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Optical trapping and alignment of single gold
nanorods by using plasmon resonances
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We demonstrate three-dimensional trapping and orientation of individual Au nanorods by using laser light
slightly detuned from their longitudinal plasmon mode. Detuning to the long-wavelength side of the reso-
nance allows stable trapping for several minutes, with an exponential dependence of trapping time on laser
power (consistent with a Kramer’s escape process). Detuning to the short-wavelength side causes repulsion
of the rods from the laser focus. Alignment of the long axis of the rods with the trapping laser polarization
is observed as a suppression of rotational diffusion about the short axis. © 2006 Optical Society of America

OCIS codes: 140.7010, 020.7010.
The trapping of micrometer-scale particles with light
has found widespread application over the past two
decades. Particularly useful is the ability to arrange
the particles in designed, three-dimensional patterns
that have novel optical and physical characteristics.1

An even broader range of functional structures would
arise from the arrangement of nanometer-scale par-
ticles. However, extension of optical trapping to nano-
particles is not straightforward: the gradient force re-
sponsible for trapping falls off with the particle
volume and is easily overwhelmed by thermal fluc-
tuations and radiation pressure. Gold spheres with
diameters as small as 20 nm can be trapped by tak-
ing advantage of the large refractive index in the
near infrared,2,3 but achieving stable, three-
dimensional trapping is difficult.4

By contrast, isolated atoms can often be efficiently
trapped, despite their very small dimensions, by us-
ing laser wavelengths close to electronic transitions.5

Resonances can likewise enhance optical forces on
molecules6 or semiconductor nanocrystals7 in solu-
tion, but the forces are limited by the broad transi-
tion linewidths and by saturation. Room-
temperature trapping times are thus limited to
milliseconds, and stable trapping would require op-
eration at liquid-helium temperatures.8

Metal nanoparticles offer a solution to this prob-
lem, exhibiting strong plasmonic resonances with
very high saturation intensities.9,10 Au nanorods
have a longitudinal plasmon resonance whose wave-
length can be tuned throughout the visible and the
near-infrared by changing the aspect ratio of the
rods.11 The optical gradient force will be greatly en-
hanced if the trapping laser is tuned to the long-
wavelength side of this resonance, with a maximum
when the detuning is equal to half the resonance
linewidth.12 If the laser wavelength is decreased from
this optimal trapping point, the gradient force will
decrease, passing through zero exactly on resonance,
and becoming repulsive on the short-wavelength
side. The ability of light of a particular wavelength to
trap a metal nanoparticle, then, will depend on the
shape of the particle.4 Furthermore, since the longi-

tudinal plasmon is excited only by light whose polar-
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ization is parallel to the long axis of the rod, a lin-
early polarized trapping laser will align the long axes
of the rods along the laser polarization direction.

We present the first use of material resonances to
optically trap and orient particles in solution. The Au
nanorods we trap are chemically synthesized by us-
ing a seed-mediated growth process, which produces
single-crystal nanorods with smooth surfaces, con-
trollable aspect ratios, and �95% yield.13,14 The aver-
age aspect ratio of the rods is chosen to give a longi-
tudinal plasmon resonance wavelength of 800 nm, as
shown in Fig. 1(a). The ensemble spectrum is inho-
mogeneously broadened, owing to the distribution of
rod shapes14 [see Fig. 1(b)].

All measurements are performed with a home-built
nonlinear microscopy apparatus.15 The particles are
trapped by using a tunable, continuous-wave Ti:sap-
phire laser, focused to a diffraction-limited spot by
using a water-immersion microscope objective (Olym-

Fig. 1. (Color online) (a) Measured extinction spectrum of
the Au-nanorod ensemble (right) and collected two-photon
fluorescence spectrum (left). The fluorescence is cut off at
long wavelengths by optical filters. (b) Transmission-
electron-microscope image of nanorods. (c) Time trace of
two-photon-fluorescence from rods in an optical trap, for a
trapping-laser wavelength of 850 nm and power of
140 mW. Photon counts have been grouped in 125 ms time

bins.
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pus UPLSAPO 60X). The rods are monitored by us-
ing a second, mode-locked laser with a wavelength of
800 nm, focused to the same spot as the trapping la-
ser, but with less than a tenth of the average power.
This probe laser induces two-photon fluorescence
from trapped rods16 [see Fig. 1(a)], which is spectrally
separated from laser scatter and is detected by using
a photon-counting avalanche photodiode (Perkin-
Elmer, SPCM-AQR-15).

Figure 1(c) shows a sample time trace of the two-
photon fluorescence signal. Discrete upward and
downward steps correspond to individual rods enter-
ing and leaving the trap. In this way we have mea-
sured trapping times in excess of 15 min (data not
shown).

