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Current models of phoretic transport rely on molecular forces creating a “diffuse” particle-fluid interface.
We investigate theoretically an alternative mechanism, in which a diffuse interface emerges solely due to a
nonvanishing correlation length of the surrounding solution. This mechanism can drive self-motility of a
chemically active particle. Numerical estimates indicate that the velocity can reach micrometers per second.
The predicted phenomenology includes a bilinear dependence of the velocity on the activity and a possible
double velocity reversal upon varying the correlation length.
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Out-of-equilibrium behavior has been a research field of
sustained interest, relevant to understanding the emergence
of complexity [1–4]. The last decade witnessed a rapidly
growing engagement with self-phoretic, chemically active
particles as a new paradigm thereof, which exhibits a
wealth of phenomena, such as microphase separation [5],
self-assembly of superstructures [6], and self-organized
patterns of collective motion [7,8]. Additionally, phoresis
has proven to be an effective, versatile transport mechanism
at the microscale [9–11], leading to a significant resurgence
of interest also from a technological perspective.
Following the landmark review by Anderson [12], the

phenomenon of phoresis of particles suspended in a fluid is
characterized by the presence of a driving thermodynamic
field and by a transition region (also called “diffuse inter-
face”) around the particle. The forces relevant for the
phoretic displacement act within this region: its nonvanish-
ing width gives rise to a response of the fluid medium even
though the net sum of the forces and torques vanishes. Thus,
the particle is transported by the driving field while the
system (particle plus fluid) is mechanically isolated, which
sets this effect fundamentally apart from that of transport by
an external force. The thermodynamic driving field usually
comprises an externally imposed gradient in one of the state
parameters (such as composition, temperature, etc.) of the
fluid, or of an electric field in the case of a charged particle in
an electrolyte. The alternative case, in which the particle

itself generates the driving field—a scenario also
envisioned by Anderson [12]—has recently received much
attention under the generic name of “self-phoresis” [13–16].
Experimentally, self-propelled particles have been realized
most often in the form of so-called Janus particles.
In a typical scenario, such particles are immersed in a
multicomponent fluid solution and promote catalytic
reactions which vary across their surfaces, leading to self-
electrophoresis [17,18] or self-chemiophoresis [5,13,19–21].
Alternatively, the particles behave as heat sources, leading to
self-thermophoresis through a single-component fluid [22]
or self-chemiophoresis via demixing of a critical binary
liquid mixture [23].
A common ingredient in the models which have so far

addressed phoretic [12] and self-phoretic [15,16,22,24–27]
phenomena is a direct physical interaction between the
particle and the molecules of the surrounding fluid [28].
The corresponding nonvanishing interaction range provides
the aforementioned diffuse interfacial region, where the
internal forces and torques act and induce motion. Here,
we propose an alternative transport mechanism which does
not require this direct, extended interaction: instead, the
interfacial region is diffuse because the fluid exhibits a
nonvanishing correlation length. Although the phenomenol-
ogy driven by this mechanism could also be called “pho-
resis” (in accordance with the definition proposed by
Anderson [12]), we coin the notion of “correlation-induced
transport” in order to distinguish it from the usual one, which
necessarily invokes a direct, spatially extended interaction.
Here, we focus on the example of chemiophoresis, for

which physically insightful analytical expressions can be
derived, in order to illustrate the correlation-induced trans-
port. However, the conceptual framework discussed below
is expected to exhibit a very general applicability for other
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types of phoresis—albeit significantly more technically
involved. For clarity and simplicity, we consider a rigid,
spherical particle (radius R), immersed in a solution
consisting of a solvent plus a single solute species (called
“the chemical” in the following). The particle is active, i.e.,
it is a source or sink of the chemical. The two main
approximations are a spatially and temporally constant
temperature and mass density of the solution, and a slow
motion of the particle [29]. Consequently, the state of the
solution can be characterized [1] by the instantaneous
stationary profiles of, e.g., the mass density of the chemical
or, equivalently, of its number density nðrÞ valid for small
Péclet numbers, and of the velocity field uðrÞ of the
solution valid for small Reynolds and Mach numbers.
Thus, nðrÞ is determined by the constraint of mass
conservation for the chemical,

