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We propose a simple system of optically driven colloids that convert light into heat and move in response
to self-generated and collectively generated thermal gradients. We show that the system exhibits
self-organization into a moving cometlike swarm and characterize the structure and response of the
swarm to a light-intensity-dependent external tuning parameter. We observe many interesting features in
this nonequilibrium system including circulation and evaporation, intensity-dependent shape, density and
temperature fluctuations, and ejection of hot colloids from the swarm tip.
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Hierarchical self-organization of active components that
convert energy into functional motile structures is one of
the defining elements of living matter. This concept has
motivated a decade of theoretical studies [1-3] that has
culminated in a recent surge of well-controlled in vitro
experiments [4—6]. The ubiquity of active self-organization
in nature—from bird flocks [7] to bacterial suspensions [8]
—and the rich fundamental properties exhibited by systems
with such capability [9-11] suggest that understanding
such nonequilibrium phenomena could also help us
develop a new paradigm in engineering by designing
emergent behavior. The advent of active colloids [12-14]
provides simple synthetic building blocks that could
be used in bottom-up studies of the relationship between
built-in functionalities of the modules and their resulting
collective behaviors [15-17].

Colloids can be driven into motion by gradients in
chemical, electrostatic, or thermal fields that may exist
externally to the colloid [18]. By tailoring the surface
activity of the colloids, it is possible to produce such fields
natively and generate self-propulsion [19,20]. A collection
of such interacting active colloids could serve as a promising
model system to study collective nonequilibrium dynamics
[21], as both the single-particle activity and the interactions
could be controlled by construction. Here we consider a
simple system of active colloids that receive energy by
surface absorption of light. The colloids take advantage of
the natural asymmetries in the system to create nonequili-
brium conditions that drive them into a range of collective
behavior and, in particular, self-organization into a moving
cometlike swarm [see Fig. 1(a)] with novel nonequilibrium
dynamics. We observe persistent circulation flow within the
swarm [see Fig. 1(b)], evaporation, ejection of hot colloids
from the head of the swarm, and large shape fluctuations that
induce fission. The rich behavior of the dynamic cometlike
swarm can be controlled by a single external parameter
proportional to the intensity of illumination.

We consider a collection of particles illuminated with
a directed light source with uniform intensity /. The light
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intensity received at the surface of each colloid is deter-
mined by the distribution of the shadows of the colloids
above it, as shown in Fig. 1(a). The light received by each
colloid is converted into a heat flux that increases the
temperature of the colloid and the surrounding fluid in an
anisotropic way. The interaction of light with particles
through multiple scattering is a computationally intensive
process [22], and, in order to investigate a sufficiently large
number of colloids at long time scales, it is desirable to
introduce some simplifying features. Here we assume that
the light is fully absorbed (i.e., we ignore multiple scatter-
ing) and treat the propagation of light through the colloidal
dispersion via geometric optics. A particle with a clear
view of the light source will have an illuminated hotter
top hemisphere and a dark colder bottom hemisphere.
This asymmetric temperature distribution results in the
self-propulsion of the colloid via a process known as self-
thermophoresis [23], with a maximum velocity of magni-
tude vy = I|Dr|/(9k), where Dy is the thermophoretic
mobility (also known as the thermodiffusion coefficient)
and « is the thermal conductivity, which is set to be equal
for the colloid and the solvent for simplicity. When D7 is
negative, which is allowed as it is an off-diagonal Onsager
coefficient [24] and possible via appropriate surface treat-
ment of colloids [25], the self-propulsion will be predomi-
nantly towards the light source with a velocity 7, leading to
an effective attractive artificial phototaxis. The polarization
of colloid motion is therefore induced externally and is not
an intrinsic property of the colloid. Moreover, all colloids
(whether illuminated or not) will experience a thermodif-
fusion drift velocity due the temperature gradient generated

by the illuminated colloids, 7; = —D;VT [see Fig. 1(a)].
Our choice of negative Dy means that the colloids act as
both heat sources and heat seekers, a combination that
could lead to self-organization and instability, as seen in a
diverse range of nonequilibrium phenomena. These include
the example of thermal explosion as first studied by Frank-
Kamenetskii in 1939 [26] (and its colloidal analog [27]),
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FIG. 1 (color online). (a) Snapshot of the cometlike swarm with
the light incident along —Z with an inset schematic of the
shadowing showing the collectively generated velocity vy and
the self-generated propulsion velocity 7. (b) Axially and time-
averaged density field in the swarm center of mass frame
presented in cylindrical coordinates (r, z) overlaid with the
relative average colloid velocity streamlines showing circulation,
with arrow size representing the magnitude, generated from
n =10 with Ny = 1024.

collective thermoregulation in a bee swarm that is used to
“cook” their enemies [28], and the related phenomenon of
pattern formation and collapse in bacterial chemotaxis
[29,30] (and its colloidal analog [15,16]).

