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Aggregation dynamics of nonmagnetic particles in a ferrofluid
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Nonmagnetic microspheres confined in a ferrofluid layer are denoted by magnetic holes. They form aggre-
gates due to dipolar interactions when an external magnetic field is exerted. Their cluster-cluster aggregation
was studied for various magnetic fields using optical microscopy, both for small spheres of diamheters,
=1.9 and 4um, for which Brownian motion was important and for large spheres of diantter4d wm, for
which Brownian motion was not important. The results for the two smaller sizes were in agreement with
standard dynamic scaling theory and the dynamic scaling exparienthe average cluster leng8it) ~ t* was
found to be slightly smaller than 0.5, while for the largest sphereg t@onent showed a strong dependence
on the magnetic-field strength.
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I. INTRODUCTION ters diffuse along with the single particles and continue to

Nucleat i df i f | ; grow by aggregation when they meet other clusters or par-
ucleation, aggregation, and formation o COMpIEX SWUCie|ag |f the particles are joined together on a first contact it
tures from small subunits like atoms or colloidal particles

; , , is referred to as the diffusion limited cluster aggregation
have been investigated for decadé$ Studies of structure (DLCA) model [2]. These computer models remove some
formation and kinetics during a phase separation are of infimjtations of the mean-field Smoluchowski theory and en-
terest for both theoretical and technological read@sAl-  aple studies of higher concentrations of particles taking into
though systems with short-range interactions are fairly wellccount the spatial and long-range correlations among them.
understood, our knowledge of processes dominated by longficsek and Family[10] found universal properties of the
range interactions is far from complete. In this paper weDLCA mass conservative model for two-dimensio2D)
report experimental studies of the kinetics of magnetic-fieldsystems. The cluster size distributions as function of cluster
induced chains formation of nonmagnetic partic]8f dis-  size and time obey a dynamic scaling form.
persed in thin layers of ferrofluif#,5]. The DLA[9] and DLCA[7,8] models were developed to
The kinetics of irreversible aggregation is usually de-describe the formation of fractal objects. Miyazirea al.
scribed by Smoluchowski's mean-field thed6] where co-  [11] applied ideas from these models also to aggregation of
agulation processes can be written in terms of the followingPriented anisotropic rodlike particles that form linear struc-

reaction scheme: tures. The DLCA model also reflects the main features of
y aggregation in ferrofluids were all dipolar particles are

KG@i.j) aligned into chains in the external field directifi®,13.
A+tA —— Ay, Experimental studies of colloidal aggregation have been

. carried out, for example, with paramagnetic microspheres
mgz;?ging?rﬁ;i ath((:aluggt?; (i)rfrer?/zfsi\t/)\llh(tag ft(\)"r’% iu;fje;tse rogf [14,15, nanoparticled16,17, sulfonated polystyrene latex
J » (NeY ) y spheres in colloidal monolayefl18], and electric-field-

maSSI+.j, at.a r:?\te governed by the gonstdﬁ(i ,J). Smolu- induced association of dielectric particlgs9]. The results
.ChOWSk'S kinetics theory yveII descn_bes systems cha.racterﬁave essentially confirmed the scaling behavior of the mean
ized by a low concentration of particles with only binary

. . ) cluster size as a function of timg,8,17 and it has been
collisions among clusters; spatial correlations of the con-

d 4 oh . dered. ie. the int i p?ssible to scale the temporal size distribution of clusters
sﬁgfterar?gsse are not considered, 1.€., the Interactions are [‘14,17,18 into a single universal curve as predicted by dy-

. . . namic scaling theory10].
8 Mdeak|r|1 [7],dand independently qub, Botcejt,l arf1dBJuII|e_n The scaling exponents are constants that classify the
[8]. developed a computer aggregation model of Brownian, process. A few experiments have shown that under
particles which stick together to form rigid clusters. TheyS

lized the diffusion limited r LA pecific conditions the scaling exponents can deviate from
generalized the diffusion limited aggregation mo@ ) the theoretically predicted or simulated values. The fractal
[9], where only single particles can diffuse, allowing diffu-