∂n
∂t ¼ −∇ · jdiff ¼ 0; jdiff ¼ Γf: ð1Þ

Here, Γ is the mobility of the chemical within the solution,
while f is the body force density acting on the chemical and
which drives its diffusion. Likewise, uðrÞ follows from the
balance between this body force and the fluid stresses, as
expressed by the Stokes equation for incompressible flow,

∇ · Πþ f ¼ 0; ∇ · u ¼ 0; ð2Þ

in terms of the stress tensor Π ¼ η½∇uþ ð∇uÞ†� − Ip
(η is the viscosity of the solution, p the pressure field
enforcing incompressibility, and I the identity tensor).
Complementarily to the slow particle dynamics, one
assumes local equilibrium for the chemical [12], so that

fðrÞ ¼ −nðrÞ∇μðrÞ; ð3Þ

in terms of its chemical potential μ. The latter is modeled by
means of a free energy functional [40] [we take spherical
coordinates ðr; θ;φÞ with the origin at the center of the
particle; dV denotes the volume element]

H½n� ¼
Z
jrj>R

dV
�
hðnÞ þ 1

2
λ2j∇nj2 þ nWðrÞ

�
; ð4Þ

so that

μðrÞ ¼ δH½n�
δnðrÞ ¼ h0(nðrÞ) − λ2∇2nðrÞ þWðrÞ: ð5Þ

Here, hðnÞ is a local free energy density, and WðrÞ is a
potential energy (which has a nonzero and finite range)
generated by the particle [41]. In Eq. (4), the term ∝ λ2

accounts for the range of the molecular interactions
between the dissolved molecules of the chemical [42].
The relevant control parameters of this model for the
chemical are λ and the temperature (implicit in the

definition of H). However, it turns out [see cf. Eq. (12)]
that the results depend only on λ and the correlation length
ξ ≔ λ=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
h00ðn0Þ

p
for a reference density n0 [43], without the

need to specify the dependence on temperature.
Finally, one has to specify boundary conditions: at

infinity, a homogeneous equilibrium state is recovered,
i.e., a vanishing velocity of the fluid solution and a constant
chemical potential due to a reservoir,

uðrÞ → 0; μðrÞ → μ0; as jrj → ∞; ð6Þ

thereby also fixing the density at a value n0 such that
h0ðn0Þ ¼ μ0. On the surface of the particle, we impose a
no-slip boundary condition in terms of the translational (V)
and angular (Ω) velocities of the particle,

uðrÞ ¼ V þΩ × r; at jrj ¼ R; ð7Þ

the boundary condition for the density, which follows from
the surface term of the variation of the free energy func-
tional [44],

λ2er · ∇nðrÞ ¼ 0; at jrj ¼ R; ð8Þ
and a prescribed current of the chemical, modeling the
activity of the particle as a source of the chemical:

er · jdiffðrÞ ¼ qAðθ;φÞ; at jrj ¼ R: ð9Þ

The positive constant q represents the production rate of the
chemical per area of the particle, and Aðθ;φÞ is the
dimensionless activity, which can vary along the surface
of the particle.
Equations (1)–(9), together with the condition that the

particle does not experience any external force or torque,
constitute a complete description for obtaining the veloc-
ities V and Ω of the particle for a prescribed activity
function A. If q ¼ 0, the equilibrium state μðrÞ ¼ μ0 is a
solution of the equations, which implies V ¼ 0 and Ω ¼ 0.
Thus, particle transport requires the nonequilibrium imbal-
ance introduced by the chemical activity. We address two
important aspects for solving this model. First, mechanical
isolation of the whole system “particle + solution” holds
because, according to Eq. (2), the medium transmitting
forces from the particle to infinity is in local mechanical
balance [29]. Second, according to Eq. (2), the incom-
pressibility constraint implies that the motion is driven by
the spatially extended field ∇ × f, which (because of
mechanical isolation) is the only source of flow vorticity
[45]. Combining Eqs. (3) and (5), one obtains

