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Lane formation in driven mixtures of oppositely charged colloids†
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We present quantitative experimental data on colloidal laning at the

single-particle level. Our results demonstrate a continuous increase

in the fraction of particles in a lane for the case where oppositely

charged particles are driven by an electric field. This behavior is

accurately captured by Brownian dynamics simulations. By studying

the fluctuations parallel and perpendicular to the field we identify the

mechanism that underlies the formation of lanes.
Far from thermodynamic equilibrium, a wealth of fascinating self-

organization processes can emerge along with unusual pattern

formation and novel transport properties.1,2 One of the simplest

prototypes of non-equilibrium pattern formation is lane formation,

exhibited by dusty plasmas,3,4 granular matter,5 pedestrian

dynamics,6,7 and army ants.8 In this paper, we characterize the

patterning and dynamical signatures of lane formation in a colloidal

system experimentally and with computer simulations. Our results

may find use in electronic ink, which also contains oppositely charged

colloids that are driven by electric fields.9,10

A fundamental and microscopic understanding of non-equilibrium

phenomena requires resolving the underlying dynamical processes on

the scale of the individual particles. For this, colloidal dispersions are

excellentmodel systems since they can be brought out of equilibrium in

a controlled way by external fields and the trajectories of the individual

particles can be tracked in real space using confocal microscopy, which

allows unparalleled comparison with computer simulation and

particle-level theory.11–13 Here, we first study the formation of lanes in

driven colloidal mixtures as a function of the driving strength using

both experiments and Brownian dynamics computer simulations.

Lane formation in this 3D system is found to be a continuous process

as a function of driving field. Starting from an initial mixed state, the

dynamicalmechanism behindthe formationof lanes is identified: there

is an enhanced lateral mobility of particles induced by collisions with
aSoft Condensed Matter, Debye Institute for Nanomaterials Science,
Utrecht University, Princetonplein 5, 3584 CC Utrecht, The Netherlands.
E-mail: t.vissers@uu.nl; a.vanblaaderen@uu.nl
bInstitut f€ur Theoretische Physik II, Heinrich-Heine-Universit€at
D€usseldorf, Universit€atsstrasse 1, D-40225 D€usseldorf, Germany

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c0sm01343a

‡ Current address: Institut f€ur Festk€orperforschung, Forschungszentrum
J€ulich, D-52425 J€ulich, Germany.

x Current address: School of Chemistry, University of Bristol, Bristol,
BS8 1TS, UK.

2352 | Soft Matter, 2011, 7, 2352–2356
particles driven in the opposite direction, which sharply decreases once

lanes are formed. Therefore, particles ina lane canbe regardedasbeing

in a dynamically ‘locked-in’ state.

In our experiments, we used a binary dispersion of sterically

stabilized, nearly equal sized, but oppositely charged poly-

methylmethacrylate (PMMA) spheres inside a rectangular capillary.

The particles were synthesized by dispersion polymerization,14 and

fluorescently labeled with either 7-nitrobenzo-2-oxa-1,3-diazole

(NBD) or rhodamine isothiocyanate (RITC). The two species are

color-coded as ‘green’ (sgreen ¼ 1.06 mm, polydispersity 6%, NBD-

labeled) and ‘red’ (sred¼ 0.91 mm, polydispersity 7%, RITC-labeled).

The overall volume fraction of the suspension fgreen (0.090) + fred

(0.090) was 0.18.

To match the density and refractive index of the particles with the

solvent, the particles were dispersed in a mixture of 27.2 w% cis-

decahydronaphthalene and cyclohexylbromide containing 75 mM

tetrabutylammonium bromide. From the conductivity of the salt-

containing solvent (4.9 nS cm�1), we estimated the solvent micro-ion

concentration to result in a Debye–H€uckel screening length of k�1 z
170 nm. This dispersion was transferred to a capillary cell (Vitrocom,

Fig. 1a) with two 50 mm (diameter) nickel alloy wires (Goodfellow)

threaded along the length direction (y, horizontal) and closed with

either UV-glue (Norland) or wax. Experimental data obtained by

confocal laser scanning microscopy (Leica, SP2) is presented from an

optical slice with thickness Dz z 2 mm. We used a tracking algorithm

to obtain the particle coordinates for each confocal image and track

their trajectories in time. The coordinates of each species were

determined and then the mean displacement between consecutive

frames was obtained via cross-correlation of the coordinates similar

to Ref. 15. This mean displacement was then subtracted to track each

particle in time. Red and green species were treated separately.