; . . dimension of objects created by growth processes can be
sion of all clusters. This model is denoted the cluster-cluste ) y 9 P

; Influenced by the growth velocity20], the coupling constant
aggregatior{CCA) model[2] where the newly formed clus- of the dipole-dipole interaction among paramagnetic par-

ticles [14], or the relative coverage of the aggregaies).
Variations in the growth dynamics have also been observed
*Electronic address: jcernak@kosice.upjs.sk during magnetic-field induced aggregation of paramagnetic
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microspheres. In particular, the scaling exponeribr the . MAGNETIC HOLES
temporal dependences of the mean cluster Sige~t* was
influenced by the strength of the dipole-dipole interaction
with variationsz=1.4-1.7[14] and z=0.45-0.75[15], in
contrast to the simulated values 1.4 [10] and z=0.5[11]
for weak and strong dipolar interactions, respectively. Value
of z=§ for electrorheological fluid aggregatig22] and z
=~ 1.0 for magnetic latex particle aggregatif#8] have also
been reported.

In the present work we have studied the chain formatio
of nonmagnetic microspheres dispersed in a thin layer o
ferrofluid [3] induced by external magnetic fields. Experi-
mental data are discussed in the framework of dynamic scal- m; = — xeVH, (1)
ing theory[10], previous experiments on other colloidal sys-
tems [14,15, and computer simulationg11,24,25. In

Magnetic holes are nonmagnetic voids in a ferrofluid. By
using monodisperse polystyrene microspheres prepared by
the Ugelstad method30] very uniformly sized magnetic
holes may be created. The microspheres are much larger
%1—100,um) than the magnetic particles in the ferrofluid
(typically 0.01 xmm) so they move in an approximately uni-
form background. When an external magnetic figlds ap-

lied, the void produced by a single microsphere possesses
'-En effective magnetic moment equal in size but opposite in

irection to the magnetic moment of the displaced fluid:

where x.f is the effective volume susceptibility andis the
particular, we have tried to investigate the specific conditiong/0'ume of the spherg8]. including the demagnetization fac-
that influence the scaling exponent _tor, Xeﬁ:X/(1+_2X_/_3) for a spherical _magnetlc hole, v_vhe;fe

The paper is organized as follows: Secs. Il and 11l contain’S the susceptibility of the ferrofluid. Two magnetic holes
a description of the basic properties of ferrofluids and magWith magnetic moments); andm; interact via an anisotropic
netic holes that are relevant for our study; Sec. IV containgliPolar potential,
the experimental setup and method; Sec. V a summary of .
dynamic scaling theory; Sec. VI the experimental results; Uﬁ'pz
and Sec. VIl contains the discussion.

A7 rs ' @

wherer is the vector between particle centers dani the
Il. FERROFLUIDS unit vectorr/r. The dimensionless interaction strength pa-
rameter\, which characterizes the strength of the dipole-
A ferrofluid is a suspension of single-domain magneticdipole interaction relative to the disruptive thermal energy, is
particles of a typical diametat=~10 nm dispersed in a car- defined as
ried fluid [4,5]. The particles mostly used are made from dip
magnetite, FgO,, but other materials are also employ@é). = Unnax 3)
If two colloidal particles come close together, the van der kT’
Waals forces will irreversibly bind them together. This has to . , .
be prevented in order to make stable ferrofluids. This attrac\f"herek IS Boltzmanns consta_mt art is th_e temperatl_Jrg_.
tive interaction can be overcome by introducing additional The main advantage of th'_s’ systems is the possibility to
repulsive interactionésteric or Coulombigbetween the par- model a broad range of phy5|cal phenomena from aggrega-
ticles. The steric repulsion is realized by a surfactant on thdon to the complex dynamic (.)f many-body Systef8s]. In
particles. If the carrier fluid is water, the Coulombic stabili- our case we can create ex_perlmental cor_1d|t|ons that are close
zation takes place via a volume charge created around tH8 the theqretlcal assumptions of RE2J], €., the .partl_cles
are spherical, monodisperse, and their resulting induced

