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Abstract

We use computer simulations to study the behavior of a mixture of large passive charged colloids

in a suspension of smaller active dipolar janus particles. We find that when a single charged colloid

is present in solution, it acquires a rotational or translational motion depending on how the active

dipoles self-assemble on its surface to form active complexes. The collective behavior of these

complexes is quite remarkable, and includes swarming behavior and coherent macroscopic motion.

We detail how the variety of different phenomenologies emerging in this system can ultimately be

controlled by the strength of the active forces and the relative concentration of the two species.
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I. INTRODUCTION

Self-propelled particles convert energy from their surroundings into translational motion.

This constant energy uptake results in a dynamics where each active particle, while still

undergoing Brownian translational and rotational motion, can also move in the same di-

rection with a persistence length of many times its own diameter [1–3]. Isotropic, hard

self-propelled particles have been shown to have a remarkable collective behavior, ranging

from the development of giant number fluctuations to motility induced phase separation

[4–8]. Furthermore, they present an unusual behavior near surfaces and passive obstacles

[9–16]. A key feature of systems of isotropic active particles is that there is no energy cost

associated with the rotation of the particles within the self-assembled structures they form.

While this rotational freedom is a crucial aspect of these particles’ unusual behavior, the

isotropy of the interactions greatly limits the structural properties of the aggregates they

can form. The idea of using anisotropic particles whose orientations are coupled to those of

their neighbors is as old as the field of active matter itself [17, 18], but it is only recently

that long ranged aligning interactions have been considered in synthetic and colloidal sys-

tems, adding a phenomenological complexity to active particles ranging from turbulence to

self-regulation and swarming behavior previously observed only in living systems (for recent

reviews we refer the reader to [19–21] and the references therein).

Much of the numerical work in the field of active spherical colloids has focused on par-

ticles with isotropic potentials [22], and less has been done to explore how anisotropy in

inter-particle interactions can affect the large scale collective dynamics of active systems.

Spherical Dipolar Janus Particles (DJP) are the simplest colloidal entity with controllable

surface interaction asymmetry. DJPs are composed of two hemispheres each functionalized

with charged molecules of opposite sign, and they can be made to be passive [23], or active

[24–29]. Passive DJPs present a rich phase behavior which includes the formation of dipolar

clusters, linear assemblies and ring-like aggregates depending on the range and strength of

the inter-particle interactions and concentration [30–37]. Recently, numerical simulations

and experiments [19, 38–40] have indicated that a new level of dynamic and reconfigurable

self-assembly complexity can be achieved when self-propelling DJPs under the influence of

external fields. Inspired by these results, and by recent work on the behavior of passive

components in active fluids [12, 41–44], we report numerical simulations of the complex
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behavior of a mixture of Active Dipolar Janus Particles (ADJPs) and Passive Charged Col-

loidal (PCC) tracer particles. We show how the interplay between the strength of the active

forces and that of the dipolar interactions can lead to a remarkable multi-stage dynamic

self-assembly of the PCCs.

We begin this paper by introducing the models and the numerical methods used to

gather our data. We then study the behavior of a suspension of pure ADJPs at different

concentrations and activities. We next turn our attention to how a suspension of ADJPs

interact with a single PCC. Finally, we consider the collective behavior of a mixture of

multiple PCCs and ADJPs.

II. METHODS

Our simulations consist of a mixture of ADJPs, represented by disks of diameter σ with

embedded point charges at area fractions φb, and PCCs represented as disks of diameter

σc = 10σ with a point charge at the particle center and area fraction φc. Both types

of particles undergo over-damped Langevin dynamics, with the active dipoles having an

additional term driving their self-propulsion with a force of strength Fa according to the

equations:

mr̈ = −γṙ −∇rV (r) +
√

2γ2Dξ(t) + Fan (1)

θ̇ =
√

2Drξr(t) (2)

Here n = [sin(θ), cos(θ)] represents the orientation vector along which the active force is

directed, γ is the friction coefficient, V (r) the total potential acting on a particle, and D

and Dr are the translational and rotational diffusion constants, respectively (with Dr =

