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Optomechanical manipulation of plasmonic nanoparticles is an area of current in-
terest, both fundamental and applied. However, no experimental method is avail-
able to determine the forward-directed scattering force that dominates for inci-
dent light of a wavelength close to the plasmon resonance. Here, we demonstrate
how the scattering force acting on a single gold nanoparticle in solution can be
measured. An optically trapped 80 nm particle was repetitively pushed from the
side with laser light resonant to the particle plasmon frequency. A lock-in analysis
of the particle movement provides a measured value for the scattering force. We
obtain a resolution of less than 3 femtonewtons which is an order of magnitude
smaller than any measurement of switchable forces performed on nanoparticles
in solution with single beam optical tweezers to date. We compared the results
of the force measurement with Mie simulations of the optical scattering force
on a gold nanoparticle and found good agreement between experiment and the-
ory within a few fN.© 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4945351]

The coupling of optical and mechanical degrees of freedom is the underlying tool for many
investigations of small forces in the micro- and nanometer range. Applications range from the
ability to cool down atoms and ions in atomic physics,' gravitational wave interferometry in cavity
optomechanics,? and single-molecule force spectroscopy in biophysics.** Each of these techniques
corresponds to a characteristic length scale. On the subnanometer scale and the micronscale, op-
tomechanical manipulation is already an established technique that enables precise force determi-
nation, whereas on the nanometer scale, quantitative force measurements are not as well explored.5
As pointed out by recent reviews®’ optical manipulation of nanometer metal particles has attracted
a lot of interest in fields where nanometer displacements and femtonewton forces apply, such as
nanofabrication® or cellular biophysics.>° The plasmonic nature of metal nanoparticles results in a
significantly enhanced and strongly wavelength dependent mechanical response on incident light in
the visible regime.!%'> Consequently, gold nanoparticles have been shown to be a good choice for
sensitive force detection.'?

The optical force can be decomposed into two contributions:'# the scattering force, and the
gradient force. The scattering force represents the momentum transfer from the external radiation
field to the nanoparticle by scattering and absorption®!> and is pointing along the axis of the energy
flux of the light beam. Whereas, the gradient force is directed along the intensity gradient of the
beam. If the gradient force exceeds the scattering force, particles can be trapped by light.'® While
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scattering forces have been considered theoretically for decades'” and the emergent field of photonic
force microscopy builds on measuring net forces on nanoparticles in solution,’ to our knowledge
isolated scattering forces on a single gold nanoparticle have never been determined experimentally.
However, measuring scattering forces is challenging due to the inherent thermal fluctuations of the
nanoparticles caused by the surrounding liquid. The application of strong laser light close to the
plasmon resonance resulting in strong scattering forces goes along with substantial heating. Low
scattering forces, on the other hand, are hidden by the inherent thermal fluctuations of the particle.

In this article we have overcome both the challenge of the force sensitivity and the low
scattering force by applying a periodic scattering force to a trapped gold nanoparticle. More pre-
cisely the resonant femtonewton scattering forces on single gold nanoparticles were measured in a
non-resonant single beam optical tweezer with dark field detection.'® We introduce a “switchable”
optical scattering force by coupling a resonant laser through a single-mode fiber perpendicular to
the trapping beam. The switching process (on/off) is controlled by blocking the laser output in
intervals with a chopper wheel. By applying a post-elimination technique'®** for thermal noise
based on a lock-in strategy, a force sensitivity of 2.4 fN is obtained. This value is lower than the
force sensitivity obtained before in the context of optical tweezers applications in liquids.>*'~?* For
measurements of switchable forces with conventional optical tweezers, this sensitivity is even an
improvement of an order of magnitude?* and thus permits the determination of the scattering force
on a plasmonic nanoparticle. A comparison with theoretical calculations of the scattering force
based on Mie scattering theory shows good agreement.

