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ABSTRACT 

We demonstrate three-dimensional optical trapping and orientation of individual Au nanorods in solution, taking 
advantage of the longitudinal surface-plasmon resonance to enhance optical forces.  Stable trapping is achieved using 
laser light that is detuned slightly to the long-wavelength side of the resonance; by contrast, light detuned to the short-
wavelength side repels rods from the laser focus.  Under stable-trapping conditions, the trapping time depends 
exponentially on laser power, in agreement with a Kramers escape process.  Trapped rods have their long axes aligned 
with the trapping-laser polarization, as evidenced by a suppression of rotational diffusion about the short axis.  The 
ability to trap and orient individual metal nanoparticles may find important application in assembly of functional 
structures, sorting of nanoparticles according to their shape, and development of novel microscopy techniques. 
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1. INTRODUCTION 
The development of functional plasmonics will require the ability to fabricate metallic structures with nanometer-scale 
precision.  Top-down nanofabrication techniques such as electron-beam lithography can produce arbitrary patterns over 
large areas, but the achievable resolution is limited to the scale of several nanometers, and fabricated structures suffer 
from edge roughness and polycrystallinity.  Chemical-synthesis techniques, by comparison, can inexpensively produce 
large numbers of single-crystal metal nanoparticles with atomically smooth surfaces, precisely controlled dimensions, 
and controlled shapes,1 but arrangement of these particles into larger structures is difficult. Self-assembly techniques 
have been demonstrated to order nanoparticles in two and three dimensions, but generally produce only simple, 
repetitive arrays.  Novel methods will be needed to produce the arbitrary arrangements that future plasmonic devices will 
demand. 

Optical tweezers offer a potential solution.  Previous experiments have demonstrated the ability to trap micron-sized 
particles and arrange them into complex, three-dimensional patterns that have novel optical and physical characteristics.2  
However, it is difficult to extend this technique to the manipulation of nanoparticles.  The gradient force responsible for 
trapping is due to the interaction between the applied electric field and the polarization that this field induces in the 
particle, and is thus proportional to the particle volume.  For nanometer-scale particles, the trapping force is easily 
overwhelmed by thermal fluctuations and by the radiation pressure due to optical scattering and absorption by the 
particle.  Only a limited number of experiments have demonstrated stable, three-dimensional trapping  of objects with 
nanometer-scale dimensions.  It is possible, for example, to optically trap objects such as carbon nanotubes3 and 
semiconductor nanowires,4 because of their micron-scale extension in one dimension.  As well, gold spheres with 
diameters down to 20 nm can be trapped by taking advantage of the large refractive index in the infrared,5 but achieving 
stable, three-dimensional trapping is difficult.6 
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Fig. 1. Calculated optical forces on a gold nanorod.  The calculation is done in the quasi-static limit, assuming a nanorod 

with a diameter of 12 nm and a length of 40 nm, and a 100 mW laser focused to a diffraction-limited spot. 

 

By contrast, isolated atoms can often be efficiently trapped, despite their very small dimensions, by employing laser 
wavelengths close to electronic transitions.7  Resonances have likewise been shown to slow down the diffusion of single 
molecules in solution,8 and it has been proposed that excitonic transitions in semiconductor nanocrystals could permit 
their optical trapping.9 However, the trapping forces in these cases are limited by the broad linewidths and low saturation 
intensities of the transitions.  Room-temperature trapping times are therefore limited to a few milliseconds, and stable 
trapping would require operation at liquid-helium temperatures.10 

Metal nanoparticles, by contrast, can exhibit strong surface-plasmon resonances with very high saturation intensities.11  
For noble metals such as silver or gold, the resonance frequencies lie in the optical or near-infrared range, with the 
particular frequency determined by the shape of the particle.  Metal nanorods, in particular, exhibit a strong longitudinal-
plasmon resonance, corresponding to oscillation of conduction electrons along the long axis of the rod, whose frequency 
can be tuned by changing the nanorod aspect ratio.12  As illustrated in Figure 1, the optical gradient force is enhanced 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.13  If the laser wavelength is decreased from this optimal trapping point, the gradient force 
decreases, 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 will thus depend on the shape of the particle.  
Furthermore, since the longitudinal plasmon is excited only by light that is parallel to the long axis of the rod, the 
induced dipole will depend on the angle between the long axis of the rod and the trapping-laser polarization.  A trapped 
particle will experience a torque if its long axis is out of alignment with the laser polarization, and will be brought back 
into alignment.  We have used this plasmonic enhancement to optically trap and orient individual particles in solution.14 

 

2. EXPERIMENTAL 
The Au nanorods studied are chemically synthesized using a seed-mediated growth process.1 First, small gold-
nanoparticle seeds are prepared by reducing HAuCl4 with NaBH4. A total of 0.25 mL of 10 mM HAuCl4 is mixed with 
10 mL of a 0.1 M CTAB solution at 30 oC. Next, 0.60 mL of a freshly prepared 10 mM NaBH4 solution is injected 
quickly into the solution under vigorous stirring. The gold sol is stirred for at least 5 min, to allow for the complete 
decomposition of excess NaBH4.  
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Fig. 2. (a) Transmission-electron-microscope image of Au nanorods of the type used in the optical-trapping experiments.  

