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Influence of particle size on diffusion-limited aggregation
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The influence of particle size on diffusion-limited aggregation~DLA ! has been investigated by computer
simulations. For DLA clusters consisting of two kinds of particles with different sizes, when large particles are
in the minority, the patterns of clusters appear asymmetrical and nonuniform, and their fractal dimensionsD f

increase compared with one-component DLA. With increasing size of large particles,D f increases. This
increase can be attributed to two reasons: one is that large particles become new growth centers; the other is the
big masses of large particles. As the concentration ratioxn of large particles increases,D f will reach a
maximum valueD f m

and then decrease. Whenxn exceeds a certain value, the morphology andD f of the
two-component DLA clusters are similar to those of one-component DLA clusters.@S1063-651X~99!05510-5#

PACS number~s!: 64.60.Qb, 61.43.Hv
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I. INTRODUCTION

Recently, there has been increasing interest in a variet
nonequilibrium aggregation models such as diffusion-limi
aggregation~DLA !, introduced by Witten and Sander@1–7#.
A large number of computer simulations, theoretic analys
and experiments have been carried out to investigate the
lationship between the cluster geometry and growth mec
nisms. The DLA model is a simple idealization of a comm
natural process, the formation of natural objects where
rate-limiting step is diffusion. In two dimensions, its fract
dimensionD f is about 1.71 and there exists no exact form
for the fractal dimension@7–12#. The DLA presents a proto
type of the pattern formation of diffusive systems includi
the electrochemical deposition, crystal growth, viscous
gering, dielectric breakdown, and colloid aggregation@13–
21#.

Although the effect of particle size for the DLA cluster
significant @10#, not much attention has been given to t
subject and most of the existing theoretical models do
predict the particle size effect on morphology and frac
dimension of DLA. Ossadnik, Lam, and Sander have sim
lated a variant of DLA in which the sizes of particles a
given according to a power-law distribution. In that ca
they obtained the relation of fractal dimension to distributi
exponent@10#. But there is still a lack of understanding o
the relation between particle size and characteristics for D
clusters.

In this paper, we investigate the general relations of p
ticle size to morphology and the fractal dimension of tw
component DLA clusters by Monte Carlo simulations. The
results will be useful for the further understanding of DL
model.

II. SIMULATIONS

We consider the two-component DLA cluster. The dia
eter of small particles is taken as length unit. The redu
diameter of large particles issm . The concentration ratio o
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large particles isxn . The algorithms in our off-lattice two-
component DLA simulations are almost similar to those
Refs.@6,7#, except for the flight distance of a random walk
d5dmin2rl, where dmin is the distance from the random
walker to the closest aggregated particle.l is the sum of radii
of the two particles andr stands for a certain factor. In thi
simulation,r is taken as 0.95, which means that the parts
the aggregated particles do not overlap much and algorit
can be carried out at relatively high speed.

The cluster can be generated as follows: Random parti
are launched at a random position on a circle of rad
Rmax1d1s* /2 centered on the immobile seed, whereRmax is
the outer radius of the cluster,d is chosen to be three time
the reduced diameter of small particles as used gene
@6,7#, ands* represents reduced diameter of the walker.
every step,dmin is determined. Ifdmin,l, the particle stops
diffusion and becomes a part of the cluster. Otherwise
jumps to a random position on a circle of radius (dmin2rl)
centered on the walker. If the distance from a walker to
seed is too large (.4Rmax, here!, it is killed and a new
random particle is released. In this way, starting from
immobile seed, the cluster grows when a walker hits it a
becomes a part of it. During growth of DLA clusters, a pa
ticle with reduced diameters* is produced randomly ac
cording to

s* 5H sm* , p,xn

1, p>xn
~1!

wherep stands for a random number between 0 and 1.
the two-component DLA clusters, the scaling form@2,3,10#

M;Rg
D f ~2!

can be used to calculate the fractal dimension, whereD f is
the fractal dimension.M andRg stand for the mass and ra
dius of gyration of the cluster, respectively. They can
determined as follows: Lets i* and r i represent the reduce
diameter and position of thei th particle in a cluster. Assum
ing every particle is uniform, the mass of thei th particle is
mi5p(s* ) i

2/4. Then the mass and radius of gyration of t
cluster are given by@2,10#
6202 © 1999 The American Physical Society
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mi , ~3!

MRg
25(

i 51

N

mi@~r i2r c!
21s i

2/8#, ~4!

where r c is the position vector of the mass center of t
cluster andN is the particle number of the cluster.

III. RESULTS AND DISCUSSION

We investigate the morphology and fractal dimension
DLA clusters consisting of two kinds of particles with di
ferent sizes.

The number of particles isN510 000 in these simula
tions. Reduced diameters of large particles are taken
sm* 510, 20, 30, 40, and 100, and the concentration ratiosxn

of large particles are chosen to be 0.001, 0.002, 0.005, 0
0.02, 0.05, and 1, respectively.

