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G

old nanoparticles supporting localized plasmon resonances can act as
point-like nanosources of heat, remotely controllable by laser illumination.1
Along with the fast growing interest in the
biomedical ﬁeld,2,3 nanoscale control of temperature4 opens up multiple new opportunities in nanotechnology including chemistry,5
phase transition,6 and material growth.7
Beyond this emerging research, another
concept that has only marginally been addressed is the ability to exploit plasmonic
nanoparticle heating to control ﬂuid motion
at the nanoscale.8,9 Controlling ﬂuid dynamics using plasmonic heating is ﬁrst motivated by the possibility of engineering
ﬂuid motion at the nanometer scale as a
strategy to develop future elementary functionalities in micro- and nanoﬂuidic experiments. Furthermore, since heating is intrinsic to plasmonic nanostructures, there
are numerous optical experiments in which
an undesired ﬂuid motion could aﬀect or
interfere with the phenomenon under investigation. In that case, quantifying the temperature increase and the amplitude of the
ﬂuid velocity is crucial to discriminate between the diﬀerent eﬀects. As an example,
let us mention the concept of plasmonassisted trapping, where the enhanced optical ﬁeld around single metal nanostructures
is used to trap single tiny objects in solution.10
While prior studies have evoked that heatinduced ﬂuid dynamics may contribute to
plasmon-assisted trapping, there has not
been any demonstration nor quantiﬁcation
of such contribution.
In this paper, we investigate theoretically
and numerically the dynamics of the thermal-induced ﬂuid convection around a gold
structure under illumination. The objectives
are to quantify the expected physical orders
of magnitude and to discuss the feasibility
of controlling ﬂuids at the nanoscale using
plasmonic structures. We restrict ourselves
to the simple case of a gold nanostructure
lying on a glass substrate and surrounded
by water. To begin with, we develop the
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ABSTRACT We study the ability of a plasmonic structure under illumination to release heat and

induce ﬂuid convection at the nanoscale. We ﬁrst introduce the uniﬁed formalism associated with
this multidisciplinary problem combining optics, thermodynamics, and hydrodynamics. On this basis,
numerical simulations were performed to compute the temperature ﬁeld and velocity ﬁeld
evolutions of the surrounding ﬂuid for a gold disk on glass while illuminated at its plasmon
resonance. We show that the velocity amplitude of the surrounding ﬂuid has a linear dependence on
the structure temperature and a quadratic dependence on the structure size (for a given
temperature). The ﬂuid velocity remains negligible for single nanometer-sized plasmonic structures
(<1 nm/s) due to a very low Reynolds number. However thermal-induced ﬂuid convection can play a
signiﬁcant role when considering either micrometer-size structures or an assembly of
nanostructures.
KEYWORDS: plasmonics . optical heating . thermodynamics . hydrodynamics .
nanoscale . microscale

theoretical framework required to describe
the physics involved. Then, we carry out
numerical simulations using a ﬁnite element
method to compute the evolutions of the
temperature and velocity ﬁelds of the ﬂuid
surrounding the gold structure. As much as
we can, we perform dimensional analysis of
the constitutive equations to show how the
characteristic orders of magnitude;especially regarding time scale and ﬂuid velocity;can be simply estimated analytically.
This parallel approach gives estimations in
very good agreement with the numerical
simulations. We ﬁnally show how these
results provide some insight into the actual
contribution of thermal eﬀects in plasmonassisted trapping experiments.
RESULTS AND DISCUSSION
The thermo-induced ﬂuid motion expected around a gold nanostructure under
illumination originates from light absorption. When illuminated by a monochromatic
light at angular frequency ω, the heat source
density inside the gold structure originates
from Joule eﬀect and reads
q(r) ¼

ω
Im(εAu )jE(r)j2
2

(1)

where εAu is the gold permittivity. We use the
following convention: E(r,t) = Re{E(r)e"iωt}
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Figure 1. Geometry of the system investigated. It consists
of a gold disk of height h0 and radius r0 lying on a planar
glass substrate and immersed in water. The structure is
illuminated from the bottom by a plane wave under total
internal reﬂection.

is the electric ﬁeld and E(r) its complex amplitude. The
proﬁle q(r) inside the structure strongly depends on
the geometry and can be highly non-uniform.11,12 This
eﬀect generates a temperature distribution T(r,t) inside
the structure governed by the heat diﬀusion equation:
FAu cAu Dt T(r, t) " KAu r2 T(r, t) ¼ q(r)

