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Model of correlated sequential adsorption of colloidal particles
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We present results of a model of sequential adsorption in which the adsorbing particles are correlated with
the particles attached to the substrate. The strength of the correlations is measured by a tunable parameter
The model interpolates between free ballistic adsorption in the lirpitec and a strongly correlated phase,
appearing foro—0 and characterized by the emergence of highly ordered structures. The phenomenon is
manifested through the analysis of several magnitudes, as the jamming limit and the particle-particle correla-
tion function. The effect of correlations in one dimension manifests in the increased tendency to particle
chaining in the substrate. In two dimensions the correlations induce a percolation transition, in which a
spanning cluster of connected particles appears at a certain criticaloralu@ur study could be applicable to
more general situations in which the coupling between correlations and disorder is relevant, as for example, in
the presence of strong interparticle interactions.
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[. INTRODUCTION fects. Therefore little is known about the general effect of
correlations among the adsorbed phase and the adsorbing
The study of the irreversible adsorption of colloidal par- particles[16].
ticles onto a surface has attracted a great deal of interest in Our purpose in this paper is to analyze the influence of
the last years, due to its many practical applications in physeorrelations among particles in the structure of the adsorbed
ics, chemistry, biophysics, medicine, efd,2]. The under- phase in a simple numerical model. In our model, particles
standing of these processes has been deepened maimlgsorb sequentially onto the surface. The presence of corre-
through the formulation of different models, defined via a sefations affects the position on the surface in which the par-
of rules by which the particles accommodate upon arriving aticles try to adsorb. In order to mimic the effect of long-range
the surface. The different rules are reSponSible for the differi'nteractionS’ which tend to attract the incoming partic|es in
ent values of the quantities describing the geometry of thene vicinity of the particles already attached, the trial position
absorbed phase, as the maximum fraction of the surface coyt the next particle is selected to be the position of a particle

ered by particles—thgamming limit 6..—or the particle-  j, the substrate plus an increméehtselected at random from
particle pair correlation functiog(r). In the random sequen- given probability distribution(£). Once the trial position

tial adsorption mode(R_SA) [3-7] particles are placeo_l al 1as been selected, the adsorption process proceeds according
randomly selected positions on the surface. When an incom-". o rules of the BM model. The distributigr{£) depends

ing particle overlaps with a previously adsorbed one, it is . N
rejected; otherwise, it becomes irreversibly adsorbed. Th@" @ parametesr that mter_polates between a flat distribution
nd a delta function, which allows us to explore the range

RSA model is thus a good approximation when particlesa X
arrive at the surface purely by diffusion, and excluded vol-PEtween the absence of correlations and a very strong corre-
ume effects are predominaid]. In the ballistic mode(BM) Ia.tlon effect, respecyvely. Apart from the obvious relathn
[8—11], on the other hand, particles descend to the Surfad@nth thg adsorption in the_presence of Iong—range attractive
following straight vertical trajectories. An incoming particle interactiong14j, the inclusion of general correlations in ad-
that does not reach the surface directly is allowed to roll oveforption phenomena is relevant in other kinds of related
the previously adsorbed ones, following the steepest desceptoblems, such as car parking, bird nesting, or adsorption
path, until it reaches a stable position. Particles that eventuwith memory effects, where the state of the adsorbed phase
ally rest on the surface are irreversibly adsorbed; otherwisat a given time exerts a strong influence on the position of
they are rejected. The BM is thus a valid approximation tothe next incoming unit. We want to note that our model
describe adsorption in the presence of very strong interadiffers from the generalized ballistic-deposition models pre-
tions between particles and substrgta—14. sented in Refs[17] and [18] due to the implicit role as

