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Structure transition in cluster-cluster aggregation under external fields
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The structure transition in cluster-cluster aggregati©@@A) under different external electric fields has been
investigated by computer simulations. The aggregates are generated from off-lattice CCA models involving the
field-induced dipolar interactions and temperatures by means of a Metropolis algorithm. When the pafameter
increases from O te, the clusters gradually change from a diffusion-limited CCA to a chainlike pattern, where
K stands for the relative strength of the field-induced dipolar interaction with thermal energy. The relation of
fractal dimensiorD; to parameteK can be approximately expressed@s=Dg+ (Dp ca—Dg)e #€ with
B=0.64, whereDg andDp ¢4 Stand for the fractal dimensions of the CCA wh€n-~ andK—0, respec-
tively. This structure transition is a transition between a prototype disorder structure and a relative order one.
The transition is attributed to the variation of the dominating interaction of systems from thermal disorder to
field-induced dipolar interaction witK rising.

PACS numbg(s): 61.43.Hv, 64.60.Cn, 82.70.Dd

I. INTRODUCTION Il. MODEL AND SIMULATIONS

. The system in this work is a square cell, in which particles
Fractal growth and aggregation phenomena have attracteaq,e placed. The cell is under an external electric fieyd

considerable interest in the last two decades16. The o Giameters of particles is chosen as the unit of length.

structure of aggregation strongly depends on the dynamics &fhe model used is very similar to the off-lattice CCA model

the growth process. Many computer simulations have beefp g 19, except that the field-induced dipolar interaction be-
carried out to investigate the relationships between the g&ween particles is introduced by means of a Metropolis algo-
ometry and the mechanism. Great efforts have been directgghm |ike those in Refs[16—18§.

toward the development of models for fractal growth and A particle under an electric field is polarized, and it has an
aggregation processes. There are two basic models of fract@lduced dipole momerj20,21]

aggregation: diffusion-limited aggregatidBLA) [1-4,13—

16] and cluster-cluster aggregati¢@CA) [4—8]. In particu- p=ac’Eyy, (1)

lar, numerical simulations performed with the CCA model

can describe the fractal structure of aerosols and colloid¥/herea is the diameter of the particl&, is the local elec-
tric field and « is related to the dielectric properties of the

[12], which is in good agreement with experimental results.” ™ | ) X : ) :
particle and the surrounding medium. The dipolar interaction

In a diffusion-limited CCA model, particles are driven by hé andi icles. | q h - q
diffusion and they only experience short-range interaction&e'[\"’een t @ and| pa_lrtlc es, located at the positionsan
ri, respectively, is given by the enerfy6,17,2Q

such as the hard-core interactigh4—§|.
Several authors have extended the DLA model in order to Ui =p2u;, (28)

take interparticle interactions into accouBt13—14. Block !

et al. presented a model of deterministic DLA in which par- wherep= aoE,. u;; is the dimensionless field-induced di-

ticles do not undergo Brownian motions. Instead, they unpolar energy

dergo a deterministic trajectory under a power-law force ex-

erted by the particles already attached to a cluflé. Ui =[Py - = 3(pf - i) (pF - 1)/ 1/, (2b)

Pastor-Satorras and Rubi introduced a model of DLA with ) o

dipolar interaction, in which dipolar interaction was consid-Wherer;;=ri—rj-pz=p,/p with p=i,j.

ered by means of a Metropolis algorithih6]. But for the We start the simulations with random particles in a cell
CCA model, long-range interaction between particles is selthat is placed under an electric field. Every particle experi-
dom considered2,4—§. ences the interactions exerted by other particles. Suppose

In this paper, we have studied the CCA model under ex;that_ the system is composed Mfparticles. The total energy
ternal electric fields using Monte Carlo off-lattice simula- IS 9iven by

tions. The effect of an electric field is introduced by a Me- N

tropolis algorithm like those in Ref§16—18. The results u= 3 u; 3)
will be useful to the understanding of the characteristics of =T

the CCA model, as well as colloid aggregation under differ-

ent external fields. For a cluster(including a single-particle clusterafter a

Monte Carlo time step, we compute the new position. The
cluster arrives at the new position by means of a Brownian
* Author to whom correspondence should be addressed. motion, i.e., the particles in the cluster jump to the circle
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centered on themselves in the same direction, which is cho > %, { ) i
sen randomlyf8]. The radiusp of the circle is taken as fol- 4 Frind ? }J ,j g
lows in our simulations: g}g é §
1,  d=d, ﬁf é
p= 4) ;f
didg+ s, d<dy, - by 7 ¥
Ld ¢ T

whered is the minimum distance between this cluster and ’:t'

e 4
other clustersd, is a parameter taken as 10, which means ,3"’:’ j i
the walk step is very small when two clusters become close AS{;; ¥ 'y 1 ); :
(b)

to each othef19]. §is chosen to be 0.01, which allows two
particles to overlap slightly13,14]. After the movement of (@)
the cluster, the total enerdy’ can be calculated. The change
in total energy due to the movement U=U'—U. If ] s { ’ X J
AU<O0, then the movement is accepted and performed. If

