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Aggregation kinetics and stability of structures formed by magnetic microspheres
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Stable rings formed by magnetization-controllable microspheres at zero field are observed and reported in
this Rapid Communication. The magnetic microspheres were made by plating glass beads with a critical
thickness of Ni film. We found that the ring leading to magnetic flux closure is the most stable configuration.
At high concentrations, all individual rings, chains, and clusters join together to form a netlike structure. A
computer simulation based on the dipole-dipole interaction, without thermal noise, has been carried out, and
the results are in good agreement with the experimental observations. Based on an analytic approach we give
a simple explanation of the formation and stability of ring$1063-651X%99)50105-(

PACS numbseps): 83.10.Pp, 82.70.Dd, 61.43.Hv

The spatial configurations of magnetic microspheres ireters of 47um as an initial core and coated a thin layer of
colloid and complex fluids is an interesting issue concerningnickel using electroless plating]. We found that, for mi-
the magnetic materials, nonlinear science, and fundamentgrospheres with a moderate value of magnetic moments, the
statistical mechanics. As early as the 1970’s, de Gennes arptimum thickness of nickel ranges from 2.5 tqui. The
Pincus[1] predicted that without a magnetic field the mag- magnetization of microspheres used in our experiment is
netic particles suspended in a passive liquid form randomiybout 1.56 emu/cfipwhich can be calculated by multiplying
oriented chains competing with closedings and clusters  the volume of the nickel shell with the saturation magnetiza-
Under an external fieltH, they change tehainsalong the tion of nickel at 480 emu/c#{8]. The dimensionless param-
field direction. Although some preliminary investigations eter Kqq, characterizing the strength of the magnetic cou-
have been carried ofi2—5], no direct evidence supporting Pling relative to the thermal energy, is
the prediction has been reported to date. The effect of long

range dipolar forces on the dynamics of growth processes u? 2 M2d3
and on the structure of growing aggregates in colloids has Kgd= 3 =— . (1)
been extensively studied in the framework of particle-cluster d°kgT 36 kgT

aggregation6] and cluster-cluster aggregati¢8], but the
interesting effect of ring formation and competition of closedHence, at a fixed ambient temperattrthe value oK 44 can
rings with open chains has not been observed. be controlled by adjusting either the magnetizatidror the
For the purpose of the experiments, we fabricateddiameterd of the particles. Here, the value &f;4 is about
magnetization-controllable  microspheres by  coatingl.69x 1CP. In the experiments the optical side of a six inch
uniform-size glass beads with a nickel layer of given thick-Si wafer was used as the bottom plate on which four plastic
ness. By using such microspheres we could study the pattetrarriers are mounted to form a container filled with alcohol
formation in two dimensions, and we found that the feature®r oil. The pattern evolution of microspheres in the container
of pattern formation are in good agreement with the theoretwas monitoredin situ by a charge-coupled devidg€€CD)
ical predictions of de Gennes and Pindds$. We observed camera and a video recorder. First, the nickel-coated micro-
that (&) microspheres prefer to form isolated rings in low spheres were magnetized inside an electromagnet and then
concentrations and change to cluster or netlike structure idispersed randomly onto the container as seen in Ra, 1
high concentrationsib) rings leading to magnetic flux clo- where some short chains coexisted with a few rings and clus-
sure are the most stable configurations. A two-dimensionalers. Due to the relatively large particle size, this state re-
dynamic simulation, based on the dipole-dipole interactiomrmained unchanged if there was no external perturbation. Af-
without thermal noise, has been carried out to support théer we perturbed the system by slightly vibrating the wafer to
observations. Based on the simulation and the analytic invesvercome the frictional barrier, individual microspheres,
tigation of stability of aggregates we could draw interestingshort chains, and small clusters began to move and form
conclusions on the aggregation kinetic and ground state cortenger chains or longer clusters. Simultaneously, some
formation of the ensemble of magnetic microspheres in thehains or clusters closed themselves to form rifege Fig.
absence of annealed disorder. 1(b)]. The final pattern is exhibited in Fig(d), where almost
In order to obtain moment-controllable spherical particlesall rings and clusters joined together to form a netlike struc-
we selected uniform glass microspheres with average dianture. It has to be noted that comparing our experimental re-
sults to ones known in the literatufB], the main difference
is that our aggregates do not have ramified structure, i.e., the
*Permanent address: Department of Theoretical Physics, Kossutthains and rings have regular shapes. The absence of the
Lajos University, P.O. Box 5, H-4010, Debrecen, Hungary. Brownian effect in our case is due to the much larger particle
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where the parameter depends on the particle size and vis-
cosity of the fluid, andv,=dr;/dt denotes the velocity of
particlei. In order to take into account the finite size of the
particles we apply the so-called soft particle dynamics, i.e.,
the particles are allowed to overlap each other up to some
extent during their motion. We introduce the elastic restoring
force Ificjont (contact force between the overlapping particles
according to the Herz contact Ia0]