nanoparticles with appropriate ions. . ; . R
Ferrofluids have rich physical behaviors with unconven-magnetic moments are oriented in the direction of the exter-
nal magnetic field. In order to study the importance of

tional rheological, thermal, magnetic, optical, and electrical ) _ . . . .
properties with many applicatiorig,5]. In fact, the uses of dlpole—dlpo_le |nter_aqt|on_and Brownian motion relat.|ve to
ferrofluids were early examples of nanotechnology. One o on-Brownian ballistic drift, we used microspheres with dif-
the simplest physical model of ferrofluids is based on th ergnt Q|ameterslz_1.9,'4, and 14‘.”“' In Z€ero external mag-
assumptions that magnetic particles are spherical witho F€UC flelc_:ls the dlffu_5|_ve B_rowman_motlon of the 1.8m
electrostatic charge and that the van der Waals interactio pher_es is clearly visible in the microscope. However, the
between two such spheres is negligible. When external ma _|ﬁg$|on of the 14um spheres can only be seen by compar-
netic fields are applied, then long-range dipole-dipole inter’Ng IMages taken at typically 30-sec. time intervals.

action between arbitrary two grains dominate and the par-
ticles tend to form chains aligned with the magnetic fielld
[27]. Earlier experimental works confirm the existence of The experimental setup shown in Fig. 1 consists of an
chains or needlefl2,21] and support the picture predicted optical microscopgNikon Optiphoy with a video adapter,
by de Gennes and Pincy27] in the zero magnetic-field one pair of coils, and a carefully prepared sample. A video
limit where randomly oriented chains of various sizes andcamera(JVC charge-coupled device with resolution 768
form and closed rings are form¢@88], similar to a polydis- X576 pixel3, a digital camergNikon Coolpix with resolu-
perse polymer melt. Recent results obtained by cryogenition 1600x 1200 pixel$ and a personal computer were used
transmission electron microscop®9] demonstrate the exis- to capture, store, and analyze the microscopic images.
tence of dipolar chain structures in a ferrofluid without an  The sample of size about 2020 mm consisted of poly-
external magnetic field. styrene microspheres dispersed in a thin layer of ferrofluid

IV. EXPERIMENT
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Microscope Ferro;luid ng(t) ~ s 2g(s/t?). (7)

Here f(x) is a cutoff function withf(x)=1 for x<1 and
f(x)<1 for x>1. g(x) is a scaling functiong(x) <1 for x

>1 andg(x) ~x* for x<1, whereA is called the crossover
exponent. Based on the assumption that the aggregation is
mass independent, the following relationships between these
scaling exponents were derivgtio]:

w=7zA (8)

and r=2-A.
FIG. 1. The experimental setup used to study aggregation of Using expression Eq6) it was found[2,33 that

olystyrene microspheres.
polysty p t2 forr<1

N(t) ~t7 = { .
which was confined between two glass plates and sealed. A " for7>1.

very low concentration of larger microspheres of diameterrhe dynamic scaling theorfL0] was generalized by Meakin

d=50 um was used as spacer to keep an even layer thickneg al. [33] in the case when the diffusion coefficieDy for a
of the kerosene based ferroflujd2] which was used. The cluster of mass was given by

physical properties were: density=1020 kgm?, suscepti-
bility x=0.8, saturation magnetizatidig=20 mT, and vis- Ds=Dos”, (10
cosity 7=6x 1073 Nsni2,

The experiments were performed at room temperatur
using magnetic-field intensities in the ranged
=100-1300 A m!, and a relative volume fractiofor cov-
erage of particles =0.002—-0.10. Starting from a random (2-7 fory>y,
initial c_onfiguration of polystyrene mic_rospheres inside the A= 2 for y< .,
ferrofluid layer, a constant magnetic fieltl parallel to the
layer was switched on. The field-induced aggregation wagvherey, is a critical value ofy at which aggregation dynam-
captured at definite time intervals. The total duration of anics changes from being dominated only by the large cluster—
observation was up to 3 h. The number of clusters and themall cluster interactiongbelow y.) to a dynamics where
size (length were determined by analyzing the optical mi- large-small and large-large clusters processes are equally in-
crographs. Two independent image processing methods weprtant. Also, the shape of the cluster-size distributign
used to analyze the microscopic pictures and they gave agrosses over from a monotonically decreasing function of