We model the colloid as a solid core with diameter o
and thermal conductivity «; coated with a light-absorbing
shell of infinitesimal thickness much smaller than o
(valid for nanocoatings of a microsphere) suspended
in a liquid medium of thermal conductivity x,. We solve
the steady state temperature fields on the surface of the
colloid by using a standard spherical harmonics expansion
where an additional flux term is provided by the intensity
of light, I(0,¢), at the colloid surface. The surface
temperature T(6, ¢p) is given by expansion coefficients
T, = 1/2)ol,;,/]lk; + (I + 1)k,], where I;,, is the cor-
responding expansion coefficient of the surface light
intensity. The phoretic self-propulsion velocity of the
colloid is obtained through a surface average of the slip
velocity ¥ = (1/4x)Dy [sin 0d0dpV T (0, $) [23].

We study the collective behavior of the active colloids by
using a Brownian dynamics simulation. Colloid positions
are integrated through an overdamped Langevin equation
scheme where positions from time step n to n+ 1 are
updated by 7"V = ) 4+ dF, where dF = At + &V/2At
using units ¢ and ¢/ D for distance and time, respectively.
Random thermal fluctuations are included through the
white noise term & with (&,(¢)) =0 and (&,(1)&,(7)) =

Supd(t—1') (a, b =1, 2, 3). We neglect the change in
viscosity due to heating of the water, which is known to
lead to enhanced diffusion [31]. The particle velocity
consists of three parts ¥ = ¥, + U + 7, Where ¥, Uy,
and v,, are the self-propulsion, collective thermal drift,
and excluded volume components, respectively. The
colloid self-propulsion velocity, as calculated from the
average of the surface slip velocity, becomes 7, =
n[V2(—Re{l, 1 }& + Im{I,1}9) + 1,02/ (3V/3x), where
we set k; =k, for simplicity. The collective drift
velocity is given to the lowest order by vy; =

n/(8y/x) y:,(l(({())/m — F;|*)#;;, where i and j are par-

ticle indices and 7; ;= (F; = 7;)/|r; — 7| is the unit vector
along the center line of the two particles. This is consistent
up to O(r?), at which point multiparticle hydrodynamics
should be included. The excluded volume component
takes the Lennard-Jones form o = 24(2r 13 —r77)#;
for r < 2'/% and zero otherwise. Excluded volume and
surface light intensity are calculated through the use of
neighbor lists, and integration is performed with an
adaptive time step that constrains the maximum displace-
ment to be less than ¢/100 on average over the last 100
steps. The behavior of the system depends on the intensity
of the light source, which we can represent by using the
dimensionless coupling strength #n = oI|S7|/k, where
St = Dy/D is the Soret coefficient and D = kzT/(37uoc)
is the colloid diffusion coefficient, with u being the
viscosity of the solvent. All results presented here are
for simulations of up to Ny = 1024 colloids with # varied
between 5 and 30. We define the swarm as the most
populated set of particles with a maximum separation
between particles of £ = 100. This distance was set by
a crossover observed in the radial distribution function. We
use the ordered eigenvalues A3 < 13 < 43 of the second
central moment tensor, S,, = Z?’SW“’“ rg>r,(;), to quantify
the shape of the swarm perpendicular, RZ = 22 + 13, and
parallel, Rﬁ = J3, to the axis of illumination.

The colloids are initially arranged randomly in a cube of
side length 206 with the directed light source oriented
along —z. After a short transient period, the system self-
organizes into a moving swarm of Ng,,m colloids with
a cometlike structure: a high-density head region with
the outermost illuminated colloids generating a central hot
core, and a relatively more dilute trailing aggregate in
the form of a tail; see Fig. 1(a) and Movie SI in the
Supplemental Material [32].