(2)

where κAu is the thermal conductivity of gold, FAu its
density, and cAu its speciﬁc heat capacity at constant
pressure. Note that the temperature proﬁle inside the
structure is usually very uniform despite the nonuniformity of the heat source q(r).4,12,13 This is due to
much higher thermal conductivity of gold compared to
that of water. Outside the structure, no heat is generated since the light absorption of water is negligible
(q(r) = 0), but some convection may occur. Hence, the
temperature distribution in the surrounding water is
governed by the following equation:
Fc[Dt T(r, t) þ r 3 (T(r, t)v(r, t))] " Kr2 T(r, t) ¼ 0 (3)
where v(r,t) is the ﬂuid velocity and 3 3 (Tv) is an
additional nonlinear convective term. κ is the thermal
conductivity of water, F its mass density, and c its
speciﬁc heat capacity at constant pressure.
Due to the temperature increase that takes place
within the ﬂuid around the structure, the ﬂuid experiences some reduction of its mass density, which yields
an upward convection of the ﬂuid (Archimedes force).
The general equation governing this proﬁle of the ﬂuid
velocity is the Navier"Stokes equation:14
Dt v(r, t) þ (v(r, t) 3 r)v(r, t) ¼ νr2 v(r, t) þ fth (T(r, t))

(4)

where ν is the viscosity of water and fth the force per
unit mass due to temperature non-uniformity. This
thermal force can be estimated using the Boussinesq
approximation.14 This approximation accounts for
the temperature dependence of the mass density
DONNER ET AL.

Figure 2. Temporal study of ﬂuid convection around a gold
disk, of height 40 nm and diameter 500 nm, which is heated
at time t = 0 from room temperature to 80 !C. (a"c)
Temperature and velocity patterns (stream lines) at diﬀerent times. (d) Temperature of the liquid as a function of
time, measured at a point located one radius (250 nm)
above the gold disk. (e) Velocity of the liquid as a function of
time, measured at the same point.

by adding an external buoyancy force term that is
dependent on the temperature distribution:
f th (T) ¼ βgδT(r, t)uz

(5)

where g is the gravitational acceleration, β the dilatation coeﬃcient of water, δT(r,t) = T(r,t) " T¥ the
temperature increase, and uz the upward unit vector
along the z direction.
Several numerical techniques4,13,15,16 have been
developed to compute the temperature distribution around plasmonic structures, but none of them
have been extended to take into account a possible
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~tT ¼ L~2 =R

(6)

~tv ¼ L~2 =ν

(7)

L~ is the characteristic size of the plasmonic structure, ~tT
is the characteristic time related to the establishment
of the steady-state temperature proﬁle, and ~tv is the
one related to the establishment of the steady-state
velocity proﬁle. R = κ/Fc is the water diﬀusivity. Both
these parameters have the dimension of a diﬀusion
coeﬃcient (m2/s"1). Coincidentally, R and ν are on
the same order of magnitude (R = 0.14 $ 10"6 and
ν ≈ 0.3 $ 10"6 to 1.0 $ 10"6 m2/s). This is the reason
that the temperature and the velocity determinations
occur over the same time scale (~tT ≈ ~tv). In general, in
DONNER ET AL.
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thermal-induced ﬂuid convection as well. We chose to
solve numerically in parallel eqs 1, 2, 3, 4, and 5 using
Comsol Multiphysics, a commercial software based on
ﬁnite element calculations and suited to address problems coupling several diﬀerent diﬀerential equations
(see Methods section). We consider a typical conﬁguration consisting of a gold disk (radius r0 and height h0)
lying on a planar glass substrate and surrounded by water
(Figure 1). The structure is illuminated from the bottom by
a monochromatic light at the angular frequency ω.
As a ﬁrst step, we perform simulations in which we
simply consider the inner temperature increase of the
gold disk T0 as a parameter. Hence, eq 2 is not solved in
this part. Considering the temperature of the gold
structure as uniform is justiﬁed owing to the very high
thermal conductivity of gold compared to water, as
mentioned above.4,12,13 The temperature is varied over
the possible physical values: from T¥ = 20 !C, the room
temperature, up to 100 !C, the boiling point. Note that,
in order to retrieve the actual temperature increase T0
from the knowledge of the light irradiance (a physical
quantity easier to estimate experimentally), we provide
simple analytical expressions in ref 4 for a wide set of
structure sizes and geometries.
Figure 2 addresses the dynamical properties of the
thermal-induced convection. The inner temperature
increase T0 of the disk, applied at time t = 0, results in a
laminar regime and a Rayleigh"Benard-like ﬂuid convection around the disk, as can be seen in the velocity
proﬁles in Figure 2a"c. Figure 2d plots the evolution of
the temperature of the ﬂuid;measured one radius
above the structure (250 nm);as a function of time.
Figure 2e plots the evolution of the velocity of the
ﬂuid;measured at the same location;as a function
of time. Interestingly, these two proﬁles are very similar
in shape and in characteristic times. This can be
explained by dimensional analysis of eqs 3 and 4.
These two equations are mathematically identical (if
one discards the nonlinear convective terms): they are
diﬀusion equations. The time scales associated with
these equations are respectively