In the models described above, and in many of the varianucleation centers played in our model by the adsorbed par-
tions of them analyzed so far, particles are supposed to irticles.
teract only through short-range interactions—hard-core re- The paper is organized as follows. In Sec. Il we introduce
pulsion. The main exceptions are the analysis of the rolehe model in a general context, whereas in Sec. Il we
played by electrostatifl5] and dipolar[14] interactions. In  present the results of numerical simulations in dimensions
the absence of long-range interactions, the particles arrivind=1 and 2. Finally, in the last section we discuss the com-
at the surface are essentially uncorrelated from the adsorbedon features induced by correlations in the structure and
phase, and interact with them only via excluded-volume efgeometry of the adsorbed phase.
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c sorbed phase and the incoming particles. The attraction has a
random component given by the Gaussian term in E&y.
which represents the effect of the forces exerted on the in-
coming particle by the regions of the substrate located far
away from the landing point. The strength of the attraction is
given by the parameter in Eq. (2). With this parameter we
can interpolate between absolute lack of correlations,
achieved in the limito—o, and the case of very strong
correlations, in the limito—0. In the former case, the
Gaussian2) tends to a flat distribution, which corresponds

FIG. 1. Adsorption rule for the correlated adsorption model. Anto @ free BM adsorption. On the other hand, in the lianit
adsorbed particlg is randomly selected. The newly adsorbed par-—0 the distribution(2) becomes a sharply peaked delta
ticle is deposited at a distandefrom the center of the selected function. In this case the correlations are maximal, and one
particle. If it does not overlap with any other adsorbed particle, it iswould expect to obtain a close-packed substrate, at least in
irreversibly attached. Otherwise, it is adsorbed following the pre-1+ 1 dimensions.

scription of the BM deposition. In the following section we report the result obtained
from simulations performed with the random increment dis-
Il. MODEL tribution given by Eq.(2). Other sets of simulations, done

)évith a different peaked distributiofsuch as an exponential
p(&)=exp(-&ao)lac], yield qualitatively similar results,

of diametera onto ad-dimensional surface; it is thus+ 1 confirming the fact that the important point is the presence of
dimensional, including the direction perpendicular to the ng P P P
correlations, and not the particular form.

plane in which the particles move before adsorption. Par-
ticles arrive at the surface following straight vertical trajec-
tories, and upon touching the surface or any adsorbed par-
ticle, they are attached following the rules of the BM. The

key ingredient in the model, that differs from previous |n order to check the effects of correlations in the adsorp-
works, is the selection of the landing point of the arriving tion process, we have performed extensive numerical simu-
particles. In order to introduce correlations among the in{ations of our model in =1 and 2+ 1 dimensions. Simula-
coming particles and the adsorbed phase, the landing point {fons were done in systems of different size Statistical
selected as follows: The first particle is located at random omyerages were performed over at least 100 different realiza-
the substrate. Suppose that, at a given time step, the substrgigns. In order to avoid cross effects between the character-

Our model considers the sequential adsorption of particle

Ill. RESULTS

is composed by a set o particles, located at positior®,  istic lengthas and the system size, we always consider
i=1,...N. The landing position of the next particle is cho- g5« .
sen as

R'=R;+ né, (1) A. Adsorption in 1+1 dimensions

We have performed simulations of the correlated adsorp-
tion model in 1+ 1 dimensions over a substrate consisting of
a line of lengthL=5000, with periodic boundary condi-
tions.

In 1+1 dimensions, the most relevant feature of the
model is the increased tendency of the adsorbed particles to

form connected structures, identified with chains, whose av-
1 ;{ £ ) erage length tends to increase with decreasing/e can use
p(§)= ex : 2) o : .
J2mao as a measure of this kind of order the chain-length density

function, P(l), defined as the average number of chains of

see Fig. 1. The only parameter in the modetrisdefined as lengthla per unit length of substrate. In Fig. 2 we represent
the root-mean-square distance from an adsorbed particle #ie chain-length density function computed at different val-
which the new particle is probed. Once the positRhis  ues ofc. The values=c corresponds to simulations of free
selected, the particle is attached following the rules of theéBM adsorption. For larger we observe a very fagsuper-
BM. If the particle is accepted, the updated posit®Rhbe-  exponential decay ofP(l), indicative of a lack of any char-
comes the new valuRy, ;. If the particle is rejected, a new acteristic length scale. For small values ©f on the other
position is chosen and the procedure iterated. hand,P(l) shows a clear exponential ta®(l)~exp(—I/1,),

