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We report experiments that show rapid crystallization of colloids tethered to an oil-water interface in
response to laser illumination. This light-induced transition is due to a combination of long-ranged
thermophoretic pumping and local optical binding. We show that the flow-induced force on the colloids can
be described as the gradient of a potential. The nonequilibrium steady state due to local heating thus admits
an effective equilibrium description. The optofluidic manipulation explored in this work opens novel ways
to manipulate and assemble colloidal particles.
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Since their introduction [1], optical tweezers have
revolutionized the manipulation of matter at the nano- to
micrometer scale [2–6]. Tweezers have found extensive use
in the trapping and assembly of micron-sized colloidal
particles [7–9] and have enabled the formation of novel
forms of colloidal matter that are held together by optical
forces [10–16]. While the various mechanisms of optical
trapping are well understood, much less is known about the
effects of light-induced heating on the flow of the sur-
rounding fluid medium, in particular near a liquid-liquid
interface. Naively, one might think that, at a liquid-liquid
interface, the fluid motion would be dominated by
Marangoni flow, which should drive the fluid away from
the hot spot [17,18]. However, in our experiments, surface
tethered colloids moved toward the hot spot, even when
they are out of range of the direct optical binding
forces [19].
In this Letter, we show that the optical trapping of a

single colloidal particle near a water-oil interface can set up
a long-ranged, nonequilibrium force field, which causes
colloidal particles that are tethered to the surface but
otherwise freely diffusing, to move to the hot spot where
they crystallize. The sign, magnitude, and distance depend-
ence of this nonequilibrium force cannot be accounted for
by static colloidal interactions nor by surface-tension
driven Marangoni flows. Using theory and simulation,
we show that the experimentally observed colloidal motion
is produced by stalled thermophoresis of a single, optically
trapped colloid. In fact, to a good approximation, the stalled
particle acts as a hydrodynamic monopole. For motion
parallel to the interface, the hydrodynamic drag force
behaves as the gradient of a potential. As a consequence,
the particle dynamics admits an effective equilibrium
description, allowing us to perform Brownian dynamics
simulations. As we show below, the results of these
simulations are in excellent agreement with experiments.

Importantly, the effective attractive potential depends
only on the thermophoretic mobility of the stalled colloid. It
manifests itself in simple solvents such as water or oil and is
of much longer range than the optical trapping potential. As
a consequence, interfacially trapped colloids can be used as
switchable pumps. Such addressable pumps would enable
novel strategies for optofluidic manipulation and the
controlled assembly of colloidal particles [20]. Below,
we describe our experimental results, theoretical analyses,
and numerical simulations.
Sample geometry.—The inner panels of Fig. 1 show a

sketch of our sample geometry. Oil droplets with a radius
between 20 and 30 μm were coated with a surfactant-
polymer layer, following the protocol described in
Ref. [21]. Onto this layer, we grafted a dense brush of
single-stranded DNA sequences (denoted by A).
Polystyrene particles (PS) of radius a ¼ 0.53 μm, func-
tionalized by complementary A0 single-stranded DNA
strands, were then allowed to hybridize with the A chains
on the surface. The DNA coating of the colloids prevents
them from aggregating. As the colloids are tethered to the
surface, rather than embedded in it, they are not subject to
capillary forces, light-wave reflections, or long-ranged
electrostatic dipolar interactions that would be caused by
the asymmetry of charge distributions on interfacially
wetted colloids [22,23]. Moreover, the colloids do not
deform the surfactant-polymer coating, as the DNA tether-
ing keeps the colloids some 50 nm away from the surface
layer. As the oil droplets are much larger than the colloids,
the interface is effectively flat on the scale probed in our
experiments. Although tethered to surface polymers, the
colloids are otherwise free to diffuse along the interface.
When a laser beam is focused above the oil-water

surface, it will trap a single tethered colloid. This colloid
will act as the thermophoretic “pump” that will recruit other
tethered colloids. However, a fraction of the colloids remain
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untethered and diffuse freely in the bulk. These particles
serve as tracers of the bulk fluid flow. Further details of the
system and the calibration of the trap are provided in the
Supplemental Material [24].
Reversible crystallization.—The outer panels of Fig. 1

