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Pattern formation on nonuniform surfaces by correlated random sequential absorptions
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The pattern formation on nonuniform surfaces by correlated-random sequential abs@ERBA) process
has been investigated by computer simulations. The nonuniform surfaces are represented by percolation clus-
ters with probabilitiespg and pg stands for the nonuniform degree of surfaces. The interactions between the
particles and the defects in surfaces are involved by introducing a sticking coefficl#hens— 0, the CRSA
process is controlled by the absorption of surfaces and the correlation between particles. With the correlation
increasing from a weak limit to a strong one, the cluster consisting of absorbed particles changes from the
dispersed pattern of site percolation to correlated percolation, and then to Leath percolation clusters. When
—1 andps—p., the CRSA process is dominated by the absorption of the defects, whéseahe threshold
of percolations. The patterns appear randomly dispersed in spite of the correlation. With the decseas® of
increase ofys, the interaction controlling the CRSA process changes from the absorption of defects to that of
surface and the correlation between particles gradually. For the sgsten the transition correlation expo-
nenta.=ds, whered; is the fractal dimension of the percolation surfaces.
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I. INTRODUCTION there is the correlation between settlers, i.e., later settlers
prefer to settling down near to the former orj&§]. And in
Nonequilibrium growth often gives rise to fractal struc- the process of epidemic spreading, the individuals become
ture, which are statistically self-similar over a range of lengthcorrelated due to the spreading method of disefbgs1§.
scales. Fractal growth phenomena have attracted considéts for the cluster formation on surfaces, many actual sur-
able attention during the last two decadés-3]. There are faces are not so uniform and flat due to the local oxidation,
two basic models of fractal aggregation: particle-cluster agpollution, and other factors. Therefore, the study on the cor-
gregation (PCA) [4,5], cluster-cluster aggregatiofCCA)  related RSA process on uniform surfaces is important. The
[6,7]. In PCA model, the particles are deposited one by onefonuniform surfaces can be described by percolations
so it is suitable in the case of very low flux for monolayer [14,19,2Q. The probabilityps by which the percolation is
growth[2,4,8). The model describes a great variety of aggre-created, stands for the nonuniform degree of surfaces.
gation processes such as cluster formation in electrodeposi- In this paper, we present the model of correlated-random
tion, molecular-beam epitaxy, and growth of bacterial colo-sequential adsorptiofCRSA) on nonuniform surfaces. Our
nies[gig]_ If the partic|es are put into the system all at Once,reSU“S will be helpful for understanding the influences of
the aggregation process can be described by CCA modeﬁpaﬂéﬂ nonuniformity and the correlation between particles

e.g., colloid aggregatioft,3,6,7. on the RSA processes.
In many other systems, particles become immobile once
they are deposited onto the surface. These systems can be Il. MODEL AND SIMULATIONS

described by the random-sequential-adsorptiRSA) pro-

cesseg10]. A variety of physical, chemical, and biological ~ The simulation algorithm is composed of two parts: pro-

problems can be modeled by RSA processEd. For ex-  ducing percolation surfaces and producing clusters by CRSA

ample, chemisorption on single crystal surfaces, at low temen the percolation surfacéspaces

perature where surface diffusion is limited, provides a natu- The percolation surfaces were produced by Leath method,

ral application of RSA processes. Other examples includavhich can generate a single percolation cluster and has been

deposition of macromolecules and microscopic particles, reintroduced in Refs[14,21] in detail. There is a critical prob-

actions on one-dimensionélD) polymer chains, car park- ability p. (for 2D square latticep.~0.593) [14,21]. When

ing, etc.[11]. Except for the shape size and overlapping ofps<p., the Leath percolation cluster can grow to an infinite

particles, RSA is similar to the process of producing siteone. To produce an infinite surface, the probability is

percolation[11-14. The geometric and kinetic characteris- taken values in the rangg.sp.<1, which describes the

tics of RSA process in uniform space are fairly well known nonuniform degree of surfaces. In percolation surfates,

[10-13. In RSA process, the correlation between depositedccupied sites and blocked ones represent the normal sites

particles, the nonuniformity of space, and the interaction beand defects in surfacesespectively.

