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Electrically induced interactions between colloidal particles in the vicinity of a conducting plane
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We address the problem of two-dimensiof2D) colloidal aggregation driven by an ac electrical field, by
observing an aqueous dispersion of latex microspheres in contact with a conducting surface. Using micron-
sized carboxylated polystyrene particles, we have systematically investigated the aggregation process, as a
function of particle size and charge, and of the applied electric field amplitude and frequency. A low-density 2D
phase is observed at high frequengypically above 1 kHz while at low frequency(below a “contact
frequency”v;) the collection of particles collapses into disconnected compact aggregates of crystediine
agona) structure. We argue that this scenario is governed by the competition between an attractive force, of
electrohydrodynamic nature, and a repulsive force, basically an electrical dipole-dipole interaction. Both con-
tributions are revealed and analyzed in independent experiments on isolated particle pairs, using optical ma-
nipulation and dynamometry.
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I. INTRODUCTION forward by Yehet al.[16]. Focusing on ac electric fields, we
propose an original experimental and quantitative survey of
The academic and technical interest of the scientific comthe role of the different parameters—amplitude and fre-
munity for colloidal systems and their organization in liquid quency of the electric field, size and charge of the
phases can be traced back to the beginning of the 20th ceparticles—in the self-organization process. Furthermore, we
tury [1,2]. In many situations, the well-known Deryagin- show that the aggregation mechanism occurs as a continuous
Landau-Verwey-OverbegloLVO) theory[3,4] succeeded in transition from a 2D low-density phase at high frequency
explaining the coagulation or dispersion behaviors of simpl&typically about 10 kHzto 2D disconnected compact aggre-
colloids. In addition to DLVO colloidal forces, capillary in- gates(internal hexagonal geomejrypelow a characteristic
teractions have been shown to promote particle aggregatioirequencyr,, at which the particles come into contact. As a
in two-dimensional (2D) systems[5-9] at equilibrium. complement to these observations of the many-particle be-
Forces of different nature are involved in systems driven fahavior, we report an experimental study of features of the
from equilibrium by mechanical, electrical or magnetic forc- two-particle interaction by means of optical tweezers. From
ing. Recent studies have reported self-organization probablthe data, we deduce the strength and scaling behavior of the
due to hydrodynami¢thermoconvectiveor electrohydrody- two opposing forces involved in the aggregation process: a
namic effectd10-13. An earlier work[14] had shown that repulsive dipolar force, and an attractive electrohydrody-
the aggregation of latex microspheres on a solid surfaceamic force originating from a rectified electro-osmotic flow
could also be induced by an ac electric field. This procesalong the surface of the conducting plates.
was later observed with dc electric fieldss]. Three lines of
interpretation of this phenomenon have been proposed in the
literature so far. The first one, supported by calculations and Il. EXPERIMENT SETUP
experimental evidencElL2], argued that the attractive force
leading to particle aggregation might originate from an The sample cell, sketched in Fig. 1, was composed of two
electro-osmotic flow due to the surface charge of the parparallel horizontal conducting plate§TO coated glass,
ticles. This study focused essentially on dc electric fieldsP0 () per square, purchased from CRL, YKeparated by a
and the mechanism proposed cannot be generalized to &TFE (polytetrafluoroethanespacer of thicknesd =270
electric fields. The second ofi#6] stated that the electrohy- *20 um (purchased from Goodfellow, UK The working
drodynamic flow producing the aggregation might be due tcelectrode surface area was about 1°cifhe void between
the particle induced distortion of the applied fi¢klther dc  the plates was filled with fl:1] electrolyte(NaOH 10 * M,
or ag in the vicinity of the double layer of ions and counte- Debye lengthAp=30 nm) containing the solid particles:
rions at the electrode surface. A third off] suggested a monodisperse carboxylated microspher@ensity 1.045
driving mechanism involving bulk charge densities— provided by PolysciencéUSA) and IDC (Interfacial Dy-
resulting from electrode polarization—in inhomogeneousnamics Corporation, USAWe studied particles of different
electric fields. radiusa (between 0.37«m and 5um), and different surface
In the present paper, we report complementary expericharge densitieésee Table | for particles of about 1.6m in
mental evidence that supports the interpretation scheme puadius: the values of potentials reported were measured
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. a ‘ FIG. 2. Stationary patterns on the bottom plate obtained with a
E(t) . ‘ : dispersion of latex particleg=1.5 um in diameter, for different

