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Illumination-induced motion of a Janus nanoparticle in bi-
nary solvents†

Takeaki Araki,a and Anna Maciołek,b,c

Using a fluid particle dynamics method we numerically investigate motion of a spherical Janus
particle suspended in a binary liquid mixture, which emerge under heating of one-half of a colloid
surface. The method treats simultaneously the flow of the solvent and the motion of the particle,
hence, the velocity of the particle can be computed directly. Our approach accounts for a phe-
nomenon of critical adsorption, therefore, a particle that is adsorptionwise nonneutral is always
completely covered by an adsorption layer (droplet). In order to establish the mechanism of self-
propulsion, we study systematically various combinations of adsorption preference on both hemi-
spheres of the Janus colloid as function of the heating power for symmetric and nonsymmetric
binary solvent and for various particle sizes in three spatial dimensions. Only for a particle, which
heated hemisphere is neutral whereas the other hemisphere prefers one of the two components
of the mixture, the reversal of the direction of motion occurs. The particle self-propels much faster
in the nonsymmetric binary solvents. Self-propulsion originates from a gradient of mechanical
stress, in a way similar to the Marangoni effect. This stress is not localized at the edge but dis-
tributed within the whole droplet. We compare our findings with the experimental observations
and other theoretical results.

Introduction
Colloidal particles which self-propel when illuminated by light
were developed to mimic an active motion observed in biology,
e.g., swimming of a bacteria1–4. An interesting realization of such
colloidal “artificial swimmer” was proposed by Bechinger and co-
workers5. It involves a micron-sized Janus particles half-coated
by a nano-thick gold5 or carbon6 cap and suspended in a mixed
phase of a binary liquid solvent. Experiments demonstrated that
the spherical Janus particle moves under illumination with green
light of intensities lower than ≈ 10 µW/µm2 in a way characteris-
tic of the so called active Brownian motion7, which is ballistic at
short times and diffusive with an enhanced diffusion coefficient
at long times5,6.

This kind of light activated self-propellers proved to be very
useful for exploring various aspects of active motion. This in-
cludes possibilities to control active motion both in time and in
space, e.g., by employing spatial and temporal illumination pat-
terns6, the behavior in complex environments5, or development
of external control strategies to navigate light-activated colloids
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towards a target8. The latter aspect is important for application
perspectives as micron-sized carriers for the delivery of drugs or
as active building blocks for the assembly of microstructures. Fur-
ther studies include motion in static light gradients9,10 and in
viscoelastic fluids11,12, as well as the properties of asymmetric
self-propelled objects and their motion in a gravitation field13,14.
More recent research activities concern collective behavior such
as clustering, which occurs in dense suspensions of self-propelling
Janus colloids15 or in a mixture of passive and active particles16,
and self-organisation of active particles17.

Surprisingly, self-propulsion mechanism of this very successful
class of artificial microswimmer is not yet understood in a full de-
tail. Evidence has been gathered that the onset of the motion as
well as its direction and speed depend sensitively on system pa-
rameters, such as wetting properties of both hemispheres of the
Janus particle, the intensity of illumination, or the particle size.
In their original paper, Bechinger an co-workers5 trace the origin
of the active motion to the local demixing of a binary solvent ob-
served around the Janus colloid after illumination by light of suf-
ficient intensity. It was argued that the golden cap, which strongly
absorbs green light, is heated above the lower critical temperature
Tc of the solvent and that resulting spinodal decomposition gen-
erates gradient of concentration that varies along the surface of
the Janus particle. Therefore, in analogy with the catalytic active
colloid18–20, self-diffusiophoresis was initially suggested as the
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plausible mechanism of particle motion. Self-thermophoresis was
ruled out because in pure water no directed motion was observed
at the similar illumination intensities.

According to the standard theory of phoresis20–22, the colloid
transport occurs due to processes occurring within solid/fluid in-
terface at the surface of the particle. A nonuniform concentra-
tion around the particle gives rise, within the interface layer, to
the unbalance pressure gradient along the surface of the parti-
cle. This in turn generates shear stress within the interface layer
and, therefore, hydrodynamic flow of the solvent along the sur-
face of the particle, which entails motion of the colloid. For the
interfacial layer which is thin compared to the particle size, the
flow is characterized by an effective slip velocity. The velocity
of the particle follows from the requirement that hydrodynamic
flow around the particle exerts no force and torque on it. Us-
ing this procedure, in Ref.23 the self-propulsion velocity of the
Janus particle was determined as a function of wetting proper-
ties of the two hemispheres and the surface temperature, which
is related to the intensity of illumination. It was found that if
the surface temperature exceeds Tc slightly or moderately, for all
combinations of the wetting properties of the two hemispheres
the particle moves towards the cap. When the two hemispheres
prefer different components of the binary solvent, the velocity
of the particle can change its sign provided the surface temper-
ature is sufficiently high and the preferential adsorption of un-
capped hemisphere is stronger. These predictions contradict ex-
perimental observations made for weakly hydrophilic silica parti-
cles capped with the hydrophilic-functionalized gold, which move
away from the cap in the water-2,6 lutidine mixture for all studied
values of illumination intensity5,6,15.

Concerning possible combinations of hydrophilic/hydrophobic
and heated/unheated hemispheres, the only other variant studied
experimentally is that of weakly hydrophilic-hydrophobic Janus
particle with hydrophobic hemisphere being heated. This in-
cludes a silica particle with the hydrophobic-functionalized cap
in a water-2,6 lutidine mixture5,6,15 and a silica particle with
a hydrophobic carbon cap in a water-propylene glycol n-propyl
ether (PnP) mixture10. Interestingly, the two realizations of the
same type of Janus particle propel in the opposite direction. In
the range of light intensities in which the propulsion velocity in-
creases linearly with the applied intensity, the silica particle with
hydrophobic golden cap moves towards the cap (which is con-
sistent with diffusiophoresis), whereas the silica particle with the
hydrophobic carbon cap moves away from the cap. This is very
surprising, because one would expect the same mechanism of
propulsion for the same type of the Janus particle. This fact has
not been commented by the authors of these experiments10.

