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Dynamic scaling behavior of the Ziff-Gulari-Barshad model on regular fractal lattices:
The influence of lacunarity
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A surface reaction model, the Ziff-Gulari-Barshad model, is studied on fractal lattices by the Monte Carlo
method, and the influence of the lacunarity of the lattice on the dynamic scaling properties of the continuous
transition in the model is investigated. The dynamic critical exponents are obtained on different lattices. We
find that the transitions in the model on fractal lattices with different lacunarity do not belong to the same
universality class[S1063-651X99)12403-9

PACS numbegps): 05.50+q, 82.65.Jv, 64.60.Ht, 61.43.Hv

[. INTRODUCTION one species are allowed, the transition in this model is con-
tinuous and belongs to the DP universality cl@gs]. The
The surface reaction models have attracted great interegtfluence of noise on the monomer-monomer model was in-
in recent years. In 1986, Ziff, Gulari, and Barshad presentegtestigated by Fichthorn, Gulari, and Z{®], and Clenent,
a model(the ZGB model to demonstrate a chemical reaction Leroux-Hugon, and Sander have shown that this model can
process of @and CO on the Pt surfag¢é]. According to this  be exactly solved on a Euclidean space of dimensifto].
model, when an ©@molecule(a dime) contacts the surface,
it requires two adjacent empty sites to deposit and dissociate
immediately. In addition, a CO molecul@ monomey re-
quires only one empty site. The nearest-neighbor pairs of O
and CO react and form a GQnolecule which desorbs im-
mediately. The process can be demonstrated as follows:

CO+*—CO* with probability p, (1a
0,+2*—20* with probability 1-p, (1b)
O*+CO*—CO,1+2* for nearest neighbors,(1c)

where * denotes an empty site of the surface, arida@d
CO* denote the adsorbed O atom and CO molecule, respec-
tively. p is the mole fraction of CO in the gas phase.

Obviously, the ZGB model is less realisfig]. However,
it is easy to study because of its simplicity and shows inter-
esting phenomena in physics. According to the simulations
[1], whenp is lower thanp;, the system is finally saturated
by O; if p is greater tharmp,, the surface is eventually fully
covered by CO; and ip;<p<p,, the system falls into a
reactive phase. The transition@tis continuous, while ap,
it is first order. Both transitions have been extensively stud-
ied[3-5], and it is shown that the continuous transitiorpat
in ZGB model belongs to the directed percolati@P) or
Reggeon field theory clagd,5].

Motivated by the ZGB monomer-dimer model, other sur-
face reaction models are introduced to investigate the non-
equilibrium phase transitions. The simplest one is the
monomer-monomer modéb], in which the two reactants Peieneded
are all monomers. It has been found that if desorptions of (b)

FIG. 1. The third stage of the two Siergki carpets with linear
* Author to whom correspondence should be addressed. Addresimension of 64(a) £, lattice; (b) £, lattice. The dots indicate the
correspondence to Department of Physics, Beijing Normal Universites on the lattices. The bonds connecting the adjacent sites are not
sity, Beijing 100875, P. R. China. shown in the figures.
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FIG. 2. The behavior ofa) P(t), (b) n(t), and(c) R(t) for £, with p=0.4492,0.4491, and 0.44%9fom top to botton). In this and the
following figures, the unit of time is a Monte Carlo stepMCS).

Dimer-dimer models have also been studi@ti-14. In the  model on fractal lattices such as percolation clusfés.
monomer-monomer, monomer-dimer, and dimer-dimer modThey found that the structural changes on the lattice strongly
els, only two reaction species are involved and interactionaffect the reactivity of the catalysis. Before this work,
between adsorbing particles are ignored. Recently, a modehonomer-dimer models have been studied also on percola-
involving three reaction species was studied by Zhang antlon clusters[20,21] and Sierpiski-type fractalg22,23 by
Pan, and a complicated phase diagram was f¢aB Park, = Monte Carlo simulations, and the influence of the fractal
Kim, and Park studied a monomer-dimer model with repul-dimension of the lattices on critical points was discussed.
sive interactions between the same species in one dimension, It is well known that the physical properties of fractal
and found that the continuous transition in this model doegattices are very different from those of translationally invari-
not fall into the DP universality clagsl6,17]. However, it  ant lattices. There are several geometric parameters to de-
was found that when the symmetry between the adsorbingcribe a fractal, such as fractal dimension, lacunarity, and so
states is broken by introducing a symmetry-breaking fieldon. The lacunarity measures the extent of the failure of a
the system goes back to the DP cla%8]. fractal to be translationally invariaf24]. It plays an impor-

In fact, real catalytic surfaces are not purely bidimen-tant role in the study of equilibrium phase transitions on
sional and translationally invariant since they may contairfractals[25-2§.
defects. Therefore, the reactive substrate may have different In this paper, we study the dynamic scaling behavior of
geometrical structures. Then a question arises of whether aride ZGB model, which is defined as Ed$), on fractal lat-
how the geometrical aspect influences the kinetics and theces, and investigate the influence of the lacunarity on the
nonequilibrium transitions? In order to study this problem, itnonequilibrium continuous transitions. In order to do so, we
is convenient to treat the catalytic surfaces as fractal latticesise two kinds of Sierpiski carpets, with the same fractal
Recently, Clenent, Leroux-Hugon, and Argyrakis studied dimension but different lacunarities, to represent the catalytic
both theoretically and numerically the monomer-monomeisurfaces. It is found that the lacunarity of the fractal lattice
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FIG. 3. The numerical results ¢& P(t), (b) n(t), and(c) R?(t) for £, with p=0.4448,0.4447,0.4446, and 0.444&®m top to botton.

strongly affects the dynamic scaling properties of the consion, d;=In12/In4~1.7925. However, obviously their la-
tinuous transition. According to our numerical results, thecunarities are different. According to the expression given by
dynamical critical exponents of the transitions in the ZGBLin and Yang[29], the lacunarities of2; and £, are 0.1374
model are very different on lattices with different lacunari- and 0.0556, respectivelj80]. This implies thatl, is less
ties. This indicates that they b8|0ng to different Universa”tyhomogeneous thaﬂz, which agrees with the direct obser-
classes. vation.