AU>0, we compute the quantifyl6—18 )

—

pu=e"" Y, ©) (

where the parametdét determines the relative strength of the
field-induced dipolar interaction versus the thermal energy {
and is presented byl6-1§ 3 ‘ {

p [ 1
= WBT’ (6) (c) (d)

2

K

wherekg andT are the Boltzmann constant and temperature, FIG. 1. Morphologies for cluster-cluster aggregation with differ-
respectively. In the simulations, the cutoff radiysis intro- elm K, Nf,: IldOQO: K=|.0d(c’.:1), ﬁ(b(){ 5 (¢), and 100(d). The external
duced and, is chosen to be 1{21]. In the latter case, the ©'€ctric field is applied in th&’ direction.

movement is performed with probabilipg, . If two particles . .
sticking to two different clusters overlap, then the two clus-l(d)' The structure is an order structure resulting from strong
dield-induced dipolar interaction, which is very similar to that

of the well-known electrorheological fluid21].

dl .
anc larger The structures are also examined by using the pair-
distribution functiong(r), which is often used in the study
lIl. RESULTS of liquid [22].
To simplify the problem, we consider a two-dimensional
cell (100x100). An external electric fiel&, is applied in g(r)=p(r)/po, (7)

the Y direction. The parametdf is chosen to be 0, 0.001,

0.01, 0.1, 0.5, 1, 2, 5, 10, 100, and 1000, respectivelis wherep(r) is the density of a particle number atand pg
the parameter that stands for the relative strength of fieldstands for the mean densityy is a constant for a system.
induced dipolar interaction versus thermal energy. Becauskere we use reduced pair functigi(r), which is presented
the energy calculation is involved in the algorithm and theby

step is small, the algorithm can only be carried out at very

low speed. The total particle number is takenNas 1000. g*(r)=g(r)pg- (8)
Ten initial configurations are used for each case in our simu-
lations. Figure 2 showg™* (r) for K=0, 1, 5, and 100 fronfa) to (d).

Figure 1 gives the morphologies for CCA under differentwe can see from Fig.(8) there is only a clear peak of the
electric fields. Fronta) to (b), K takes 0, 1, 5, and 100. It can nearest-neighbor particles. The structure is a typical disorder
be seen from Fig. () that whenK =0, the aggregates appear one, but with order in the short range. It is very similar to
relatively symmetrical and uniform. The branches grow in athose of liquids[22]. With the parameteK increasing, the
random direction. The system presents a kind of typical fracrange in which order exists becomes large. The next-
tal pattern. It is a kind of prototype disorder structure neighbor peak and other peaks appear gradyakye Figs.
(diffusion-limited CCA. If K#0, the aggregates appear par- 2(b) and 2c)]. As K continues to increase, all the peaks
tial to the E, direction. The branches prefer to grow along clearly appear[shown in Fig. 2d)]. The structure is a
the Eq direction, and the aggregates do not look symmetricatelative-order one that can be called a mesocrystal structure
and uniform[see Fig. b)]. AsK increases, the anisotropy of [20,23. In Fig. 2, the departure of the peak position from 1,
the aggregates appears more apparent, and particles can fopn3, 4... is attributed to two things: one is that particles are
fiberlike structures alon,. But the fibers are not strictly allowed to overlap, the other is that chains of particles are
arranged in theg, direction[shown in Fig. 1c)]. If K be-  not so perfect. It follows that the CCA changes from a typi-
comes large enough, the CCA changes into a chainlike stru@al disorder structure to a relative order one when the param-
ture along the direction dE,, which can be seen from Fig. eterK increases from 0 tee.
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r r FIG. 4. Two typical positions of two couples of particles under
an electric field. The external field is applied in talirection.
6 © N @
CCA) to about 1. There is a rapid decreasé®gfin the range
" ol 0.1<K<10, and we found that the relation @ to the
. . arametelK can be approximately expressed as
g g P PP y exp
2 2] Dy=Dg+(DpLca—Dele” 7, 11
o J_JW A with 8=0.64, whereDg and Dp ¢ Stand for the fractal
0 1 2 3 4 5 6 %1z s 4 5 s dimensions of CCA wherK—0 andK—o. Here,Dg is
r r about 1.02 andp ¢4 is 1.42 for the 2D cell in the simula-