9)

where Dy is a constant and is the diffusion exponenty
&0 means mass independent diffugiohhe theoretical pre-
diction for the crossover exponeatis

11

proximately the same results. cluster sizes abovevy, to a bell-shaped curve below. It was
believed that in 2Dy,=-3 and in 3Dy, =-3 [33,34, but
V. DYNAMIC SCALING THEORY more recent simulations have shown that=0 in one di-

mension while the shape of the cluster size distribution

Here we summarize some of the notations and relevanthanges aty~ 0.7 [35]. It was then argued by Helléet al.
findings of dynamic scaling theory that will be used later.|35 that y,=0 in higher dimensions too.

The number of clusters with the same sizis denotedhy(t),
representing the cluster size distribution at timeN(t)

=2.n4(t) is the total number of clusters. The weighted mean VI-RESULTS
cluster size is given by10] One typical result of the aggregation process is shown in
the micrographs in Fig. 2 with the growth of clusters of
2 Nhs? 4-um magnetic holes. Figure(® shows the initial state
SH=g——- (4)  without a magnetic fieldH=0). As may be seen, the spheres
2. nB)s are at random positions within the ferrofluid layer. The non-

magnetic spheres can move randomly as they are subject to
"Brownian motion. As soon as a constant external magnetic
NE&Id H is applied parallel with the sample surface, the field-
induced aggregation starts as seen in Figls) 2nd 2¢) and
S(t) ~ t7, (5)  with a gradual increased chaining of the particles with time
] o ] ) along the field direction as a result of their field-induced
and the cluster size distributiony(t) at timet. Dynamic scal- magnetic momenm. It was observed that when two par-
ing theory [10] predicts the following scaling relationship ticles were close they stuck and remained joined together on

The temporal evolution of a cluster-cluster aggregatio
processes is characterized by a power-law time depende
of the mean cluster size

between these quantities: first contact in an irreversible aggregation process. All the
L Weer clusters formed were straight and looked similar to those

(D) ~ SIS ) found in electric field induced colloidal aggregati¢h9].

or in an alternative form: However, forn<1 fractal aggregates can forft4,3§. For
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FIG. 2. Optical micrographs of the aggregationdef4-um mi-
crospheres at different timega) t=0 s, (b) t=417 s, and(c) t
=5019 s after a magnetic field=800 A n! was turned on.

high particle volume fractionsp>0.2, we saw some degree

of sidewise coalescence of chaifis].
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FIG. 3. (8 The number of clusterd(t) and (b) the mean
(weight averagg cluster lengthS(t) [Eq. (4), in units of sphere
diameter$ versus time for an experiment with=4-um micro-
spheres ak=370. The best fits for the corresponding scaling expo-
nentsz’ andz are shown as solid lines.

Eq. (7) for the data in Fig. 3. As may be seen, the data
obtained at time$<<100 s deviate from a common curve for
s/S(t)<1. On the other hand, for time>100 s where the
average cluster siz&(t) obeys a power law, the data scale

—o— t=30s
1.00 - —— t=100-1000s
—&— t= 1000-5000s
—o— t=5000-15000s
— Fit, A=1.39£0.07
=
c
* 0.10 4
Y
/2]
0.01 1

In order to characterize the aggregation process in more
detail, the lengtls of any cluster was determined at different
time intervalst relative to the initial timet=0 when the field
was turned on. The time dependences of the number of clus-
ters N(t) and mean cluster sizéength S(t) for a typical
experiment withd=4-um particles are shown in Fig. 3. We
see that the data asymptotically follow the power la\gs)
~t72 andS(t) ~ t* with scaling exponents =0.43+0.01 and
z=0.40+0.01 fort>60 s.

