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Self-induced back-action optical trapping of
dielectric nanoparticles
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Optical trapping has widely affected both the physical and life sciences. Past approaches to optical trapping of nanoscale
objects required large optical intensities, often above their damage threshold. To achieve more than an order of magnitude
reduction in the local intensity required for optical trapping, we present a self-induced back-action (SIBA) optical trap, where
the trapped object has an active role in enhancing the restoring force. We demonstrate experimentally trapping of a single
50 nm polystyrene sphere using a SIBA optical trap on the basis of the transmission resonance of a nanoaperture in a metal film.
SIBA optical trapping shows a striking departure from previous approaches, which we quantify by comprehensive calculations.
The SIBA optical trap enables new opportunities for non-invasive immobilization of a single nanoscale object, such as a virus
or a quantum dot.

Optical trapping has found many applications in the physical
and life sciences because it allows for precise control
and positioning of micrometre-sized dielectric objects1,2.

For example, optical trapping has been applied to objects of
biological interest, such as cells, bacteria and viruses, to indirectly
manipulate DNA and to measure the forces involved in RNA
transcription3,4. There are two fundamental challenges in extending
optical trapping to nanoscale objects, smaller than 100 nm, with
a refractive index close to, but greater than, the surrounding
medium. First, the gradient optical force becomes much weaker
as the object gets smaller, scaling with the third power of its size.
Second, the thermal motion of the object increases with decreasing
object size owing to a reduction in the viscous drag, thereby
favouring escape from the trap. So far, the only approach to trap
smaller objects is to increase the trapping laser intensity; halving
the particle size requires an order of magnitude increase in the
local field intensity within the trap. Consequently, trapping very
small objects involves intensities that can exceed their damage
threshold. For example, a previous work reported that 109-nm-
diameter polystyrene particles survived only 25 s in a focused beam
optical trap, and 85-nm particles were damaged so quickly that
they could not be measured reliably1. Optical damage becomes
even more important for biological specimens3,5, where small
thermal changes are critical.

An alternative to conventional lens-based optical tweezers uses
nanostructures to focus light below the diffraction limit and
enhance the local optical intensity within the trap6–9. As a result,
the nanostructure can increase the potential energy and the
confinement of the trap10–12. Nanoscale objects have been confined
to subwavelength regions using nanostructured optical traps13–16.
For example, a recent work has shown one-dimensional trapping
of 76-nm dielectric particles in the vicinity of a Si slot waveguide
coupled to a 300mW laser beam13. For those past approaches
to trapping with nanostructures, the trapping followed the usual
perturbative Rayleigh gradient force, so photo damage remains
a concern. Evanescent whispering-gallery modes in microsphere
resonators have also been used to trap and sense nanoparticles and
viruses; however, in that configuration the particle moves around
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the circumference of the microsphere without being confined in
three dimensions17,18.

Here, we consider the possibility of creating an optical trap in
which the particle itself has a strong influence on the local electric
field and thereby has an active role in the trapping mechanism.
This so-called self-induced back-action (SIBA) optical trapping is
enhanced by the use of an optical resonance. Our approach differs
in a fundamental way from trapping using resonances of atoms19,20
or quantum dots21: here, there is no resonance required from the
trapped object; it is only a generic dielectric particle and the reso-
nance is sustained by the trap itself. In this work, we demonstrate a
SIBA optical trap using a nanoaperture in a metal film that is close
to its cutoff resonance22. The SIBA mechanism provides superior
trapping ability for Rayleigh particles, with improved performance
as the particle size is reduced. It is important to emphasize that in
this situation the aperture is only a model system; SIBA could be
implemented in other systems where the presence of the trapping
object enhances the local electric field. Our experiments show
the trapping of 100-nm and 50-nm polystyrene spheres, with
incident powers of only 0.7mW and 1.9mW, respectively. Beyond
substantially decreasing the minimum incident laser intensity as
compared with past approaches, SIBA enables reducing by one
order ofmagnitude the local intensity within the trap.

