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Abstract
We studied, by videomicroscopy, thermally activated

hopping of Silicon Nanowires (SiNWs) in a bistable
potential well. We investigated how the activated hopping
depends on the SiNWs length, inter-well distances and
optical intensities.

1 Introduction
Optical tweezers (OT) are powerful tools to

understand, detect and measure forces in soft-matter
systems at the micro and nanoscale [1]. They are
commonly used in areas as diverse as biophysics,
colloidal physics, and hydrodynamics of small systems.

A particle optically trapped in a potential well is
subject to the stochastic forces due to the surrounding
medium in thermal equilibrium (Brownian motion). If the
force fluctuations are strong enough the trapped particle
can escape in the course of time by overtaking the
potential barrier. In 1940 H. A. Kramers [2] first studied
and calculated the probability of escape depending on
temperature, for known the viscosity of the medium
surrounding the particle. This scenario becomes still more
interesting if we consider a set of two closely-separated
traps that give rise to a double-well potential. In this case
the trapped particle will feel an energy barrier between
the two traps that depends on the separation, d, of the two
traps, and on the height of the potential wells. This
scenario represents an activated escape from a metastable
state and is currently used as a suitable model for
physical, chemical, and biological processes.

Kramers in 1940 also presented a quantitative
calculation of the residence time in a double-well
potential for spherical particles, immersed in a fluid of
known viscosity.

2 Kramers escape rate of Silicon Nano Wires in a
double optical trap
McCann et al [3] made an experimental verification of

the Kramer's escape rate of a colloidal spherical particle by
observing the dynamics of the particle in a double-well
formed by two closely-separated optical tweezers.
Subsequently Hayashi et al experimentally investigated

the variation in escape rate for various particle sizes, inter-
well distances and optical intensities, suggesting that the
differing Kramers esacape rates could be applied to
particle sorting. Starting from these works we created a
double optical tweezers in order to study the Kramers rate
of non-spherical particles. Differently to spherical particles,
non-spherical particles in an optical tweezers experience a
non-negligible non-conservative contribution to the optical
force [4] which may be expected to alter their dynamics in
this potential landscape.

A double optical trap has two equilibrium positions
specified by the locations of the laser foci. For a small
potential barrier between the traps a trapped particle will
have bistable dynamics that will be crucially depend on
parameters such as laser power, distance between the
traps, relative intensity (trap depth) and size of the
trapped particle. In our expriment we created a double
optical trap by focusing two parallel laser beams through a
single objective lens creating a bistable three-dimensional
potential well. The laser source used during our
experiments was a Nd:YAG with a wavelength of 1064nm,
and maximum power of 3W, of which at most 80mW was
used to make the optical traps. In this double optical trap
the particle feels both the potential minima, and it hops
continuously back and forth between them, as illustrated
in Figure 1. The two samples investigated consisted of
ultra-thin silicon nanowires (SiNWs) with a diameter of 10
nm and nominal lengths of 3.6m and 5.3m respectively
[5,6]. We studied how the activated hopping depends on
the SiNWs length, inter-well distances and optical
intensities.

Because a theory for the Kramer's escape rate of non
spherical particles is currently lacking, we used the
representation developed for spherical particles [1,2]:
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Where  is the viscous drag coefficient for a rod

moving perpendicular to its axis, and b and a are the

associated quadratic frequencies of the potential
222/1 xU  at position ax and bx .
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Figure 1: Hopping motion of a SiNW in a double well potential

Tracking signals of the particle hopping motion were,
acquired by videomicroscopy and subsequent particle
tracking analysis. An example of the position track
obtained in this way is shown in Figure 2.  The profile of
the optical potential was then calculated as:

( ) ln ( )BU r K T y  (2)

Where KBT is the thermal energy, and (y) the frequency of
points recorded in the tracking signal at location r., an
example of which is shown in Figure 3.
Figure 2: Experimental videomicroscopy tracking signal of a
2.17 um long SiNW  in a double optical trap.

Here we report on the first observation of Kramer's
escape rate of non-spherical particles in a double optical
trap. We find that the dwell times for SiNWs in the two
traps scales exponentially with the trapping power and
with the distance, d, between the two potential wells,
Figure 4. This is easily understood because when the
energy barrier decreases, it is more probable that
fluctuations of the Brownian motion transfer to the particle
the minimum momentum required to overcome the
energy barrier.

Figure 3: Trapping potential at d=0.9 um for a 5.3 um SINWs

This is easily understood because when the energy barrier
decreases, it is more probable that fluctuations of the
Brownian motion transfer to the particle the minimum
momentum required to overcome the energy barrier. This
result is in accord with the theoretical prediction for
spherical particles [7].  When the length of the SiNWs
increases the situation becomes more complex. We noted
that that the distance at which the bistable behavior has
been noticed increases with the SiNWs length. This is
because the longer SiNWs exceed the size of the laser
waist. This fact, in conjunction with the radiation pressure,
and with a misalignment with the optical axis, promotes
the escape of the SiNWs from the rear of a trap and it is
immediately trapped by the adjacent trap.
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Figure 4: Dwell time of a 2.15 um SiNW in the two traps
(t1,t2) varying the inter traps distance d.

When the distance between traps is reduced, we
observe that at a critical value of separation the energy
barrier seem to be so small that the SiNW appears trapped
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in a single potential well. This trap is sited between the
two single traps and it has a width that is the sum of the
two individual widths. The critical value of separation
scales with the SiNWs length for the same reason that we
explained previously explaining the distance at which the
bistable behavior has been noticed.

2 Acknowledgement
We acknowledge MPNS COST Action 1205 “Advances

in Optofluidics: Integration of Optical Control and
Photonics with Microfluidics” for support.

3 References
[1] O. M. Maragò, P. J. Jones P. G. Gucciardi, G. Volpe, A. C. Ferrari,
Nature Nanotechnology, 8, 807-819 (2013)

[2] H. A. Kramers, Physica VII, 4 (1940).

[3] L. I. McCann, M. Dykman & B. Golding, Nature, 402, 785-787,
(1999).

[4] Simpson, S. and Hanna, S. Nanotechnology 23(20),205502 (2012).

[5] A. Irrera et al., Nano Lett. 11, 4879–4884 (2011).

[6] A. Irrera, et al., Nanotechnology 23(7), 075204 (2012).

[7] Y. Hayashi, S. Ashihara, T. Shimura, K. Kurod, Opt. Commun. 281,
3792-3798 (2008).

ME-15.3