tween the defects in surfaces and particles, have not been Going a further step, we generate clusters on nonuniform

paid much attentioh10—13. In the process of urban growth, surfaces by CRSA processes as follows. At the initial time,
there is one seed on the percolation surfaces. Then particles
are randomly deposited on the surface one at a tifne

* Author to whom correspondence should be addressed. Email agharticles can only be deposited onto the normal sites in sur-
dress: xwzou@whu.edu.cn faces The adsorbed probability for a deposited particle due
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A. Patterns on nonuniform surfaces formed by CRSA process

We simulated the clusters by CRSA processes on perco-
lation surfaces with variant occupied probabilitips and
sticking coefficientss of defects for a set of correlation ex-
ponentsa.

First, we investigate the case where the defects in surfaces
are inert 6=0), i.e., the defects cannot absorb particles. In
the case of the weak correlatio (is smal), i.e., there is
only a weak interaction between deposited particles. All ad-
sorbed particles are dispersed randomly on the percolation
surfaceqsee Figs. (a—0]. It is the random pattern formed
by RSA processedl 1], except that the dispersed distribution
is limited by percolation spaces. Due to the nonuniformity of
surfaces, the patterns in percolations with snpallappear

FIG. 1. In the case where the defects are inert, §e.0, the  sparser than those in ones with lafme This is just the site
distributions of absorbed particles on percolation surfaces with varipercolation in percolation space, and the occupied fraction
ant probabilitiesps and correlation exponents. () ps=0.593 and  corresponds to the occupied probability in producing site
a=15; (b) ps=0.7, anda=1.5; (c) ps=1 anda=1.5;(d) ps  percolatior[14]. As « increases, the correlation between par-
=0.593 anda=3.0; () ps=0.7 anda=3.0; and(f) ps=1 anda tjcles gets strong, i.e., former absorbed particles have influ-
=3.0. ence on the adsorption of later deposited particles. Particles

prefer to settle near the already absorbed ones. Thus, ab-
to theith already adsorbed particle is given by the following sorped particles concentrate in some areas and form dense
form [15-18,22: pattern locally on percolation surfacgéas shown in Figs.
1(d-f)]. The pattern is just the correlated site percolation
pi= 1, (1) except for the percolation spaf22], which is similar to the
pattern of urban growthl5]. If « is large enough, the cor-
wherea is the correlation exponent&0) andr; stands for  relation becomes very strong, i.e., the absorption strongly
the distance from the deposited particleitio adsorbed par- depends on the former particles. In this case, weRjyetl
ticle. For some systems, the defects in surfaces can also bevhenr=1) and 0(whenr>1) from Egs.(1) and (3). It
come traps for particleg8,23. So the adsorbed probability means that the deposited particles can only be absorbed on
for a particle due to thkth defect can be written 48,23,24  the nearest sites to the cluster composed of the former ab-
, sorbed particles. This is just the growth rule of the Eden
Pk=S, 2 cluster[28]. Because the growth spaces are percolation clus-
ters, the patterns consisting of absorbed particles are Leath
wheres (0=s=1) is the sticking coefficient and stands for percolation clusters with variamt;. The cluster is the Eden
the ability of defect absorbing particles, just like that in theupien for ps=1, or Leath percolation fop.<1 [14,28.
model of reaction-limited aggregatig25,26. Furthermore, Now, we study the effect of the absorption between the
considering the effects of all the already adsorbed particlgjefects and deposited particles on the pattern produced by
and defects on the deposited particle, the total adsorbegrga processes. In this case, the defects are activ®),

probability can be given by the interaction between defects and particles should be con-
N N’ sidered. In the case of smatl, the correlation between par-
pzz pi+ E pL, 3) t_lcles' is weak, but the absorption of surf_aces is strarttas
i=1 k=1 little influence on the pattern and particles still keep ran-

domly dispersed on percolation surfaces.