To probe the properties of the swarm, we construct the
time- and ensemble-averaged density and temperature
fields in the center-of-mass moving frame of reference.
The axially averaged density field is presented in Fig. 1(b),
and the temperature field and field fluctuations can be seen
in Figs. 2(a) and 2(b), respectively. The high-density head
region forms a hot core which pulls the tail of the comet
along and also drives the fluctuations. Normalizing the
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FIG. 2 (color online).
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(a) Temperature field with phoretic velocity due to temperature gradients. (b) Temperature fluctuations. (c) Density

fluctuations normalized by local equilibrium expectation. (d) Time dependence of the number of colloids in the swarm for 7 = 10 and
Ny = 512. This follows Nyam () = N[l — k(7)¢] until small swarm sizes with k(7) shown in the inset. (¢) Dependence of swarm shape,
ie., R, (Ry) perpendicular (parallel) to illumination, on swarm size N gyom for 7 = 10. Dependence of swarm velocity (f) and swarm shape
(g) on 5 for 920 < Ngyam < 980 with the solid line in (f) showing the relation to the swarm shape and the inset showing N yum
dependence. Plots showing error bars are quantities averaged over 10-20 runs with the bar length showing the standard deviation.

local density fluctuations by the equilibrium expectation
value Ap/./p reveals spatially dependent nonequilibrium
density fluctuations as shown in Fig. 2(c). A particularly
interesting mode of density fluctuations occurs at the tip of
the head region as a result of the illuminated self-propelled
particles (with the strongest v, component) attempting to
escape the influence of the thermal attraction (also at its
strongest). These particles usually return to the swarm,
although spectacular ejection events are also observed at
the tip with likelihood increasing with #; see Movie S2 for
an example [32]. Density fluctuations at the swarm tip and
temperature fluctuations are intertwined due to the transient
appearance of heat sources.

Colloids move faster outside the swarm, producing a
novel circulation in the average colloid velocity streamlines
in the swarm center-of-mass frame, as shown in Fig. 1(b);
the colloids that are attracted to the hot core can reverse
their direction on crossing the shadow boundary. This
phenomenon results from the competition between the
strong thermally induced drift velocity v towards the hot
core and the propulsion of individual colloids towards the
light source #,. The (potentially partially) illuminated
colloids that are near the boundary of the swarm introduce
a “thermal drag” that slows down the swarm as compared to
the external fully illuminated isolated colloids.

The swarm is a long-lived but transient structure; it is
subject to a slow leakage that eventually dissolves it. The
number of colloids in the swarm, Ny.m,(?), decreases
linearly in time as Ny om () = No[1 — k(17)¢] up until small

(~200 colloids) swarm sizes when dissolution occurs; see
Fig. 2(d). The rate of loss k() is dependent on the coupling
strength with a minimum occurring at 7~ 17.5; see
Fig. 2(d) (inset). Colloids diffuse out of the shadowed tail
area with some returning to the swarm and others propel-
ling past to be permanently lost. At n > 17.5, colloids
can also escape at the swarm tip due to large fluctuations in
the swarm shape driven by deviations from cylindrical
symmetry brought forth from colloids in the tail escaping
the shadow to become active. Above the dissolution size,
the swarm adopts a well-defined R |, while it elongates to
accommodate the given number of colloids in the swarm, as
seen in Fig. 2(e). As Ng,.m 1S decreasing in time, quantities
such as shape (and the swarm velocity; see below) should
be measured at a fixed number.

Figure 2(f) shows how the thermal drag becomes more
prominent as the coupling strength is increased, leading to
an effectively sublinear increase of V., With respect to 7.
Smaller swarms are seen to move faster; see Fig. 2(f)
(inset). The average shape of the swarm is also affected
by the value of 5, as shown in Fig. 2(g). The radius
perpendicular (parallel) to the axis of illumination becomes
smaller (larger) as # is increased, resulting in an increased
aspect ratio. The swarm velocity is dependent on the swarm
geometry, as it sets the area available to receive light and
the curvature. Figure 2(a) suggests that we can regard the
boundary of the swarm as a constant-temperature surface.
In analogy with perfect conductors, we can relate the
number of particles receiving light in the head (tail) Nycqq
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(Nwy) to the local radius of curvature, namely,
(Nhead/R1) ~ (Nr/Ry). We expect Vyam to be g less
some thermal drag contribution v4N i1/ Nhead ~ VaR) /R .
Setting vy ~ Vyams We find Vam ~ voR, /(R + Ry),
which agrees well with the data shown in Fig. 2(f).