'f?:jont:_k(d_rij)S/Z_ ﬁij:_kf’icjont’ (4)

wherek is a material dependent constant. For simplicity, in

FIG. 1. (a)—(c) show the evolution of the ring, chain, and cluster the Slmullatlo.ns the system is supposed 1o be fully dissipa-
tive, noninertial. Hence,

formed by the magnetic microspheres dispersed on the silicon wafer

under slight vibration(d)—(f) show the time evolution of the ag- dr 2 K
gregation process obtained by computer simulation. j:'“_ 2 fm_ = E foont i1 N (5)
dt a5 ij arij<2R if ’ W\,

size compared to Ref5]. The relatively larger particle size ] _ ) ) ) )
hinders the Brownian motion and it also results in a largetthe first order differential equation system is solved numeri-

value of dipole momeng leading to stronger magnetic cou- cally to obtain the trajectory of the particlg3], starting from
p||ng (i_e_, |argeKdd) at a moderate level of magnetization a random Spatla| Conﬁgurat!on. Motivated by the experimen-
M. The Brownian motion of small size particles and the po-tal observations, the equation of the motidty. (5)] does
|arizati0n, due to the h|gher level of magnetization in Ref.not contain a stochastic Component, l.e., randomness is intro-
[5], seem to be the main reasons why it is impossible tgluced into the model solely through the random initialization
observe the competition of regularly shaped rings and chain@f position of the particles and the direction of their dipole
there. moments(quenched disorderThis implies that the simula-

To support the above argument and to gain deeper insighton corresponds to the ca$gq=< and, hence, the trajec-
into the aggregation process, we have studied the pattet@ry of particles is determined. Without loss of generality,
formation in the absence of an external magnetic field alsghe parameter values used in the simulations sathy=1
by computer simulation. In the simulation, the system unde@ndk/a were chosen such that the overlap of the contacting
consideration is modeled as the monodispersive suspensid@'ticles is always much smaller thanThe rotation of the
of nonBrownian soft particles of numb&t with diameterd ~ particles due to the dipole-dipole interaction is not dynami-
and magnetic moment [ w=M (7d%/6)]. The particles are cally implemented. Instead, after each integration step of Eq.
represented by moving Spheres in a two-dimensional p|ane(5), a self-consistent relaxation algorithm is used to find the

The time evolution of the system is followed by solving €quilibrium orientation of dipoles where no torque acts on
the equations of motion for the translational degrees of freethem anymore. The periodic boundary condition is used in
dom of the partic|e$mo|ecu|ar dynammsg]) and followed both directions in the two-dimensional simulation. The simu-
by applying a relaxation technique to also capture the rotalation results can be seen in Figsdt-1(f). Comparing the
tion of the dipoles. The particles are subjected to dipolePatterns presented in Fig. 1, it can be seen that the simulation
dipole interaction, to hydrodynamic resistance due to theifesults are in good agreement with the experimental ones,
motion relative to the liquid phase, and to an elastic restoringvhich justifies that the dipolar interaction is already suffi-
force (soft particle dynamidsin order to take into account cient for the occurrence of phenomena.

the finite size of the particles. The magnetic foFEF, acting Figure 2 dlsplays the effects of concentration of micro-
sphere per unit area on the patterns. In low concentrations,

between two dipoles.€; andue;, separated by distane§, st microspheres form isolated ring&g. 2@)]. When the

IS concentration is increased, individual rings, connected rings,
and clusters appeared simultaneoyslge Fig. 20)]. How-
ever, if the concentration was increased to a certain value, all

FiT:'U“ZT[S COSp; cosp;n;; — Cog B — Bj)N;; rings and chains connected to form closed clusters or netlike
. structures. In this case, almost no individual ring was ob-
~ € Cos; — &j cosp3] servedsee Fig. 2c)]. The simulation results performed with
different concentrations are shown in Fig$d)2-2(f), where
=M2F{}‘, (2) again the good agreement between theory and experiments
can be seen.

It is easy to show by analytic means that the deepest en-
ergy confirmation of dipoles is a ring, whenever the number
of dipoles exceeds thrdd1,17. In spite of this, the forma-
tion of rings in a suspension is not obvious to understand,
especially in the absence of annealed disorder, since the di-
- polar interaction tries to locally align the dipole moments. To
—av, 3 obtain information about the chain-ring transition and the

Whereﬁij denotes the unit vector pointing from dipalgo
dipole j, and gB;, B; are the angles of the direction of the

dipoles with respect ta;; . The hydrodynamic forcg{¥® on
a sphere is treated as Stockes’s drag

=hyd_
Fhyd=



RAPID COMMUNICATIONS

R4760 WEN, KUN, PAL, ZHENG, AND TU PRE 59
a) = 2) b) -
S
0] GGQ © o R
=
3’%6%{3«3 % 3 %@@
% ol ©P gﬂo oﬁ
¢) hd d)
! =2
Y B %@ ®
; & P
" ¢ 3l
£ C, f RS dﬂ? S j

FIG. 2. Patterns formed at different concentrations. Here, the FIG. 4. Magnified view of a region of the suspension where

1 0,
concerlyratllo(r:js) f((;)l(a)l,q (b),thand (c)ltaref%r.]SQ, 20'0?’ aqd 4|2£.95 A”f rings of 5 and 19 dipoles appear. The four snapshots of the simu-
respectivelyld)={I) snow the results ot the computer SImulations ot 15 show the aggregation process leading to the formation of

the corresponding systems. magnetic rings.

