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Abstract: We optically trap plasmonic gold particles in two dimensions and
set them into circular motion around the optical axis using a helically
phased vortex laser beam. The orbiting frequency of the particles reaches 86
Hz, which corresponds to a particle velocity of the order I mm per second,
for an incident laser power of a few tens of milliwatts. The experimentally
determined orbiting frequencies are found to be well in line with the notion
that the beam carries an orbital angular momentum of %/ per photon.
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OCIS codes: (140.7010) Laser trapping; (080.4865) Optical vortices; (350.4855) Optical
tweezers or optical manipulation; (240.6680) Surface plasmons.
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1. Introduction

The property that light in certain cases carries orbital and spin angular momentum can be
utilized to set microscopic objects into rotational motion. Each photon of circularly polarized
light carries a spin angular momentum (SAM) of /4. The SAM can be transferred to an
illuminated object if the photon is absorbed or forced to change its polarization state, for
example through interaction with a birefringent object. Orbital angular momentum (OAM), on
the other hand, originates from the spatial phase distribution properties of a light field. A laser
beam that carries OAM, a so-called optical vortex beam, is typically described by higher
order Laguerre-Gaussian (LG) modes [1]. The OAM results from a phase component of the
form exp(i/@), where the mode index / defines the magnitude of the OAM as %/ per photon,
which generates a linear photon momentum component in the azimuthal direction around the
optical axis of the beam. This component can force objects to spin similarly to circularly
polarized light if the particle is large compared to the beam diameter [2,3].

Laser tweezers based on a tightly focused laser beam is a delicate and accurate tool to trap
and manipulate microscopic objects using the optical gradient force. Ordinary laser tweezers
pull an object to the focus of a Gaussian intensity distribution, where the object can be rotated
due to SAM transfer. However, a focused vortex beam has an annular focal intensity
distribution, which implies that an object that is small compared to the beam focus tend to
orbit the dark center of the beam due to OAM transfer from scattered and absorbed photons
[4,5]. The effect of OAM transfer is thus qualitatively different from SAM transfer in this
case, that is, a small object tend to spin in a circular orbit rather than around its own axis.

Optically induced rotation by laser tweezers has been investigated in the context of cell
biology, to manipulate living cells and chromosomes [6,7]; microrheology [8,9];
microfluidics, as micro-optomechanical pumps [5,10]; and micromechanics [11,12]. All these
applications rely on a significant rotational motion and may therefore benefit from faster
rotation speeds and more efficient angular momentum transfer.
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We have previously investigated how SAM transfer can be used to set plasmonic
nanostructures into rotational motion [13]. Recently, we demonstrated that round colloidal
gold particles with an average radius of R =200 nm can reach spinning frequencies in the kHz
range in water if subject to a focused beam of circularly polarized laser light with a power of
the order of a few tens of mW [14]. These particles have three properties that contribute to
make fast rotation possible. First, they have large absorption cross-sections, resulting in an
efficient transfer of SAM from the incident photons to the particles. Secondly, they heat up,
which somewhat surprisingly appears as a positive contribution to the spinning frequency by
lowering the viscosity, and thereby the drag force, of the surrounding water. Thirdly, they are
highly polarizable, resulting in a large gradient force and, therefore, a more stable trap. As we
will show in this contribution, the orbital rotation frequency of a trapped object due to OAM
transfer can also be increased substantially by exploiting these very special optical properties
of plasmonic nanoparticles. To the best of our knowledge, orbital rotation frequencies
reported to date have been of the order of ~1 Hz for laser powers in the range 10 mW to 1 W
[4,5,15-20], with a record value of ~6.5 Hz obtained for an incident laser power of ~520 mW
reported by Garcés-Chaves et al. [16]. The highest value found in the present study was 86 Hz
for 73 mW of incident laser power, that is, one to two orders of magnitudes higher than
previous literature data. This finding may have significant impact on a variety of application
areas that involve nanooptics and nanofluidics.

