Trapping with local evanescent light fields
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ABSTRACT

Following the recent advances in nano-optics, optical manipulation by evanescent fields instead of conventional
propagating fields has recently awaken an increasing interest. The main advantages of using low dimensionality
fields are (i) the possibility of integrating on a chip applications involving optical forces but also (ii) the absence
of limitation by the diffraction limit for the trapping volume. Previous works have investigated theoretically
and experimentally the guiding of dielectric and metallic beads at an interface sustaining an extended surface
wave. In this work, we study theoretically the radiation forces exerted on Rayleigh dielectric beads under local
evanescent illumination. Especially, we consider the configuration where a three-dimensional Gaussian beam is
totally reflected at the interface of a glass prism. The results point out the illumination parameters where the
gradient forces exceed the scattering force and allow for a stable trapping. The effect of the Goos-Hänchen shift
on the location of the trapping site is also discussed.
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1. INTRODUCTION
Optical manipulation has become a non-invasive and accurate technique that has found applications in various
fields from biology1 to quantum optics.2 Since the first experiments by Ashkin,3 attention has been mainly
focused on elaborating the conventional technique based on a strongly focused 3-D propagating laser beam so
that to increase the manipulation degrees of freedom. It is now possible to rotate and manipulate dynamically
in the three dimensions several micrometer objects.4
Lately, an increasing interest has been developed around evanescent optical traps.5–8 The interest of a
configuration based on evanescent waves relies on the sharp transversal localization of the electromagnetic fields
which offer (i) the automatic confinement of the trapped system in the surface-plane, of great interest for labon-a-chip integration and (ii) prevent from using high incident laser powers.
Previous works from Kawata et al demonstrated the efficient guiding of micrometer and sub-micrometer
dielectric beads both at a glass/air interface illuminated under total internal reflection9 and on top of a waveguide.10 This configuration has been modeled using different formalisms.11, 12 Also the optical potential exerted
on dielectric and metallic beads by a totally reflected beam has been quantitatively measured.13–15
Radiation forces from an asymmetric illumination by an extended and homogeneous collimated beam result
in guiding along the incident in-plane wave vector. Trapping requires an additional confinement in the surface
plane. The in-plane confinement can be achieved both by patterning16 or focusing the incident beam.17
In this work we are interested in studying theoretically the optical forces on Rayleigh dielectric particles when
illuminated by a 3-D gaussian beam totally reflected at an interface. In particular, we investigate the different
trapping regimes that can be observed depending of the particle specifications and the illumination parameters.
For this purpose, we compared two models, the dipolar approximation and the Green dyadic formalism and
comment on the requirement of accounting for the multipolar effects and multi-reflection with the surface.
In the first section, the optical forces on a Rayleigh dielectric bead induced by an extended evanescent
illumination are computed with both the dipole model and the Green dyadic formalism. The second section
discusses the ability to trap of a totally reflected 3D gaussian beam with a micrometer beam waist.
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2. GREEN DYADIC FORMALISM VERSUS DIPOLAR APPROXIMATION
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Figure 1. Geometry of the system.

2.1. Dipolar approximation
When considering small particles with sizes much smaller than the incident wavelength, their behavior in an
optical potential is well described by the dipolar approximation. The u component of the electromagnetic force
experienced by a dipole p(r0 , ω) located at r0 can be written:
Fu (r0 ) = (1/2)<

3
X
v=1

pv (r0 , ω)

∂Ev∗ (r0 , ω)
∂u

where u and v stand for the cartesian components x, y and z. In these expressions the electrical field is given
by the incidence at r0 and consequently does not account for the influence of the particles and especially the
multiple reflections between the particle and the interface. This approximation has shown to be valid provided
the particle size does not exceed a third of the incident wavelength and is located at a larger distance from the
surface than the particle radius.11
The total radiation force exerted on a dipole can be expressed as the sum of two contributions: the scattering
force along the illumination direction induced by the change in the Poynting vector and the gradient force
resulting from the optical field gradient.

2.2. Green dyadic formalism
For particles that cannot be described under the dipolar approximation, a more complex model that accounts
for the multipolar character of the sphere and its interaction with the surface is required. The model we use is
based on the Green dyadic formalism or coupled dipole method.18, 19 In this procedure, the particle is meshed
in N small polarizable cubic subunits. The electric field E(r, ω) at each subunit is calculated from:

E(r, ω) = E0 (r, ω) +

N
X

[G0 (r, rj , ω) + GS (r, rj , ω)]αj (ω)E(rj , ω)

j=1

where G0 (r, rj , ω) and GS (r, rj , ω) account respectively for the linear response to a dipole in free space
and its correction introduced by the presence of the surface under the quasi-static approximation. αj (ω), the
polarizability of the subunit j, is expressed as:
αj (ω) = αj0 (ω)/[1 − (2/3)ik03 αj0 (ω)]

where k0 = ω/c stands for the modulus of the incident wave vector of the electromagnetic field in vacuum
and αj0 (ω) is given by the Clausius-Mossotti relation:
αj0 (ω) =

3d3 ε(ω) − 1
4πε(ω) + 2

Once the electric field is obtained, the component of the total averaged force exerted on the j can be deduced
from the both the field and it derivative at position rj :
Fu (rj ) = (1/2)<

3
X

pv (rj , ω)

v=1

∂Ev∗ (rj , ω)
∂u

Then the total force on the particle F is obtained by summing on the N subunits.