Another intriguing experimental observation10 concerns the
behavior of silica particles with the carbon cap upon increasing
the intensity of illumination beyond the linear regime. At a cer-
tain value of light intensity, which is higher for smaller colloids,
one can see a sharp reversal of the direction of motion. Upon
further increase of light intensity, the Janus particle stops self-
propelling. These experimental findings were compared to nu-
merical results from hydrodynamic description which, contrary
to diffusiophoresis, assumes no slip velocity on the particle sur-

face10,24. The observed rich variation of propulsion velocity as
a function of illumination intensity was related to changes in the
size and shape of the droplet (or two droplets) nucleated within
a region enclosed by a temperature contour of Tc around the col-
loid.

The model employed in Refs.10,24, referred to as diffuse in-
terface approach, is a noiseless model H of critical dynamics of
binary mixture25, in which the preference of hemispheres of the
Janus particle for a one component of the binary solvent (PnP) is
accounted for via the wetting boundary conditions (BCs). These
BCs ensure that the PnP droplet meets the surface at the pre-
scribed microscale contact angle 26. Similar to the theory of
phoretic motion, within this approach the propulsion velocity is
determined indirectly from the requirement that at the steady
state the force exerted on the particle by the fluid vanishes. Based
on the steady state concentration and velocity fields of the sol-
vent, which were determined at the fixed temperature gradient
for several values of the heat flux across the heated cap, the fol-
lowing was concluded: (i) if a single (PnP) droplet of preferred
phase is formed at the heated cap, such that the cap is partially
covered, the particle moves away from the cap due to body forces,
which are localized at the droplet edges; (ii) if the temperature
at the unheated part of the colloid surface increases above Tc and
a droplet of opposite phase (water-rich) nucleates also there such
that it covers uncapped surface partially, the particle moves to-
wards the heated cap due to body force near the interface separat-
ing two droplets; (iii) if the demixed region completely encloses
particle forming essentially a large symmetric droplet around it,
the self-propulsion becomes negligible. We note that the wetting
BCs employed in Refs.10,24 do not account for critical adsorption,
which is significant for temperatures close to the critical tempera-
ture. Thus, the existence of the adsorption layer at the unheated
part of the Janus particle is completely neglected within this ap-
proach.

Here, we propose a description of the experimental system,
which is based on the fluid particle dynamics method. Within
this method, both the flow of the solvent and the motion of the
particle are accounted for simultaneously such that the velocity
of the particle can be computed directly. This provides a valu-
able complementary theoretical approach to the ones described
above. The model takes care of the fact that the system is non-
isothermal. The adsorption preferences of the two sides of the
Janus particle are incorporated on a more microscopic level than
in Refs.10,24, i.e., by using effective surface interactions, which
account for both wetting and critical adsorption. In order to shed
light on contradictory experimental results concerning the direc-
tion of propulsion in relation to the adsorption preference of the
two sides of the Janus colloid, we systematically study its vari-
ous combinations as a function of temperature quench (heating
power) and particle size. We consider both the critical and off-
critical composition of a binary solvent. Our findings are com-
pared with experimental observations and other theoretical re-
sults.
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Simulation model
We consider a spherical Janus particle suspended in a binary liq-
uid mixture. This liquid mixture has a lower critical point, above
which it separates into two phases. A part of the particle surface
is heated by an external source such as illumination by laser. As
a results of local heating, a liquid mixture phase-separates locally
near the surface of the particle6,27,28.

We describe the particle by means of fluid particle dynamics
method, which is a hybrid simulation treating with the lattice
space and off-lattice space29–35 We represent the particle with
a smooth shape function as

ψ(r,x) =
1
2

{
tanh

(
R−|r−x|

d

)
+1
}
. (1)

Here r is the coordinate in the lattice space (the components of r
are integers), and x is the position of the center of the particle in
an off-lattice space (the components of x are floating point num-
bers). R is the radius of the particle and d represents the width
of the smooth interface. In the limit of d→ 0, ψ is unity and zero
in the interior and exterior of the particle, respectively. We also
define the surface of the particle via the surface distribution as

ψsur = d|∇ψ|. (2)

The orientation of the Janus particle is given by n (|n|= 1).

In order to describe a binary mixture in an inhomogeneous
temperature field T , we apply the dynamic van der Waals
theory25,36–40, to incompressible liquid mixtures of A- and B-
components. We express the local concentration field of the A-
component in the binary solvent as φ(r). The thermodynamic
mixing energy E and entropy S in the system are written as

E {φ ,x,n}= 1
ν3

0

∫
dre, S {φ ,x}= 1

ν3
0

∫
drs. (3)

Here e and s are the energy and entropy per solvent molecule,
and ν0 is a typical size of the solvent molecules. We assume that
the local entropy has a form

s(φ ,x) = kB(1−ψ)

{
−
(

a
2

φ
2 +

b
4

φ
4
)
+ ln

(
ξ0

λT

)3
+1
}
,(4)

where a and b are positive constants. λT is the thermal de Broglie
length, which is proportional to T−1/2. The coefficient of (1−ψ)

is introduced since the entropy is defined only in the solvent. Do-
mains of positive and negative φ represent the A-rich and B-rich
phases, respectively. φ = 0 corresponds to the symmetric mixture,
i.e., at the critical composition.

The local energy is given by

e(φ ,r,n) = (1−ψ)

{
− ε

2
φ

2 +
K
2
|∇φ |2 + 3

2
kBT

}
+ W (r−x,n)ψsur(r)φ(r)

+
χp

2
{φ(r)−φp}2

ψ(r) (5)

The first term in the right hand side of Eq. (5) represents the en-

ergy of the mixture and kinetic energy. K is the coefficient of the
gradient term. ε represents the interaction energy. In our model,
it is not a constant and can change with the temperature (see be-
low). The second term represents the effective interaction of the
binary solvent with the surface of a particle, which is defined by
ψsur (Eq. (2)). W represents the adsorption preference (or wet-
tability) of the particle surface. If W < 0, the A-component with
characterised by positive φ tends to wet the surface. To consider
the heterogeneity of the surface, we set

W (r−x,n) =W0 +W1n · r−x
|r−x|

, (6)

where W0 and W1 are surface interaction constants (the material
constants for the wetting). The third term of Eq. (5) is introduced
to avoid the solvent invasion into the particle. χp and φp are its
control positive parameters.