whereN and N’ are the current numbers of absorbed par- In the following, we discuss the case of strong correlation
ticles and defects, respectively. Deposit a particle, calculati details. In the case of large, particles prefer to aggregate
its adsorbed probability?, and the particle is absorbed with due to the strong correlation between particles. But wen
the probabilityP. This process is repeated until the expecteds small, there exist many defects in surfaces and the defects
growth scale is obtained. can absorb the particles with probabilitsy So the patterns
change a lot, especially fa&—1. Ass—1 andps—p., the
pattern keeps random dispersed in spite of the change of
The growth process is dominated by the absorption of the

Numerical simulations are performed on a finite squaredefects which are distributed dispersedly in surfacessAs
lattice by Monte Carlo methods. The length of square pardecreases to 0, the patterns change to some sparse islands
ticles is chosen to be the unit of length. The occupied fracfshown in Figs. 2a) and Zb)]. If the correlation becomes
tion is given by¢=N/N,, whereN andN, are the particle very strong, the islands will appear very dense and the num-
number of absorbed particles and that of normal sites in peier of islands decreases with the increasercaind the de-
colation surfaces. crease of[see Figs. @) and Z2e) comparing with Figs. @)

IIl. RESULTS AND DISCUSSION
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Whens—0, the process is dominated by the adsorption of
surface and the correlation between particles. Withn-
creasing, there exists the transition from the random pattern
to dense one.

(@

B. Fractal dimension of the clusters

The geometric property can be expressed by fractal di-
mensionD; . The fractal dimension of the cluster consisting
of adsorbed particles can be calculated by the box-counting
‘ method[3]. It has been found, for a low occupied fraction,

apparent fractal behavior was observed between physically
relevant cutoffs in a system of random sets in a [®94. The
lower cutoffry is presented by the length of particles. The
upper cutoffr; is given by the average gap between adjacent

FIG. 2. In the case that sticking coefficient of defests0.01,  particles[27]. The calculations below were completed by
the distributions of absorbed particles on percolation surfaces witihis method. The results are plotted in Fig. 3.

variant probabilitiesps and correlation exponents. (a) ps=0.593 The results fors=0 are shown in Fig. @. As « in-
and a=3; (b) ps=0.7 anda=3; (c) ps=1 anda=3; (d) ps  creases, the fractal dimensién increases from small value
=0.593 ande=7; (¢) ps=0.7 anda=7; (f) ps=1 anda=7. up to 2 (for ps=1) or 1.89(for ps=0.593) and the small

values correspond to the occupied fractidrand ps. These
values are just the expected results, stated below. When the
and 2b)]. Whenp,=1, the surface reduces to Eden “pie” Correlation is weak, particles are dispersed randomly on per-
which is similar to a uniform and flat 2D space. There arecolation _surfaces. These are the pgttern ofs[te percolations in
very few defects in Eden “pie,” s® has little influence on Percolation spaces. The fractal dimensiop is small and
the pattern, which can be seen in Fi¢f)land Fig. Zc). If « related FO the occupied fractiop [14,27, as well as the
is large enough, the pattern will become the Eden “pie” percolation space. The Iarg¢ anq ps are, the largeD;
[shown in Fig. 2f)]. becomes. When the correlatlo_n is strong enough, the par-
From the above, we generalize a conclusion. ei ticles construct Leath pgrcolauon clustgrs&£1) or Eden
(inert defecty the influence of surfaces on the pattern is no one (ps=1). The pattern is dense growth morphology except

Yhat it is limited by the space. Thus, ii,.=1, D;=2 [28]
. . y s ’ f .
much. The nonuniform spaces only make the patterns beAnd if ps=0.593, the Leath percolation is at the critical

come sparser. Particles are distributed randomly in perCOIa[hreshold and with the fractal dimension of 91/48i].