Figure 4 shows the scaling functiogéx) as presented in  =1.39+0.07.

031504-4
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FIG. 4. The scaling functiomy(x)=s’ng(t) obtained from the
cluster size distributionsi(t) at interaction strengtih=370. The
cluster size distributions plotted are for the single time instant
=30 s and average values for the time intervisl00—1000 s,
1000-5000 s, and 5000—15 000 s. ket 1 and timet> 100 s the
data have been fitted to a power layx)~x® with exponentA
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properly with a crossover exponeni=1.39+0.07 for TABLE I. The characteristic exponents of the dynamics scaling

s/S(t)<1 and times in the range=100—-15 000 s. theoryz, Z’, andA for different particle diameterd, dimensionless
Microspheres with diameterd=1.9, 4, and 14um and r_nagnetic interaction parametgr and the volume fraction of par-

magnetic-field intensity H in the range ficles .

200<H <1300 A ni! were used to get values of the inter-

action strength parameteh [Eq. (3)] in the range d(um) A ¢ 2001 z'(x0.01 A

8<A<1.6X10% The relative \_/olume fraction of micro- 4,14 46 0.021 0.786 0.6315 0.8
spheres was relatively low, typicallp=0.02—0.04. The re- & 8.6 0.0004 0.7
sults show a small dependence of the scaling exponent ' ' TR01

the parameteh and on particle diameter. For the smallesto'6b 8.6 0.0020  0.5.01
particle diameted=1.9 um, the scaling exponentis inde- 0.8 13 003  1.08,
pendent of\ in the parameter range=8-50. The average 1.27 31 0.009  0.6% .02
value of the scaling exponent 8=0.42+0.06 which is 3.6° 1360 1.7,
somewhat lower than the predicted vake0.5[11,29. For 1.9 8.0 0.0023 0.42 0.42 1.425
larger particles with diametet=4 um, we have observed a | g 16.6 0.48 0.46 1496
somewhat broader range pivalues,z=0.45+0.10, as com- 370 0.39 0.40 1
: : ; : : : : 4011
pared to those for the smallest particles. A fit to a linear o1 0.021 0.41 0.38 1
relationship betweerz and N\ for A=8-500 givesz(\) ' ' ' ' -6do7
=0.409+2.05% 1074\, 4 150 0.0047 0.38 0.44 1.9%%07
Quite different results were obtained for the biggest par# 250 0.48 0.54 1.88.10
ticles with diameted=14 um. For these particles there were 4 340 0.54 0.54 1.3313
a very strong dependence obn the\ parameter. The value 4 370 0.060 0.40 0.43 1.3907
of z reachet_:i very. low valuegz<0.25, for)\<3900. For 14 1040  0.050 0.084 0.15 3.200
parametemn in the mtervql 16<)\<_104, the scaling expo- 14 2070 0.20 0.26 24410
nentz(\) grows almost linearly with _I0©\) up to a maxi- 3470 025 0.30 1.8300
mum value z=0.6 and could be fitted ag(\)=-1.33 14 6260  0.036 0.40 0.37 157
+0.47Xlog;o(N). The cluster size distributions(t) for the ' ' ' 010
14 10600  0.037 0.59 0.60 1.47%0

14-um particles could also be scaled into a scaling function
as shown in Fig. 7 foh=3470. The best fit for the exponent n Refs.[16,17.
A, A=1.83%0.09, is shown as a solid line in this figure. °In Ref.[15].
Generally, the data collapse to a scaling functiir) was  In Ref. [23].
worse for the 14um particles than for the smaller sizes.  “In Ref.[19] (aggregation in electric fie)d