The time development of the local concentration field φ(r, t)
obeys the following conservation equation,

∂φ

∂ t
=−∇i(φvi)+∇i

{
D0(1−ψ)∇i

µ

kBT

}
+∇iζi, (7)

where v is the fluid velocity field. D0 is the diffusion constant
in the bulk, and ζ is the thermal noise. Hereafter, the repeated
indices are summed over. In the absence of thermal noise, the
stationary state equation reduces to the Euler-Lagrange equation
for the equilibrium mean-field order parameter profile.

µ is the local chemical potential, which is given by

µ =−T
(

δS

δφ

)
e
, (8)

where the functional derivative of the entropy functional is taken
at fixed energy e (eqn. (5)). If there is no particle suspended in
the binary mixture, µ is written as

µ

kBT
=−τφ +bφ

3−∇

(
K

kBT
∇φ

)
, (9)

where τ = a− ε/kBT (see Appendix A).

The hydrodynamic equation for velocity v of the solvent is given
by

∂ρvi

∂ t
=−∇ j(ρviv j)−∇i p−∇ jΠi j +∇ jσi j +Fi, (10)

where ρ is the mass density, which is assumed to be constant. p
is the pressure, which is determined to satisfy the incompressible
condition ∇ · v = 0. Πi j is a reversible part of the stress tensor.
Following the dynamic van der Waals theory, it is given by

Πi j =
K
ν3

0
(∇iφ)(∇ jφ). (11)

σi j is the irreversible stress tensor, which is given by

σi j = η(∇iv j +∇ jvi). (12)

In this study, we assume that the viscosity depends on the particle
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distribution via

η = ηs +(ηp−ηs)ψ, (13)

where ηs and ηp are the solvent and particle viscosities. If ηp�
ηs, the particle can be regarded as a solid particle.

F is the force field exerted on the fluid due to the particle. We
assume

F(r) =
ψ

Ω

(
−∂E

∂x

)
s
+

1
2

∇×
{

ψ

Ω
n×

(
−∂E

∂n

)
s

}
, (14)

where the partial derivatives of the energy are taken at fixed en-
tropy s (eqn. (4)). In the above, we have used the fact that the
energy E =F +TS , where F is the free energy. Ω is the volume
of the particle given by Ω=

∫
drψ. We note that Brownian motion

is included in our approach. It arises because the order parameter
(concentration of a binary solvent) is subjected to thermal noise
and hence fluctuates. Hence, the total force exerted on the parti-
cle by fluid has a random component in it. The diffusive dynamics
competes with the advection as given by Eq. (7).

The position and the orientation of the particle are transported
by the flow according to

d
dt

x = V, (15)

V =
1
Ω

∫
drψv, (16)

d
dt

n =
1

2Ω

∫
drψ(∇×v). (17)

The temperature field obeys the following equation

∂T
∂ t

=−∇i(T vi)+λ∇
2T −α(T −T∞)+

H(r)
Cp

.

(18)

The first term of the right hand side of Eq. (18) is due to the
convective flow. The second term is the thermal diffusion. Here,
we assume all the materials have the same thermal diffusivity λ .
H(r) describes the local heat source and Cp is the specific heat.
We assume that the particle surface is heated heterogeneously by
external illumination. We set the heat source as

H(r−x,n) = H0ψsur(r)
{

1+n · r−x
|r−x|

}
, (19)

where H0 represents the heating power. The third term describes
the dissipation to the bath, the temperature of which is T∞. With-
out this term, the system is heated without bounds. L =

√
λ/α

gives a characteristic length for decaying the temperature field to
the bath. In experiments, L is considered to be comparable to the
cell thickness.

Since in this study we consider near-critical solutions, we can
safely assume that K/kBT in Eq. (9) does not depend on T and set
K/kBT = ν2

0 . We have checked that this approximation does not
change our simulation results essentially. In order to be able to re-
produce the equilibrium near-critical behavior of a binary solvent
in the absence of a particle, we assume that τ in Eq.(9) depends

linearly on T as τ = kB(T − Tc)/(K/ν2
0 ), where Tc is the critical

temperature of a binary solvent. We recall that in an isothermal
solution, the bulk correlation length is given by ξ ' ξ0|τ|−ν and
the amplitude ξ0 depends on coefficients in Eq. (9). Here we set
ξ0 = ν0, the molecular size appearing in Eq. (3). The coexistence
curve in isothermal systems is given by τcx ' bφ̄ 1/β , so that the
isothermal critical point is at φ̄ = 0 and τ = 0. φ̄ is the average
concentration field φ . ν and β are standard critical exponents
(both equal to 1/2 in mean field)41. If the temperature is uni-
form, the mixture with the lower critical point is phase-separated
for τ ≥ τcx, while it is mixed for τ < τcx.

We note that the interfacial tension is given by γ ' γ0|τ|−µ ,
where µ = ν(d−1) (equal to 3/2 in mean field). We use the mean-
field amplitude of the interfacial tension γ0 = 23/2kBT/(ξ 2

0 b) in or-
der to define a non-dimensional parameter Γ = 3γ0ξ0/(23/2ηsD0).
This parameter gives the ratio of the third and fourth terms in
Eq.(10), i.e., a typical amplitude of the hydrodynamic flow caused
by the interface tension. The heat source parameter is also scaled
as h = kBH0ξ 2

0 /(αCpK). In the simulations, the lattice space is dis-
cretized with d, which is set to d = ξ0 in this study. The time units
is given by t0 = ξ 2

0 /D0.
We use typical parameters as v0 = 2nm, η0 = 1mPa · s, D0 ∼=

1.1×10−10 m2/s, γ0 ∼= 0.1mN/m, and t0 ∼= 3.6×10−8 s. We also set
χp = 5 in Eq. (5) and b = 1.