show our principal experimental result. Following the
frames clockwise starting from the top left, the pictures
show the crystallization and dissolution of a colloidal
crystal, as the laser is switched on (red arrow) and then
switched off (blue arrow). The primary optically trapped
colloid is shown in red. The first two frames show free
diffusion when the laser is off. When the laser is turned on
in the third frame, diffusion is immediately replaced by
directed motion toward the trapped particle with speeds of
up to 50 μm=s. This leads to rapid crystallization which is
essentially complete within a few seconds, as shown in the

frame at 6.2 s. Thermal fluctuations cause small displace-
ments in the core of the crystallite but large ones at the
edges where particle rearrangements take place, as shown
in the frames between 6.2 and 20.3 s. The crystallite begins
to melt as soon as the laser is turned off and a freely
diffusing state is recovered within a few seconds. This cycle
of freezing and melting in response to turning the laser on
and off is rapid, robust, and reproducible.
Optofluidic mechanism.—What force underlies this

phenomenon? By examining the motion of the colloids
as the laser is turned on, it is clear that the force has a range
of at least 5 μm and a magnitude of the order of pN,
directed radially inward to the trapped particle. At such
distances, neither the direct optical trapping, nor the optical
binding forces to be discussed below, can play a role. The
entrainment of colloids by Marangoni flow can be

FIG. 1. The panels in the rim of the figure show a time trace (clockwise) of the video-microscopy images of the light-induced
entrapment and release of 0.53 μm large polystyrene colloids tethered to the water-oil interface (the sale bar is 20 μm). At t ¼ 2.7 s, the
laser is switched on (red arrow), trapping a single colloid (red dot; the width of the dot indicates the approximate width of the laser
focus). Subsequently, optophoretic pumping brings other colloids to the hot spot, where they form a crystal stabilized by optical binding.
At t ¼ 20.4 s, the laser is switched off (blue arrow), and the crystal dissolves. The motion of the particles from yellow and cyan arrows
provides clear evidence of a long-ranged attraction to the center. The two central panels give a schematic side view of the water-oil
interface coated with anionic surfactant [sodium dodecyl sulphate (SDS)] onto which a cationic block-copolymer [biotinylated poly-L-
lysine (PLL)-polyethylene glycol (PEG)] is adsorbed. The biotinylated PEG ends are functionalized by streptavidin [21], which in turn
binds to a single-stranded DNA sequence (denoted by A). This A DNA strand then hybridizes with complementary (A0) strands on the
polystyrene (PS) colloids The keys at the bottom mark each component. The particles diffuse freely on the interface when the laser is off
(left panel); a single particle is optically trapped when the laser is turned on (right panel). For details, see movie SV in the Supplemental
Material [24].
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immediately ruled out, as such a flow must point outward
from the hot region surrounding the laser focus. Direct
thermophoresis toward the hot colloid is also incompatible
with the experimental data, as untethered colloids are seen
to move first toward the heated colloid and then to move
vertically away [Fig. 3(b)]: thermophoresis would result in
isotropic attraction. In the absence of other plausible
mechanisms, we are led to postulate the following: the
colloid nearest to the laser focus is optically trapped and
local heating near an interface between two fluids with
different thermal conductivities induces an asymmetric
thermal gradient in the surrounding fluid. This gradient
pushes the colloid toward the interface, where it stalls (as its
Soret coefficient is positive [46]). From that moment on, the
thermal gradient along its surface drives a thermo-osmotic
flow originating in a thin boundary layer around the colloid
[36,47–49]. Since the colloid remains stalled, the thermo-
osmotic flow continues unabated, but produces no particle
motion. This leads to a monopolar hydrodynamic counter-
flow in the fluid, with the monopole pointing normal to the
interface and into the water phase. The long-ranged and
attractive character of the flow entrains untrapped particles
and draws them toward the focus. If the entrained colloids
are tethered, they aggregate into crystallites under the
action of the optofluidic force. The local crystalline order
is enhanced by short-ranged forces, including those due to
optical binding (see below). In contrast, untethered tracer
colloids first move along the surface toward the trapped
colloid, but then they are advected away from the surface.
Such behavior is illustrated in Fig. 3(b) where an untethered
particle appears and then disappears from the focal plane,
consistent with the flow pattern shown in Fig. 2(b).
To make the above hypothesis quantitative and testable,