FIG. 2. Reduced pair distribution functiong (r) of cluster- tions. In Sec. IV, we will show that the relation is reasonable.

cluster aggregation versusK=0 (a), 1 (b), 5 (c), and 100(d).
IV. DISCUSSION

Fractal dimensions are calculated for the different aggre- g transition in CCA under different electric fields is in

gates by using the following equatigg,6,24; essence the change from a typical disorder structure to an
order one. This transition is due to the interaction between
particles in the systems. Figure 4 gives the two typical posi-
whereD; is the fractal dimensionN and R, stand for the tions (.)f two couples_ of partlcles th_at arein the presence O_f an
. . . 9 .~ electric field. The field-induced dipolar interaction energies
particle number and gyration radius of a cluster, respectively.; - 5 5 . .
R, can be determined b2,13,14,23 areu= —2p“ (a) andu=p- (b), respectively, by using Eq.
9 e (2). When K=0, i.e., p=0, thermal disorder completely
N dominates the system. In this case, the positi@nis the
NRSZE (ri—re)?, (100 same as the positiotb). Particles undergo pure Brownian
=1 motion and form random branches. Therefore, the aggregates
appear as typical fractal pattern@D diffusion-limited

wherer,. is the position vector of the mass center of theCCA) and their fractal dimension is about 1.42.KE 0
cluster. TheD; are plotted as a function of the paramefer  yhere exists a competition between thermal disorder and

in Fig. 3. It can be seen thél; decreases witK increasing.  fie|q.induced dipolar interaction. For the case of smigll
When K changes from 0 tos, Dy decreases from 1.42 ;o “gmallp, the system is still controlled by thermal disor-
+0.03 Oy of a two-dimensional(2D) diffusion-limited  ger byt dipolar force has a little effect on aggregates too.
Position(a) is a little superior to positiorth). Thus the ag-
gregates present fractal patterns with a little anisotropy; i.e.,
they look a little partial to the direction d&,. With risingK,
the controlling interaction of the systems gradually changes
into a field-induced dipolar one and positidga) is much
superior to position(b). So particles prefer to aggregate
along the direction oEj and form fibers in th&, direction.
In this case, thermal disorder still exists as a perturbation,
which results in fibers that are not so perfect. As for the case
whereK is large enough, the CCA appears as an ordered
pattern of perfect chains that can be called a mesocrystal
structure [20,23. The great transition takes place in the
range 0.KK<10. WhenK increases from 0.1 to 10, the
dominating interaction of the system changes from thermal
disorder to field-induced dipolar interaction correspondingly,
log,o(K) which results_ in the rapid de_creasef in the range.
Now we give the explanation of E¢l1) as follows. Con-

FIG. 3. The fractal dimensioD; as a function of the parameter sider a couple of particles: when they become neighbors, the
K for cluster-cluster aggregation. The solid line is the plot of Eq.change in-field-induced dipolar interaction is givenuy. If
(11). Au<Q0, the configuration of the couple is acceptedAld
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=0, the acceptance probabilifyy, is given by Eq.(5), and a Iow_ external field should be deformed and form chains for
the mean changdu of dipolar energy for the casku=0  the higher external field.

can be computed by E@2). At last, we can get\u=0.64

(dimensionless energyThus the mean acceptance probabil- V. CONCLUSION

ity py for Au=0 becomespy=e %%, This expression The influence of the external electric field on the structure
shows thap), decreases from 1 to 0 whéfiincreases from of CCA has been studied by Monte Carlo simulations. It
0 to . CorrespondinglyD; decreases frolD -, to Dg.  shows that the Metropolis algorithm is an effective method

The mean probabilityp, determines the space distribution for studying the system having competition between thermal
of particles, which is described Hy;. We simply suppose d|sordgr and _another interaction. Fpr_the CCA under an ex-
that D; has a linear relation top, and getD;=Dg ternalfield, with the external electric field rising, the pattern

+(DpLca—Dg)py . This is Eq.(11) precisely. changes from a typical disorder structyciffusion-limited

The process of colloid aggregation under certain extern CA)Itg_ an order or;]e(chainlike). Theb exprt(ajssicr)]n of the
electric fields simulated by this model is as follows. At the actal dimension to the parametgris obtained. The transi-

beginning, the neighboring particles aggregate into smaﬁion is attributed to the variation of dominating interactions

clusters. Each of them is formed under the effects of therma(l)f the system from thermal disorder to field-induced dipolar

disorder and field-induced dipolar interaction. Then smalfhteraction.
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