The particle motion and the concentration field are updated
with a time increment ∆t = 0.005t0. Usually, the thermal diffu-
sion constant λ is much larger than the diffusion constant for the
concentration field D0. Thus, it is difficult to simulate the con-
centration and temperature fields with the same time increment.
We iterate the thermal diffusion equation by 100 steps without
updating the concentration and flow fields. Its time increment is
set to ∆t = 0.005d2/λ . The diffusion constant ratio in our system
correspond to D0/λ = 10−2. Although this ratio is still lager than
that in actual mixtures, we confirmed that the temperature field
reaches almost the steady state in each time step for the concen-
tration field. The decaying length of the temperature field is set
to L = 10d. The hydrodynamic flow (Eq. (10)) is solved by means
of Makers and Cell method with the staggered lattice. In Eq. (7),
the Gaussian random noises of

√
〈|ζ |2〉= 0.2ξ0/t0 are imposed in

each lattice.
We employ five kinds of Janus particles with different wetting

parameters in Eq. (6). They are summarized in table 1. Two types
of them are uniform. A NN (neutral head-neutral tail)-particle of
W0 = W1 = 0 has no preference for one component of a binary
solvent over the other (neutral in wetting), while a WW (wetting
head-wetting tail)-particle of W0 = −2 and W1 = 0 prefers the A-
components. The other three have heterogeneous wettabilities.
The head side of a WN (wetting head-neutral tail)-particle of W0 =

−1 and W1 = −1 prefers the A-component, while its tail side is
neutral. On the other hand, the head side of a NW (neutral head-
wetting tail)-particle of W0 =−1 and W1 = 1 is neutral, and its tail
prefers the A-component. The last particle (WW′) of W0 = 0 and
W1 =−2 prefers the A-component on its head, while it prefers the
B-component on its tail.

We employ a three-dimensional square cell of (128d)3 with pe-
riodic boundary conditions and the particle radius is set to R = 8d
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type W0 W1 head preference tail preference

NN 0 0 neutral neutral
WW -2 0 A-component A-component
WN -1 -1 A-component neutral
NW -1 1 neutral A-component
WW′ 0 -2 A-component B-component

Table 1 The wetting properties of five types of simulated Janus particles.

if we do not mention them explicitly.

Results
Temperature field
We place a WW-particle of R= 8d in a symmetric mixture of φ̄ = 0.
The particle head is oriented towards n = (0,0,1). The back-
ground temperature is set to τ∞ = −1, so that a binary solvent
with a lower critical point is in a one-phase mixed state when
h = 0.

At t = 0, we turn on illumination of the system by imposing
h > 0. After a sufficiently long heating, the system reaches a
steady state, in which the particle moves along n with a con-
stant velocity. Figure 1(a) shows a snapshot of the steady state
temperature field under h = 30 at t = 500t0. The three dimen-
sional simulation result is sliced in the xz-plane passing through
the particle center. In Fig. 1(a), the WW-particle propels upward
towards its heated part. In Fig. 1(b), we also plot the profiles of
the temperature field for several h along the straight line parallel
to n through the particle center. z/R = 1 and z/R = −1 corre-
spond to the head and tail surfaces, respectively. Since the head
side of the particle surface is heated more strongly than the tail
side, the temperature field has a peak at z/R = 1 and decays to
the background of τ∞ =−1. In the inset of Fig. 1(b), we plot the
peak height as function of h. It is shown that the peak height
increases almost linearly with the heating power h. As shown in
the inset, the peak temperature exceeds the critical temperature
τcx(φ̄ = 0) = 0 when h > hT(∼= 16.3). We note that the temperature
field is almost independent of the wettabilities, and on φ̄ .

WW-particle in symmetric mixtures
Figure 2(a) and (b) show typical snapshots of the concentration
field at t = 500t0 around the WW-particle in the symmetric mixture
under h = 0 and h = 40, respectively.

We recall that the equilibrium adsorption profiles at the spher-
ical particle suspended in the supercritical mixed phase of a bi-
nary solvent, were studied theoretically in Refs.42–45. Close to
the critical point of demixing, due to the phenomenon of critical
adsorption these profiles become universal and for R > ξ decay
algebraically with the distance from the surface r up to r . ξ .
In comparison with the critical adsorption profile at the planar
wall, this algebraic decay is faster, i.e., with the exponent 2β/ν

as compared to β/ν for a planar wall. For larger r the decay
becomes exponential ∼ exp(−r/ξ ). In our simulations, the or-
der parameter is conserved and the system is finite, therefore,
we cannot expect full agreement with theoretical predictions (the
latter concern infinite system and, hence, a non-conserved order

0 10 20 30 40 50

-1

0

1

2

(a)

(b)

-5 0 5

-1

0

1

2

-1.0 1.0x

z

Fig. 1 (a) A snapshot of the temperature field around a WW-Janus
particle. The background temperature is τ∞ =−1 and the heating power
is h = 40. The average concentration is φ̄ = 0.0. The black circle
represents the particle, which is oriented upward, i.e., the heated
particle head is oriented towards n = (0,0,1). (b) The profiles of the
temperature field in the case of τ∞ =−1. The heating power varies. The
hatched region indicates the particle inside. In the inset, the peak height
of the temperature profile τmax is plotted versus h.
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parameter). However, the decay of the equilibrium (h = 0) or-
der parameter profiles obtained from our simulations is to a good
approximation exponential. Notice that for the background tem-
perature τ∞ =−1, the bulk correlation length ξ = ξ0� R. Hence,
the range of algebraic decay cannot be observed at this tempera-
ture.

In Fig. 2(c), we show the profiles of the concentration field
along the straight line parallel to n through the particle center.

-5 0 5

0.0

0.2

0.4

0.6

0.4-0.4

(a) (b)

(c)
WW-particle

x

z

Fig. 2 (a) and (b) Typical snapshots of the concentration field φ around
a WW-particle in the critical mixture of φ̄ = 0 and τ∞ =−1. The heating
power is h = 0 in (a) and h = 40 in (b). (c) The profiles of the
concentration field around the WW-particle in the critical mixture. The
hatched region marks the interior of the particle. The heating power
varies.

In order to better assess the dependence of the concentration
field on the heating power, in Fig. 3(a) we plot the quantities
that measure the degree of the concentration variation. They are
calculated as

δφ
2
f =

∫
(r−x)·n>0

dr{φ(r)− φ̄}2 {(r−x) ·n}2

|r−x|2
, (20)

δφ
2
r =

∫
(r−x)·n<0

dr{φ(r)− φ̄}2 {(r−x) ·n}2

|r−x|2
. (21)

Here, the degree of the concentration variations is defined sepa-
rately for the front and rear sides of the particle (δφ 2

f and δφ 2
r ),

respectively.
Because of the homogenous surface interaction, an adsorption

layer rich in the A-component is formed uniformly at the particle
surface for h = 0, as shown in Figs. 2(a) and (c). Under illumina-
tion the concentration field becomes more heterogeneous at the
surfaces - see Figs. 2(b), 2(c) and 3(a). Furthermore, upon in-
creasing the heating power the concentration field in the front

region develops more quickly than that in the rear region. This
is because the susceptibility of the binary solvent to the wetting
interaction is enhanced around the head where the temperature
is increased. When τ exceeds the critical temperature τcx largely,
the solvent is phase-separated locally around the particle. We dis-
cuss these behaviors below again.