In the experiments shown here, the optical scattering force on a single gold nanoparticle is
measured by applying it as a perturbation of the fluctuative motion of a particle in the harmonic
potential of the laser trap (Figure 1). For the detection and measurement of femtonewton scattering
forces on single gold nanoparticles, a single beam optical tweezer setup was used. The measure-
ment was achieved by trapping single gold nanoparticles (Nanopartz, Accurate™ Spherical Gold
Nanoparticles, A11-80) with a diameter of 80 nm in a nonresonant 1064 nm CW laser (Cobolt AB,
Cobolt Rumba™, 05-01 Series). The laser was coupled into an upright microscope (ZEISS, Ax-
iovert) and focused through a water immersion objective (ZEISS, 100x, NA = 1.0). For 80 nm gold
nanoparticles that were used throughout this work, a trapping laser power of 50 mW (measured after
the objective) resulted in a trap stiffness of 2.6 fN/nm. For these conditions, stable optical trapping
of a single gold nanoparticle was possible over tens of minutes. Throughout all experiments, several
control measurements were performed to ensure that indeed only one single gold nanoparticle was
trapped at the time by the laser beam (for details, please see supplementary material:>> “Optical
trapping of single particles”). Trapping took place in water with a temperature of 24 °C, however,
laser irradiation would lead to an increase of the particle temperature to 50 °C.?> Inside an optical
trap, however, fluctuations of the heated particle or “hot Brownian motion”?° needs to be taken into
account, which results in an effective particle temperature of only 35 °C.

The use of a dark field oil condenser (ZEISS, NA = 1.2/1.4) and white light illumination
allowed for video detecting of the subwavelength gold nanoparticle because of the large scattering
cross section in the visible wavelength regime.'® Due to scattering forces of the tweezing laser
present also for off-resonant laser wavelengths gold nanoparticles are trapped slightly below the

FIG. 1. Schematic sketch of the microscopy setup for femtonewton precise measurement of scattering forces. A gold
nanoparticle is trapped in water with a focused near infrared laser, while chopped green laser light from a fiber pushes
the particle orthogonal to the trapping beam.
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focus of the trapping laser. Consequently, the tweezer was prefocused with a lens and a beam
expander in order to move the particle into the focus of the camera and improve the image quality.
Videos were recorded with a high speed camera (PCO AG, pco.dimax HD) at an image acquisition
speed of 500 Hz and an exposure time of 1.9 ms. A notch filter for both laser wavelengths (532 and
1064 nm) was positioned in the imaging path to avoid artifacts of the chopping. Position tracking of
the acquired image sequences was done using a Matlab algorithm published by Parthasarathy.?’

A chopper wheel (Newport, New Focus Optical Chopper 3501) was placed in the 532 nm CW
laser beam (Coherent, Verdi 10), which is resonant with the plasmon frequency of the nanoparti-
cle. The rotational frequency of the chopper wheel was synchronized with the image acquisition
frequency using a home built frequency splitter. In a typical experiment, 2!' chopper cycles with
a frequency of 31.25 Hz or one sixteenth of the image acquisition frequency were considered.
The 532 nm laser was coupled through an optical single-mode fiber (Thorlabs, P1-460B-FC-2,
NA = 0.10-0.14). The output end of the fiber was stripped down to the 125 um cladding diameter
and placed on the microscope cover slide, with the fiber output propagating in the x-axis. With this,
the 532 nm laser beam is perpendicular to the trapping laser beam, which propagates in the —z-axis.
The relative position of the trapped nanoparticle and the fiber was controlled using a piezocontroller
(LINOS, PiezoController CU30). The fiber end was positioned 75 um away from the trapped par-
ticle in the x-axis. The beam diverges slightly coming out of the fiber. Therefore we used a CCD
camera (Thorlabs) for beam profiling, and determined the beam width at the particle to be 6 + 2 ym
corrected for the refractive index of water. Since the diameter of the gold nanoparticle (80 nm) was
much smaller than this beam width, a spatial intensity gradient can be neglected. Irradiation with
laser light at the plasmon resonance frequency therefore results only in a forward-directed scattering
force. The power density of the resonant laser was chosen so low that heating effects do not play a
role here. This was confirmed by control measurements for the particle position distribution with the
green laser on and off showing that this difference in temperature cannot be resolved.