The experiment used a 310-nm-diameter cylindrical aperture
made by focused-ion-beammilling in a 100-nm-thick gold film on a
glass substrate, as shown schematically in Fig. 1. (Further details are
provided in the Supplementary Information.) This aperture–film
sample was inserted into a liquid chamber containing 0.05%w/v
spherical polystyrene particles (refractive index of 1.575) of either
100 nm or 50 nm diameter in water (refractive index of 1.33) with a
5% concentration of sodium dodecyl sulphate solution (5%w/v)
to prevent aggregation. The sample was mounted upside-down
so that gravity pulls the particles away from the gold film. The
light from a 1,064 nm wavelength continuous-wave Nd:YAG laser
was focused onto the aperture using a ×40 microscope objective
(0.65 numerical aperture) to a 2-µm-diameter spot-size. The
illumination was linearly polarized along the X direction. Under
this polarization, stable trapping occurs at the aperture side on the
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Figure 1 | SIBA optical trapping using a nanoaperture in a metallic film. a, Schematic representation of the trapping set-up for a 310 nm aperture in a
100-nm-thick gold film and 100-nm polystyrene spheres in water. The diagram in the left-bottom corner shows the coordinate system used, with the origin
at the centre of the aperture. b, Schematic of the trapping of a single polystyrene sphere, while others experience thermal diffusion.
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Figure 2 | Experimental trapping of 100- and 50-nm particles. a, Experimental time evolution of the intensity transmitted through a 310 nm aperture
using different incident laser power when exposed to a solution of 100-nm polystyrene particles. Abrupt increases are from a particle trapped in the
aperture. b, Evolution of the trapping time as a function of the incident power. The crosses are the experimental data; the line is the exponential fit
corresponding to the Arrhenius law. c, Experimental time evolution of the transmitted intensity showing the trapping of a 50 nm particle at 1.9 mW.

X axis. The aperture was chosen to have a calculated transmission
cutoff resonance in solution of 990 nm, just shorter than the laser
wavelength of 1,064 nm (refs 23–25). A schematic diagram of the
experimental geometry is shown in Fig. 1a, where I ,IR and IT are
the incident, reflected and transmitted intensities, respectively. As
the aperture’s transmission resonance is sensitive to small changes
of the local refraction index, the presence of a particle in the
aperture can be tracked by changes in the transmitted and reflected
intensities. Figure 1b shows a schematic of a 100 nm polystyrene
bead particle trapped at the aperture.

Above the cutoff resonance of the aperture, the optical
transmission is particularly sensitive to the location of the particle
owing to the associated change of its surrounding refractive index.
Having a larger refractive index than water, a particle occupying
the aperture makes the aperture ‘appear’ larger, which allows for
more transmission above the usual cutoff wavelength. To illustrate
the SIBA effect, we consider the equilibrium point for the particle
at the opening of the aperture on the side of optical incidence,
the forces associated with the change in photon transmission rate,
and Newton’s third law. The transmission drops when the particle
is moved away from the aperture, with a corresponding drop in
the rate of photon momentum travelling through the aperture.
By Newton’s third law, it is expected that a force in the opposite
direction will act on the particle to balance this momentum rate
change; the balancing force will be directed towards the aperture,

thereby pulling the particle back to the equilibrium position. On
the other hand, if the particle moves further into the aperture
the transmission will increase and the restoring force will push
the particle out. There is also a lateral force that arises from the
symmetry breaking of an offset particle in the aperture. As the
particle moves towards the edge, it concentrates the field there to
enhance the trapping. This is most evident from the calculations
that show the redistribution of the local field from the particle (see
Supplementary Information). In this way, the SIBA effect provides
an extra physical mechanism, in addition to the conventional
gradient force, which enhances the trapping efficiency.