WW-particle NN-particle

NW-particleWN-particle

0 20 40 60 80
0.0

0.5

1.0

1.5

0 20 40 60 80
0.0

0.5

1.0

1.5

0 20 40 60 80
0.0

0.5

1.0

1.5

0 20 40 60 80
0.0

0.5

1.0

1.5

0 20 40 60 80
0.0

0.5

1.0

1.5

(a)

(c)

WW´-particle

(b)

(d)

(d)

Fig. 3 Plots of the degree of the concentration inhomogeneities with
respect to the heating power. They are calculated separately for the
front and rear regions of the (a) WW-, (b) NN-, (c) WN-, (d) NW- and (e)
WW′-particles.

In Fig. 4(a), we show the flow field at t = 500t0. It corresponds
to Figs. 1(a) and 2(a), and indicates that the particle moves to-
wards its head. In Fig. 4(b), we plot the temporal change in the
total force. The total force is calculated from the acceleration of
the particle as Ftot = M|dV/dt|, where M(= 4πa3ρ/3) is the par-
ticle mass. It is scaled by the propelling force Fpro at t = 500t0.
The propelling force Fpro is determined in another simulation
with the same parameters. We fix the particle at the initial po-
sition with a spring potential, K(x−x0)

2/2, where K = 10kBT/d2

and x0 = x(t = 0)30. Under illumination, the spring get stretched
by the propelling force. Where the particle motion is stopped,
the propelling force is balanced by the spring force, so that its
strength is given by Fpro = |K(x−x0)|. In the absence of the spring
potential, after illumination is switched on the total force Ftot ini-
tially increases with time. This increase is connected with the
process of formation of the adsorption layer. After some time, the
total force reaches a maximum and then decays to zero. The to-
tal force contains the propelling force and the viscous resistance
force. In the earlier stage, the speed of the particle is low so that

6 | 1–13

Page 6 of 14Soft Matter



the resistance force is weak and the propelling force is dominant.
In the late stage, on the other hand, the total force goes to zero,
which indicates the propelling force is balanced by the viscous
force. Fig. 4(b) ensures the flow pattern in Fig. 4(a) is at the
steady state.

In Figs 4(c) and (d), we plot the velocity profiles along the
lines passing through the particle center parallel to the x- and
z-directions, respectively. The hatched regions indicate the par-
ticle and the broken lines indicate the particle velocity. These
figures demonstrate that although the flow inside the particle is
not homogeneous due to our numerical scheme, the flow field
almost satisfies the non-slip boundary conditions at the particle
surface. In other words, discontinuous jumps or steep changes of
the flow field typical for thermo- or diffusio-phoresis are not ob-
served. The flow is induced mainly by the mechanical stress due
to the concentration variation. In Fig. 4(e), the stress field due
to the concentration variation Πi j is depicted by line segments.
The length and the orientation of these line segments indicate
the eigenvalues of Πi j and the corresponding eigenvectors. It is
instructive to relate the spatial distribution of this stress field to
the concentration profile shown in Fig. 2(c). The concentration
profile in the front region of the particle does not look like a wet-
ting film profile, which typically is constant up to some distance
` from the surface (defining wetting film thickness) followed by
a rapid decay to the bulk value. Rather, the concentration decays
from its maximum value close to the surface in a gradual way
over a distance z ≈ R so that no sharp liquid-liquid interface is
observed. Accordingly, the stress field Πi j is not localized near
the outer edge of the adsorption layer. We can see that in the
whole front region of the particle the line segments (along which
a contraction force works) are relative long, i.e., the stress Πi j is
larger there. The orientation of these line segments is tangential
to the interfacial region, which is broad. Due to the temperature
gradient, both the length of line segments and their orientation
vary along the surface of a particle. This variation gives rise to
hydrodynamic flow in a way similar to the Marangoni effect, e.g.,
such as the thermo-capillary effect in liquid droplets46.

As is shown in Fig. 4(a), the induced flow pushes the particle
toward its head side. Although we impose random fluctuation in
Eq. (7), it is not too strong so that the particle shows a straight
motion. Figure 5(a) plots the particle velocities in the steady state
as a function of the heating power for two values of the ambient
temperature τ∞ = −1 and 0. The particle velocity is calculated
from Eq. (16) as V‖ = V · n. The positive value of the velocity
means the motion of the particle toward its head. For the WW-
particle, the particle velocity increases monotonically upon the
increase of the heating power. Also, the motion in the solvent
with τ∞ = 0 (at its critical temperature) is faster than that with
τ∞ = −1. This is because for τ∞ = 0 the temperature around the
whole colloid is larger than Tc and hence the system is much more
susceptible to the perturbation by the surface interaction. Due to
resultant large concentration variation, the particle can propel
faster.

(a)

0.12-0.12

V

x

z

(b)

-5 0 5
-0.1

0

0.1

0.2

0.3

-5 0 5
-0.1

0

0.1

0.2

0.3

0 100 200 300 400 500

0

0.05

0.1

(c) (d)

(e)

Fig. 4 (a) A snapshot of the flow field around a WW-particle at the
steady state (t = 500t0). The arrows represent the local velocity field and
the background color shows the z-component of the flow field. The
heating power is h = 40. (b) The temporal change in the total force
acting on the WW-particle. In the late stage, it goes to zero, which
indicates that the propelling force is balanced to the viscous force. (c)
and (d) The flow profiles along the lines through the particle center
parallel to the (c) x- and (d) z-directions. (e) The corresponding stress
field stemming from the concentration variation. The length and the
orientation of the segment represents the eigenvalue and eigenvector of
the stress field tensor Πi j. A contraction force works locally along the
segment orientation.
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NN-particle in symmetric mixture

Figure 5(b) shows the particle velocities of the NN-particle. The
other parameters are the same as those in Fig. 5(a). In contrast
to the motion of the WW-particle, the NN-particle does not show
any motion below the threshold hNN

V (∼= 42.5) for τ∞ =−1. Above
hNN

V , the particle velocity increases with h. For τ∞ = 0, the particle
speed is larger than that for τ∞ = −1, as in the case of the WW-
particle.