3D/σ2). The solvent-induced Gaussian white noise terms are given by 〈ξi(t)〉 = 0, 〈ξi(t) ·
ξj(t

′)〉 = δijδ(t − t′) and by 〈ξr(t)〉 = 0, 〈ξr(t) · ξr(t′)〉 = δ(t − t′), for the translational and

rotational motion respectively. All simulations are carried out using the numerical package

LAMMPS [45], and throughout this work we use the default dimensionless Lennard-Jones

units as defined in LAMMPS, for which the fundamental quantities mass m0, length σ0,

epsilon ε0, and the Boltzmann constant kB are set to 1, and all of the specified masses,

distances, and energies are multiples of these fundamental values corresponding to T =

T0 = ε0/kB, m = m0, σ = σ0, and τ0 =
√

m0σ2
0

ε0
in our simulations.
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The interaction potential between particles is the sum of a Weeks-Chandler-Andersen po-

tential VWCA, responsible for enforcing excluded volume between the disks, and electrostatic

terms which depend on the particle type. The first term is given as

VWCA(rij) = 4ε

[(
σij
rij

)12

−
(
σij
rij

)6

+
1

4

]
, (3)

where the indices refer to the particle type, σij = (σi + σj)/2, ε = 5ε0, and the potential

extends out to 2
1
6σij. The typical interaction potential between the two charged hemispheres

of DJPs can be quite complicated to describe accurately, in particular when interactions

are strongly screened by the presence of a salt and a simple dipolar description becomes

inadequate [36, 46]. In this paper, however, we are not interested in the regime where

particles are expected to self-assemble into isotropic dipole clusters, but in an intermediate

regime where the dipolar character of the particles, although screened to some extent, still

dominates their assembly, favoring the formation of elongated linear structures. We model

this interaction by anchoring two explicit effective charges of opposite sign inside of each

dipole. These charges are placed along the vector n, at a distance ±0.25σ from the center

of the DJP, and rigidly translate and rotate with it. Similar models were used in [19, 32].

A single charge is placed at the center of each of the large passive colloids. Any two charges

in the system interact according to:

V (rij) =
qeff
i q

eff
j

εdrij
e−κrij (4)

where the indices refer to the particle type, and qeff
i is the effective charge they carry. The

effective charges have been selected to provide typical interactions strengths observed in

colloidal systems when at contact. Given our setup, we used qeff = 104 for the charged

colloids, and |qeff | = 5 for the dipoles. Finally εd, and κ are set to 1 and β = 1/(kBT).

With this setup the attraction between two ADJP when co-aligned and sit-

ting at the minimum of their interaction potential, V0, is of the order of 10kBT ,

specifically V0 ' 11.79kBT . Throughout the paper, we will represent our results

either in terms of βFσ, or in terms of Fσ/V0 where appropriate. The first term

can be thought of as a Peclet number and gives direct information about the

self-propelling velocity of the particles with respect to the thermal motion. The

second term emphasizes the competition between the active forces in the sys-

tem and the electrostatic dispersion forces between the dipoles. All simulations
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are run in a square box with periodic boundary conditions for a minimum of 107

iterations with a time step ∆t = 10−3τ0 (where τ0 is the dimensionless time). To ensure an

over-damped dynamics of the linear motion, we selected γ = 100τ−1
0 . Simulation

snapshots and movies are rendered using VMD [47].

III. RESULTS AND DISCUSSION

We divide our results into sections where we first analyze the behavior of a suspension of

ADJPs by themselves, we then study how these organize over the surface of a single passive

charged colloid, and how different arrangements lead to different types of activated colloidal

motion. Finally, we study the collective behavior of a mixture of multiple PCCs and ADJPs.

Suspensions of ADJPs

We begin our analysis by exploring the behavior of a suspension of ADJPs in the absence

of charged colloids. Fig. 1 shows typical system configurations for different values of the

active force, Fa and at different ADJP area fractions, φb.