Here we use the epidemic method to study the second-
order transitions of the ZGB model ofy, and £,. The epi-
demic method has been used to study the contact process

The Sierpiski carpets are constructed in the following [31], the directed percolation problem in+2l dimensions
way[25]. Consider a square of unit area and subdivide it intd 32], and the ZGB model on the square lattfée5]. In Ref.

b? subsquares, among whithsubsquares are cut out. Then [5], precise values op,; and dynamical critical exponents
one gets the first stage of the structure. By definition, a Siwere obtained.

erpirski carpet has the fractal dimensidp=In(b?>—12)/Inb. Initially, the system is completely covered by O atoms
The eliminated subsquares may be conderibggh lacunar-  except for a single site, randomly chog&3], which is set to

ity) or scatteredlow lacunarity. In our simulations, we use be empty. The periodic boundary condition is considered. In
the Sierpiski carpets to serve as the catalytic surfaces, andrder to make sure that the reactive region is much less than
the lattice sites are considered to be located in the center dfie whole lattice, a large system is necessary. Here the linear
the subsquares. dimension of our lattices is taken to b&=-44096. In other

Now we consider two Sierpgki carpets shown in Figs. words, both fractal lattices are the sixth stage of the structure.
1(a) and Xb), and in the following they are called, and (Figure 1 shows the third stage of the fractal strucjure.

L,, respectively.L,; and £, have the same fractal dimen-  In the simulations, a site is randomly chosen. If the site is

Il. THE SIMULATIONS
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FIG. 5. The local slopes di) &(t), (b) #(t), and(c) z(t) for

FIG. 4. The local slopes af) §(t), (b) 7(t), and(c) z(t) for r
£1 . 2 ’

2 _tZ
empty, CO adsorbs on it with probabilipy while with prob- RA(D)~t (20

ability 1—p, an Q@ molecule is considered. For the latter , .

case, a neighboring site is randomly chosen, and if it is alsi/"€ré &7, andz are dynamical critical exponents. From
empty, the @ molecule adsorbs and immediately dissociatedneSe eguations, the critical popf can be determined since
into two O atoms which occupy the two sites. After a particle® the 10g-1og plots these relations show a straight line at the
adsorbs on the lattice, it checks its neighbors in a randorﬁ_”t'cal point, while otherwise they deviate from the straight
order. If a particle of the opposite species resides in one of it8"€S: L 5
neighboring sites, they react and desorb immediately, leaving Results for the three quantitig¥(t),n(t), andR"(t) for
two empty sites. In this process, the numbeand the dis- Eﬁl lattice are shown in Fig. 2, from which one can obtain
tribution of vacant sites change from time to tinremay P(l V=0.4491+0.0001. Similarly, the same quantities for

become greater due to the reactions and less due to the aghe £, lattice are shown in Fig. 3, an<|b(l£2)=0.4447

sorptions. N ) . +0.0001. Comparing between the two figures, one can see
Three quantities are measured during the simulafisfis  that the critical behavior of the ZGB model dh andz; is

the survival probabilityP(t), which is the chance that after  gstinctly different.

time steps there is still at least one vacant site, the average |, order to estimate the dynamical critical exponents, the

number of empty sites(t), and the average square radius of |oca| slopes should be considered,

gyration of vacant siteR?(t). Notice thain(t) is the average

over all runs, whileR?(t) is averaged over only surviving IN[P(t)/P(t/d)]

ones. In our simulations, for lattice £,(L£,), -0ty = ———,

1000000 (2000000) runs are performed up to Ind

4096 (2048) time steps.

At the critical point, the three quantities are expected tg@nd similarly for 7(t) and z(t). These local slopes are
follow the scaling lawg31] shown in Fig. 4 and Fig. 5 witd=2 for £, andL,, respec-

tively. In general the local slopes can be expande@as82

)

P(t)~t~?, (2a)
5(t)=6+é+ﬁ+~~ (4)
n(t)~t7, (2b) t o ’
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and similarly forz(t) andz(t). From Figs. 4 and 5, extrapo- cases. From the numerical results, one can see that both the
lating the local slopes tb—co and considering Eq4), we  critical points and the exponents of the two cases are clearly

obtain different. This implies that the transitions in the two cases,
even though the lattices have the same fractal dimension,
51£1=0.41+0.02, (58 pelong to different universality classes. Thus we can say that
) the lacunarity of the catalytic surface may have a great in-
771=0.22+0.02, (50 fluence on the universality class of the continuous transition
£y N in the ZGB model. o N N
z"=1.05:0.02, (50 In the problems of equilibrium phase transitions, it is clear
and that the transitions are dependent upon the detailed structures
of lattices, and such dependence may be complicédeyl,
5£2)=0.60+0.02, (6a  see[26-28). According to our results, the geometric factors
of the lattice may also play important roles in the nonequi-
7£2)=0.05+0.02, (6b) librium problems. How do the nonequilibrium transitions de-
pend on these factors, and which parameters are crucial in
Z2(£2)=(0.97+0.05. (60) determining the critical properties? These still need further
investigations.

From Egs.(5) and(6), 6 is greater thars'“?), and 5~
andz(*? are less tham(“?) andz(*v.
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