In the case of zero field E ¼ 0, the oppositely charged colloids

eventually crystallized. However, this occurred on a time scale of

days,13,16 and thus is not relevant to laning. For |E| > 0, opposite

motion of two colloidal species was induced and lane-like structures

formed in the field direction. In the experiments, electro-osmosis on

the capillary glass walls leads to a fluid-flow profile across the cell in

the z -direction.17 We determined the lower theoretical stationary

layer (or plane of zero-velocity), where the macroscopic fluid flows

resulting from electro-osmosis cancel each other, to be at zstat z 26

mm from the lower wall (Supplementary Fig. 2).

We use Brownian dynamics simulations for the colloidal particles

which interact via a screened Coulomb (or Yukawa) pair
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Lane formation in the experiments and simulations. (a) A sketch of the experimental setup. A suspension of oppositely charged colloidal

particles is confined in a millimetre-sized capillary. Green are negatively charged NBD-labeled particles, red are positively charged RITC-labeled

particles. The electric field E is directed along the x-axis. (b–e) Snapshots of oppositely charged particles for two different electric driving fields E¼ 30 kV

m�1 and E ¼ 110 kV m�1 in our experiments a few seconds after the field was turned on (b,c) and simulations (d,e). In (d,e) particles i with Fi ¼ 1 are

depicted with filled circles and Fi ¼ 0 with open circles. (f) Definition of the lane order parameter F. The lane order parameter for particle i is Fi ¼ 1 if

and only if its neighbors located inside a box of dimensions Dx � Dy are of the same species.
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potential VðrijÞ ¼
ZiZjlB

ð1þ k�s=2Þ2
e�kðrij��sÞ

rij

, where rij ¼ |ri � rj| is the

inter-particle distance, lB ¼
e2

4p3m30kBT
is the Bjerrum length, Zi is

the particle charge number, 3m is the relative dielectric constant of the

medium, 30 is the dielectric constant of vacuum, kB is Boltzmann’s

constant, and T is the temperature. The colloids move in a highly

viscous background solvent so that their dynamics are overdamped

(i.e. inertia is irrelevant). The hard core is approximated by a steep

soft sphere potential V(r) ¼ V0(�s/r)24, where V0 ¼ |Vr,g(�s)| is the

Yukawa interaction strength between red and green particles at

distance �s. For simplicity �s is set to 0.93 mm for both species.18

The electric field E ¼ Eex in the x-direction yields an external

driving force. In the so-called H€uckel limit, i.e. at low salt concen-

tration such that k�s� 1, the electrophoretic drift velocity is v¼ZeE/

(3ph�s), where h is the solvent viscosity. Since in our case k�s z 6.0,

we apply a scaled external force to match the electrophoretic drift

velocity at finite k�s. The force on the ith particle caused by the

applied electric field E reads fi¼ ZieEf(k�s)/(1 + k�s/2), where f(k�s) is

the Henry function which is close to unity (1.1) for our parameters.19

To obtain the trajectories of the colloids we integrate the equation of

motion numerically 20 with a time-step Dt¼ 0.0001sD, where sD¼ �s2/

4D0 is the time a particle needs to diffuse its own diameter and D0 ¼
kBT/(3ph�s). Hydrodynamic interactions (HI) between the particles

are neglected which we argue is reasonable at moderate volume

fractions in electric driving fields since in electrophoresis the opposing

motion of the micro-ions with respect to the colloids leads to

screening of the HI.21 Inclusion of HI at the Long–Ajdari level has

negligible impact on laning phenomena for oppositely charged

colloids.22 A quiescent (i.e. flow-free) solvent is assumed to match the

zero-velocity observation plane selected in the experiment. The

Brownian dynamics computer simulations were performed in 3D in

a rectangular box with periodic boundary conditions in all three

directions. The colloid volume fraction f (Supplementary Fig. 1),

composition of the binary mixture, h ¼ 2.72 cP, solvent dielectric

constant 3m¼ 5.6, Bjerrum length lB¼ 10.0 nm and screening length

1/k are taken to be similar to the experiments. From electrophoresis
This journal is ª The Royal Society of Chemistry 2011
experiments and comparing our Brownian dynamics computer

simulations with laning experiments, we estimate the particle charges

Ze¼ �42e for the green particles and Ze¼ 67e for the red particles.

More details can be found in the supplementary information.