Figure 1 gives the morphologies of the one-compon
DLA cluster ~a!; two-component DLA cluster withxn

50.001 andsm* 520 ~b!; and two-component DLA cluste
with xn50.02 andsm* 520 ~c!. It can be seen that the one
component DLA cluster is relative symmetrical and unifo
@see Fig. 1~a!#. But, when a few large particles are mixed
the cluster, the pattern of cluster appears asymmetrical
large particles become new growth centers around wh
other particles grow and form new branches@shown in Fig.
1~b!#. It is also found that, when the size of large partic
increases, the asymmetry and nonuniformity of DLA clust
appear more apparent, and branches around large par
become denser. As the concentration ratioxn of large par-
ticles rises, the pattern of cluster changes from asymmetr
symmetry gradually. And afterxn reaches a certain value, it
morphology is similar to that of the one-component DL
cluster@see Fig. 1~c!#.

Fractal dimensions are calculated for DLA clusters co
posed of two kinds of particles with different sizes by usi
Eq. ~2!. The statistic mean must be carried out because of
asymmetry and nonuniformity of the two-component DL
clusters. The numbers of clusters used for the statistic m
are 60, 40, and 20 for the systems withsm* 530, 20, and 10,
respectively. Figure 2~a! gives the fractal dimensionD f ver-
sus the concentration ratioxn . It can be seen, when a few
large particles are put into the DLA cluster, thatD f will
increase comparing with that of the one-component D
cluster. It can also be found, with the size of large partic
rising, that the fractal dimension increases from 1.71 to 2.
xn continues to rise,D f will reach a maximum valueD f m

,

and then decrease. Whenxn exceeds a certain value,D f will
stay constant and be equal to that of one-component D
i.e., about 1.71. Our simulations also show that there is
effect on morphology and fractal dimension when a f
small particles are added into DLA clusters. It is not surpr
ing that only a few large particles make the fractal dimens
of the two-component DLA cluster change from 1.71 to
Figure 2~b! shows the fractal dimension versus the mass r
xm of large particles. It can be seen that when the frac
dimension reaches the maximum, the mass ratio of large
r
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ticles reaches a large value too. For example, the maxim
fractal dimension corresponds toxm of 70. Figure 3 plots
maximum fractal dimensionD f m

as a function of reduced

diametersm* of large particles.D f m
increases with risingsm* .

Whensm* >40, D f m
approximates to 2, the value of the sp

tial dimension.

FIG. 1. Morphologies of clusters:~a! one-component DLA clus-
ter; ~b! two-component DLA cluster forxn50.001, sm* 520; ~c!
two-component DLA cluster forxn50.02,sm* 520.
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It can be seen from Fig. 1~b! that the increase of fracta
dimension of the two-component DLA cluster comes fro
two parts: forming new growth centers and increasing m
due to substitution of large particles for small ones. To stu
effects of the new growth centers on increase of fractal
mension, we consider the pseudo-one-component DLA c
ter in which the arrangement of particles is the same as
corresponding two-component DLA clusters, but large p
ticles are replaced by small ones. This kind of clusters h
two significant characteristics: one is that there are the s

FIG. 2. Fractal dimension of two-component DLA clusters v
sus concentration ratioxn of large particles~a! and mass ratioxm of
large particles~b!. Reduced diameter of large particles:sm* 530
~solid square!, 20 ~open circle!, and 10~solid triangle!.

FIG. 3. Maximum fractal dimensionD f m
of two-component

DLA clusters as a function of reduced diameter of large particl
s
y
i-
s-
e

r-
e
e

morphologies~especially, dense branch structure! as that of
corresponding two-component DLA clusters; the other is t
there is no large particle, i.e., there is no effect of the
masses of large particles. Fractal dimensionsD f

p of the
pseudo-one-component clusters are calculated and show
Fig. 4~a!. They are larger than those of the one-compon
DLA cluster but smaller than those of the two-compone
DLA clusters. The increasedD f of fractal dimensions can be
divided into two parts:dD f5dD f

11dD f
2. dD f

1 is due to the
contribution of new growth centers and presented bydD f

1

5D f
p21.71, where 1.71 is the fractal dimension of the on

component DLA clusters;dD f
2 results from big masses o

large particles and is written asdD f
25D f2D f

p , whereD f

represents fractal dimensions of corresponding tw
component DLA clusters. Figures 4~a! and 4~b! show dD f

1

anddD f
2 as functions of concentration ratioxn of large par-

ticles, respectively. It can be seen from these figures
dD f

1,dD f
2 . Thus, we come to the conclusion that the b

mass of large particles plays an important part in the incre
of fractal dimension for two-component DLA clusters whe
xn is small.

IV. CONCLUSION

We have studied two-component DLA clusters consist
of two kinds of particles with different sizes by off-lattic

-

.

FIG. 4. ~a! Increasing partdD f
1 of fractal dimension for the

dense branch structure versus concentration ratio of large part
~right Y axis represents fractal dimensionsD f

p of pseudo-one-
component DLA clusters!; ~b! increasing partdD f

2 of fractal dimen-
sion resulting from big masses of large particles versus concen
tion ratio of large particles. Reduced diameter of large partic
sm* 530 ~solid square!, 20 ~open circle!, and 10~solid triangle!.
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simulations. With the number of large particles rising, t
morphology of two-component DLA clusters changes fro
relative symmetry and uniformity to asymmetry and nonu
formity, then returns to relative symmetry. Corresponding
the change of morphology, the fractal dimension of the tw
component DLA clusters increases from 1.71, the fractal
mension of the one-component DLA cluster, to the ma
mum, then decreases to about 1.71.
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