0

0.8

1.7

2.5

0.05 0.1 0.2 0.4 0.6

Faσ/V0

φb

FIG. 1: Structural self-assembly diagram showing typical configurations acquired by active

dipolar janus particles for a range of activities and particle area fractions. The

self-propelling forces in this diagram have been rescaled by the ADJPs binding energy V0.
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Overall, we find that passive, weakly screened DJPs tend to self-assemble into closed

loops or linear aggregates. Beyond a percolation threshold, the passive DJPs organize into a

disordered network whose branches become thicker, but more tortuous as the area fraction

of the DJPs increases. The introduction of a small amount of activity along the dipolar axis

in a low density suspension leads to the formation of structures morphologically analogous to

those of passive DJPs: loops and lines that now actively spin or slither across the system as

a result of the coherent alignment of the active forces via electrostatic interactions. Overall,

the length of these aggregates decreases as the swimming speed of their constituent particles

increases. This is because flexible long chains are easily broken by the torques that develop

from mis-aligned active forces within their backbone. In addition, swarming behavior similar

to that seen in suspensions of active rods [48–50] is observed, albeit with smaller and smaller

ADJP aggregates as Fa increases. The system is found in the fluid state of mostly isolated

ADJPs as soon as Faσ/V0 becomes sufficiently large (not shown in the figure) to break apart

all linear aggregates. Figure 2 shows how the average length of the ADJP chains decreases

with the strength of the active forces in low area fraction suspensions. These data are

well described by an exponential decay of the form 〈n〉σ/L ∼ exp[−a(Faσ/V0)] with

a ' 2.

For the largest area fractions considered here φb ≥ 0.4, a small amount of activity breaks

the structure of the compressed network formed by the passive particles and generates

ordered patterns of coherently moving linear aggregates that span the entire simulation box.

Apart from the pattern for φc = 0.6 and Faσ/V0 = 0.8 which seems to remain stable over the

course of our simulations, the other patterns are transient as they form, break into smaller

clusters, and then reform aperiodically over time. At these area fractions, larger activities

tend to mostly compact the aggregates into fingerprint-like structures similar to those seen

in active nematics [51].

Single Charged Colloid in a Suspension of ADJPs

Next, we consider the behavior of a low density bath of ADJPs in the presence of a single

PCC. When a negatively charged large colloid is added to a bath of dipoles, DJP chains bind

to the colloid forming radially extruding linear structures. In passive systems, we observe

sparse coating of the colloid by a few long chains of dipoles, whereas ADJPs, moving in the
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FIG. 2: The average ADJP chain length, normalized by the length of the simulation box

L, as a function of the rescaled self-propelling force Faσ/V0, for different values of the

particles’ area fraction φb. 〈n〉 is the average size of clusters which are constructed by

considering particles that are in contact with each other and for which their mutual

orientation is off-set by an angle that is not larger than π/6.

direction of their minus-plus polar axis, cover the PCC surface more completely, albeit with

shorter chains. Particle activity induces this change for two reasons: first, ADJP chains

are shorter than passive ones so there are more chains in solution, and second, when the

direction of the propelling axis is chosen so that the active force aligns with the direction

of a favorable charge-dipole interaction (which is indeed the case in our simulations), the

chains develop an effectively stronger binding attraction to the charged colloid than their

bare electrostatic one, making the overall coverage of the colloidal surface by the chains

more likely.

Two types of PCC-ADJP complexes form, depending on how much of the PCC surface

is coated, with quite different behaviors. At low activity and high φb, adsorbed ADJP

chains fully coat the PCC to form a polymer brush-like structure around it (see Fig. 3A),

which we refer to as the ‘corona’. Neighboring ADJP chains that densely coat the PCC

have attractive lateral electrostatic interactions which make bundling favorable. The lowest

energy configuration is one where all of the chains collapse around the PCC in the same

direction and form a ‘swirl’ where the axis of ADJPs in the chains is tilted away from normal
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A: βFaσ = 2 B: Schematic

C: βFaσ = 15 D: βFaσ = 50

FIG. 3: A: Snapshot from simulations of a rotating brush of ADJPs chains over the surface

of a PCC (see also supplementary movie S1 [52]). B: Idealized sketch showing how lateral

interactions between ADJPs can lead to a tilt of the chain axis with respect to the surface

of the PCC. This is responsible for the tangential active forces that lead to the rotation of

the brush. C: Long tails of ADJPs developing over a PCC at low area fractions and

intermediate activities. (supplementary movie S2 [52]) D: Short chains developing over a

PCC at low area fractions and large activities.

to the PCC surface (Fig. 3B). When the DJPs are active, non-zero tangential components

of the ADJP forces result in coherent rotations of the corona around the PCC. Thermal

fluctuations and fluctuations in the chain lengths can occasionally change the handedness of

the ADJP swirl, leading to a switching between clockwise and counterclockwise rotations.