frequencies(a) v=2 kHz, (b) v=1.5 kHz, (c) »=1.3 kHz,(d) v

@ L

\ designed using horizontal platinum wires as electradeg
Fig. 7).
latex bead electrolyte
solution

Ill. COLLECTIVE BEHAVIOR

FIG. 1. Sketch of the experimental setup. The first set of experiments involved a large number of

particles(after deposition, roughly one-fifth of the working
electrode surface was coveje@rior to varying parameters,
using a Malverr¢ sizer, while the surface charge values  we let the particles accumulate on the conducting plates un-
were provided by IDG der an ac electric field at frequencies of about 10 kHz. We
An electrostatic potential differencé(t) =V, cos(2rt), observed that most particles did deposit on the bottom plate
was applied between the conducting platés.was varied ~due to sedimentation, but that a minority was trapped just
between 1 and 10 V, corresponding to an average electrigelow the top one. This suggests that there exists a strong
field in the 37—370 Vcm? range. Frequencies from 50 electrostatic image |nteraqt|on thgt at_tracts the be_ads onto the
Hz to 10 kHz were explored. walls, and confines them in thedirection (perpendicular to
The particles were observed through a microsa@igm-  the electrodes The image interaction is probably due to the
pus BH-2, equipped with a CCD cameréHamamatsu depolarization field of the dielectric bead, which is un-
C5985 and a video recordeiUmatic, SONY VO9850 OP screened as long as the frequgpcy is hlgh enough_ so that the
coupled to a frame grabbéPsion interface driven by &iH electrolyte does not reach eqU|I|br|L_1m. Thl_s attraction seems
1.61 Image softwaieto allow for particle dynamics analysis. 10 be long rangeda few bead radiys as it definitely in-
Experiments on isolated particle pairs were carried out by-'éased the particles deposition velocity, as compared to the
means of a double optical trap setisee[17] for detaily. To ~ case where only gravity was acting. While trapped in zhe
characterize the dipolar force, a dedicated experiment wadirection, most particles underwent a free Brownian-like mo-
tion in the x,y directions(parallel to the electrodesHow-
ever, we noticed that a few particles were definitely and ir-
reversibly stuck to the electrodes. The confinement of
Brownian particles was reversible since these particles did
redisperse in the bulk upon cancellation of the electric field.
Once the surfaces had gathered all the beads préstant
. . P tionary surface fraction of particles on the conducting
Radiusa(um) _Supplier £ (mV) o5 (uCom ™) ve (kHz) plateg, we focused the microscope on the bottom surface,

TABLE |. Measured{ potentials of four surface charge cali-
brated carboxylate particles. In the fourth column are reported th
values of the surface charge densitywhen provided by the sup-
plier.

1.6 IDC —51.5+4.8 11.9 1.2 where most of the beads were located and started varying the
1.75 IDC —17.8-3.7 3.0 1.25  electric potential frequency for different values oV, .

1.75 IDC —7.7+4.8 1.3 Figure 2 shows typical configurations corresponding to
15 Polyscience—47.2+5.4 1.2 different values of the frequenay for a fixed value ofV,.