NW-particle

0 20 40 60 80

0.0

0.2

0.4

0.6

0 20 40 60 80

0

0.2

0.4

0.6

0 20 40 60 80
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WW-particle

NN-particle

WW´-particle

(a)

(c)

(b)

(d)

(e)

Fig. 5 Plots of the particle velocity with respect to the heating power h
for (a) WW-, (b) NN-, (c) WN-, (d) NW- and (e) WW′- particle. The
average concentration is φ̄ = 0.0 and the background temperature is
τ∞ =−1 (filled symbols) and τ∞ = 0 (open symbols). In (d), the detailed
behavior of the motion inversion for the NW-particle is shown in the
inset.

For a NN-particle in a symmetric mixture, none of the A- and
B- components is preferred. Thus, the domains of positive and
negative φ are formed with the same probability, so that the con-
centration profiles themselves are not so useful to see the concen-
tration variation. Instead of the concentration profiles, we show
the degrees of the concentration variations δφ 2

f and δφ 2
r for the

NN-particle as functions of h in Fig. 3(b). The background tem-
perature is τ∞ =−1. As indicated by the arrow, the degree of the
concentration variation in the front region δφ 2

f also has a thresh-
old hNN

φ
, below which it is small and comparable to that due to

the thermal noise. Above hNN
φ

, δφ 2
f is increased as the heating

power is increased. This threshold power is consistent with the
above threshold power for the particle motion, i.e., hNN

V
∼= hNN

φ
. It

is reasonable since the hydrodynamic flow and the resultant par-
ticle motion are caused by inhomogeneities in the concentration

field. Also, the concentration variation around the head is larger
than that around the tail, δφ 2

f > δφ 2
r . Thus we conclude that the

concentration variation in the front region of the particle plays a
dominant role in inducing the hydrodynamic flow.

It is expected that the phase separation occurs immediately
when the local temperature exceeds the phase separation tem-
perature τcx. However, our simulations indicate that upon in-
creasing h, a formation of A- or equivalently B-rich region around
the colloid occurs if the temperature near the head is considerably
higher than τcx. In the case of τ∞ = −1, the temperature at the
head surface exceeds τcx when the illumination of h = hT (∼= 16.3)
is applied (see the inset of Fig. 1(b)). However, the fluctuations
of the concentration are of the order of the noise (therefore not
distinguishable from zero in Fig. 3(b)) and the NN-particle does
not move (see Fig. 5(b)). The domains rich in A or B components
are formed only when the local temperature becomes sufficiently
higher than the phase transition temperature so that the fluctua-
tions are larger than the noise and can grow.

As shown in Fig. 3(a), the degrees of the concentration vari-
ation for the WW-particle do not have thresholds, in contrast to
those for the NN-particle. This is due to the surface interaction,
which enhances formation of preferred phase near the surface in
a way similar to surface-directed spinodal decomposition47,48.

Particles with heterogeneous wettabilities

Next we consider particles with heterogeneous wettabilities such
as WN-, NW- and WW′-particles defined in Table 1. We have
found that they also self-propel along n under the illumination,
and that the details of the motion depend on the surface interac-
tions. The steady state velocities of WN-, NW- and WW′ particles
as function of the heating power are shown in Fig. 5(c), (d) and
(e), respectively. The average concentration is φ̄ = 0 and the back-
ground temperature is τ∞ =−1 and 0.∗

As can be seen in Figs. 5(c) and (e), the WN- and WW′-particles
self-propel even for small values of h and their velocities are close
to that of the WW-particle. On the other hand, the velocity of the
NW-particle is similar to that of the NN-particle. Interestingly, out
of 5 types of Janus particles considered here, only the NW-particle
exhibits change in the direction of self-propulsion, as shown in
Fig. 5(d). For a small heating power, the particle moves toward
the tail, i.e., in the opposite direction than other types of Janus
particles. In the case of τ∞ = −1, for the heating power larger
than the threshold value hNW

V (∼= 46), the direction of motion is
switched and the particle moves toward the head. This crossover
power hNW

V is roughly close to the threshold for the NN-particle
motion in Fig. 5(b), hNN

V ≈ hNW
V . We note that similar inversions

of the direction of motion has been also observed in the experi-
ment10 and theory10,23,24. We discuss this issue in more detail in
Sec. 4.

In Figs. 3(c), (d) and (e) we show the degrees of the concen-

∗ In our simulations, particles with the heterogeneous wettabilities show directed mo-
tion with a small velocity even in the absence of illumination. This is an artifact
of the numerical scheme In the following we subtract this velocity from the steady
state velocity determined for h > 0.
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tration variations for the WN-, NW- and WW′-particles, respec-
tively. For the WN-particle, the concentration variation δφ 2

f at
the front of the particle agrees with that for the WW-particle. On
the other hand, the concentration variation δφ 2

r at the rear of the
WN-particle is similar to that for the NN-particle. As noted above,
the temperature field is almost independent of the surface prop-
erties. Thus, the differences between δφ 2

f and δφ 2
r are entirely

due to distinct adsorption preference of the surface. We note that
the concentration variation around the head side is always larger
than that around the tail side, δφ 2

f > δφ 2
r , for the WN-particle.

This is different for the NW-particle, if the heating power is
small. In such a case, δφ 2

r is larger than δφ 2
f . This is because the

tail side has a preference for the A-component, whereas the head
side is neutral. However, when h is increased above hNW

φ
(∼= 44),

the temperature near the head becomes high enough to induce
the local phase separation. This results in a steep growth of δφ 2

f
- as in the case of the NN-particle. Finally, for h > hWN

φ
δφ 2

f be-
comes larger than δφ 2

r . In Fig. 6, we show the snapshots of the
sliced concentration fields ((a) and (b)), the tensorial field ((c)
and (d)), and the flow field ((e) and (f)), below and above the
crossover hNW

φ
. Below the crossover, a thin adsorption layer rich

in A-component is formed on the rear surface, while variation in
concentration around the head is hardly visible. As the heating
power is increased, a rather thick B-component rich layer is cre-
ated on the front surface. Comparing Fig. 6(c) and (d) we can
see that the dominant stress shifts from the rear (Fig. 6(c)) to
the front (Fig. 6(c)) of the particle, reflecting the change in the
concentration field. In Figs. 6(e) and (f) it is demonstrated that
the resultant hydrodynamic flow changes its direction. For the
particles other than the NW-particle, we have not observed such
a crossover of the concentration variation, and the motion inver-
sion.