Figure 3. Inﬂuence of the disk temperature and the disk
diameter on the velocity magnitude. (a) Map representing
the velocity measured at a point located one diameter
above the disk, as a function of the disk temperature and
the disk radius. (b) Velocity as a function of the disk
temperature for r0 = 2 μm. (c) Velocity as a function of the
disk radius for T0 = 50 !C. (The dashed lines are the results of
the calculations when the water coeﬃcients are constant
and do not depend on the temperature.)

nanoplasmonics experiments, these time scales are on
the order of 1 ns to 1 μs depending on the size of the
structure. In this particular case, the characteristic
length of the system is the radius of the disk,
R = 250 nm; this yields ~tT ≈ 0.5 μs and ~t v ≈ 1 μs, which
is in very good agreement with the numerical simulations, for which exponential ﬁts of Figure 2d,e give
~tT ≈ 0.4 μs and ~t v ≈ 0.8 μs. Note that the times scales
are not dependent on the temperature increase.
Figure 3 depicts the inﬂuence of the disk temperature increase T0 and the disk radius r0 on the velocity
ﬁeld magnitude. In Figure 3b, the ﬂuid velocity is plotted
for two conditions: when the ﬂuid parameters (κ, c, ν, F)
are kept constant (independent of the temperature)
(dashed line) and when their variation as a function of
temperature is taken into account (solid line). In the
ﬁrst case, a perfect linear variation is observed despite
the nonlinear terms 3(Tv) and (v 3 3)v present in the
two constitutive equations, eqs 3 and 4, respectively.
One can show by dimensional analysis that these two
terms are indeed expected to be negligible and that
this problem can be described by linear equations:
First, in eq 4, we have a convective term (v3v),
diﬀusive term (ν32v), and the force (fth). The orders
of magnitude of these three terms are respectively
~ νV/
~ L~2, and βgT0, where V~ is the order of magniV~2/L,
tude of the ﬂuid velocity, L~ the characteristic size of the
plasmonic structure, and T0 its temperature increase.
The dynamics is driven by the force fth. The question is
whether the diﬀusive term or the convective term is
dominant. By equating these three orders of magnitude, we ﬁnd that the transition from a diﬀusive to a
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convective regime would occur at T0 ≈ ν2/L~3βg. This is
on the order of 106 to 109 K, which is nonsense.
Incidentally, whatever the temperature of the structure, the dynamics will be necessarily driven by the
diﬀusive term and the convective term will be negligible (no turbulent ﬂow is expected). By equating the
orders of magnitude of the remaining diﬀusive and
force terms we can now estimate the order of magnitude of the velocity of the ﬂuid induced by a structure
of typical size L~ and temperature increase T0:
2
V~ ¼ L~ βgT0 =ν

(8)

For L~ = 250 nm (radius of a disk) and a temperature
increase of T0 = 60 !C, and using F = 103 kg/m3,
β = 10"4 K"1, ν = 10"6 Pa 3 s, and g = 9.8 m/s2, we
obtain a characteristic ﬂuid velocity of the thermalinduced convection of V~ ≈ 10"9 m/s. This is in very
good agreement with numerical calculations presented in Figure 2e. One can now compare the order
of magnitude of the nonlinear (convective) term
with the diﬀusion term of eq 4. The ratio of these
two quantities is called the Reynolds number, Re.
This gives
Re ¼

3
V~L~
βgT0 L~
¼
ν
ν2

(9)