∇ × f ¼ ∇μ ×∇n

¼ ∇W ×∇n − λ2∇ × f∇ · ½ð∇nÞð∇nÞ�g: ð10Þ

Therefore, the transport, i.e., ∇ × f ≠ 0, requires either an
explicit interaction between the particle and the chemical,
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i.e.,W ≠ 0, or a deviation of the solution from ideality, i.e.,
λ ≠ 0, which is associated with a nonvanishing correlation
length in the solution. To the best of our knowledge, all
previous studies of phoresis have analyzed and identified
the case W ≠ 0 as the primary origin of particle transport.
Here, we address the opposite case (W ¼ 0, λ ≠ 0), for
which the model [Eqs. (1)–(9)] implies that the spatially
homogeneous equilibrium state [nðrÞ ¼ n0, uðrÞ ¼ 0]
would not be perturbed by the presence of a passive
particle, i.e., q ¼ 0. This case isolates the effect of
correlations and already provides distinctive observable
predictions.
A complete analytical solution for the correlation-

induced transport velocity can be obtained if the deviations
from homogeneity are small, i.e., for small values (weak
activity) of the Damköhler number Da ¼ qRβ=ðn0ΓÞ,
where β is the inverse thermal energy and Γ=β is the
diffusivity of the chemical: the dimensionless ratio Da
quantifies the activity-induced “chemical crowding” near
the particle against the opposing effect of diffusion. In this
case, the spatial variation of η and Γ (via a possible
dependence on the density n) can be neglected.
Consequently, the “diffusion problem” for the density
profile nðrÞ, posed by Eqs. (1), (3), (5), (6), (8), and (9),
is decoupled from the velocity field and can be solved first
on its own. This can be carried out analytically, after
linearizing in the small quantity nðrÞ − n0. Subsequently,
one solves the “hydrodynamical problem,” stated by
Eqs. (2), (6), and (7), with the body force in Eq. (3)
determined by the profile nðrÞ obtained in the first step.
Conveniently, the Lorentz reciprocal theorem allows one to
sidestep the full solution of the hydrodynamical problem
and to obtain expressions for V and Ω directly in terms of
nðrÞ. Details of this procedure are collected in the
Supplemental Material [29]. By expanding the activity in
terms of spherical harmonics,

Aðθ;φÞ ¼
X∞
l¼0

Xl
m¼−l

almYlmðθ;φÞ; ð11Þ

one obtains a compact expression for the correlation-
induced transport velocity:

V ¼ V0

X
lm

X
l0m0

almal0m0

× ½g⊥ll0 ðξ=RÞG⊥
lm;l0m0 þ gkll0 ðξ=RÞGk

lm;l0m0 �; ð12Þ

with the velocity scale V0 ≔ Da2R3=ð6πηβ2λ2Þ. In the
Supplemental Material we provide the rather lengthy
expressions for the purely geometrical factors G, which
depend only on the mathematical properties of the spherical
harmonics, and for the dimensionless coefficients g,
which fully incorporate the dependence on the correlation
length ξ brought about by the physical model [46].