The observed time evolution of the nanoaperture transmission
resulting from trapping of 100-nm particles is shown in Fig. 2a,
for incident powers of 675,838 and 965 µW. We applied a seven-
point-window second-order Savitzky–Golay algorithm to smooth
out the noise from 2.5ms fast sampling. During laser exposure, the
transmission showed abrupt jumps, revealing two discrete states.
Moreover, the occurrence and duration of these states depended
strongly on the incident power. No corresponding changes in the
transmitted intensity were observed for a solution without particles.
Owing to gravity, the particles were pulled away from the aperture
when the laser was off. The recording of the transmitted intensity
began immediately after the laser was turned on. Therefore, the
initial lower intensity values of the transmission were thus obtained
in the absence of particles in the aperture. By turning on the laser,
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Figure 3 | Numerical evaluation of SIBA trapping. a–d, Numerical force field calculated for 100-nm particles (a,c) and for 50-nm particles (b,d) using a
comprehensive MST analysis of FDTD calculations (a,b) and a perturbative method based on gradient forces (c,d). The insets in b and d show two times
force magnifications. e,f, The lateral trapping force acting on 100-nm (e) and 50-nm particles (f) as a function of the distance to the aperture centre
obtained with the comprehensive and the perturbative method. The calculations were made for an injected power in the aperture of 1 mW.

the optical scattering force gently agitated the particles. It should be
noted that the optical scattering force was five orders of magnitude
smaller than the gradient force, so that it had no role in the observed
trapping (see Supplementary Information).

The time evolution of the transmission, presented in Fig. 2a,
shows clearly the trapping of a single 100 nm polystyrene particle,
where the higher value of the transmission corresponds to the
time when a particle occupied the aperture. Stable trapping over
an acquisition time of 5min was observed for a relatively small
incident power of 1mW, corresponding to a maximum intensity
in the focus centre of 1mW µm−2. This is an improvement over
powers larger than 12mW, as found for a conventional trap for
109-nm polystyrene spheres1. Accounting for the higher numerical
aperture and the wavelength used in that work, the maximum
intensity is estimated to have been 110mW µm−2, two orders of
magnitude larger than in our experiment.

Figure 2b shows the dependence of the trapping time τ on
the incident power. It shows clearly the exponential behaviour
expected from the Arrhenius law, where the incident power is
linearly related to the trapping potential: τ = Aexp(Utrap/kT ),
with Utrap being the trapping potential, A a constant and kT the
thermal energy, where k is the Boltzmann constant and T is the
temperature. The variance in trapping time was found to be close to
the mean value for all power levels. The trapping time distribution
fits well to an exponential distribution, which is consistent with
the Poisson statistics characteristic of independent events (see
Supplementary Information).

To obtain further insight into the SIBA trapping mechanism,
we carried out a numerical evaluation of the active role of
the trapped specimen. Usually, the trapping force experienced
by low-refractive-index nanoscale objects in the Rayleigh regime
is calculated with a perturbative approach. In the perturbative

approach, first the electromagnetic fields are computed without the
object and then the gradient and scattering forces on the particle
are calculated using the point-dipole approximation26. Several
works have included the particle in the electromagnetic simulations
a priori, and then used the Maxwell stress tensor (MST) method
to calculate the trapping forces27. Usually, the comprehensive MST
calculations and the perturbative dipole approximation agree well
for particles in the Rayleigh regime28. Close agreement between
the two approaches, to within approximately 10%, has even been
shown for recent works on nanostructured optical traps29. For
our calculations, however, there is a large discrepancy between the
two approaches and the perturbative approach is no longer valid.
This discrepancy arises precisely because the SIBA optical trap is
not perturbative: the particle itself has an active and favourable
role in the trapping.

The force field in the vertical plane was calculated using both
the perturbative approach and the comprehensiveMST calculation,
as shown in Fig. 3. The potential well was found to be nearly
isotropic in this plane. We found that theMST approach (Fig. 3a,b)
gives substantially greater force magnitudes over the perturbative
approach (Fig. 3c,d).