The persistence of these rotations in a specific handedness depends on the strength of the

activity, the surface coverage, and the strength of the electrostatic interactions in a nontrivial
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FIG. 4: Anisotropy of PCC-ADJP complexes, expresses in terms of ∆com (see text for a

definition of ∆com), as a function of the strength of the active forces, here represented in

the rescaled form Faσ/V0, and for different values of the ADJP area fraction φb.

manner. The PCC is rarely coated by chains of identical length, so in addition to the rotation

of the corona, the PCC is propelled as an activated particle with force having strength and

direction that depends on the fluctuating balance of forces induced by the adsorbed active

chains. In this configuration, the PCC-ADJP complex tends to move in tight circles of

varying radius and handedness similar to the motion recently observed in [53].

A rather different PCC-ADJP complex forms in the limit of a sufficiently large self-

propelling force and low ADJP concentration. In this regime, the PCC is no longer evenly

or fully coated. Any asymmetric coverage results in a clear imbalance of forces that trans-

lationally propels the colloid in a specific direction. Once a bare patch on the PCC surface

is formed, especially at low φb, it is rare that the colloid becomes fully coated again. The

partially coated PCC now effectively becomes an active particle whose source of propulsion

is a tail of ADJP chains which are kept in a bundle by lateral dipole interactions (see Fig. 3C

and D). Over time, these trailing chains grow away from the direction of motion through the

addition of free ADJP chains from solution, or by the incorporation of ADJPs that initially

bind to the bare face of the now mobile PCC, and subsequently slide around the colloid to

merge with the pre-existing pushing chains. The trailing chains can grow to lengths that

can be significantly larger than the diameter of the colloid.

A single parameter allows us to both differentiate fully coated from partially coated
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FIG. 5: Structural phase diagram showing where a charged colloid is fully and partially

coated for different values of the rescaled active force Faσ/V0 and ADJP area fraction φb.

As the area fraction increases at a given bath activity, the charged colloid is more readily

fully coated. At the border between the two regions, the charged colloid can alternate

between being fully and partially coated, especially at higher ADJP area fractions, φb. The

line separating the two regimes is a guide to the eye.

PCCs as well as explore the properties of the ADJP chains that are bound to partially

coated colloids. We define ∆com as the distance between the center of the colloid and the

center of mass of all of the dipoles which are connected directly (via contact), or indirectly

(through the ADJP chains) to the PCC. Figure 4 shows how ∆com depends on the strength

of the active forces at different values of φb. Interestingly for Faσ/V0 < 1 the center

of mass of the corona is close to the center of the PCC, indicating that the PCC is fully

coated by chains of roughly equal length (Fig. 3A). As the active forces become larger

than the dispersion forces, Faσ/V0 & 1 , a sudden jump in ∆com, corresponding to the

transition from a fully coated to a partially coated PCC (Fig. 3C), is observed. The location

of this jump shifts to larger activities for higher φb, where ADJPs can fully coat the colloid

more easily. As the activity increases further, the asymmetry decreases from its maximum

value because, as in the system consisting of only ADJPs, chains break up more easily giving

rise to shorter adsorbed tails (Fig. 3D).
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We summarize these results with the structural phase diagram in Fig. 5 showing how for

our specific set of electrostatic interactions, the extent to which the PCC is coated depends

on the strength of the active forces and the area fraction of the ADJPs in solution. Above

φb ≈ 0.05, and for propelling forces near the structural phase diagram boundary, the system

shows bistable behavior where a PCC alternates repeatedly between being a fully coated

colloid with a rotating corona, and a partially coated translational swimmer, somewhat

reminiscent of the motion of run-and-tumble bacteria.