The superscripts ⊥ and k denote the contributions by
the radial and tangential components of the body force f,
respectively. The angular velocity Ω turns out to vanish
identically (see below).
Several general conclusions can be extracted already

from this expression. Since Eq. (12) is bilinear in the
activity, the velocity is invariant under the transformation
alm → −alm; ∀l; m. This means that the direction of
translation is insensitive to whether the particle acts as a
source or a sink of the exchanged chemical. As shown by
Eq. (10), a nonvanishing velocity requires a deviation from
equilibrium (∇μ ≠ 0), as well as a deviation from homo-
geneity (∇n ≠ 0). In the model of correlation-induced
transport, both requirements are enforced by the activity,
which explains the bilinear dependence. This is at variance
with the case of standard phoresis, which gives rise to a
velocity linear in the activity [29] because W ≠ 0 usually
suffices to bring about a relevant inhomogeneity. Another
consequence of the symmetric form of the term ∝ λ2 in
Eq. (10) is the absence of chirality, so that Ω ¼ 0 [47]. In
the standard model, on the contrary, the relative orientation
of ∇n and ∇W will provide, in general, a preferred
direction and sense of rotation, thus inducing a nonvanish-
ing angular velocity.
The geometrical factors G⊥

lm;l0m0 and Gk
lm;l0m0 can be

expressed in terms of the Wigner 3j symbols [29], which
induce “selection rules”: these factors will vanish unless
jl − l0j ¼ 1 and jmþm0j ≤ 1. Therefore, the sum in
Eq. (12) explicitly couples only pairs of “neighboring
multipoles.” This result captures a major difference as
compared to standard phoresis. For instance, an activity
pattern lacking a dipole in Eq. (11) generically yields
V ≠ 0, while the same pattern of activity, together with a
spherically symmetric potential WðrÞ, does not yield
phoresis in the standard model [48].
Another interesting feature of the transport velocity is

revealed by considering the limit ξ ≪ R: the deviations
from homogeneity are then localized within a thin layer (of
thickness ∝ ξ) at the surface of the particle. In this case, the
velocity V can be expressed as an integral over the surface
of the particle [29]:

V ≈ −
1

4π

Z
π

0

dθ sin θ
Z

2π

0

dφ vslipðθ;φÞ: ð13Þ

The integrand can be interpreted as a slip velocity for the
hydrodynamical problem [12], which is proportional to the
tangential component of the density gradient,

vslipðrÞ ≔ LðrÞ∇knðrÞ; at jrj ¼ R; ð14Þ

with a local coefficient of phoretic mobility,

Lðθ;φÞ ≔ Da ξ3

ηβR
Aðθ;φÞ: ð15Þ

PHYSICAL REVIEW LETTERS 125, 268002 (2020)

268002-3



Because of the explicit dependence of L on the activity (via
Da), the present mechanism of self-propulsion cannot be
interpreted as “passive” transport in an external (albeit self-
induced) gradient, which is another significant deviation
from standard phoresis [49]. Finally, we note that V ∼ ξ5 if
ξ ≪ R because the tangential gradient vanishes ∝ ξ2 [29].
In the opposite limit ξ ≫ R, the velocity given by Eq. (12)
approaches a finite value [51], which depends only on V0

and alm.
As an illustration [29], we study the simplest activity

distribution with polar symmetry by retaining only mono-
polar and dipolar contributions: a00 ¼ 1, a1m ¼ a10δm;0,
and al≥2 ¼ 0 in Eq. (11). For this case, Eq. (12) renders
V ¼ ezVz, Vz ¼ a10V0f1ðξ=RÞ, with the function f1ðξ=RÞ
shown in Fig. 1. The velocity depends linearly on the dipole
strength a10 and vanishes in the spherically symmetric limit
a10 → 0. The asymptotic behaviors for ξ ≪ R or ξ ≫ R are
given by the general results just discussed. If an additional
quadrupolar activity contribution a20 ≠ 0 is included,
Eq. (12) gives Vz ¼ a10V0½f1ðξ=RÞ þ a20f2ðξ=RÞ�, where
f1 and f2 are monotonic functions of ξ with opposite signs.
Strikingly, this implies that the sign of Vz can be altered by
merely changing the correlation length ξ (e.g., through
temperature), while keeping the particle properties (i.e., the
coefficients alm) fixed. This rich behavior is illustrated in
Fig. 2. For certain values of a20, such as a20 ¼ 7, one
indeed observes a reentrant regime where Vz is negative at
very small and very large ξ, but positive in an intermediate
range of correlation lengths.
These results allow one to estimate the magnitude