The fitting results for the exponents z', and A for all ~ ‘In Ref.[14].
particle sizes and some selected experiments are summarized .
in Table I, along with a few of the exponent values reportedPlace and the scaling exponentwas lower,z=1/3. The
earlier in the literature for low values of. As seen, our cluster size distributiom(t) collapsed to a single cur&g.
results for the values of andz’ are often nearly equal. For (7)] as predicted by the dynamic scaling the¢tg]. In con-

these cases the value &fis close toA=1.5. Otherwise, the trast to the above assumptions, in our experiments the inter-
value ofA is considerably higher. actions are of long range and dipolar in character, hydrody-

namic couplings may be important, and the diffusion
constant may possibly be anisotropic.
VII. DISCUSSION Our experimental data show that the total number of clus-
tersN(t) and the mean cluster si&t) scales with time, see
The aggregates formed in our experiments have a rodlikgig. 3, up to times where the finite size of the observed
form and may therefore be compared to earlier computegystem becomes important. The scaling exponergad z/
simulations on the aggregation of oriented anisotropic pargre approximately equal, but slightly lower than the vatue
ticles [11]. These simulations were based on the following=q 5 predicted for a system with=—1 [11]. The cluster size
assumptions(i) the diffusion coefficienD; for a cluster of  istributions at different times can be scaled into a single
masss was given by Eq(10); (i) the direction of motion for  cyrve g(x), see Fig. 4, that supports dynamic scaling theory
a cluster was selected randomly to model a Brownian clustef; o). For low values of\ these results are in a good qualita-
and (iii) a strong nearest-neighbor interaction. The scalingjye agreement with the scaling found in the DLCA model
behavior of the mean cluster siz&t) given by Eq.(4),  simulations by Miyazimat al. [11], but with minor quanti-
S(t) ~tZ and the number of clusteM(t) ~t2, was found in  tative deviations.
these computer simulations for various values of the diffu- A detailed study of the influence of the interaction
sion coefficienty in 2D and 3D systems. The scaling expo- strength parametex and particle diameted on the scaling
nents were approximately equakz’, in most simulations. exponentz, shows a more complex\) dependence as seen
In particular, fory=-1 in 2D and for low particle concen- in Fig. 5. For the smallest particled=1.9 um and X\
trations,z=0.5 was found to be a universal value. For highly=8-50, the average scaling exponenrt).42+0.06 is inde-
concentrated samples a crossover to 1D aggregation toqgiendent on the paramet&rand is significantly lower than
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FIG. 5. The scaling exponentsas a function of the dimension- logft IN[S(H)]}
less parametex [Eq. (3)] for microspheres of diameted=1.9, 4,
and 14um. FIG. 6. The weighted average chain lengd¥t) (in units of

sphere diameteysvith the effects of anisotropic diffusion taken into

the valuez=0.5 found in computer simulatiorfd1], in ex- account. The experimental data are the same as in Hig. 3