Starting simulations at small values of φb, low values of Faσ/V0 and with all particles

randomly distributed, the PCC is initially partially coated and can remain so for long times.

Once the PCC becomes fully coated, however, the ADJP swirl structure is very stable.

Conversely when simulations are initialized in a configuration where the PCC is fully and

densely coated, the rotating corona phase persists to higher ADJP activities at a given

φb, but once the activity is sufficiently large the corona breaks up and the colloid becomes

partially coated.

Rotational Dynamics of a Swirl of ADJPs

In this section, we consider the rotational dynamics of the fully coating corona of ADJPs

over the colloid. In Fig. 6 we track the typical dependence of the global angular displacement

of the ADJP swirl (θ(t) − θ(0)) over time for different values of the active force. At low

activities, the sign of the rotational velocity of the swirl does not change often, indicating

that the ADJP rotations persist with the same handedness for long times. As the activity

increases, this persistence time decreases while the rotational speed of the corona increases.

There is no bias in favor of rotation in any particular direction, so at very long times, the

total rotation of the corona is diffusive. The inset in Fig. 6 shows the average persistence

time of this rotational motion in a specific handedness 〈t〉 as a function of Fa. These data

are well characterized by a simple exponential function of the type e−αβFaσ with α ≈ 0.5.

The corona changes direction through collisions with unbound chains in solution as well

as through internal structural rearrangements. At low activities, electrostatic chain-chain

interactions dominate and adsorbed ADJPs chains are the longest, thus leading to the largest

values of 〈t〉. For larger values of Fa, the ADJP chains are shorter and can rearrange more

easily. As a result, the active motion of the ADJPs becomes more important relative to
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FIG. 6: Total angular displacement of the ADJP brush (corona) around a charged colloid

as a function of time for φb = 0.03. The inset shows the average time 〈t〉 spent by the

corona rotating with a given handedness as a function of the self-propelling force Fa. As a

reference, for all these activities Faσ/V0 < 1, and at this value of φb the system is stable in

the fully coated rotor state as shown in Fig. 5.

their electrostatic interactions, leading to overall smaller values of 〈t〉. With increasing φb

at a given Fa, ADJP chains grow longer and 〈t〉 generally increases.

Induced Active Motion of a PCC

In this section, we explore the dynamics of a single partially coated activated PCC.

Typical two-dimensional trajectories of the PCC at low φb, and for values of Fa where the

colloid is partially coated, plotted over the same amount of time (Fig. 7) show that the

motion of the PCC-ADJP complex is strongly linked to the properties of the ADJP bath.

In a bath with low activity, the motion of the aggregate persists in the same direction for

very long times. As Fa increases, the net distance traveled by the aggregate increases, but

the persistence length of its trajectory becomes smaller.

The orientational correlation function of the PCC swimming direction,

Ruu = 〈u(0)u(t)〉/〈u(0)2〉, where u(t) is the normalized displacement vector of the PCC

between any two successive time steps of size 100τ0, reflects the roughening of the PCC-
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FIG. 7: Typical trajectories of a PCC partially coated by a bundle of ADJPs for four

different values of Fa over the same elapsed time. As the bath particle activity increases,

the trajectories become rougher. This trajectories were takes at a ADJP area fraction

φb = 0.01.

ADJP trajectory with increasing Fa (Fig. 8A), and helps to explain some of the dynamics of

the activated tracer. The rotational dynamics of the PCC-ADJP complex is mostly diffusive

when the dipoles do not organize into a corona, but rather into a linear bundle, therefore a

simple exponential fit to the orientational correlation functions allows us to directly extract

the effective rotational diffusion coefficient, Deff
r , of the complex at different ADJP activities

(shown Fig. 8B). The reason for the increase of Deff
r with Fa is not immediately obvious

because, in principle, the rotational diffusion of an isolated active particle depends only on

the temperature and not on the strength of the active forces. In this case, however, the

activated PCC is not an isolated particle, but is propelled by a tail of ADJPs of length,