Observation demonstrated that the particles assemble into
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FIG. 3. (&) Structure of an assembly @af=1.5 um particles
deposited under ac electric fieldE{=185Vcm! and v
=2 kHz). (b) Structure of an assembly of identical particles depos-
ited under gravity field onlywithout electric field.

packed aggregatedocal hexagonal orderingwhen v is
lower than a characteristic “contact frequency.. The
value of v, was visually determined as the frequency at
which the particles got approximately in contact. For fre-
quencies higher than; (high frequency or HF regimethe
beads were spread in very large patctasout 1 mm). In-
side these patches, the particles were separated from their FIG. 4. Images of the aggregated regime for three different mag-
nearest neighbors by a characteristic finite distance, of thaifications: (@) x40, (b) X20, (c) X4. E,=185Vcem ', v
order of several bead radiee Fig. 2a)]. A comparison with =400 Hz,a=1.5 um.

the particle distribution in the absence of electric figdoh

example is shown in Fig.)Zonfirms that the distribution of aggregates started melting by diffusion with no clear indica-
particles in the HF regime is not totally random but lookstion of repulsions.

rather like a thermally blurred hexagonal distribution. When We have performed a systematic determination of the
the frequency was decreased towands the beads got contact frequency., as a function oE,=V,/L and of the
closer to each other. The surface fraction of beads being Bead radiusa. Note that the “applied field’E, may differ
conserved quantity, the cell surface divided into “empty” from the local electric field in the cell, because of the double-
and “covered” zonegFigs. 2b) and Zc)]. Below v, (low layer polarization at the electrodes. Nevertheless, the cut off
frequency or LF regimecrystalline aggregates were formed, frequency of the cellD/\pL [whereD is the mean diffusion
the internal density and compacity of which increased as theoefficient of the ions and counterions in the electrolyte
frequency was decreased. Photographs of such aggregatedaOH), and A\, the Debye length is rather low
three different magnifications are shown in Fig&)44(c).  (~250 Hz) with respect to the range of ac field frequencies
The aggregates typical size depended on both the initial derssed in this study. Therefore, the field in bulk should not
sity of particles and the electric field parameters. The aggredeviate too much fronV, /L for »=500 Hz.

gates are distributed rather uniformly over the cell. The par- To determiner, with a good precision, we decreased the
ticles remained mobile in the plane of the ITO surface andrequency(at fixedV,) from 10 kHz down to 50 Hz by small
the aggregation process was checked to be reversible, i.e., st&eps (A v~50-100 Hz), letting the system stabilize at each
soon as the frequency was turned back from the kF ( intermediate frequency. This procedure was repeated for dif-
<) to the HF (v>v.) regime, the aggregates “exploded,” ferent bead siza. Figure 5 shows the dependencerpfas a
evidencing a strong repulsion. After a few minutes, the sysfunction of a for three values ofV, [Fig. 5@] and as a
tem was back to a typical HF configuration. By contrast,function ofV, for three values of the particles radiagFig.
when the ac electric field at< v, was simply turned off, the 5(b)]. The first feature to be noticed is the strong dependence
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FIG. 6. Equilibrium distance between two particles as a function
10% of the frequency, normalized by the collective contact frequency
3 (b) a a ] ve, for three particles radiE,=185 Vcm 1. »,=1250 Hz fora
A =15um (v,=250 Hz for a=3 um, and v,=90 Hz for a
=5 um).
3 a D o
10°F 5 g 3
> havior points out the occurrence of a characteristic frequency
T 102 L o o o o o - v, that delimits two regimeéLF and HF. When increasing
N progressively the frequency, from LF to HF, we observed a
progressive increase of the average distance between neigh-
10t L et | boring particles. This strongly suggests the process is ruled
° 5 um by two antagonist force& repulsive one and an attractive
u} 1.5 ym . . .
A 037 ym one), that scale differently with the frequencthe attraction
N dominates at low frequencies, while at high frequencies the
0 100 200 300 400 repulsion is stronger The fact that the contact frequency
E, (V.om™) does not depend ovi, suggests that both the attraction and
0 .cm

the repulsion are induced by the ac field and scale in the

FIG. 5. Contact frequency,: (a) as a function of the particle same way with the field amplitude.