perimental works on dipolar magnetic nanopartic[é3]
(z=0.786, and for superparamagnetic latex particld$] .
(z=0.45-0.75. However, it is close to the valug=0.40 clusters _and lead to a functional dependence of the average
found for aggregation in an electrorheological fl{@]. The  Cluster size of the form
finding of an apparently weak increase in the value édr
\>50 is opposite to what was reported by Promisietral. S(t) ~ {tIn[SH T, (13
[15] who found a decrease infor larger\. . _
For the largest particle sizé.=10°) the z exponent is Where{=d/(2+d) for d<d.=2 and{=; otherwise.
strongly dependent on magnetic-field strength, \grand In order to be able to compare to the predictions of the
there was almost no growth for the weakest fields. The fieldanisotropic diffusion model of Miguedt al. [25], we have in
dependence is probably due to a more dominating effect ofig. 6 replotted the cluster length data shown in Fih)3
the field-induced, ballistic motions of the microspheres. Lowusing the functional form of Eq13). The exponent of the
growth rate can also possibly be due to direct contact, opower-law dependencg=0.31+0.01 was clearly lower than
even sticking, between the microspheres and one of the glasise value z=0.40+£0.01 found using the normal isotropic
plates when the Brownian motion is small and the self-scaling assumptions. The goodness of fit was not improved
centering repulsion forcg3,37,3§ from the boundary con- using the new functional form. Similar changes were ob-
ditions is weak. For parameter>5000 the value of the tained when other datasets were replotted according to Eq.
scaling exponentg is in the range found for the smaller (13). In Ref.[25] it was reported that computer simulations
particles sizes and in other experiments on DL[QA]. z(\) on an anisotropic diffusion model in two dimensions gave
increases up to about=0.6. This is clearly larger than the z=0.61 assuming the standard scaling form in Es).and
theoretically expected=0.5, but agrees with previous re- {=0.51 using the anisotropic scaling form in Ed3). Our
sults [15]. Increasing values of the scaling exponefi) values ofz and are clearly lower. Foh=10% z~0.6 and
=0.5— 0.8 have been found in computer simulations of fer-we find(£)=0.53+0.02 which is in agreement with the find-
romagnetic colloidal particle4] for 7<<A <13. Avalue of  ings of Miguelet al.[25] for their dipolar, anisotropic DLCA
A~800 at the transition between diffusion dominated andmodel.
field (ballistic drifty dominated aggregation may seem high. In most of the experiments the cluster size distributions
However, the typical interaction energy involved is muchng(t) were found to scale into a scaling functig¢x) as given
less since this is the interaction energy at typical interparticlésy Eq. (7). The asymptotic behavior of the scaling functions
distances. This typical distance-isl/\¢~5 particle diam- g(x) can be expressed agx) ~x® or g(x) ~exp(-x“) as
eters for a relative volume fractio#=0.04. SinceU~r73,  x=s/S(t)—0, depending on the details of how clusters join
then a typical magnetic energylis~ (/125 kT~5 kT and  [34,35. Two examples are shown in Figs. 4 and 7 for
of the order of magnitude as one would expect. =370 and 3470, respectively. For the case shown in Fig. 4
Miguel et al. [25] have taken into account hydrodynamic the scaling exponents were nearly equat0.40 andz’
interactions in computer simulations of a dipolar, anisotropic=0.43, and the best-fit value for the crossover exponent was
DLCA model. Their basic assumption was that the diffusionA=1.39+0.07. Figure 7 shows a borderline case where the
coefficients were different for paralldéD,, and perpendicular, value of z is just below the lower limit for validity of the
D, orientation relative to the rod’s axis and were given by pL.ca description,z?%, Herez=0.25 andz’=0.30, and the
Ins D, crossover exponert was found to bé\=1.83. However, the
Dj~—,D, ~—. (12)  scaling function still seems to have a power-law behavior for
S 2 small x=s/S(t). In a few experiments with low values af
The logarithmic correction of the diffusion coefficients or at early times in some other experiments, the decay at
and D, incorporated the dependence on the shape of themallx was faster than a power law. In Table | we compare
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posed so far. For large particles with small Brownian mo-
tions and long-range interactions, one might expect that the
ballistic dynamics is dominating. In simulations of 1D field-
driven cluster-cluster aggregatig@eDCA) by Hellén et al.

[35] it was found that the value afdepended on the value of
the velocity of the ballistic motions and the value was found
to vary from 0.4 to well above 2. In that work it was assumed
that the ballistic velocity of the clusters varied @s s°. In

our case, the interaction between clusters is proportional to
the cluster volume, i.e., the size, aAg=1. For 1D systems
6=1 is the value for crossover to gelling. Below this value
and the lines=vy-1 in the (v,8) phase diagram, the 1D

scaling functiong(x) should depend exponentially cnand
not show power-law behavior as we apparently see in two
dimensions.

Preliminary results from computer simulations on a de-
tailed model for field-induced aggregation of large magnetic
holes in a 2D layef39] show a behavior wittz=0.50 in

some of our measured values for the scaling exponents fddreement with earlier simulation resujfisl]. However, the
earlier reported experimental values. The valueszafre  exploration of the full 2D and 3@y, 8), or diffusion versus
clearly lower than what have been reported before in thdield, phase diagram is still a challenge.
literature.