Although we have performed our analysis by using
geometric optics and assuming perfect absorption, we
expect many of the features of our results to remain valid
under more general conditions. Any sample of light absorb-
ing colloids illuminated with a directed light source will
experience a temperature gradient along the illumination
axis providing the necessary conditions for self-organization
and collective propulsion. The initial configuration of
the colloids before illumination needs to be sufficiently
dense to initiate clustering but otherwise is unimportant.
Dimensional values for this system can be estimated
by considering coated polystyrene colloids with thermal
conductivity xk ~0.1 W/(mK), diameter ¢ = 1 ym, and
Soret coefficient |Sy| =10 K=!, which will yield the
required irradiation intensity as I ~ 10*% W/m? in terms
of 7 (that gives the required laser power as P ~ 10y mW for
an irradiated area of A = 1 mm?). Using the value for the
Soret coefficient, we can estimate that temperature varia-
tions will be smaller than 20 K for the highest # presented
here. The diffusion coefficient for the 6 = 1 ym colloid
in water around room temperature, D ~ 0.4 um?s~!, sets
the maximum colloid velocity to vy ~ 0.057 pm/s, which
yields typical velocities ~1 um/s for the values of 7
studied here. The corresponding lifetime of the swarm will
be ~5000 x 6°/D ~ 10* s, which is reasonably long. The
estimates suggest that our results are well within reach of
experiments for appropriately synthesized colloidal par-
ticles with a negative Soret coefficient.

In conclusion, we have found that light-induced self-
thermophoretic active colloidal particles can spontaneously
self-organize to form a long-lived swarm shaped like a
comet, if the colloids have a negative Soret coefficient. It is
important to note that, while there have been many previous
studies of the collective dynamics of self-propelled par-
ticles, few (with the recent exception of Ref. [17]) have
considered the details of the mechanism of propulsion, the
interaction between the particles, and their collective
behavior starting from underlying physical principles
(and not using phenomenological models) as we have
done here. We show that shading or shadowing in light-
activated colloidal systems can give rise to rich and unusual
collective dynamics with many open aspects for theoretical
description and investigation. Our study suggests that it is
possible to design collective behavior through emergence
in active colloidal suspensions. This could have applica-
tions in how smart functional materials are designed.

We acknowledge fruitful discussions with M. S. Turner.
This work is supported by EPSRC (J. A. C.) and Human
Frontier Science Program (HFSP) Grant No. RGP0061/
2013 (R.G.).

[1] J.F. Joanny and J. Prost, HFSP J. 3, 94 (2009).

[2] S. Ramaswamy, Annu. Rev. Condens. Matter Phys. 1, 323
(2010).

[3] M.C. Marchetti, J.F. Joanny, S. Ramaswamy, T.B.
Liverpool, J. Prost, M. Rao, and R. A. Simha, Rev. Mod.
Phys. 85, 1143 (2013).

[4] V. Schaller, C. Weber, C. Semmrich, E. Frey, and A. Bausch,
Nature (London) 467, 73 (2010).

[5] T. Sanchez, D.T.N. Chen, S.J. DeCamp, M. Heymann,
and Z. Dogic, Nature (London) 491, 431 (2012).

[6] Y. Sumino, K.H. Nagai, Y. Shitaka, D. Tanaka, K.
Yoshikawa, H. Chaté, and K. Oiwa, Nature (London)
483, 448 (2012).

[7] A. Cavagna, A. Cimarelli, 1. Giardina, G. Parisi,
R. Santagati, F. Stefanini, and M. Viale, Proc. Natl. Acad.
Sci. U.S.A. 107, 11865 (2010).

[8] C. Dombrowski, L. Cisneros, S. Chatkaew, R. E. Goldstein,
and J. O. Kessler, Phys. Rev. Lett. 93, 098103 (2004).

[9] T. Vicsek, A. Czirok, E. Ben-Jacob, I. Cohen, and
O. Shochet, Phys. Rev. Lett. 75, 1226 (1995).

[10] J. Toner and Y. Tu, Phys. Rev. Lett. 75, 4326 (1995).

[11] G.Gregoire and H. Chate, Phys. Rev. Lett. 92,025702 (2004).

[12] W.FE. Paxton, K.C. Kistler, C.C. Olmeda, A. Sen,
S.K. St. Angelo, Y. Cao, T.E. Mallouk, P. E. Lammert,
and V. H. Crespi, J. Am. Chem. Soc. 126, 13424 (2004).

[13] J. Howse, R. Jones, A. Ryan, T. Gough, R. Vafabakhsh, and
R. Golestanian, Phys. Rev. Lett. 99, 048102 (2007).

[14] H.-R. Jiang, N. Yoshinaga, and M. Sano, Phys. Rev. Lett.
105, 268302 (2010).

[15] L. Theurkauff, C. Cottin-Bizonne, J. Palacci, C. Ybert, and
L. Bocquet, Phys. Rev. Lett. 108, 268303 (2012).