radiusa for three differente,=V, /L, and(b) as a function ofg,
for three different radius values. IV. TWO-PARTICLE BEHAVIOR

The essential features of the aggregation mechanism de-

of v¢ on the beads radius: the smaller the particles, the highescribed above should be understandable on the basis of a
v.. In other words larger particle systems have to be submitparticle pair interaction. To elucidate the nature of these in-
ted to lower frequency fields to undergo aggregation. A reteractions, we report in this section a set of experiments,
markable fact is that at a fixed radias v, seems to be which were performed with a double optical tweezer system
almost independent of ,, except for low values of this pa- [18], on a highly diluted dispersion of carboxylated latex
rameter ¥,<74 Vcm 1) and small radii &<1 um). For  particles (16 particles per cr).
large particles, the decrease gf with a is approximately In a first set of experiments, we determined the stationary
fitted by a power law with an exponent—2.3. (equilibrium) distance between two isolated particles, sub-

Intuitively, one might expect the particle surface chargemitted to an ac electric field, as a function of the frequency.
densityo to be a key parameter in the aggregation phenomThe trapping laser was used to drag two particles close to
enon. We experimentally found that it is not. This conclusionanother in the microscope field of view, close to the bottom
is supported by the data of Table I. This table displays thdTO-coated plate. Then the laser was switched off and the
values ofv, that we obtained for particles of the same size,two particles were let free to move. We checked that the final
a~1.5um, but of differentos. As we had no means of two-particle configuration was a stable steady state one by
determining directlyo,, we measured the particles’ zeta- checking its stability to small perturbations generated with
potential/, for each batch. Note thdtvaried by an order of the laser trap. As in the many particles system, the two-
magnitude among the different batches. Clearly, there is nparticle behavior was found reversible; once the ac electric
appreciable dependence »f on £. In other words, the sur- field is turned off, the particles diffuse freely. Results ob-
face charge of the particle does not significantly influence théained with three different particle radiiaE&1.5, 3, and
aggregation process. 5 um), and withE,=185 Vcm 1, are displayed in Fig. 6.

In summary, the above description of the collective be-The equilibrium distanced., between the two particles
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smoothly increases with the adimensional frequemty,

(v, is the contact frequency estimated from the collective
behavioj. The average slopes of the log-log plots of Fig. 6
range from 0.35(3- and 5um radius particlesto 0.65
(1.5-um-radius particles although these values should be
taken with care given the limited range of distances ex-
plored.

This two-particle behavior is, on the whole, very consis-
tent with the collective processes described in the preceding
section. The data in Fig. 6 indicate that the two-particle con-
tact frequencyr{?) is smaller than the collective contact fre-

guencyv.. This does not rule out our interpretation in terms -

of a pair interaction, as the equilibrium interparticle distance

can depend on the number of interacting parti¢iess the FIG. 7. Visualization of the centripetal flow in the neighborhood
case for example, if attraction and repulsion had differenbf a large particle §=5 um) under ac electric fieldE,
ranges. =185 Vcm L. The flow is traced by a small particla€1 um).

The second set of experiments aimed at analyzing sep@” egch panel the small tracer images are superimposed, for fixed
rately the attraction and the repulsion. time intervalsAt. (8) »=150 Hz,At=0.4 s.(b) »=600 Hz, At