The scale bar is 50 nm.  (b) Measured extinction spectrum of the Au-nanorod ensemble (right), and collected two-
photon fluorescence spectrum (left).  The fluorescence is cut off at longer wavelengths by optical filters. 

 

Once the seeds are prepared, the nanorods are grown.  0.5 mL of 10 mM HAuCl4 and 0.1 mL of 10 mM AgNO3 are 
mixed with 10 mL of a 0.1 M CTAB solution. The solution is then acidified with 0.2 mL of 1.0 M HCl, followed by the 
addition of 0.08 mL of 0.1 M L-ascorbic acid, which reduces Au(III) to Au(I). Finally, 24 µL of gold seeds are injected 
into the growth solution.  The growth reaction is performed at 30 oC under gentle stirring, and ends within 2 h. 

This method produces single-crystal rods with smooth surfaces, controllable aspect ratios, and > 95% yield.  Figure 2(a) 
shows a transmission-electron-microscope (TEM) image of rods from the same sample used in the trapping experiments.  
The aspect ratio of the rods is such that their longitudinal plasmon resonance is centered around 800 nm, as can be seen 
in the absorption spectrum of Figure 2(b).  The relatively broad inhomogeneous linewidth of the spectrum is due to the 
distribution of rod shapes. 

All measurements are performed with a home-built microscopy apparatus, illustrated schematically in Figure 3.  The 
particles are trapped using a tunable, continuous-wave Ti:sapphire laser, focused to a nearly diffraction-limited spot 
using a water-immersion microscope objective (Olympus UPLSAPO 60X).  Before focusing, the output of the laser is 
spatially filtered to give a high-quality Gaussian mode, is linearly polarized, and is expanded to slightly overfill the back 
aperture of the objective.   

The presence of rods in the laser focus can be monitored by imaging back-scattered light onto a CCD camera.  However, 
light scattered by a trapped rod is accompanied by a significant background of light reflected off objective lenses, 
coverslip surfaces, and other optical elements, so that quantitative measurements are difficult.  By contrast, a nearly 
background-free signal is obtained when the trapped rods are excited by a second, mode-locked laser, which produces 
100-fs pulses at a wavelength of 800 nm.  This probe laser has the same polarization and is focused to the same spot as 
the trapping laser.  Its power is maintained at least a factor of ten smaller than that of the trapping laser, in order to 
minimize its effects on the trapped particles.  The probe pulses induce broad-band two-photon fluorescence from trapped 
rods,15 as shown in Figure 2(b).  This fluorescence is spectrally separated from scattered laser light using a hot mirror 
and a pair of color filters, and is detected using a photon-counting avalanche photodiode (Perkin-Elmer, SPCM-AQR-
15). 

Figure 4 shows a sample time trace of the measured two-photon fluorescence signal, under conditions of efficient 
trapping.  Discrete upwards and downwards steps correspond to individual rods entering and leaving the trap.  By 
monitoring such time traces, we have measured trapping times in excess of 15 minutes. 
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Fig. 3.  Schematic of experimental apparatus. 

 

 

 
Fig. 4.  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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3. AUTOCORRELATION FUNCTIONS 
Quantitative information about the trapping dynamics is obtained by measuring the temporal autocorrelation function, 

)()2( τG , of the emitted fluorescence photons, using a digital correlator (ALV-6000).  Fig. 5(a) shows the measured 
autocorrelation when the trapping laser is turned off, with the nanorod concentration adjusted such that no more than one 
rod is in the probe laser focus at a time.  There is a distinct 5-µs 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 diffusional model:16 
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where θ is the rotational diffusion coefficient, D is the translational diffusion coefficient, a is the radius of the laser spot, 
and C1 and C2 are proportionality constants.  The best fit is narrower than the experimental curve, due to the distribution 
of rod sizes in the sample.  Nonetheless, the laser spot diameter and average rod length can be determined from the fit by 
assuming stick boundary conditions for rod diffusion.17 This yields a spot size of 450 nm, close to the diffraction limit, 
and an average rod length of 35 nm, in reasonable agreement with the value of 48 ± 9 nm obtained from TEM images.  
The discrepancy is likely due to the simple model used to describe nanorod diffusion, 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 measured correlation curve. 