F=

N
X

F(rj )

j=1

3. ELECTROMAGNETIC FORCES INDUCED BY AN EXTENDED EVANESCENT
FIELD
In this first part of results, a direct comparison of the dipolar approach and the Green dyadic method is presented
in the simple case of an extended and homogeneous evanescent illumination from the total reflection of a linearly
polarized plane wave. The validity of the dipolar approximation is discussed as a function of the particle
parameters. In all the following, we consider a heavy flint glass substrate (n3 = 1, 78). The dielectric sphere

Figure 2. Z-dependence of the total force for different particle radius: (a) 25 nm, (b) 62.5 nm and (c) 100 nm. The full
line corresponds to the Green dyadic method and the dashed line to the dipole approximation.

with radius a and refraction index n2 is immersed in water (n3 = 1.33) as shown in figure 1.
In figure 2 the z-dependence of the total force exerted on a dielectric sphere (n2 = 1.5) is plotted for different
radius values. The illumination is performed for p-polarized plane wave at 840 nm and under an incidence
θ = 80o . For radius much smaller than the incident wavelength, a = 25 nm, the force is very well restituted
by the dipolar approximation. Only a weak mismatch is observed when the particle gets very close from the
interface. The disagreement with the Green dyadic method increases with increasing radius a but stays smaller
than 15% even for a = 100 nm.

Figure 3. Z-dependence of the total force for different refraction indexes of a 62.5 nm radius sphere: (a) n2 = 1.5, (b)
n2 = 1.8 and (c) n2 = 2.1. The full line corresponds to the Green dyadic method and the dashed line to the dipole
approximation.

The calculations are repeated at a fixed radius, a = 65 nm for increasing values of the refraction index of
the sphere n2 . When increasing the dielectric contrast between the sphere and water, the validity of the dipole
approximation quickly degrades as can be seen in figure 3. This effect is mainly attributed to the increase of
multiple scattering with the plane interface that is not considered in the dipole model (see figure 4). The multiple
reflection of the field scattered by the particle in the small particle-surface gap induces a local field that tends
to reduce the force amplitude.20

4. TRAPPING REGIMES IN A TOTALLY REFLECTED GAUSSIAN BEAM
Results from the previous section have permitted to validate our model for an accurate calculation of the optical
forces exerted on a small dielectric particle close from an interface. In this section, we investigate with the
Green Dyadic model the trapping ability of a local evanescent illumination from the total reflection of a 3-D
gaussian beam. As mentioned in the introduction, an asymmetrical extended evanescent illumination would
guide the particle along the interface but does not allow for its trapping. Immobilizing it requires an additional
confinement in the surface plane. In the case of a confined beam the ability for trapping depends on the respective
contribution of the scattering and gradient forces.
Instead of the homogeneous plane wave considered in the previous section, the illumination is now performed
by a 3-D gaussian beam with a micrometer beam waist. By changing the illumination parameters (waist and the

Figure 4. Distribution of the near-field intensity in the x − z plane for a particle of 25 nm radius and for three different
refraction indexes (a) n2 = 1.5, (b) n2 = 1.8 and (c) n2 = 2.1

incidence angle) and the particle parameters (radius, refraction index), the ratio between the different components
of the forces is modified and distinct trapping regimes are found.
Figure 5.a shows the near-field map associated to the total reflection at the glass/water interface (θ = 50o ) of
a gaussian beam with 2µm waist, centered at the origin of coordinates. The asymmetry of the evanescent field
with regards to the center results from the Goos-Hänchen shift.
In figure 5, the vector force is plotted for three different configurations. In the first one 5.b, the gradient
forces dominates the scattering force and the sphere is maintained trapped by the beam. The trap position is
shifted from the center and corresponds approximatively to the maximum of field intensity in figure 5.a. For a
bigger sphere with a = 40nm, the magnitude of the scattering force gets closer from the one of the gradient force
resulting in an unstable trapping regime (figure 5.c). Finally, for this last particle, a change of incidence from

Figure 5. (a) Distribution of the near-field intensity above a totally reflected (θ = 50o ) gaussian beam with waist 2µ.
(b-d) Map of the vector force for: (b) a = 25 nm, λ = 840 nm and θ = 50o , (c) a = 40 nm, λ = 840 nm and θ = 50o and
(c) a = 40 nm, λ = 840 nm and θ = 70o

θ = 50o to θ = 70o is enough to loose the trap (figure 5.d). In this case, the small sphere is guided parallel to
the interface and push away from the illumination beam.
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