` ∝ ∆com, which is inversely dependent on Fa (see Fig. 4). In this case, it is useful to think

of the PCC-ADJP complex as a rod-like object for which the rotational diffusion coefficient

Deff
r is expected to scale as `−3. This is consistent with our results, shown in Fig. 8C,

where we plot Deff
r as a function of ∆com. A power-law fit to the data with ax−b at a value

of φb = 0.01 leads to an exponent b = 3.1 ± 0.2, indicating that indeed, a PCC-ADJP

complex with a long tail of ADJPs (low Fa) rotates more slowly than one with a short tail

(high Fa). Interestingly, at higher values of φb the value of the fit exponent remains fairly
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FIG. 8: A: Orientational correlation functions for the normalized displacement vector u(t)

of a partially coated PCC-ADJP complex at φb = 0.01. B: Effective rotational diffusion

coefficients of a PCC-ADJP complex measured by fitting an exponential to the

orientational correlation functions presented in A. C: Rotational diffusion coefficients of

the PCC-ADJP complex as a function of the chain length ∝ ∆com. The dotted line is a

power-law fit to the data.

compatible with our model of the aggregate as a rotationally diffusing rod (b = 2.6± 0.2 for

φb = 0.05), though at these values of φb, more collisions between the aggregate and unbound

ADJP chains occur, complicating the rotational dynamics of aggregate. Larger deviations

are expected at even larger area fractions.

For completeness, we include the orientational correlation function of a fully coated PCC

(βFaσ = 4) in Fig. 8A. The periodic behavior of the orientational correlation function

suggests that the rotational motion of the ADJP swirl forces the colloid to move in rough

circles, as we indeed observe in our simulations. The net active force on these fully coated

colloids is much lower than that on a partially coated particle, so they move at a significantly

lower speed. Nevertheless, even the motion of the fully coated PCC can be considered as

activated when compared to that of a colloid in a passive bath.

In summary, a bath of active dipoles can effectively turn a passive charged colloid into

an active colloid whose motion depends strongly on the assembly properties of the ADJPs
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A: χ = 20, φc = 0.05 B: χ = 20, φc = 0.2 C: χ = 20, φc = 0.5

D: χ = 20, φc = 0.2 E: χ = 40, φc = 0.2 F: χ = 60, φc = 0.2

FIG. 9: Top: Snapshots of steady state configurations taken from simulations for different

values of PCC area fraction φc at a fixed value of Faσ/V0 = 1.7 and number of ADJP per

PCC, χ = 20. φc increases when going from A to C (supplementary movie S3 [52]).

Bottom: Snapshots of steady state configurations taken from simulations for different

values of χ at constant PCC area fraction φc = 0.2 and a fixed value of Faσ/V0 = 1.7. χ

increases when going from D to F.

on its surface. At low activities, the PCC moves aperiodically in circles as a swirl of active

dipoles rotates around it. At intermediate bath activities, the PCC is pushed in the same

direction for very long times by a bundle of long chains of ADJPs that only partially coat

the PCC surface. As the activity is increased further, the size of the ADJP tail decreases,

inter-particle interactions become less important compared to the self-propelled motion of

the ADJPs, and the PCC begins to move more like a tracer particle in an active bath,

diffusively but with an enhanced diffusion coefficient [54–56].

Multiple Colloids

In the previous sections we showed that by using ADJPs it is possible to turn a single

isotropic, passive colloid into an anisotropic, active one. In this section we investigate the
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collective behavior of these activated colloids. We perform simulations with Nc = 200 PCCs

at different values of φc with different numbers of ADJPs per PCC, a quantity we define as χ,

ranging from χ = 20 to χ = 60 (and several simulations with fewer colloids at higher values

of χ). As a reference, with the electrostatic interaction parameters that we have chosen for

this study, in the absence of ADJPs, a solution of PCCs forms a hexagonal structure above

φ∗c ≈ 0.3.