 
Fig. 5.  Intensity autocorrelation functions of two-photon fluorescence from Au nanorods.  Each curve is averaged over two 

600-sec. integration times.  The curves are normalized for ease of comparison.  (a) Freely-diffusing rods.  Points: 
measured values; line: theoretical fit.  (b) Results for a fixed trapping-laser wavelength of 850 nm.  (c) Results for a 
fixed trapping-laser power of 120 mW. 
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Figure 5(b) shows the measured autocorrelation functions in the presence of the trapping laser, for different laser powers, 
Itrap.  For these measurements, the nanoparticle solution is diluted to the point where rods enter the trap on average once 
every 10 sec.; this results in a lower signal-to-noise ratio than in the case of freely diffusing rods.  There is a clear 
slowing of translational diffusion, reflecting 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 
focus and are stably trapped.  Figure 5(c) shows the effect of varying the trapping-laser wavelength, λtrap.  The residence 
time increases relative to free diffusion as λtrap is increased past the 800-nm plasmon resonance.  For λtrap shorter than 
the resonance, rods are repelled from the trap, and the residence time decreases relative to free diffusion. 

In addition, the 5-µs decay is absent in Figs. 5(b) and (c) for all Itrap and λtrap.  This indicates that the long axis of the 
rods are oriented relative to the trapping-laser polarization: rotational diffusion around the short axes is suppressed, 
although the rods are still free to diffuse about their long axis.  The light exerts a torque on the rods, proportional to the 
angle between the laser polarization and the long axis of the rods.  As λtrap is tuned through the plasmon resonance, the 
direction of the exerted torque changes, but the orienting effect remains. 

 

4. TRAPPING-TIME HISTOGRAMS 
The autocorrelation curves provide information about dynamics at short time scales, but are less informative about 
longer times.  Complementary information is therefore obtained by constructing distributions of trapping times from 
time traces such as the one in Figure 4. 

 
Fig. 6. Histograms of residence times of Au nanorods in the laser focus, binned logarithmically.  Each curve is averaged 

over two 600-sec. integration times.  The solid lines 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 trapping-laser power of 120 mW. 

 

Proc. of SPIE Vol. 6323  63230E-6



 

 

The collected time traces have significant shot noise, due to the low fluorescence quantum yield of the rods and the low 
probe-laser power used.  In order to reduce the noise, the photon-count signal is grouped into 125-ms time bins and is 
processed with a nonlinear, forward- and backward-looking predictive filter.18  This filter efficiently removes noise from 
underlying signals that undergo abrupt jumps between discrete levels.  The filter is applied four times, and a threshold 
level is then chosen such that only count rates above the threshold are taken to correspond to the presence of a rod in the 
trap.  From the thresholded data, we calculate histograms of the amount of time individual rods spend in the trap, as 
shown in Fig. 6. 

The figure also shows the expected distribution of residence times in the absence of any optical forces:19  
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The significant difference between this distribution and the measured distributions is a clear sign of optical forces that 
slow down diffusion of rods through the laser focus.  The many short trapping events reflect rods that briefly enter the 
trapping-laser focus, while the few long events reflect stably trapped rods.  The statistics of the histograms and the 
maximum observable trapping time are limited by the finite observation time: in order to allow several trapping 
conditions to be compared, the measurement time was limited to 600 sec.  Nonetheless, the measured histograms clearly 
show the influence of optical trapping. 

The residence time of the fully trapped particles is expected to follow Kramers’ escape rate: 
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where the trap potential depth, U, is proportional to Itrap.  This is consistent with the durations of the longest measured 
trapping events, as indicated by the dotted line in Fig. 6(a).  From these results, we can extract an approximate potential 
depth for λtrap = 850 nm of TkIU Btrap 043.0/ ≈ /mW. 

 

5. CONCLUSIONS 
We have demonstrated for the first time that material resonances can be used to enhance optical forces on particles in 
solution, making it possible to orient and position individual metal nanorods in three dimensions.  This could prove to be 
a valuable tool in the fabrication of engineered nanoparticle assemblies.  Individual nanorods that have been optically 
trapped and oriented could be deposited on substrates; rapid, parallel nanofabrication could be accomplished using 
arrays of holographic optical tweezers20 or periodic standing waves. Alternatively, nanoparticle assemblies may form 
spontaneously in the traps as the result of optically-induced interparticle forces.21  The resulting assemblies may play an 
important role as part of future plasmonic devices. 

The demonstrated optical trapping and orientation of nanorods is likely to have several additional applications beyond 
nanofabrication.  The selectivity of the optical forces to the plasmon resonance frequency means that optical traps could 
be used to sort metal nanoparticles.  By flowing nanoparticle solutions through arrays of optical traps, highly selective 
separation should be possible;22 unlike almost all other fractionation techniques, this method would be sensitive to the 
particle shape.  Finally, a trapped nanoparticle could serve as a local probe for plasmon-assisted microscopy.23 It should 
be possible, for example, to scan the particle through a sample and monitor changes in its linear scattering spectrum, 
measuring local dielectric functions; changes in locally-enhanced Raman scattering, measuring local chemical 
composition; or changes in diffusion coefficients, measuring local viscosity.  The ability to trap in solution means that 
biologically relevant environments could be probed in three dimensions. 
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