We first probed the dipolar nature of the repulsive inter-=0-8 .
action, due to the electric polarization of the microspheres
under ac electric field. This study was performed in the bulkpositions, as shown in Fig.(B), to quasi-instantaneously
i.e., far from any surface. By means of the optical trap, it wageach two new equilibrium positiongray particles As ex-
possible to hold a couple of particles in the bulk electrolytepected from electrostatics, the interaction in this configura-
in a horizontal plane, at about middistance between the tofon was attractive. At a fixed final distancafter shifting
and bottom surfaces of the sample cell. Each microspheré~2.2a between the particle centers, fB=185 Vcm !
was held between two counter-propagating Argon ion laseand »=1 kHz, the value of the measured attractive force
beams, that constituted two 3D stable optical traps. In thevas 1.2 pN. The attraction scaled as a power lanwEjn
horizontal plane, the traps acted as Hookean spriati- (~E§'9).
ness~1 pNum~1). When the ac voltage was turned on, the  The variation of this attractive force with the distance
interparticle distance increased, revealing a repulsion. In thipetween the particles centaisould be reasonably fitted by
configuration, the particles got polarized by the electric field,a power law with exponent — 4.7, for the limited range of
and bore parallel electric dipoles. In this geometry, the dipolef between 2 and 4a (data not shown here, for more details
vector . is perpendicular to the line linking the particle cen- see Ref[19]).
ters and the dipole-dipole interaction is repulsive. This is To obtain an estimation of the expected force magnitude
what the experiment confirmed whatever the frequency ofake two dielectric spheres of radiasand dielectric constant
the applied fieldfor v> v, andv<wv,). At this step, we can &, embedded in a medium of dielectric constagt,, sub-
already deduce that the attraction intrinsically depends on thaitted to a slowly oscillating fieldE(t) = E, cos(2mt) along
proximity of the conducting plate, as none was found inthe axis linking the centerssame configuration as on Fig.
bulk. 7(a).] For e,,>¢|, each sphere alone would acquire an in-

Unfortunately, the configuration with the two particles re- stantaneous electric dipolar moment27e,,e ,E(t)as. Es-
pelling each other in the same horizontal plane was highlyimating the resulting dipole-dipole force by averaging over
unstable, as they rapidly tended to turn around each other @ period, we get an order of magnitude estimate of the
align on a vertical. Because of this difficulty, it was not pos-attractive  force F®=37s.e,a’E¥/d*, where the
sible to make the observation quantitative, i.e., to measurguperscrigf) refers to the attractive configuration. Taking
the amplitude of the repulsion. £4,~80,d~10 um and E,~185 Vcm ! leads to a force

In order to quantitatively characterize the interaction, wearound 3 pN, of the same order as the experimental measure.
instead chose to work in a configuration withparallel to  Moreover, the scaling law-E3 for F{?) extracted from the
the line linking the particle centers. This was achieved insideexperiments are in line with the above formula. We can
a different cell, whose structure is sketched in Fig).7Two  therefore anticipate that a repulsive dipole-dipole interaction
platinum wire electrode&iameter 0.5 mm and length 3 ¢m F. must exist between two particles in the vicinity of the
were placed at a given distance (2#@n) inside a glass cell conducting plangoriginal configuration From simple ge-
of rectangular cross sectigithickness 1 mm, width 1 cm, ometry this repulsion should persist in the vicinity of the
length 3.5 cm filed with the NaOH electrolyte conducting plane although image effects should modify its
(10~ mol I"1). The experiments were carried out with large amplitude.
particles, 5um in radius, because these were hardly Brown- Second, we tried to characterize the attraction by analyz-
ian and still small enough to be manipulated with a moderaténg how a 1um-radius particle was attracted by an isolated
laser power. As soon as the potential difference is switchethrger particle of radius %m, when released at some dis-
on, the two particles symmetrically shifted from their initial tance from the latter. Figure 8 shows the superimposed posi-
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FIG. 9. Sketch of the two main forces acting on a particle. In
this representation, the right bead is dragged by the flow generated

by the left one. The resulting hydrodynamic fonﬁ:@is balanced by
the electrostatic repulsioR, between the dipoleg.