stability of these structures, we calculated analytically how

the energy of a chain dfl dipoles changes when the chain is ring, respectively. It can be observed in Fig. 3 that, for
gradually bent and finally closed to create a ring. The graduar 3, the ring configuration has the deepest energy. The
deformation of a chain is performed in such a way that theninima ofwy(y) corresponding to the straight chain and the
particles are always constrained onto a circle characterizegerfect ring configurations are separated by a maximu{ff{

by an angley, the value of which varies between(§traight ~ with a positionyy2*.

chain and 27 (closed ring. It is supposed that during the ~ The chains have a certain rigidity against bending, since,
deformation the dipole moments point into the direction ofin the bent chain, the dipoles are not in the energetically
the local tangent of a circle. Summing over all the possiblefavorable fully aligned configuration anymore. However,
pairs of dipoles, the energy per partielg(y) of a deformed  when the bending angle exceeds the threshold vaf{f&,
chain ofN elements as a function of can be cast into the the energy starts to decrease again, and the closing of the

form chain becomes favorable. This is due to the attraction of two
_ N_1 ends that are close to each other. This has important conse-

_ uPsin’(yI2N) 1+cos(iy/2N) . quences on the mechanism of the ring formation. A ring
Wn(7) == Nd3 S1 sin(iy/2N) = cannot be formed from a single chain. One has to overcome

(6) a broad potential barrier to bend the chain until it will close.

Also, a single chain tends to grow longer along a straight line

In Fig. 3, wy(y) is plotted as a function ofy for several until there are mobile single balls or very short chains around
values ofN. Note that the limiting caseg—0 andy—2x of  its ends. Therefore, a ring can only form from two or more
Eg. (6) give the energy of a straight chain and of a perfectopen chains of appropriate relative position, direction, and
polarization. It is not difficult to see that the emergence of

-1.0 . — T . such chains is not purely due to the disorder present; it is
encouraged by the closed loops of the magnetic field lines.
-2 . The aggregation process of chains leading to the creation of
two rings is demonstrated in Fig. 4. At the beginning of
Qe — g process, the dipoles that happen to be very close to each
e S ; other in initial random configuration align and stick together
Ng A6 T 1 forming pairs and short chains. While their magnetic field
\\32 """"""""""""""""""""" A makes single dipoles around their ends align them, it forces
T gk ] nearby dipoles in the perpendicular direction from them to
§ 1 A take the opposite polarization. This way, chains of one po-
DY ] R | larization encourage the formation of parallel chains of op-
. ] posite polarization. One can see in Figa/that parallel
— N=3 v . . . .
22 k] N=4 v short chains just being formed really tend to be polarized
e ) more or less oppositely. Such parallel chains attract each
ba L= — , L , other, and they may soon form small rifgsg., the ring with
"o 1 2 3 4 5 6 7 five particles in Figs. @)—4(c)], or grow longer before their
v ends join. The ends may get closer to each other not only by

the attractive force, but also by bridges built from more mo-
FIG. 3. The dimensionless ratWy(y) andx?/d® for four dif- bile short chains, which are moved by the magnetic field
ferent values of. y varies between 0 andm2 between the ends to fill the gap. The above argument also
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N
of wy(y) with respect toy. In the inset of Fig. 5 one can

FIG. 5. WRr*" divided by 1.?/d* as a function ofN. The inset  ghserve that the derivativiiwy, /dy at y=2m shows qualita-
showsdwy /dy divided by u?/d® at y=27 vs N obtained from tively the same behavior a/F°" i.e., the opening forc&
Eq. (6). also saturates for largd. It has to be emphasized that the

above analytic results cannot be obtained in the framework

implies that the ground state of the system is in ring configupf the simple model of Ref[12] where only the nearest
ration in the limit of small concentrations, while at larger nejghbor interaction was taken into account, neglecting the
concentrations, the chains may freeze in the local energynportant long range interaction of dipoles. The stability of
minimal forming branching cluster instead of rings. the rings has been tested experimentally, which is shown in

To quantify the stability of rings, from Eq6) we calcu-  Eig g "where the system was subjected to strong vibrations
lated the total energWy™" required to open up a ring & ;'3 mechanic shaker. In Fig. 6, we marked ringa,ds and
dipoles W™= N[wy™—w\(2)], i.e., the deepness of en- ¢ anq then traced their whole trajectories under the vibra-
ergy valley of rings in Fig. 3 multiplied byN. It can be oy The rings were very stable during the entire process,

observed in Fig. 5 thatViP*"is an increasing function dfl  yhjle the morphologies of the neighboring chains changed
and it tends to a limiting value for large¥. Another charac-  apjdly.

teristic quantity of the stability of rings is the for€ethat has
to be exerted for the opening. F. Kun is very grateful for the financial support of the

It can be shown that, in the vicinity of the bending angle SOROS Foundation. He also acknowledges financial support
vy=21r, the opening forcd- is proportional to the derivative from OTKA T-023844.
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