0.6 exists belowTc with εnn/kBTc = 2|ln(

√
2 − 1)| = 1.76. In our

calculations, both the nearest-neighbour repulsion and the next-nearest-neighbour attraction
are agents of the ordered structure; it is reasonable to think that the strengthεagn of the agent
is equal toεnn in [27], but in our calculationsεagn = εnn + |εnnn| = 1.50εint . Our result in
figure 4 is in good agreement with that in [27]. The calculated chemical diffusion coefficient
D/D1 for c = 0.50 as a function of order parameterg is shown in figure 5. Forg 6 0.30,
it is reasonable to think that thec(2× 2) ordered structure has not formed yet and, because
of the increasing nearest-neighbour repulsive interaction, the chemical diffusion coefficient
is increasing and is larger thanD1. However, as shown in figure 5, the chemical diffusion
coefficient will be greatly decreased forg > 0.6, especially asg approaches 1.0, i.e. the
perfectc(2×2) ordered structure. It is worthwhile to note that in figure 4, even ifεint /kBT
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is as large as 8.0, the order parameterg does not approach 1.0 but is still equal to about 0.9
in our system. In order to understand this problem, let us consider curve f in figure 2 and
figure 3(C). It is clear that, in the case whenεint /kBT = 8.0, the concentration gradient
is very large nearc = 0.50, the narrow orderedc(2 × 2) domain is a region very highly
resistant to diffusion, and the average chemical diffusion coefficient is very small now (the
calculated value is 0.9342×104 a2 cm2 s−1, compared withD1 = 0.3355×107 a2 cm2 s−1),
because the concentration gradient nearc = 0.50 is so large that it is impossible to form a
perfectc(2 × 2) domain there.

Now we discuss the relation between the average chemical diffusion coefficient andkBT

with εint = 0.05 eV (curve a), 0.10 eV (curve b), and 0.20 eV (curve c). Our calculated
results are shown in figure 6. It is obvious that, askBT ≈ 1.50εint = εagn (= kBTm), D̄/D1

reaches its maximal value. A decrease inT from Tm will decreaseD̄/D1 because of the
formation of the ordered structure; an increase inT from Tm will decreaseD̄/D1, too. As
expected, whenT is very high andkBT /εagn is much larger than 1.0, the influence of the
interaction will be negligible, and̄D/D1 will approach 1.0.

Figure 6. The average chemical diffusion coefficient̄D/D1 versus kBT (eV): curve (a)
εint = 0.05 eV; curve (b)εint = 0.10 eV; curve (c)εint = 0.15 eV.

Finally, we compare our calculated results with those in [19, 22]. As mentioned above,
the results in [19, 22] show much higher surface diffusion coefficients in the vicinity of
half-monolayer coverage. More detailed relations ofD to the order parameterg and ofg to
εint /kBT are obtained in this work. Asg is small, under the action of the nearest-neighbour
repulsion,D increases with increase inεint /kBT . However, asg becomes close to 1.0, i.e.
to the perfect ordered structure, the chemical surface diffusion coefficients greatly decrease.
Although there was no order parameter result in [19], from theεint /kBT -value in that paper,
it is reasonable to think that an almost perfectc(2 × 2) structure is established close to the
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half-monolayer region in their models. The reasons for these discrepancies are not very
clear now. In addition, the experimental results on the relation ofD to the phase structure
of adsorbate, e.g. as cited in [1, 23], show very complicated features. All these facts mean
that, in order to obtain deeper insight into this relation, more experimental and theoretical
studies have to be done. It is probable that these questions could be resolved at least in part
by MC modelling, although it is not clear how elucidating the results will be [1].

4. Summary

The present work shows that the chemical diffusion coefficient depends on the structure
of the adsorbate layer. Whenεint /kBT > 1.2 (εagn/kBT > 1.8), the ordered LG phase
c(2 × 2) is established nearc = 0.50. The presence of the ordered domain will greatly
reduce the chemical surface diffusion coefficient.
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