It is also important that the possibility of a thermophoresis that would push the particle along a
temperature gradient due to plasmonic heating”® can be neglected for our experimental conditions. A
gold nanoparticle is in thermal equilibrium within picoseconds after the irradiation with a laser beam
due to the high thermal conductivity of gold.?*-*° Throughout our measurements, the exposure time
of the optically trapped gold particles was in the range of several milliseconds. Although the particles
are only irradiated from one side, the particle temperature is therefore completely uniform.!

The particle trapped in water can be described by the Langevin equation,*? for simplicity only
the x-direction is considered. The equation is extended with the chopper controlled scattering force
Fs(1),”

mi(t)+ kx(t)+yx(t)=&@)+ Fs (1), (1)

where m is the mass of the particle, x is the harmonic force constant of the optical trap, & (¢) is
the stochastic Brownian force, and y = 6xrn is the drag coefficient, with r being the radius of the
particle and 5 the viscosity of the fluid. In the present case, the dynamics of the scattering force can
be modelled by the Heaviside step function, H,

k=N-1

Fs(t)=Fs - Z [H(t—kr,,)—H(r—kt,,—
0

tl’
2| @)

where Fy is the magnitude of the applied scattering force, N = ’t—’:’ is the number of repetitions of
force steps, t,, is the total measurement time, and #,, the period of the force step.

Applying the step force results in a displacement of the particle. However, due to Brownian
motion, a single push cannot be distinguished from the thermal fluctuations, because the position
standard deviation is larger than the displacement caused by a single step. Figure 2(a) shows the
collective displacement of two periods of pushing and the thermal fluctuations, with no visible
sign of the switching of the scattering force. For the present experimental configuration based on
the periodic repetition of a mechanical stimulus, it is possible to bypass the Brownian noise.?’ By
averaging the tracked time series with respect to the chopping period, the spatial displacement is
revealed with subpixel resolution. In Figure 2(b), the two cycles of Figure 2(a) have been averaged
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FIG. 2. (a) Raw trace of a trapped particle, showing the first two pushing cycles, though the displacement from the scattering
force is hidden by thermal fluctuations. (b) The averaged trace of 2!! repetitions, clearly showing the displacement resulting
from switching the optical scattering force “on” and “oft” for intervals of 16 ms. The complete measurement was performed
for a duration of 65.54 s.

with all the following events. From the resulting trace a maximal displacement of 6.6 nm is revealed
if the maximal scattering force is applied.

Analysis of particle movements in optical tweezers can be done using power spectral densi-
ties.’ Here the method is used first to calibrate the tweezer and subsequently for an accurate
analytical determination of the scattering force. Fourier-transforming Eq. (1) with Eq. (2) inserted
provides an analytical solution of the differential equation. Hence, similar to the argumentation
given in Ref. 19, we derived an expression for the expectation value of the power spectral density
(see supplementary material>)

1 1 F2 sinz 1\
Sy = —————|2ykpT + . , 3

0= G e P e g ©
where f,. = % is the corner frequency. In this form, the first term of the sum can be recognized as
the diffusive part whereas the second summand is the result of the periodically pushing scattering
force Fs (). At low frequencies (f < f.) and without the scattering force, the power spectrum is
independent on frequency

B 2nykpT

So ; @)

K

Though, the plateau does depend on the force constant. It is thus possible to measure the trap stiff-
ness even though the time resolution of the detection is below the corner frequency. The periodical
scattering force only influences the power spectral density at the chopping frequency and uneven
higher harmonics of the chopping frequency. Using a measurement time of #,, = 2%7,,, where k is an
integer, the resulting peak power at the chopping frequency is