Thus, to estimate the strength of the attraction between
two identical particles, a simple picture is to consider one
FIG. 8. Experimental evidence of the dipolar interaction be-partide submitted to a drag force due to the flow generated
tween two colloidal particles submitted to an ac ele(_:tric fieia_d. by the other onethis argument breaks the symmetry but
Sketch of cell geometry. The gap between the platinum wires ig|ows a first simplification The centripetal hydrodynamic
about 270,um. The curved lines across the pgrtlcles are asymbollcdrag force F, can be further approximated by,
Lepresentatlorg)_oflthe Iaser_b:ear(‘@.S\ﬂsuallzatlgn of th(la attr.aci‘t_lolg ~6mpau(r,d), with u(»,d) the frequency dependent fluid
etv!een two lgl atfx particleat . ".‘.m)‘ under ac electric fie velocity at a given distancgfrom one of the particles, ang
(E,=185 Vcm -, v=1 kHz). The initial particle positiongprior the water viscosity ﬁ=1073 kg mflsfl) The measured
to applying the voltage differentare indicated by their contours in - L
white dashed lines. The photos correspond to the particles finéfalueS of th_e small bead v_elocmes given aboye allow us to
positions. roughly estimate the amplitude of this attractive force. For
a=5 um, E,=185 Vcm 1, andd~2a, F, equals 1 pN at
. ) . . ) v=150 Hz, 0.7 pN at=300 Hz, 0.5 pN av=600 Hz, and
tions of the two particles taken at fixed time interv@l4 s g 1 pN aty=1.2 kHz.
and 0.8 $ for E,=185 Vem * and two frequenciesy This justifiesa posteriorithe use of small beads as tracers
=150 Hz(a) and »=600 Hz(b). These two frequencies are tg visualize the flow created by a larger one, since the dipolar
located above the two-particle contact frequency of the large|ectrostatic repulsion felt by a small bead scales as the third
particle ({”)~50 Hz fora=5 um). The large particle did power of its radius whereas, the hydrodynamic drag attrac-
not move significantly during the course of the experimenttion scales only linearly. As a consequence, the weak dipolar
Both particle trajectories presented in Fig. 8 show that thgepulsion on the small particle should yield negligible cor-
small particle moved faster as it got closer to the larger parrection on its velocity: as expected, the small particle is at-
ticle. This motion was observed to be slower for larger fre-tracted even for frequencies greater than the contact fre-
guencies or smaller amplitude of the ac electric field. Wequencyyg2)~5o Hz of the large particle.
attempted to quantify this attractive drift by measuring the
small bead velocityu(»,d) from the video films, at a fixed
distanced=10 um from the large particle center. For in-
stance, at fixedE,=185 Vcm 1, this velocity decreased
monotonically with frequencyu=10.4ums ! at 150 Hz, The observations and estimates reported in the preceding
u=7.8ums ! at 300 Hz,u=5.3ums ! at 600 Hz, and section confirm the hypothesis that the aggregation phenom-
u=1 ums ! at 1.2 kHz. Following Ref[16] it is tempting  ena can be explained by the competition between a dipole-
to consider the small particle as a tracer placed in an electrdipole repulsion and an electrohydrodynamic attractive effect
cally induced centripetal flow around the big parti€l].  that, in the frequency regime~ v, leads to the observed
Using even smaller bitumen tracers (Qun radiug in the  equilibrium distancel.(v) (see Fig. 9. For the particles of
vicinity of the same 5um radius particles, we observed re- 5-um radius studied in Sec. 1V, the estimated orders of mag-
circulation rolls that confirmed the very probable hydrody-nitude of the repulsive and attractive contributions allow us
namic nature of the attraction. to deduce that, foE,=185 Vcm 1, the “Stokes” force is

V. DISCUSSION
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TTVTIO 9O The above discussion suggests that the main features of
°°°.° Oooo ‘ the aggregation behavior of latex particles under ac electric
000002 o field can be understood as the outcome of the sole competi-
OOG- A o) tion between two deterministic forcéslectrostatic and hy-
(o} [ J OQC)OOOQ0 [e) . drodynamig. However, an important remark remains to be
Ooof') 0000000 made. Turning back to Fig.(B), we notice a decrease of
.q9 ocs?oOoo Qo@ (9 at small values oE, for small radii. Two points are even
OOC‘QOOOOO)%Q missing on Fig. &), (for E,=37 Vcm 1) and one on Fig.