In these simulations, the values of χ and φc can be used to create or destroy both structural

order and coherent motion in PCCs. Simulation snapshots in the top row of Fig. 9(A-C)

show typical configurations at a fixed Faσ/V0 = 1.7 and χ = 20 for increasing colloidal

densities. At the lowest densities, dynamic groups of PCC-ADJP complexes show swarming

behavior, where the orientation of the complexes (and thus their motion) is correlated only

between nearby complexes. As φc increases, most of the complexes have the same orientation,

where the center of mass of the particles translates in one direction with little order within

a fluid of partially coated PCCs. At sufficiently high φc, the PCC-ADJP complexes form

an ordered crystal with center of mass that moves according to the average orientation of

the complexes. A key requirement for coherent PCC motion is that χ is small enough so

that when the ADJPs are partitioned evenly among the PCCs, none of the colloids are

fully coated, and crucially, few or none are uncoated. In other words all of the PCCs must

be activated. If this is the case, then electrostatic interactions can reorient neighboring

particles so that they move in the same direction. While increasing φc increases the order in

the system, simply increasing the extent by which ADJPs can coat PCCs can reduce, and

even destroy the coherent motion of the complexes. This is illustrated in the bottom row of

Fig. 9(D-F), where we show snapshots of typical configurations with increasing number of

ADJP per colloid, χ, at a fixed density φc = 0.2 and Faσ/V0 = 1.7.

To quantitatively account for the coherency of the particle motion we measure the order

parameter ψ defined as

ψ =
1

Nc

|
Nc∑
i=0

µi| (5)

where µi is the unit vector along the axis connecting the center of mass of the colloid to

the center of mass of the dipoles bound to that colloid (the direction associated with ∆com),

and the sum runs over all PCC-ADJPs complexes in the system [18]. In Fig. 10, we plot the

orientational order parameter of the PCC-ADJP complexes as a function of χ for different
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FIG. 10: Matrix of figures showing the order parameter ψ associated with the motion of

the PCC-ADJP complexes for three different values of the number of ADJP per PCC, χ;

χ = 20, χ = 40 and χ = 60. Each panel shows the same data for different values of PCC

area fractions φc and rescaled active forces Faσ/V0

values of Faσ/V0 and φc. At low φc the motion of PCC-ADJP complexes is relatively

uncorrelated regardless of the value of χ, albeit with a larger degree of order for small χs

− a trend that persists throughout the phase diagram. As φc increases for Faσ/V0 < 1, the

small χ complexes develop a coherent, macroscopic ordered motion (χ = 20, shown in blue).

For identical conditions, systems with larger surface coverage have significantly less coherent

motion, an effect that becomes even more pronounced as the average PCC surface coverage

increases beyond χ = 60 (not shown). Overall, as the activity increases and Faσ/V0 becomes

significantly larger than 1, the orientational order in the system decreases. We also confirm

this for the case of χ = 20 in a system with φc = 0.4 and Faσ/V0 = 4.25, where we measure

ψ = 0.27 (not shown in the figure). For intermediate values of χ, there is a regime, at low

activity and high φc, where the colloids are pushed in the same direction and can swim in an

orderly manner. However, as soon as the colloids can become fully coated, as is the case in

systems with χ = 60, PCC-ADJPs complexes do not show any significant coherent motion,

as fully coated colloids are relatively passive. At these values of χ the system separates into

fully coated and partially coated PCC-ADJPs complexes.
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FIG. 11: Distribution of the number of ADJP chains bound to the surface of the PCCs,

P (λ), for a passive and an active (βFaσ = 10) suspension at different values of number of

ADJPs per PCC, χ.

The coherence of the PCC motion is related to the distribution of ADJPs bound to the

surface of each PCC, P (λ), which has a nontrivial dependence on the value of χ. In this

respect, it is instructive to look at the distribution of adsorbed ADJPs over the surface of the