1 e

Sxfen) = s 55 Fs Q)
8rty? (f2+1,%)
Using Equations (4) and (5), the radius and viscosity are included through the drag coefficient. Con-

sequently they both influence the uncertainty of the scattering force determination (for details please
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FIG. 3. (a) Power spectral density plot of the movement of a trapped gold nanoparticle. The black line is a fit providing a
force constant ¥ =2.4 fN/nm. The blue line is an average of logarithmic windows. The measurement time was 65.54 s using
500 fps, resulting in a frequency sampling of 15.4 mHz. The height of the peaks can be determined with a precision of less
than 1 nm?/Hz. (b) Power spectral density plot of the movement of a trapped gold nanoparticle measured as in (a) but in
presence of a chopped scattering beam (532 nm, 31.25 Hz chopper frequency). The large green dots highlight the measured
power spectral density at the chopping frequency and the higher harmonics. The black line is now a plot of the analytic
conversion from the peak height of the first harmonic to a corresponding value of the scattering force of 23 fN. (c) and (d)
are zoom of (a) and (b). Note that the first noise peak in (a) does not overlap the third harmonic of the chopping frequency.

see supplementary material,?> section “Maximum error calculation”). The issue of motion blurring
and aliasing of both the calibration analysis and scattering force analysis, due to the finite recording
exposure time and frame rate is addressed using the corrections and fitting methods described in the
papers of Wong and Halvorsen® and Berg-Sgrensen and Flyvbjerg.*

The system was calibrated based on traces of the trapped particle without the scattering beam.
Figure 3(a) is a typical example of a power spectral density plot of such a trace. The log-space
average (blue line) on top of the measured power spectral density (blue datapoints) serves as a
guide to the eye for the overall frequency dependence. The black line is a fit to the measured
power spectral density above 20 Hz as described in the paper of Berg-Sgrensen and Flyvbjerg®® and
taking aliasing and blur into account. The fit including the temperature of 35 °C and the associated
viscosity 7 = 0.7191 mPa s according to>> gave a force constant of x = 2.6 fN/nm. The equivalent
corner frequency is f. = 603 Hz in agreement with previous work on gold nanoparticles.!"!> The
characteristic bent at the corner frequency, known from typical tweezer power spectra, is not seen
because the corner frequency is higher than the Nyquist frequency of the detection. Below 10 Hz the
power spectral density is dominated by mechanical noise, for instance, drift. In addition, two noise
peaks were always present at 94.14 Hz and 100 Hz.

Now turning on the chopped green scattering laser beam a significant peak is seen at the chopp-
ing frequency as well as at odd harmonics (Figure 3(b)). Note that the first noise peak in Figure 3(a)
does not overlap the third harmonic of the chopping frequency. Zooms into a more narrow fre-
quency range presented in Figures 3(c) and 3(d) reveal that the chopping frequency is very sharp.
Since the force constant is known from the calibration measurement, the first order peak corre-
sponding to the chopping frequency, t;l = 31.25 Hz, can be used to determine the magnitude of the
scattering force using Equation (3). With this, the data presented in Figure 3(b) reveal a measured
scattering force of 23 fN. If the averaging technique demonstrated in Figure 2(b) is used, an average
displacement Ax = 6.6 + 0.9nm is found providing a scattering force of Fg = kAx = 16 + 4{N.
This corresponds well with the value found by power spectral density analysis.

In contrast to previous studies,>»** our experimental approach allows for applying post-
elimination of thermal noise by averaging.'” This significantly improves the resolution because due
to application of a lock-in strategy, it is no longer limited by the standard deviation of the position
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FIG. 4. (a) Measured scattering force versus applied output power of resonant laser light for N = 219 force pulses repeating
with a frequency of 31.25 Hz corresponding to 32.77 s measurement time and (b) measurement of the scattering force for
a spatial displacement along the Gaussian profile of the scattering beam for N =2!!. In (a) and (b), the insetted plots are
a sketch of the experimental configuration. Solid squares marks measured forces. The error bars correspond to a maximum
error estimation. The red curve in (b) is the theoretical curve based on Mie simulations. Its width matches the full width
half-maximum value of 8.0 +1.8 um the Gaussian fit of the measured data (black dashed curve).

distribution, o. It is rather limited by the averaged standard deviation, o, = %, with N = ’ZT'Z‘, the
number of repetitions. The averaged standard deviation corresponds to averaged position data like

the one shown in Figure 2(c) and provides for N = 2!! a minimal force sensitivity of

kT
AF = 0 gyek = 4| I;VK ~ 22N

exploiting the relation of « and o via equipartition theorem.