Typical particle configurations in the steady state at low and high

driving fields are shown in Fig. 1 both from experiments (Fig. 1b,c)

and from computer simulations (Fig. 1d,e); see also Supplementary

Videos 1 and 2 for experimental data recorded at low and high field

strength respectively. The simulation shows particles in a thin slice

corresponding to the diffraction limited optical section in the exper-

iments. At high driving fields (Fig. 1c,e), the formation of lanes (or

strings) of equally charged particles is visible along the field direction

in the experiments and simulations.

To quantify the degree of laning, we introduce an order parameter

F which is defined as follows (see also Fig. 1f). Particles within a thin

slice (x,y; Dz ¼ 2 mm) are projected on the (xy)-plane. In this plane,

a rectangle of length Dx¼ 3�s along the driving field and width Dy¼
�s perpendicular to it is constructed around each particle i. We define

Fi ¼ 1 when all the particles contained in this rectangle are of the

same species as particle i. When there are one or more particles of the

other species present, Fi¼ 0. In the rare case that only particle i itself

is present in the rectangle, Fi ¼ 0. The laning order parameter

F ¼ 1

N

PN
i¼1Fi is now averaged and thus represents the fraction of

particles that are in a lane-like environment. Note that F has a non-

zero value even when no E-field is applied since in the fluid state there

are always some particles aligned with the field axis by chance.

Therefore F should be compared to its zero-field reference value and

only the excess of F is an indication for laning.

To study the degree of laning in the system as a function of the field

strength, we gradually increased and decreased the applied electric

field (between�110 V mm�1 and 110 V mm�1, Supplementary Video

3) as a function of time t according to a triangular function (Fig. 2a).

The rise and fall of F is completely symmetric within the accuracy in

this field strength domain, with no detectable hysteresis. We also

observed no de-mixing; after the field was switched off, we always

regained the initial mixed state. In all cases, F increased
Soft Matter, 2011, 7, 2352–2356 | 2353
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Fig. 2 Lane order as function of field strength. (a) The time evolution of

F with the gradually increasing and decreasing field in the experiments.

The red line depicts the rise and fall of the electric field strength. Squares

are experimental data. (b) The order parameter F as a function of the

electric field strength |E| for experiments in which the field was gradually

changed (blue ,) or applied instantaneously (green B) and for simu-

lations at constant field strength (magenta O).

Fig. 3 (a) Time-evolution of diffusivity in the simulations. Apparent

perpendicular diffusion coefficient and electrophoretic mobility after

application of an electric field of E ¼ 120 kV m�1 at t ¼ 0. (b) Apparent

perpendicular diffusion coefficient and electrophoretic mobilities in the

simulations after reaching the steady state. We differentiated between

lane and non-lane particles, i.e. particles have either Fi¼ 1 or Fi¼ 0 over

the whole time interval considered. In this case we used a 3D (cylindrical,

radius r ¼ 0.5s, length Dx ¼ 3s) order parameter box instead of the 2D

rectangular box used in Fig. 2. The data in (a,b) are shown for the red

particles, data for the green particles showed the same trend. In (a), the

time-interval over which the apparent diffusion coefficient was obtained

is Dt ¼ 0.025 s.D
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monotonically with the field strength, i.e. the number of particles in

a lane-like environment increased continuously with |E|. This trend

was unaffected by electro-osmosis (Supplementary Fig. 3). We also

studied the formation of lanes when the field was switched on

instantly (squares and circles in Fig. 2b), and kept for a few seconds at

a constant driving strength. There is no notable difference to the

previous data which again indicates that the relaxation towards the

steady state was complete in both cases. The degree of laning

obtained from the computer simulations (triangles in Fig. 2b) is in

agreement with the experimental data. In conclusion, the laning

behavior found here in the considered range of the electric driving

field is a continuous process without notable hysteresis. This is

different from gravity-driven systems whose hydrodynamic interac-

tions are long ranged.22

We now consider the dynamical mechanism of lane formation

starting from an initial mixed state in more detail. The dynamics are

characterized by the electrophoretic mobility m ¼ v/E, defined as the

ratio of the (averaged) drift velocity v to the electric field strength E

and the fluctuations perpendicular and parallel to the field axis. The

degree of anisotropic fluctuation is embodied in the apparent diffu-

sion coefficients Dk and Dt, parallel and perpendicular to the driving

field E, which measure the mean-square particle displacements during

a characteristic time interval Dt. In detail, two-dimensional trajecto-

ries of the ith particle ri(t) ¼ (rki (t),r
t
i (t)) are recorded in the obser-

vation plane during a time interval Dt and the averages over the
2354 | Soft Matter, 2011, 7, 2352–2356
particles are calculated Da(t,Dt) ¼ h(Dra
i (t,Dt) � hDra

i (t,Dt)i)2i/(2Dt)

with Dra
i (t,Dt) ¼ ra

i (t + Dt) � ra
i (t) for a ˛ {k,t}. The apparent

diffusion coefficients are given in units of their infinite dilution

counterpart D0.