Off-critical average concentrations

Next we study self-propulsion of the WW-particle suspended in
the asymmetric binary mixture, i.e., at off-critical φ̄ 6= 0 average
concentrations. In Fig. 7 we plot the average particle velocities as
function of φ̄ for h ≥ 10 and τ∞ = −1. One might expect that the
particle motion is the fastest at φ̄ = 0. This is because at the criti-
cal concentration the phase separation temperature τcx is the low-
est so that the temperature quench is the deepest. Accordingly,
the concentration gradients and hence the hydrodynamic flow
should be the largest. Surprisingly, our simulations show that the
self-propulsion velocity is notably larger in the highly asymmetric
mixtures. This observation indicates that concentration gradients
develop more strongly for off-critical concentrations than for the
near-critical ones.

We note that for surfaces that are adsorptionwise neutral, one
can expect differences in the onset of self-propulsion for off-
critical concentrations as compared to the critical concentration.
This is because dynamics of phase separation is distinct in these
two cases, i.e., it is associated with nucleation for off-critical con-
centration and with spinodal decomposition for the critical con-
centration. For surfaces with preferential adsorption, like WW-
particle, for both off-critical and critical concentration one ob-

0.4-0.4

-0.04 0.04

V

(c)

(b)

(e) (f)

x

z

V

(a)

(d)

Fig. 6 (a) and (b) Snapshots of the concentration field around the
NW-particle. The heating power is h = 30(< hNW

φ
) in (a) and

h = 50(> hNW
φ

) in (b). The average concentration is φ̄ = 0.0 and the
background temperature is τ∞ =−1. (c) and (d) show the corresponding
stress fields Πi j due to the concentration variation. The heating power is
h = 30 in (c) and h = 50 in (d). A contraction force is exerted along the
line segment and its strength is proportional to the line segment length.
(e) and (f) show the corresponding flow field around the NW-particle.
The arrows represent the local velocity field and the background color
shows the z-component of the flow field. The heating power is h = 30 in
(e) and h = 50 in (f).
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serves the so called surface-directed phase separation character-
ized by formation of homogeneous surface layers that propagate
into the bulk27,28. Therefore, the results shown in Fig. 7 cannot
be explained by differences in the dynamics of phase separation.

-0.4 -0.2 0.0 0.2 0.4

0.0

0.2

0.4

0.6

Fig. 7 Self-propulsion velocity of a WW-particle as function of the
average concentration φ̄ for four values of the heating power h.

In Figs. 8(a) and (b) we plot the concentration profiles for
φ̄ = 0.4 and −0.4. The snapshots corresponding to these profiles
are presented in (c) and (d). By comparing Figs. 2(c),(a) with
Figs. 8(a),(c) and Figs. 8(b),(d), one can see that concentration
fields are indeed more inhomogeneous in the asymmetric mix-
tures than in the symmetric mixture. Because the particle surface
prefers the A-component of the binary solvent, both in the sym-
metric (φ̄ = 0.0) and in the A-rich mixture (φ̄ = 0.4), the A-rich
domain forms also near the (colder) tail surface. However, the
thickness of the adsorption layer is considerable larger for φ̄ = 0.4
than that for φ̄ = 0 (see Fig. 2(b)).

In the B-rich mixture (see Figs. 8(b),(d)), a domain rich in B-
component is formed near the surface. This is rather surprising,
because the surface prefers the A-component of a mixture. We
note that the spatial extent of the concentration variation in the
B-rich mixture is roughly the same as that in the A-rich mixture,
i.e., the concentration profile for the B-rich mixture reflected with
respect to the vertical axis almost overlap with that for the A-rich
mixture (not shown here).

When the concentration inhomogeneity δφ = φ − φ̄ is small in
the early stage of the phase separation, the concentration dif-
fusion flux Jφ outside the particle can be approximated using
Eq. (9) as

Jφ ≈−D0

{(
−τ +3bφ̄

2−ξ
2
0 ∇

2
)

∇δφ − φ̄∇τ

}
. (22)

In isothermal systems, the second term in the right hand side of
Eq. (22) is absent and the first term induces the phase separation.
The second term describes the flux of the concentration field due
to the temperature gradient, i.e., the Soret effect. In our model,
the direction of the flux due to the Soret effect depends on the
average concentration φ̄ . Therefore, although the surface inter-
actions with W < 0 prefer A-component of a mixture, in the B-rich
mixture the Soret effect can be more important and the domain of
the B-component can be formed near the surface of the particle.
In the symmetric mixture (φ̄ = 0), this effect is not relevant in the

-5 0 5
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WW-particle
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x

z

0.8-0.8

Fig. 8 (a) and (b) The profiles of the concentration field around the
WW-particle along the particle orientation in asymmetric mixtures. The
average concentration is φ̄ = 0.4 in (a) and φ̄ =−0.4 in (b). The heating
power is varied. (c) and (d) Corresponding snapshots of the
concentration field around the WW-particle in asymmetric mixtures. ((c)
φ̄ = 0.4 and (d) φ̄ =−0.4.) the heating power is h = 40.

early stage, since −φ̄∇τ = 0.
As one can see in Fig. 7, the self-propulsion velocity has a min-

imum at φ̄ =−0.2, not at φ̄ = 0.0. This shift is due to the surface
interaction of the WW-particle. At φ̄ = −0.2, the surface interac-
tions, which prefers the A-rich component, are almost balanced
by the Soret diffusion, in which the B-component is attracted to
the surface .