To quantify the active role of the particle in the trapping mecha-
nism, we computed the incident light intensity required to obtain a
trapping energy equal to the thermal energy (kT = 4.0× 10−21 J).
For the 100-nm particles, the required incident intensity is
250 µW µm−2 for the MST as compared with 870 µW µm−2 for the
perturbative case. For a 50 nm particle, the influence of the particle
was found to be even greater, with required intensities of 1.6 and
20mW µm−2 for the MST and perturbative cases, respectively. In
other words, the active role of the 50 nm particle in the trapping
efficiency reduces the incident intensity requirement by an order of
magnitude as comparedwith the perturbative approach.
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Figure 4 | Trapping time evolution with the aperture diameter for 100 nm particles at 1.6 mW. a, Experimental evolution of the average trapping time
with the aperture diameter (red bars). In addition, the changes in the transmitted intensity related to the trapping of a particle are presented (black curve).
b, Theoretical evolution of the trapping energy with the aperture diameter.

In the SIBA trap, the trapping stiffness calculation is also strongly
modified when using the full MST calculation as compared with
the commonly used perturbativemethod (Fig. 3e,f). Using theMST
approach, we obtained a theoretical stiffness for 1W of injected
power of 9.3 pNnm−1 and 6.6 pNnm−1 for the 100- and 50-nm
particles respectively at the minimum energy trapping point at
the side of the hole and along the X direction. The stiffness on
the Z direction is similar, with 8.2 pNnm−1 and 7.2 pNnm−1 (see
Supplementary Information). For comparison, a previous work
reported a 0.2 pNnm−1 for 100-nm particles13.

To show the influence of the aperture resonance on the SIBA,
we considered tuning the resonance properties by adjusting the
aperture size. Figure 4 shows both experiment and theory for
various aperture sizes at a constant incident power of 1.6mW. The
trapping time is maximized for aperture sizes close to the cutoff,
as shown in Fig. 4a. Compared with the 500 nm aperture, which
is the same size as used in a previous work15, the trapping time of
a 316 nm aperture is increased by over two orders of magnitude.
The percentage change in the measured transmitted intensity is
doubled for the 316 nm aperture, showing a stronger feedback
effect from the photon momentum change in the aperture close
to its cutoff. The trapping energy was also calculated for different
aperture sizes, and it was found to double when increasing the
aperture size from 310 to 500 nm. Therefore, both experimental and
theoretical data show clearly a maximized SIBA effect close to the
cutoff resonance of the aperture.

Past works relied on a strong enhancement of the local
intensity provided by the nanostructure. Here, the local intensity
is only moderately enhanced by the nanostructure, by a factor
of seven. This is one of the main benefits of the SIBA trap:
efficient trapping can be achieved with factor of 20 lower local
intensities than found previously13 when accounting for the local
enhancement of the trapping structure, thereby drastically reducing
the likelihood of optical damage.

Exploiting SIBA optical trapping, we were also able to trap
experimentally 50-nm polystyrene spheres. Figure 2c shows the
time evolution of the transmission through the 310 nm aperture
with an incident laser power of only 1.9mW.

We have demonstrated SIBA optical trapping capable of
stabilizing 50-nm nanoparticles, within a subwavelength volume,
with less than 2mW of total power. The active role of the
particle in the optical trap allowed for an order-of-magnitude
improved trapping efficiency over the usual perturbative approach,
as confirmed by both experimental results and comprehensive
numerical simulations. Such enhanced performance comes along
with a large decrease, by at least an order of magnitude, of the
local intensity experienced by the trapped particle. Low-intensity
optical trapping of small dielectric particles (∼50 nm) enables
new opportunities for isolating and studying biological nanoscopic

entities, such as viruses. Another interesting feature of our
experiment is the possibility to monitor a single trapped nanoscale
object through transmission changes. This dual trapping–sensing
capability may be useful in sorting applications. In the past, optical
trapping configurations have been modified to be sensors for
particles that are too small to be trapped, such as viruses30. Here, the
proposed approach makes it possible to simultaneously immobilize
and sense them in a single nanoscale aperture, providing optical
integrated capabilities for biological analysis in situ.
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