The above algorithm has a very intuitive interpretation.with a characteristic length, depending or. In particular,
Each one of the particles in the substrate plays the role of or c=1 we estimate a valug,=2.48+0.05.
nucleation center attracting incoming particles towards  Another quantity of interest is the jamming limi.,

them. We can envision this process as the result of longwhich in the present case can be related to the chain-length
range attractive interactions between the elements of the adensity function through the expression

whereR; is the position on the surface of a partiglean-
domly selected among thH particles present on the ad-
sorbed phase) is a unity vector, parallel to the adsorption
plane and oriented at random, and the distehiea Gauss-
ian random variable, distributed according to the density

2a%0?
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In Fig. 3 we represent the jamming limit as a function of the 0 | L

parametewr. For values ofr larger than about 8 we recover 0O 2 4 6 0 2 4 6

with good accuracy the limit of free BM adsorptioaM r/a

=0.80865[9]. For smaller values of, on the other hand, _ _ _ _ _

the presence of the correlations induces a higher compaction FIG- 4. Particle-particle correlation functiay(r) for different

on the substrate, with a jamming limit that approaches th&alues ofo in (1+1)-dimensional correlated adsorption.

close packing for a value o# equal to 0.5 ¢,,=0.9918 ) . . L i )
+0.0005). In Fig. 5 we plot the jamming limi®,, obtained from simu-

As a final probe of the substrate’s structure, we have med@tions for different values otr. The trend previously ob-
sured the particle-particle pair correlation functigr). In ~ Served in H1 dimensions is here recovered. For large val-
Fig. 4 we plotg(r) as a function of the reduced distande ug'a ofo the jamming limit ter)ds to thg free BM adsorption
corresponding to six different values of We observe that 0= =0.610[11]. For decreasing, 6., increases approach-
the correlations enhance the maximag¢f), which occur at  ing the close-packing regime; far=0.5, for example, we
distancega for integerp (corresponding to interparticle dis- estimated..=0.715£0.001[19]. It should be noted that the
tances equal to a multiple of the diametéfhe decay of the ~convergence of),, towards its maximum value is slower in
maxima is close to exponential again. For large values of this case than in the adsorption if-1 dimensionscompare
we recover the behavior of the free BM adsorption, withFigs. 3 and %

peaks decaying Superexponentia”y_ In Flg 6 we plOt the particle-particle correlation function
g(r) corresponding to the 21 case. Fo=«, we recover
B. Adsorption in 2+1 dimensions the expected form in free BM adsorptidiie divergent peak

atr=a, corresponding to the close contact of particles, has

Simulations in 2F1 dimensions were performed on been omitted for the sake of clarityThe secondary peak at

squares of sizé =125a, with periodic boundary conditions.
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FIG. 3. Jamming limitf,, as a function of the parameter in FIG. 5. Jamming limitd,, as a function of the parameter in
(1+1)-dimensional correlated adsorption. The dashed line signal&+ 1-dimensional correlated adsorption. The dashed line signals
the jamming limit for free BM adsorptioryZ™=0.808 65. the jamming limit for free BM adsorptioy®™=0.610.

016103-3



R. PASTOR-SATORRAS AND J. M. RUBI PHYSICAL REVIEW E 64 016103

4 -
3 -
2 -
1 -
0
4 r a
3 -
g(r) o [
l -
0
4 -
3t ¢
2r FIG. 8. Largest cluster of connected particles in
I (2+1)-dimensional correlated adsorptiof@) o==; (b) 0=2.8;
br (c) o=2.4,(d) o=2.0.
0 0 1 2 3 4 0 1 2 3 4 ture of the adsorbed phase can be better analyzed in terms of