A ﬂuid ﬂow associated with small Reynolds number
(<0.1) is governed by viscous forces and is laminar,
whereas high Reynolds numbers are associated
with turbulent ﬂuid ﬂows. In our case, Re ≈ 10 "8 ,
which refers to a highly viscous and laminar ﬂuid
motion.
Second, in eq 3, Fc3(Tv) represents heat transport
~ L,
~
through ﬂuid convection, on the order of FcT0V/

while κ32T represents heat transport through heat
diﬀusion, on the order of κT0/L~2. The ratio of these
orders of magnitude gives a dimensionless number;
called the Rayleigh number (Ra)14;that quantiﬁes the
heat diﬀusion versus heat convection eﬀects:
Ra ¼

3
V~L~
βgT0 L~
¼
Rν
R

(10)

If the Rayleigh number Ra is much lower (respectively
larger) than unity, thermal diﬀusion is dominant
(respectively negligible) with respect to ﬂuid convection on the establishment of the temperature proﬁle.
DONNER ET AL.
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Figure 4. Investigation of the inﬂuence of chamber height on thermally induced ﬂuid motion in plasmon-assisted trapping
experiments. (a"c) Velocity ﬁelds for various chamber heights H, induced by a gold disk of radius r0 = 250 nm and T0 = 80 !C .
(d) Velocity as a function of H, measured at one radius (250 nm) above the disk.

In the present case, Ra ≈ 10"7, which shows that the
nonlinear term of eq 3 is indeed negligible. As a
consequence, in nanoplasmonics experiments occurring in water-like medium, the temperature distribution is mainly governed by heat diﬀusion and not ﬂuid
convection. In other words, on the nanoscale the
temperature reaches its steady-state distribution so
fast that such a slow ﬂuid motion (V~ ≈ 10"9 m/s)
cannot distort it. The evolution of the temperature
proﬁle around the structure is the same as if the ﬂuid
were not moving.
Consequently, in a problem involving thermoinduced ﬂuid convection at the nano- or microscale,
calculations in the surrounding water can be performed in a very good approximation by considering
the set of linear diﬀusion equations:
Dt T(r, t) " Rr2 T(r, t) ¼ 0

(11)

Dt v(r, t) " νr2 v(r, t) ¼ fth (T(r, t))

(12)

Incidentally, note that the problem consisting of computing the temperature proﬁle evolution and the
velocity proﬁle evolution is not self-consistent. Equation 11 can be resolved ﬁrst to obtain the evolution of
the temperature proﬁle, and then the velocity proﬁle
can be computed using eq 12.
Regarding the inﬂuence of the disk size (Figure 3c),
the main conclusion is that varying the disk radius has a
quadratic eﬀect on the velocity ﬁeld, as predicted by
eq 8. Incidentally, if a ﬂuid motion is wanted, the size of
the structure is a more sensitive parameter than the
laser power: if the size of the structure is doubled, the
ﬂuid velocity is multiplied by a factor of 4 (for a given
temperature of the structure). However, for nanometric
structures (typically of size below 200 nm), even for
temperatures close to the boiling point, the ﬂuid
velocity hardly exceeds 10 nm/s, as shown in Figure 3a.
As a consequence, any molecular motion will be mainly
driven by Brownian dynamics or thermophoresis. In
this case, isolated plasmonic nanoparticles will not be
eﬃcient to control micro- and nanoﬂuidics, for instance molecular drift. Faster ﬂuid motion (hundreds
of nanometers per second) can be achieved only when
using structures typically bigger than 1 or 2 μm. Note
that increasing the size of the gold structure may lead
to undesired red-shift of its plasmonic resonance. This
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METHODS
Finite Element Method Analysis. We used the Comsol Multiphysics finite element modeling software. Due to axial symmetry of
the system investigated, a two-dimensional model was considered. The Paradiso solver was used on a free triangular mesh. The
heat transfer (ht) and laminar flow (spf) modules were used to
solve eqs 2, 3, 4, and 5. The electromagnetic wave (rfw) module
was used when solving eq 1. The physical parameters of gold,
glass, and water were taken from the Comsol library, and their
dependence on temperature was taken into account. Open
boundaries are considered for the fluid flow and set at room

DONNER ET AL.