of the velocity under realistic conditions. From Fig. 1,
upon taking a10 ¼ 1, one obtains Vz ≈ V0ðξ=RÞ5 in
the regime ξ=R < 1. In order to estimate the velocity
scale V0 [see below Eq. (12)], we approximate the local
free energy of the chemical by the ideal gas
expression βhðnÞ ¼ nðln n − 1Þ, so that ξ2 ¼ βn0λ2 and
V0 ¼ ðDaR=ξÞ2n0R=ð6πηβÞ. With the typical values

R ¼ 1 μm, n0 ¼ 1 mM, η ¼ 10−3 Pa s (viscosity of
water), and Da ¼ 10−1 (as for, e.g., the Pt catalyzed
decomposition of hydrogen peroxide reported in
Refs. [17,26]), one obtains Vz ∼ ð10ξ=RÞ3 μm=s at room
temperature. For ξ=R ¼ 10−1, the predicted velocity would
be easily measurable; actually, the strong dependence on
ξ=R provides a broad range of variation covering the values
reported from experiments for distinct types of systems
[19–21,52,53].
In summary, we have studied a mechanism of phoresis

driven by correlations in the solution. Significant
differences with respect to the standard mechanism of
phoresis become evident. (i) The correlation-induced self-
propulsion is bilinear in the activity, so that for the same
activity pattern the two mechanisms predict distinct observ-
able velocities. (ii) There is no self-rotation, regardless of
the activity pattern. (iii) The correlation-induced phoresis
cannot be understood as passive phoresis in an external
(albeit self-induced) driving field. Already for simple
activity patterns, the self-propulsion velocity exhibits
remarkable features, including reentrant changes of sign
obtained upon varying the correlation length (see Fig. 2).
Numerical estimates for realistic conditions give values
comparable to those observed experimentally, which are
usually interpreted within the framework of the standard
model of phoresis; correlation-induced phoresis provides
an additional, plausible mechanism for addressing these
observations.
Thus, our formalism opens the door to studying the role

which correlations play in phoretic phenomena for a broad
class of systems and geometries. In the physically relevant
situation in which ξ ≠ 0 and W ≠ 0, both correlation-
induced transport and common phoresis would occur,
including a coupling between correlations within the fluid
and the inhomogeneities induced byWðrÞ. An extension of

FIG. 1. Dimensionless z component of the correlation-induced
transport velocity as a function of the correlation length ξ for the
simplest case with polar symmetry (see the main text for details).
The inset shows the same data on log scales; the dashed lines
indicate the asymptotic behaviors as ξ → 0 and ∞, respectively. FIG. 2. Dimensionless z component of the correlation-induced

transport velocity as a function of the correlation length ξ and of
the quadrupolar activity parameter a20 (see the main text for
details). The white curves are contour lines.
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our analytical model could address their relative importance
[50]. In this regard, the present study constitutes, inter alia,
an important addition to the theoretical machinery which is
relevant for sorting and interpreting recent results pertain-
ing to self-propulsion due to demixing in a binary liquid
mixture [its order parameter playing the role of nðrÞ].
For example, this encompasses the numerical analysis in
Ref. [25], which incorporates nonlinear couplings (due to a
nonvanishing Péclet number) in order to explain the
emergence of self-motility, and the experimental observa-
tion of velocity reversals for certain self-propelled particles
[54] following a change of illumination intensity (which
changes the temperature distribution in the fluid and,
correspondingly, the correlation length).
To conclude, we have identified and characterized a

novel mechanism for self-phoresis of an active particle,
which features potentially observable differences in
comparison with the mechanism considered so far in the
literature, and which can be controlled, e.g., via varying the
temperature of the bath.
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