r/a its percolation propertieg20,18,21. Since the particles can
roll one above the other before adsorption, the substrate be-
FIG. 6. Particle-particle correlation functiag(r) for different ~ COmMes eventually composed by clusters of connected par-
values ofc in (2+1)-dimensional correlated adsorption. The di- fi¢les, which can be easily identified. In free BM adsorption,
vergent peak at=a has been suppressed for clarity. the saturated phase has low connectivity and it is below the
percolation threshold: in simulations on any finite system of
r=_2a is clearly visible, as well as an intermediate muchSize L, the largest cluster of connected adsorbed particles is
’ ’ not a spanning cluster. In order to investigate the percolation

smaller peak, located approximately m&1.73. For de- : fth lated ad . del h
creasingo the height of the secondary peak increases notap_)ropertles of the corre ated & sor.ptlc')n model, we have com-
uted the susceptibility of the distribution of clusters of

tkzlc)gaabl?g the intermediate peak becomes more and more n@bnnected particles as a function @f The susceptibility is

From the analysis of the correlation function we can con—deflned by{22]

clude that the correlations in the adsorption mechanism in-

duce the creation of connected structures on the substrate, X:Z’ nes?, (4)

which are responsible for the enhancement of the peaks in

g(r). These connected structures cannot be characterized where ng denotes the density of clusters of sigeand the

terms of chains, since in21 dimensions particles adsorb in prime in the summation indicates that the biggss@anning

multiply connected configurations, and therefore the notiortluster is excluded in the sum. At the percolation threshold

of chain loses its meaning. In this case, however, the strucs, the susceptibility is expected to exhibit a peak, with
power-law decay both below and above the threshold. In Fig.

1000 : v - - 7 we have plotted the susceptibilitycomputed as a function
of the parameterr. The presence of a maximum jp lo-
800 cated approximately atr.=2.4, signals the presence of a
percolation transition. Below the threshold, the clusters of
600 - connected particles are numerous and rather small. Above
N the threshold ¢§<o.), however, there exists a spanning
= 400 - cluster, that crosses the system from boundary to boundary.
We show the presence of such a spanning cluster in Fig. 8.
200 | For o>2.4, the largest cluster in a typical simulation of our
model is rather small. Far=2.4 a largest cluster develops
that first spans the whole system. For even smaller values of
0 0 o, the largest cluster covers most of the substrate.

- . . IV. CONCLUSIONS
FIG. 7. Susceptibility for the (2 1)-dimensional correlated ad-

sorption. The peak, located at,=2.4, signals the presence of a  In this paper we have presented a different model of cor-
percolation transition. related sequential adsorption of particles on a substrate
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which takes into account the existence of a certain degree @nd is close, in the limit of a sharply peaked distribution, to
correlation between the final positions of the adsorbing parthe close-packing regime.

ticles and the location of the preadsorbed ones. Its imple- Our model could caricature some real situations, not ad-
mentation is carried out by modifying the rules of the BM, dressed by the sequential adsorption models proposed up to
by imposing that the final position of an incoming particle is now, sharing in common the fact that the final position of an
randomly distributed, with a specified probability density, adsorbed particle may exert an influence in the location of
around the location of a particle in the substrate. In this waythe next particle. Cases in which the particles interact, when
the model can describe many different physical situationghe kinetics exhibits memory effects or, in general, when the
ranging from the absence of correlations, corresponding tadsorption process may be in some way controlled by an
BM model, to the pure deterministic case in which the dis-external agent and therefore is not totally random, could ac-
tribution of particles practically reaches the close-packing:ordingly find a description in the model we have proposed.
configuration. The results we have presented may provide new possibilities

The main consequence of the existence of correlations i the already existing ones about modelization of adsorption
the appearance of long-range order in the adsorbed phase. ifhetics by sequential processes.

1+1 dimensions, this feature manifests in the fact that the

length of the chains increases when decreasing the variance

of the probability distribution. In 21 _dimensio_n_s, we have ACKNOWLEDGMENTS
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