Since we found that\>1 in all cases, the value af, 7
=2-A<1, and then from Eq(9) z'=z This is nearly ful-

filled within th . | it for th . The field-induced aggregation of nonmagnetic micro-
llled within the experimental uncertainty for those cases Ingyneres inside a ferrofiuid layer has been studied. The scaling
Table | where the value oA is clearly smaller than 2. For

X ) _ behaviors of the average chain lendtt) and number of
:Egszs\glt:"?t?oi.fb;hti;/allDLli% Aortnggglz mz;re r?c';fegin; T}qg d clustersN(t) where found for a range of values of the dimen-
For tw u ftphl A>2 andz 7' <% whi K h ul "€C- sionless interaction strength The chain length distributions
forlDo 0 h e Cflsez gn ORE \t/v(;c tLS ez I\'/a l:)e_zl_t ng(t) could be transformed into a scaling functigfx) as
o?‘rthe S{Scimms[o délab%r;erW:t'grne c?fuaSIsceal'ne ?pr?cltqgnl LZ required in DLCA, but the exponentsandA of the dynamic

. Ao vat : Ing functi scaling theory were found to depend on the interaction
havior g(x) ~x* is similar to the earlier reported measure- strength
'In']aebrllct-:-s Doﬁnnﬁ]n;pfgggi ;ggriglat;cgﬂia ;%z%r?;j;gg]ne”:ns For microspheres with diametets=1.9 and 4um, the
S Te AT e exponentz of the cluster lengthS(t) ~t% was found to be
satisfy the exponent relation in E(B). In the present case P gthsv

i . z=0.42 in a broad interval of the parameter: 8\ <500.
\cliv:tg 7<1, we cannot get the exponentdirectly irom the There was a slight increase onwith largerX. In the case of

. the largest microsphered~14 um, the scaling exponerz
For several model systems it has been found that : :
: A >
~1/(1-7) wherey s the diffusion exponent of E¢10). For was strongly dependent onfor A > 1000 with values in the

. . 1
=(0.0. 2
the values of, 0.4<z< 0.5, found for the two smallest par- interval 0.08=2=0.6. However, scaling exponerts: ; are

. . . . I, . inconsistent with the DLCA model.
ticle sizes this relation will givey values in the range S
~1.5<y<-1.0, which is smaller than the critical value  1he cluster number exponent, N(t)~t*, was found to

y (2D):—1 [33]. For this caser< 1 and Eq/(9) shows that be nearly equal ta, and clearly different from the exponent
o . y : )
7=z whic4h was fulfilled in many of our measurements. w=zA. The relations among the scaling exponents found for

With y< y,, thenA=2 according to Eq¢L1), which was not DLCA models with short-range interactions were not ful-
the case here, and one should not have seen the power—lawxlled in this system. This may be due to the long-range na-

behavior found in our data. Our measurements fit better t&/" of th? (_jipole-dipole interactior_ls in the_ system and the
the casey> y,, With 7=2-A~0.5, which is also consistent partly ballistic character of the particle motions.
with z’ =z from Eq.(11). However, it may be pointed out that
for s/S(t)<1 the statistics in our data is limited and our
estimates ofA are lower limits, so it cannot be excluded that  The main part of this work was done at the Institute for
A—2 in the asymptotic limit. Energy TechnologyIFE, Kjeller). J.C. thanks for kind hos-
The results from the large$ti=14 um) particles with a  pitality the Department of Physics at IFE. We acknowledge
very strong dependence pbn \ are, to our knowledge, not financial support from the Slovak Ministery of Education:
consistent with any of the cluster aggregation models proGrant Nos. Nor/Slov and Nor/Slov2002.

FIG. 7. The scaling functiog(x) =s’ng(t) obtained from the size
distributionsng(t) for d=14-um particles with interaction strength
N=3470. Forx<1, g(x) ~x® with A=1.83+0.09 was found. The
scaling exponents for this experiment weze:0.25,z'=0.30, and
the maximum observation time w§g,,=6120 s.

VIIl. CONCLUSIONS
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