we solve the equations of mass, momentum, and energy
conservation in the fluid with appropriate boundary con-
ditions at the colloid surfaces and the oil-water interface
(detailed in [24]). The geometry is shown schematically in
Fig. 2(a). We use the boundary integral representation for
the momentum (Stokes) and energy (Laplace) equations to
impose boundary conditions at the colloid surfaces and use
appropriate Green’s functions to satisfy the boundary
conditions at the oil-water interface [38]. The integral
equations are solved in a basis of irreducible tensorial
harmonics to yield the temperature field T and fluid flow
velocity v in an externally imposed temperature field T∞

(representing laser heating). These are shown in Fig. 2(b)
for a single trapped colloid. From these we obtain the
thermophoretic force FT on the trapped colloid and the
optofluidic force FH with which free colloids are attracted
to the trapped colloid as

FT ¼ −
μT
μ⊥

∇T∞j1; FH ¼ μT
μ⊥μk

Gw ·∇T∞j1: ð1Þ

In the above, μT is the thermophoretic mobility, μ⊥ and μk
are, respectively, the mobility perpendicular and parallel to

the interface, Gw is a Green’s function of the Stokes
equation for a no-shear plane interface, and j1 indicates
evaluation at the center of the trapped colloid [24]. The
optofluidic force, through its dependence on Gw, varies
monotonically as the inverse square of the distance r from
the trapped colloid. As particle motion is overdamped, the
velocity scales as v ∼ r−2, and hence displacements scale
with time intervals as r3ð0Þ − r3ðtÞ ∼ t. We test this from
the experimentally measured positions to find excellent
agreement, shown in the inset of Fig. 2(c).
Optofluidic potential.—For motion at a constant height,

the nonequilibrium optofluidic force FH ¼ FH r̂ admits a
potential

ΦðrÞ ¼ −
μT

4πημ⊥μk

�
1

1þ λ

h
r�

þ 2λ

1þ λ

h3

r�3

�
∂zT∞: ð2Þ

FIG. 2. Long-ranged optofluidic and short-ranged optical bind-
ing forces. (a) schematic of a trapped DNA-tethered colloid. The
thermophoretic force FT drives the colloid toward the interface
compressing the tether and generating a reaction force FP.
Motion stalls when FT þ FP ¼ 0. The inset, false color plot of
the temperature, shows gradients perpendicular (⊥) and parallel
(k) to the interface. (b) flow streamlines in the oil and water
phases due to the stalled colloid which, to leading order, is a
monopole of strength −FT . The color map is the logarithm of the
speed of flow in the water phase normalized by the maximum.
The flow entrains tethered untrapped particles leading to a
optofluidic force FH . (c) Inverse-square variation of the magni-
tude of FH with distance r from the stalled colloid. The inset
shows experimental rðtÞ data for aggregating particles, following
a r3 ∼ t scaling. (d) The variation of optical binding forces FL

with normalized r=a parallel and perpendicular to the polariza-
tion of the trapping laser. Solid and broken lines are contributions
from the trapping laser and the particle scattering forces,
respectively. The local minima of FL promote crystalline order.
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Here, r� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ h2

p
, h is the height of the colloid from the

interface, and λ ¼ ηo=ηw is the ratio of the viscosities of oil
and water. The optofluidic potential depends linearly on the
ratio κo=κw of thermal conductivity of the oil and water
layers through the dependence on the temperature gradient
[24]. Then, the in-plane coordinate Ri ¼ ðXi; YiÞ of an
untrapped colloid (i ¼ 2; 3;…; NÞ obeys the overdamped
Langevin equation