Fig. 3a shows the apparent perpendicular diffusion coefficient and

the electrophoretic mobilities during the formation of lanes just after

the field has been applied. A sudden increase of the lateral diffusivity

emerges which then decays, and vice versa for the mobility. The fall in

m and the increase in fluctuations perpendicular to the field are

associated with an increase in collisions between oppositely driven

particles, which gradually reduces upon lane formation. After

approximately 1 s, a steady state was reached. Consequently, particles

are highly mobile perpendicular to the drive until they meet neigh-

boring particles of the same species in front of them that shield

collisions with incoming particles of the other species. Concomitantly,

the lateral fluctuations decrease strongly once the particles are in

a lane, explaining lane formation as a dynamical ‘lock-in’ mecha-

nism.24

Turning to steady-state behavior, in Fig. 3b we consider lateral

diffusion and mobility of lane particles (Fi ¼ 1) and non-lane parti-

cles (Fi¼ 0). In a homogeneous liquid, one expects that diffusion and

mobility are isotropic quantities. In the steady state of our driven

system, this is far from the case. This dynamical heterogeneity is
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Field dependence of mobility and diffusivity in the steady state. (a) Electrophoretic mobilities m from experiments (measured near the lower

stationary layer) and (b) simulations as a function of the applied electric field strength |E| for both particle species (red and green colors). The normalized

apparent diffusion coefficient Da/D0 perpendicular (a ¼ t) or parallel (a ¼ k) to E (with D0 denoting the short-time diffusion constant at infinite

dilution) is shown for (c) experiments and (d) simulations. The time-interval over which the apparent diffusion coefficient was obtained is Dt ¼ 0.5 s.
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coupled to the structural inhomogeneity of laning. Our first obser-

vation is that for lane particles, over short measurement times,

diffusivity is enhanced due to collisions with particles in other lanes.

However, over longer time intervals, because it is confined to a lane,

diffusivity is suppressed. Non-lane particles (Fi ¼ 0) experience no

such confinement: collisions increase the diffusivity up to a plateau

value of about 1.6D0. Particles in lanes experience relatively few

collisions, leading to an enhancement in their mobility, while non-

lane particles are constantly buffeted by the oppositely driven parti-

cles, leading to a suppression in mobility. These effects could be

exploited to steer the transport properties by an external electric field,

for example in electronic ink displays or electrophoresis in micro-

fluidics.9,10,25

Finally, we study the driving-field dependence of the anisotropic

particle mobility and diffusivity in the steady state. The electropho-

retic mobility is shown in Fig. 4a,b. The ratio between driven and

diffusive transport measured by P�eclet number Pe¼ |f|s/2kBT, where

|f| is the driving force, is also given. The rise of m with field strength

shows a transient scaling regime for intermediate field strengths.

There is good agreement between experiment (Fig. 4a) and simula-

tion (Fig. 4b).

Clearly the particle velocity perpendicular to the driving direction

is zero but there are non-vanishing fluctuations in the particle

displacements. In Fig. 4c,d, Dtand Dk are given in the steady state

both for experiment and simulation as a function of field strength E.

The fluctuations increase in both directions with the electric field but

are significantly larger in the drive direction. Simulation data at even
This journal is ª The Royal Society of Chemistry 2011
higher fields show, however, that the fluctuations decrease again,

pointing to a situation of separated pure lanes which are sliding past

each other only at a relatively small interfacial region (Supplementary

Fig. 4). Our results are in qualitative agreement with Ref. 23, where

the noise amplitude is used as a control parameter instead of the

driving field.

We have demonstrated that for our system of oppositely charged

colloids, laning is a continuous process. The transient behavior

accompanying lane formation shows a link between transport

properties, such as electrophoretic mobility and diffusivity, and the

local surrounding of the driven particles. In the steady state, dynamic

heterogeneity is found between particles in lane and non-lane local

environments. The experiments are in good agreement with the

computer simulations without hydrodynamics, indicating that HI are

not important to explain the lane formation in our driven system.

Finally, we have extracted the key mechanism which is responsible

for lane formation as a dynamical lock-in process from a disordered

state into a lane state. These insights may find use in applications

where particles are driven in opposite directions such as in e-ink and

microfluidics.
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