to cold regions, but the eﬀect can reverse for very
small objects (molecules) and low temperatures (a few
degrees). In the present case, given the size of the
object and the temperature range, any thermophoresis
contribution should push the beads from hot to cold
places. Consequently, thermophoresis cannot contribute to any trapping process in the above-mentioned
experiment.
Another interesting parameter that we ﬁnally discuss is the inﬂuence of the height, H, of the liquid
chamber on the liquid dymanics. In a ﬂuidic environment, a top cover slide is usually added to conﬁne the
liquid in the z direction. The chamber height can
eventually decrease to a few micrometers. This dependence was also studied numerically and is presented in
Figure 4. As can be seen, below a certain height the
velocity ﬁeld can be damped by more than 1 order of
magnitude. Consequently, the ﬂuid conﬁnement is
also a parameter that has to be considered when
evaluating the magnitude of plasmonics-assisted ﬂuid
convection. When any ﬂuid motion is to be avoided in a
given experiment, the chamber height is a parameter
that can be varied and minimized advantageously.
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problem can be circumvented by using assemblies of
nanoparticles, as in ref 8. In this case, the typical size
L~ of the hot area becomes the size of the array, which
can be taken as large as necessary to induce fast ﬂuid
motion, and this approach will not aﬀect the resonance
wavelength of the nanoparticles that will remain in the
desired visible or near-infrared range. This paradigm is
intrinsically more complicated to design and build, but
could allow for more control over micro- and nanooptoﬂuidics.
It has recently been proposed to exploit enhanced
plasmonic ﬁelds to optically trap micro- and nanoobjects at a surface patterned with gold structures.10,17
Under illumination, plasmonic structures are surrounded by a large electric ﬁeld gradient that creates
a stable optical potential well for a nearby specimen.
When this kind of trap was reported,10 it was evoked
that ﬂuid convection due to heating of the plasmonic
structure could a priori play a role in the trapping
process. However, it was not possible to quantify this
contribution. In this part, we address the matter of the
contribution of thermal-induced ﬂuid motion in plasmon-assisted trapping experiments. The main question is to ﬁgure out whether this centripetal velocity
ﬁeld observed in the previous paragraph is strong
enough to play a role in the trapping process as compared to optical forces. In this work,10 the gold disks
were 2 μm in diameter and 40 nm in height. The laser
irradiance was 5 $ 10"2 mW/μm2 in total internal
reﬂection from the glass substrate. The trapping disks
were immersed in water in a chamber of height 10 μm.
We carried out numerical simulations using Comsol
Multiphysics under the same conditions (see Methods
section). We found that the disk temperature increases
by about 6 !C, leading to a maximum velocity on the
order of 1 nm/s. Incidentally, in plasmon-assisted trapping experiments, the ﬂuid convection is so slow that it
deﬁnitely cannot contribute to the trapping eﬀect. This
result supports the all-optical origin of the trapping
eﬀect proposed in ref 10. Another phenomenon that
could a priori come into play in the trapping dynamics
is the Soret eﬀect, also called thermophoresis.18 This
phenomenon happens when an object (molecule
or particle) immersed in a liquid is subject to a temperature gradient. It usually yields a motion from hot

CONCLUSION
To summarize, by numerical simulations using Comsol
and systematic dimensional analysis, we have investigated the physics of ﬂuid convection induced by heat
release arising from a metal nanostructure illuminated
at its plasmonic resonance. We evidenced a laminar
regime and a Rayleigh"Benard-like ﬂuid convection.
The characteristic time and velocity have been derived
as a function of the size of the structure and its temperature increase. Transient evolutions last from 1 ns to
1 μs depending on the size of the structure but not on
the temperature increase. We have shown that the
thermal and hydrodynamic problems are not self-consistent and can be treated independently due to a low
Rayleigh number. For isolated nanometric structures
(below 200 nm) the Reynolds number is so low, even
for temperatures close to the boiling point, that any
plasmon-assisted ﬂuid motion hardly exceeds 10 nm/s.
To reach a few hundreds of nanometers per second and
open the path for micro- and nanoﬂuidics applications,
larger structures have to be used, typically above 1 μm.

temperature. The size of the system is rmax = 50 μm and zmax =
50 μm. The glass substrate is modeled as an insulating wall as well
as the top coverslip in Figure 4. When solving eq 1 with the rfw
module to compute the heat source density inside a given
structure, spherical PML (perfectly matching layers) were used to
avoid unphysical reflections on the boundaries of the system. The
illumination consisted of a monochromatic plane wave coming
from the glass side in total internal reflection at 62!.
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