dRi ¼ −μk∇iðU þΦÞdtþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBTμk

q
dξi; ð3Þ

whereU is a potential containing the sum of all short-ranged
colloid-tether and colloid-colloid interactions, Φ is the
optofluidic potential evaluated at the location of the particle,
and dξi is a zero-mean Gaussian random variable with
variance hdξidξji ¼ δijIdt. The stationary distribution of
the particle positions is Gibbsian,P ∼ exp½−ðU þΦÞ=kBT�,
even though the dynamics is out of equilibrium. At an air-
water interface, where λ ¼ 0, the optofluidic potential has a
Coulomb form Φ ∼ 1=r�. The opposite limit of λ → ∞,
corresponding to a no-slipwall, gives an optofluidic potential
Φ ∼ 1=r�3. The latter form, with different prefactors, has
been found in previous studies on charged [50], thermopho-
retic [51,52], and active colloids [38,53,54]. Thus, near a
liquid-solid boundary, the scaling of Fig. 2(b) is modified to
r5 ∝ t. Thus, the optofluidic mechanism described by the
monopole has a wider applicability. We believe that mono-
polar flow rationalizes a great variety of phenomena in
phoretic [55] and activematter [54] and that its relevancewill
be widely appreciated in due course.
The strength of the potential Φ when compared with the

thermal energy kBT determines the onset of crystalline
order. Denoting it by

Φ0 ¼
1

4πημkð1þ λÞ ·
μT
μ⊥

· ∂zT∞ ð4Þ

and using parameters μT ¼ 10 μm2 s−1K−1, λ ¼ 30, and
ηw ¼ 8.9 × 10−4 Pa s, we get Φ0 ∼ 100kBT when ∂zT∞ ¼
15 K μm−1. Here, we have used the experimentally mea-
sured positions in Fig. 2(c) to estimate the ∂zT∞ from other
known parameters. The strength is proportional to the
thermal gradient and leads, curiously, to freezing by heating
and melting by cooling. We show this explicitly in Fig. 3(a)
by direct numerical simulations of Eq. (3) as a function of
the strength of the optofluidic potential.
Short-range forces.—Once the long-ranged optofluidic

interaction draws particles into the center of force, short-
ranged optical binding forces act to enhance crystalline
order. The optical binding force is obtained from a
numerical solution of the Maxwell equations in the Mie
approximation (detailed in [24]). It is shorter in range than
the optofluidic force but, being oscillatory and anisotropic
[see Fig. 2(d)], couples to both positional and bond order of

the colloidal crystal. Its effect can be inferred indirectly
from the rapid annealing of a defect (yellow circle)
produced by the collision of a tethered particle with the
crystallite, as shown in Fig. 3(c). We have not studied this
coupling in detail and leave it to future work.
Conclusion.—Our experiments show how a novel non-

equilibrium optofluidic force can be used to transport
particles toward (or away) from an optically trapped “seed”
particle. It is important to distinguish that the optofluidic
force field is qualitatively different from the light-con-
trolled thermoelectric fields generated in a medium, which
contains a mixture of surfactant, ions, and micellar deple-
tants [15]. It is also different from the thermo-osmotic flow
generated by the differential heating of trapped Janus
particles [56]. Theoretical analysis shows that the opto-
fluidic force can be described in terms of the gradient of a
potential, whose strength is proportional to the temperature
gradient at the location of the seed. Untrapped particles
couple to this potential regardless of their material proper-
ties, enabling the optofluidic manipulation of particles that
cannot, otherwise, be optically trapped. Both the location of

FIG. 3. (a) Competition between the optofluidic potential and
Brownian motion determines the extent of crystalline order.
Order is complete when the strength of the potential
Φ0=kBT > 10, partial when Φ0=kBT ∼ 1, and absent when
Φ0=kBT < 1. Particles are colored by their coordination number,
which serves as a measure of order. (b) An untethered particle
(yellow circle) is convected away from the interface by the
optofluidic flow of Fig. 2(b). (c) Short-range forces promote the
rapid annealing of a defect (yellow circle) produced by a particle
colliding with the crystal (yellow circle) in the first frame. The
scale bar is 10 μm.
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the potential and its strength can be modulated by the laser
and its sign can be altered by changing the ratio of thermal
conductivities of the liquids. We foresee this to lead to
novel mechanisms of switchable, addressable transport in
microfluidics, controlled self-assembly of active colloids
and the metamaterial synthesis.
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