[16] J. Palacci, S. Sacanna, A.P. Steinberg, D.J. Pine, and
P. M. Chaikin, Science 339, 936 (2013).

[17] A. Bricard, J.-B. Caussin, N. Desreumaux, O. Dauchot, and
D. Bartolo Nature (London) 503, 95 (2013).

[18] J. L. Anderson, Annu. Rev. Fluid Mech. 21, 61 (1989).

[19] R. Golestanian, T. B. Liverpool, and A. Ajdari, Phys. Rev.
Lett. 94, 220801 (2005).

[20] G.RiicknerandR. Kapral, Phys. Rev. Lett. 98, 150603 (2007).

[21] T. Vicsek and A. Zafeiris, Phys. Rep. 517, 71 (2012).

[22] C.F. Bohren and D. R. Huffman, Absorption and Scattering
of Light by Small Particles (Wiley, New York, 1998).

[23] R. Golestanian, T. B. Liverpool, and A. Ajdari, New J. Phys.
9, 126 (2007).

[24] S.R. De Groot and P. Mazur, Non-Equilibrium Thermody-
namics (Dover, New York, 1984).

[25] R. Piazza and A. Parola, J. Phys. Condens. Matter 20,
153102 (2008).

[26] D. A. Frank-Kamenetskii, Acta Physicochim. URSS 10,
365 (1939).

[27] R. Golestanian, Phys. Rev. Lett. 108, 038303 (2012).

[28] S. A. Ocko and L. Mahadevan, arXiv:1301.7277.

[29] E.F. Keller and L. A. Segel, J. Theor. Biol. 26, 399 (1970).

[30] M. P. Brenner, L. Levitov, and E. O. Budrene, Biophys. J.
74, 1677 (1998).

[31] D. Rings, R. Schachoff, M. Selmke, F. Cichos, and K. Kroy,
Phys. Rev. Lett. 105, 090604 (2010).

[32] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.112.068302 for simula-
tion Movies S1 (3 = 10) and S2 (n = 25).

068302-4


http://dx.doi.org/10.2976/1.3054712
http://dx.doi.org/10.1146/annurev-conmatphys-070909-104101
http://dx.doi.org/10.1146/annurev-conmatphys-070909-104101
http://dx.doi.org/10.1103/RevModPhys.85.1143
http://dx.doi.org/10.1103/RevModPhys.85.1143
http://dx.doi.org/10.1038/nature09312
http://dx.doi.org/10.1038/nature11591
http://dx.doi.org/10.1038/nature10874
http://dx.doi.org/10.1038/nature10874
http://dx.doi.org/10.1073/pnas.1005766107
http://dx.doi.org/10.1073/pnas.1005766107
http://dx.doi.org/10.1103/PhysRevLett.93.098103
http://dx.doi.org/10.1103/PhysRevLett.75.1226
http://dx.doi.org/10.1103/PhysRevLett.75.4326
http://dx.doi.org/10.1103/PhysRevLett.92.025702
http://dx.doi.org/10.1021/ja047697z
http://dx.doi.org/10.1103/PhysRevLett.99.048102
http://dx.doi.org/10.1103/PhysRevLett.105.268302
http://dx.doi.org/10.1103/PhysRevLett.105.268302
http://dx.doi.org/10.1103/PhysRevLett.108.268303
http://dx.doi.org/10.1126/science.1230020
http://dx.doi.org/10.1038/nature12673
http://dx.doi.org/10.1146/annurev.fl.21.010189.000425
http://dx.doi.org/10.1103/PhysRevLett.94.220801
http://dx.doi.org/10.1103/PhysRevLett.94.220801
http://dx.doi.org/10.1103/PhysRevLett.98.150603
http://dx.doi.org/10.1016/j.physrep.2012.03.004
http://dx.doi.org/10.1088/1367-2630/9/5/126
http://dx.doi.org/10.1088/1367-2630/9/5/126
http://dx.doi.org/10.1088/0953-8984/20/15/153102
http://dx.doi.org/10.1088/0953-8984/20/15/153102
http://dx.doi.org/10.1103/PhysRevLett.108.038303
http://arXiv.org/abs/1301.7277
http://dx.doi.org/10.1016/0022-5193(70)90092-5
http://dx.doi.org/10.1016/S0006-3495(98)77880-4
http://dx.doi.org/10.1016/S0006-3495(98)77880-4
http://dx.doi.org/10.1103/PhysRevLett.105.090604
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.068302