PCCs. Remarkably, at moderate activities, large φc and small χ = 20, i.e. when the colloids

acquire a collective coherent motion, the width of the distribution of ADJPs across the PCCs

is much narrower than it is in the parent passive system (Fig. 11, left). We believe that

this is due to a self-regulation effect where, the PCC-ADJPs complexes exchange ADJPs so

that all of the colloids are activated and move at roughly the same speed, so that particles

can maintain a constant distance from each other, thus decreasing their mutual electrostatic

repulsive energy. Upon increasing the number of ADJPs per colloid in solution to χ = 60,

we find that the distribution becomes bimodal (see Fig. 11, middle). In this case we observe

a mixture of fully coated and partially coated PCCs. A further increase of χ eventually leads

to the full coating of all of the PCCs. This trend is already visible for χ = 100 (in Fig. 11,

right) where most of the particles develop a full isotropic coating of ADJPs. This behavior

is consistent with what observed in Fig. 5. As one moves at a constant propelling force

and φc from small to large values of χ, one goes from partially coated, through mixed, to

fully coated PCC-ADJPs complex configurations. Interestingly, the repulsive interactions

between the fully coated PCCs are somewhat screened by the ADJP chains, and so the

resulting PCC-ADJP complexes are less repulsive than the bare PCCs. This interaction is
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mediated by the chains of ADJPs coming from different particles that can align with each

other forming transient attractive bonds between the particles. See supplementary material

(S4 [52]) for an example showing the dynamics for this case.

IV. CONCLUSIONS

In this paper we have presented extensive simulations of a system of large, passive and

charged colloids in a bath of small active dipolar janus particles. We believe this is one

of the first examples of activity driven multi-stage self-assembly, where the strength of the

propelling forces not only controls how ADJPs self-assemble over the surface of passive

colloids, but also determines and regulates the collective behavior of PCC-ADJP complexes

via self-regulatory ADJPs exchange. The PCC-ADJP complexes that spontaneously develop

in these systems as a result of the electrostatic interactions between the different components

acquire a net directional motion whenever the colloidal surface is not fully coated by the

ADJPs, and a spiraling motion when it is fully coated. In the first case, the ADJPs form

long chains that bundle on one side of the charged colloid. In the second case, we observe

the formation of a fully coating brush of ADJPs chains, which rotates coherently over the

colloidal surface. At low volume fractions, the onset between the two phases occurs

when Faσ/V0 ' 1. In both cases, the persistence length of the activated colloidal trajectories

is controlled by the strength of the active forces.

We believe that the coherent rotation of the corona of dipoles over the sur-

face of the particles observed in our system is, to a certain extent, similar to the

phenomenology reported by Czirók et. al. [57]. Here, a system of Vicsek parti-

cles constrained to move over a straight line with periodic boundary conditions

was found to develop a kinetic phase transition characterized by global particle

alignment. In our study, we do see global alignment of the linear aggregates of

dipoles as well, but in all cases the handedness of the rotational motion eventu-

ally switches around. We believe that this is because of the finite-sized nature

of our system, characterized by a relative small number of dipoles per colloid,

but also because of the significant fluctuations in chain lengths, and because the

dipole-dipole interactions between the chains tend to favor specific tilt angles

rather than arbitrary ones.
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We have also studied the collective behavior of PCC-ADJP complexes that develop upon

immersing a number of PCCs in a bath of ADJPs. Remarkably, we observe that at suffi-

ciently large PCC densities and for a range of ADJP concentrations, a coherent swimming

behavior of the complexes ensues due to a partitioning of ADJPs among the PCCs which

narrows the natural (equilibrium) distribution of DJP chains per colloid. Interestingly, pre-

liminary results also suggest that moderately dense systems of PCCs with a large number

of ADJPs can develop attractive interactions due to chains interactions and interdigitation.

Overall, we expect the size and charge of the PCCs to be important parameters that

control the structural phase behavior of the complexes, and in this respect, it is worth

noting that we observed the formation of a rotating corona also in simulations performed

with a PCC half the size of the ones discussed in this paper (σc = 5σ), and with an embedded

point charge chosen to obtain comparable charge-dipole interactions at the colloidal surface.

As is the case for all active systems, we expect hydrodynamics to play a non-trivial

role, possibly leading to enhanced coupling of the motion of particle complexes and of the

self-assembled ADJP chains. Furthermore, our simple model neglects possible effects due

to charge polarization and many-body interactions mediated by the presence of salt and

counter-ions that could to some degree affect the self-assembled structures. More work

to understand the role of these electrostatic effects in an active environment with explicit

hydrodynamic interactions is needed, and will be the subject of a future study.
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