5(b), (for a=0.37 um). For these values of the parameters,
it was not possible to form even “liquid” aggregates, the

¢ N OOO Brownian motion competing against the other interactions so
. OO" ‘6;‘) (*) | that the electrically induced effects were blurred by the ther-
Qo (g ?of)ooog mal noise. Comparing the dipole-dipole repulsion 6y
o TPl Q(‘:Oo o ~74 Vem tandd~2a, to kgT/a leads to a limit radius of
b o OOOVOOO OOQ 1 wm under which the thermal noise cannot be neglected.
9 O%ﬂe&qﬂgog a This also explains the fact that for low voltages and small
'Y AR ATN o particle radius, whem is slightly abovev., the areas cov-

ered by beads do not exhibit noncontact crystalline structure
YFigs. 2b) and Zc)]. On the contrary, for larger particles and
higher voltages, thermal agitation appeared negligible com-
jpared to the electrically induced forces, which allowed us to
observe noncontact crystalline structutese, e.g., Fig. 20

FIG. 10. Noncontact steady state structure obtained with bi
particles @=3 um) at high electric field E,=560 Vcm 1). The
frequency is 350 Hz, which is greater thap~250 Hz for this
radius. The white contours have been drawn to delimit the crysta
line zone with hexagonal symmetry.

. . VI. CONCLUSION
able to balance the dipolar electrostatic force at low fre-

guency (@~150 Hz), while at higher frequency v( We have presented an experimental study of the ac elec-
~1.2 kHz), it is dominated by the electrostatic repulsion:tric field induced aggregation of latex particles on a conduct-
indeed atv=1.2 kHz, F,, is lower thanF, by an order of ing surface, as a function of the field parametetsength
magnitude. This not only agrees with the pattern evolutiorand frequencyand of the particle size and surface charge.
with the frequency shown in Fig. 2 but also explains theThe reported set of experimental measurements strongly sug-
“explosion” observed when the frequency is suddenly turnedgests that the 2D organization of the particles, both in the
up from the LF domain to the HF domain. Moreover, the factaggregated and low-density phases, results from the compe-
that v; is independent oE, suggests that the attractive and tition between an electrohydrodynamic attraction and an
repulsive forces scale similarly with, . electrostatic dipolar repulsion. Moreover, the collective ag-

This is in agreement with the suggestion of Yeh and cogregation behavior can be semi quantitatively understood in
workers[16] for the origin of the attractive electrohydrody- terms of two-particle interactions, summed up on large ag-
namic effect: the distortion of the applied electric field by thegregates. The transition from 2D low-density phases to com-
dielectric particle leads to a tangential component of theuact hexagonal aggregates can be viewed as a continuous
electric field over the Debye layer covering the conductingout-of-equilibrium transition involving the competition of at-
surface. This generates a rectified electro-osmotic flow, protractive and repulsive forces whose range and strength is
portional to both the charge in the Debye layemhich is  changing continuously with the field frequency and ampli-
proportional toE, to first ordej, and to the tangential elec- tude. Thermal noise here only contributed to blur this elec-
tric field component just outside the Debye layetich is  trically induced scenario for the smallest particles
also proportional toE,). This flow (and the associated (<1 wum).
“Stokes” force) has thus the same power law dependence,

Ef), as the dipole-dipole repulsion.

We have not attempted any more precise discussion of the
exponents indicated on Figs. 5 and 6 given the limited range We are very indebted to C. Ybert and S. Ravaine for fruit-
of values ford/a and the difficulty to build more accurate ful discussion. This work was supported by the Centre Na-
models for situations where this parameter is only barelytional des Etudes Spatiales under Grant Nos. 793/CNES/99/
larger than 1. 7725 and 793/CNES/01/503539.
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