tion space, which is original RSA in percolations and corre- Figure 3b) plots the results fos=0. It can be sees has
sponds to the weak limit of the present model. For the casgie influence on theD; for the case thap,=1. But for
that the adsorption between particles is very strong, particles —, | a little increase of from zero can result in the great
prefer to aggregate and form dense pattern of single clustegecrease ob; . In the case of largeand smalips, D; keeps
which reduces to Leath percolation and corresponds to thgmall values in spite of the change of But for s—0, D,
strong limit of the model. Fos#0 (active defects due to  increases with the increase @f These results can be under-
the adsorption of defects, the influence of surfaces on thetood as follows. In the case of largeand smallpg, there
pattern is very much. Wheps is small ands is large, the exist many defects in surfaces and their absorbing ability is
process is controlled by the adsorption of defects and theery strong. The process is controlled by the adsorption of
correlation has little effect on the pattern. Then the patterrdefects, so the correlation has little influencedn Due to
appears random and dispersed in spite of the correlatiothe dispersed distribution of defects, absorbed particles are

2.0 . . — 2.0
rs] @ A ©) ot . FIG. 3. The fractal dimensiori3; of the clus-
. R : ° ters consisting of absorbed particles as functions
16 . : 16 ° A of the correlation exponent for variant percola-
Df 4] et -t ‘4 ¢ tion surfaces(a) s=0, ps=1, and¢=0.2 (full
“ Sane 171 ¢ aa 20 circle); ps=1 and ¢=0.1 (open circlg; ps
12 i Can 1 5] . ¢ - ] =0.593 andp= 0.1 (full triangle); ps=0.593 and
@o o a4 @o a ¢=0.02 (open triangle¢ (b) $=0.1, ps=1, and
o] wast” 1ol seseiannaas o 0] s=1 (full circle); ps=1 and s=0.01 (open
e circle); ps=0.593 ands=1 (full triangle); ps
N , ' P . . . =0.593 ands=0.01 (open trianglg
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distributed randomly also. Thu®; keeps small values for of particles. Sincels is the fractal dimension of the percola-
varianta. But for the cases— 0, the absorbing ability of the tion spaces with probabilitps and the reduction gbg brings
defects is very weak. The absorption of defects has littleabout the decrease df, we can also get the result that
effect on the pattern. With the increment®f D increases decreases with the reduction pf,. Now we turn to the
from low values to high ones. discussion about the sharp step appearingeatds in Dy
It can be seen from Figs. 1 and 2, there exists the transi— « curve of Fig. 3. As mentioned before, decreases with
tion from the random dispersed pattern to compact onethe reduction ofly. Whena<dg, the system belongs to the
which is also reflected by the sharp steddp—a curves in  universality class of random graph with a certain fractal di-
Fig. 3. To understand the behavior@f with « varying, an  mension depending ops and ¢. When oncea>ds, the
analysis is presented on the distribution of new absorbegarticles concentrate locally, and the fractal dimension in-
particles. We consider the absorbed probabifyof par- creases.
ticles at the sites whose distance from the nearest already
absorbed particle are larger than a certain vdlughen R V. CONCLUSION
can be given by
In this paper, a model of correlated-random sequential
- ” absorption on nonuniform surfaces was introduced and in-
R=> P(f)/ > p(r). (4)  vestigated by Monte Carlo simulations. Our model gave a
=l =t variety of patterns including site percolation, correlated site
We use integral instead of summation approximately. NotingP€rcolation, Leath percolation, Eden cluster, sparse islands,
that the integral is performed in percolation spaces, (By. and dense islands for different cases. These results can help
becomes P__(rdsfaﬁc)/(rdsfarlo)’ whered, are the fractal YS to o!escrlbe and und_erstand a large class of absorbed and
dimensions of percolation spaces. As a rough estimate, wgUStering phenomena in nonuniform spaces, such as popu-
obtain that P~1 for the rangea<d,, P~I% @ for the Iat!on distribution in e_xctua_l cities, c!ust(_ar formation on non-
range a>d,; and in the case a=d,, P uniform surfaces, epidemic spreading in real worlds, and so

=lim,_ (r% /%) =1. R=1 (a=dy) corre- on.
sponds to that absorbed particles appear everywhere ran-
domly and P=19%"¢ (a>d.) means the probability with

which particles are absorbed reduces exponentially as the We would like to thank Dr. Y.Q. Yuan and Dr. S.Y. Huang

distance increases. In consequenegs dg is the transition  for their helpful suggestions. This work was supported by the
point from a random dispersed distribution to a compact onéational Natural Science Foundation of China.
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