Having characterized the system allows us to test whether the scattering force scales linearly
with the power of the scattering beam. A series of measurement was done on a single particle kept at
the same position. For each measurement we changed the power and measured 2'° chopping events.
In Figure 4(a), solid squares correspond to a measured value of the scattering force. The errorbars
of the plot are based on a maximum error calculation,” taking into account statistical uncertainties
of the measured signal, the trap stiffness «, deviation in the particle size r, and uncertainties in the
temperature, 7. The relative contributions of all quantities is of comparable magnitude. The values
for the optical scattering force are in the low femtonewton regime and show a linear relationship to a
power increase.

In order to test the spatial variation across the scattering beam, the position perpendicular to the
beam direction was varied by moving the fiber relative to the trap. The resulting measured scattering
forces are plotted in Figure 4(b). As expected, based on the Gaussian beam shape, the data points
can be fitted with a Gaussian curve matching the beam width measured independently as described
earlier. The maximal scattering force predicted from the fit of the spatial variation is F’ ;X" =21.11N.
The error for the maximum measured force was 3.0 fN.

We can now compare the experimentally observed scattering force to theoretical calculations of
force. A number of different approaches exist,'**%37 all relying on the dielectric function of single
gold nanoparticles. The scientific community mostly agrees on the dielectric function for bulk gold
provided by Johnson and Christy® in 1972. Their values are also chosen here. However, it should
be mentioned that large deviations in the dielectric function have been reported by several different
studies.>>** All these studies have been done for bulk gold, not for single particles. The choice of
the refractive index of gold, and thus the dielectric function of gold, cause variations of up to 40%
in the theoretically calculated values of the scattering force (see Figure S2 of the supplementary
material®). This huge value spread reflects the difficulty of predicting optical scattering forces
theoretically. Therefore, finding experimental methods like the one presented here is crucial in
predicting and understanding optical scattering forces.

We performed calculations of the optical scattering force using an adapted version of the opti-
cal tweezers computational toolbox published by Nieminen et al.,*' see the supplementary material
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for details.”® The results of the simulation with the parameters of the spatial variation experiment are
compared with that measurement in Fig. 4(b). It is seen that the spatial dependency of the theoret-
ical scattering force is a Gaussian curve with a maximum of F S’f’e” = 21.1 fN (solid red curve). The
maximum scattering force of the fit of the measured spatial variation is 21.1 = 5.8 fN which is in
excellent agreement with the theoretical prediction assuming a refractive index of gold as reported
by Johnson and Christie’® (see also supplementary material,” Figure S2 for a comparison with
other values reported in the literature).

In conclusion we experimentally determined the scattering force acting on a single gold
nanoparticle using optomechanical manipulation in combination with optical tweezers. Scattering
forces were measured between 3 fN and 21 fN. This ultra-high sensitivity was enabled by using
a quasi-lock-in technique that is based on repetitive pushing of an optically trapped gold nanopar-
ticle followed by an analysis of the particle trace in both time and frequency domain. Applying
this technique to a spatially varying scattering force field, we verified experimentally the Gaussian
shape and magnitude predicted by theory. The experimental measurement of scattering forces on
nanostructures with a method as proposed here can provide a more quantitative understanding of
optomechanical manipulation experiments on the nanoscale.

Financial support by the SFB 1032, Project A8, is gratefully acknowledged. We would also like
to thank Professor Jochen Feldmann for fruitful discussions.
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