Quantitative information about the trapping dy-
namics is obtained by measuring the temporal auto-
correlation function of the emitted fluorescence pho-
tons (with a digital correlator, ALV-6000). Figure 2(a)
shows the measured autocorrelation when the trap-
ping laser is turned off. There is a distinct 5 �s decay,
due to rotational diffusion, or tumbling, of the rods
about their short axes, and a 20 ms decay, due to
translational diffusion of the rods through the probe
laser spot. The figure also shows a fit to a simple dif-
fusional model.17 The fit is narrower than the experi-
mental curve, owing to the distribution of particle
sizes in the sample, but nonetheless yields a probe la-
ser spot diameter of 450 nm and an average rod
length of 35 nm (assuming stick boundary conditions
for rod diffusion). This is in reasonable agreement
with rod lengths of 48±9 nm obtained from
transmission-electron-microscope imaging; the dis-
crepancy is due to the simple model used to describe
nanorod diffusion18 and to the fact that the longest
rods in the ensemble are out of resonance with the
probe laser and thus do not contribute to the mea-
sured correlation curve.

Figure 2(b) shows the measured autocorrelation
functions for different trapping-laser powers, Itrap.
There is a clear slowing of translational diffusion, re-
flecting rods that enter the trapping-laser focus but
escape before reaching the center of the trap. The
long tail of the correlation function reflects the small
fraction of rods that are drawn to the center of the fo-
cus and are stably trapped.

Figure 2(c) shows the effect of varying the
trapping-laser wavelength, �trap. The residence time
increases relative to free diffusion as �trap is in-
creased past the 800 nm plasmon resonance. For �trap
shorter than the resonance, rods are repelled from
the trap, and the residence time decreases relative to
free diffusion.

In addition, the 5 �s decay is absent in Figs. 2(b)
and 2(c) for all Itrap and �trap. This indicates that the
long axes of the rods are oriented relative to the
trapping-laser polarization, and rotational diffusion
around the short axes is suppressed (although the
rods are still free to spin about their long axes). The
suppression of rotation is independent of �trap: al-
though the direction of the exerted torque is expected
to change as the trapping laser is tuned through the

plasmon resonance, the rods will still be oriented.
The autocorrelation curves provide information
about dynamics on short time scales, but are less in-
formative about longer times. Complementary infor-
mation is therefore obtained by constructing distri-
butions of trapping times from time traces such as
those in Fig. 1(c). Shot noise is reduced by grouping
the photon-count signal into 125 ms time bins and
processing with a nonlinear predictive filter.19 A
threshold is applied to the filtered time traces, and
trapping-time histograms are extracted, as illus-
trated in Fig. 3.

Figure 3 also shows the calculated distribution of
residence times in the absence of any optical forces20;
the significant deviation from this distribution is a
clear sign of trapping and corresponds to the slowing
of diffusion evident in Fig. 2. The many short trap-
ping events reflect rods that briefly enter the
trapping-laser focus, while the few long events reflect
stably trapped rods. The residence time, ttrap, of the
fully trapped particles is expected to follow the
Kramers escape rate: ttrapexp�U /kBT�, where the trap
potential depth U is proportional to Itrap. This is con-
sistent with the durations of the longest measured

Fig. 2. (Color online) Intensity autocorrelation functions
of two-photon fluorescence from Au nanorods. To allow sev-
eral trapping conditions to be compared, the measurement
time was limited to 600 s. The curves are normalized for
ease of comparison. (a) Freely diffusing rods, with a concen-
tration such that no more than one rod is in the probe laser
focus at a time. Points, measured values; line, theoretical
fit. (b) Results for a fixed trapping-laser wavelength of
850 nm. To avoid accumulation of rods in the trap, the so-
lution is diluted to the point where one rod diffuses into the
trap approximately every 10 s; this results in a lower
signal/noise ratio than for the untrapped rods. (c) Results
for a fixed power of 120 mW.
trapping events, as indicated by the dotted line in
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Fig. 3(a); the results correspond to U�0.043
kBT mW−1 for �trap=850 nm.

These results demonstrate for the first time to our
knowledge that structural resonances can be used to
enhance optical forces on nanoparticles, making it
possible to orient and position individual particles in
three dimensions. It should thus be possible to use
near-resonant light to assemble nanorods into func-
tional structures. Simultaneous trapping of multiple
rods will allow the study of optical interactions
among the rods.21 The selectivity of the optical forces
to the plasmon resonance frequency means that ar-
rays of optical traps could be used for sensitive sepa-
ration of metal nanoparticles according to their
shape.22 Finally, a trapped nanorod could serve as a
local probe for three-dimensional, plasmon-assisted
microscopy in solution.23
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Fig. 3. (Color online) Histograms of residence times of Au
nanorods in the laser focus, binned logarithmically. The
solid curves show the expected distribution if there were no
optical trapping. (a) Results for a fixed trapping-laser
wavelength of 850 nm. (b) Results for a fixed power of
120 mW.
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