Particle size dependence

Finally, we examine the particle size dependence of the self-
propulsion velocity in our model. In Fig. 9 we plot the self-
propulsion velocity for the WW-particle at the average concen-
tration φ̄ = 0.0 and the background temperature τ∞ = −1. The
heating power is h = 40. We find that small particles, with a ra-
dius below R = 4d, does not move. Larger particles self-propel
with velocity, which increases with the particle radius in a non-
linear way. Such behavior is consistent with the mechanism of
self-propulsion due to the Marangoni-like effect, which is propor-
tional to the surface area heated by illumination. Because the
total heating power is expected to be proportional to R2, if the
particle is small, the temperature increase is not sufficiently large
to induce phase separation of the binary solvent around the par-
ticle. Hence, the small particle does not propel under this heating
power. Larger particles show self-propulsion. Because the fric-
tion force against the particle motion growths linearly with R,
i.e., slower than the Marangoni-like effect, the particle motion
becomes faster for a large particle. This result is consistent with
the experimental observations (Fig. 4 in Ref.6 and Fig. 1(f) in
Ref.10). Note the difference with the catalytic self-propellers, for
which the velocity is inversely proportional to the radius at given
fuel concentration and the thickness of the catalytic cap49.
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Fig. 9 The dependence of the steady state velocity of the WW-particle
on the particle radius. The average concentration is φ̄ = 0 and the
heating power is h = 40.

Conclusions
We conclude that the mechanism leading to a directed motion
of a Janus particle with heated hemisphere in the near-critical
binary solvent, bears some similarity to the Marangoni effect.
The point of similarity is that the flow (which pushes the parti-
cle) is induced by a gradient of the stress tensor along the par-
ticle surface. This mechanical stress results from the concentra-
tion variations within the adsorption domain (droplet) formed
at the surface of a particle. Due to the inhomogeneous temper-
ature field, the concentration variations are asymmetric around
the particle. These findings are consistent with the results of
Samin et al. reported in Ref.10,24, although the hydrodynamic
equation studied by these authors differs from Eq. (10). How-
ever, there is an important difference concerning particles with
adsorbing surfaces (nonzero wetting parameters in Eq. (6)). Our
model predicts correctly formation of critical adsorption layers at
the unheated hemisphere, even if the temperature at this hemi-
sphere is lower than Tc (see Fig, 2(b)); this is consistent with
observations made within purely diffusive dynamics27,28. Critical
adsorption phenomenon is not accounted for in the approaches of
Samin et al.10,24 and of Würger23. We have found that concentra-
tion gradients are considerably larger at the heated hemispheres
(see Fig. 3). This holds also for the adsorptionwise neutral hemi-
spheres - if the heating power h is sufficiently big. The Janus
particle moves towards this hemisphere around which the con-
centration variations are larger. For all studied types of a Janus
particle, except of the NW-particle at low heating powers, this is
always towards the heated hemisphere. The NW-particle at low
heating powers moves in the opposite direction, because for small
h the concentration variations at the strongly adsorbing unheated
hemisphere are larger than at the neutral heated side.

We would like to emphasize that in our model, contrary to re-
sults reported in Refs.10,24, the stress due to the concentration
gradients is not localized at the edge of a droplet or at the liquid-
liquid interface between two droplets. Rather, due to a grad-
ual decrease of the concentration profile from the surface of a
particle, the mechanical stress occurs in the whole droplet. We
have checked that the total force exerted by the fluid on the WW-
particle vanishes at the steady state. This is consistent with the
requirement of force free motion of the colloid, which was used

in Refs.10,24 to determine the particle velocity. Within our ap-
proach, the solid particle is approximated by a viscous particle
with a shape that smoothly decays to zero on the length scale
given by d. Accordingly, the velocity is not constant inside the
particle but has a profile. Therefore non-slip boundary conditions
are achieved only approximately, but deviations are very small
('3% for the WW-particle at h = 40).

Concerning direction of the particle motion, our results
agree with experimental observations for a silica particle with
hydrophobic-functionalized cap in a water-2,6 lutidine mix-
ture5,6, and for a silica particle with a a hydrophobic carbon cap
in a PNP mixture10 at larger illumination intensities, where the
shape of the adsorbed droplet (Fig. 3(d) in Ref.10) is similar to
the one for the WN-particle (not shown here). The case of a silica
particle capped with the hydrophilic-functionalized gold, which
move away from the cap in the water-2,6 lutidine mixture5,6 is
not consistent with the findings of the present paper. However,
we have not explored the full range of wetting parameters and of
the decay length of the temperature field, which might influence
the results. Note also that due to computational costs, we have
studied rather small particles - in the adapted units they are of
the size of nanoparticles and their speed is much larger than that
observed for micro-sized particles.

An important result of our study is that the speed of self-
propulsion can be significantly increased by using a binary sol-
vent with off-critical compositions. Interestingly, the direction of
motion depends on the spatial dimension of a system - in two di-
mensions it is exactly opposite to the one in three dimensions. Fi-
nally, we note that our results may also be useful for prediction of
the behavior of Janus particles when the mixture undergoes bulk
phase separation. Normal colloids partition into the preferred
phase while Janus particles tend to behave like surfactants50.
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Appendix: Chemical potential
Here we neglect the terms relating to the particles by setting ψ =

0. The energy and entropy per solvent molecule are given by

e = − ε

2
φ

2 +
3
2

kBT +
K
2
|∇φ |2, (A.1)

s = s0(φ)+ kB ln(v0/λ
3
T ), (A.2)

where s0 =−kB(aφ 2/2+bφ 4/4).
The chemical potential including the gradient term is defined

by

µ =−T
(

δS

δφ

)
e
, (A.3)

where the energy density e is fixed. From Eq. (A1), this condition
leads to

−εφδφ +
3
2

kBδT +δ

(
K
2
|∇φ |2

)
= 0. (A.4)

The change of the total entropy with respect to infinitesimal
changes of φ and T is given by

δS =
1

ξ 3
0

∫
dr
(

∂ s0

∂φ
δφ +

3
2

kB

T
δT
)
. (A.5)

With Eq. (A4), Eq. (A5) is rewritten as

δS =
1

ξ 3
0

∫
dr
{

∂ s0

∂φ
δφ +

εφ

T
δφ − 1

2

(
K
T

)
δ (|∇φ |2)

}

=
1

ξ 3
0

∫
dr
{

∂ s0

∂φ
+

εφ

T
+∇ ·

(
K
T

∇φ

)}
δφ , (A.6)

where we ignore the effect of the boundary in the integration by
parts. Then, we have(

δS

δφ

)
e
=

∂ s0

∂φ
+

εφ

T
+∇ ·

(
K
T

∇φ

)
(A.7)

Thus, we obtain the chemical potential in an inhomogeneous tem-
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perature field from Eq. (A3) as

µ

kBT
=

(
a− ε

kBT

)
φ +bφ

3−∇ ·
(

K
kBT

∇φ

)
. (A.8)
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