2. Optically induced rotation with a g-plate

A schematic illustration of the experimental setup is shown in Fig. 1(a). We focus laser light
with a wavelength of 830 nm into the volume between two cover-glass slides where the
sample is located. The sample is an aqueous colloid droplet containing the same type of gold
nanoparticles as investigated in Ref [14]. The radiation pressure of the laser beam pushes the
particles close to the cover glass, resulting in an essentially two-dimensional trapping
configuration. A dark-field condenser is used to illuminate the particles. The orbital rotation
frequency is determined from the scattered intensity through an autocorrelation of the photon
count rate obtained from a specific point on the particle orbit and/or by analyzing a video
recording.

The optical vortex is generated using a so-called g-plate that produces a helical wave
front. The g-plate is a birefringent thin film formed by a liquid crystal polymer with an optical
axis that varies spatially as @ = g¢ + @, where g is the topological charge and ¢ is the
azimuthal angle in polar coordinates. Figure 1(b) illustrates the structure of the g-plate by
imaging it positioned between two crossed polarizers. The details of the fabrication can be
found in Ref [21]. The g-plate manipulates the phase of an incident plane wave [22,23] in
such a way that a smooth helical phase front with mode index / = =+ 2q is produced. The
thickness of the g-plate was designed such that it causes a phase retardation of A/2 at the
830 nm trapping wavelength and a pure helical mode for circularly polarized incident light.
The size of the LG annular ring is dependent on the mode number [24]. We chose / = 8, which
gives a beam radius distinctly larger than the particle diameter for the 100x, NA=1.2 optics
used to focus the laser beam in the sample plane. As a result, a trapped particle will follow a
circular orbit with a radius of approximately 2 pm, as indicated in Fig. 1(c). By using a g-
plate to create the optical vortex, we expect to obtain a uniform intensity distribution and
avoid the discontinuities often encountered when using spatial light modulators [24] or
computer generated holograms [17]. In addition, the trap is further stabilized by using an
optical vortex beam that is circularly polarized, which yields optical gradient forces that
exhibit circular symmetry in the radial direction around the optical axis. This is unlike linear
polarization for which the asymmetry of the light scattering pattern causes an uneven
confinement of the particle along the high intensity ring (shown in Section 6).
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3. Theoretical torques and orbiting frequencies

The gradient force confines a trapped particle to the high intensity region of the annular LG
beam, where it is set in orbital motion at a certain constant speed for a given incident laser
power. In a first approximation, the speed is determined by two counterbalancing torques in

(a)
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Fig. 1. (a) Illustration of trapping and detection of orbiting nanoparticles. The 830 nm laser
beam is expanded to fill the back aperture of the microscope objective, polarized and focused
on the sample through the g-plate. Most of the back-scattered laser light is filtered away by the
hot mirror but a small fraction reaches the APD and can be analyzed with the autocorrelator.
(b) An image of the g-plate used to generate the optical vortex beam when it is positioned
between two crossed polarizers. (¢) The optically trapped particle moves along a circular orbit
of radius ~2 pm, as determined by the optical vortex beam intensity profile.

the optical trap; the optical torque and the viscous drag torque. The former is dependent on the
intensity /, the particle absorption cross section o, the particle transport cross section o
(where oy is the ordinary scattering cross section), the mode number /, and the angular
frequency of the incident light w, according to

T, = (o, + Bo )1l ,. (1)
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The transport cross section fog determines the actual contribution of the scattered photons to
the momentum transfer. It can be expressed in terms of the differential scattering cross section
do, /dQ by an integration over all scattering directions (&,p)

ﬂO'S =] (j;;‘ (1—cos 8)sinOdOd p, )

where 0 is the scattering angle. Using Mie theory, we find § = 0.63 for a 200 nm gold sphere
in water illuminated by light with a vacuum wavelength of 830 nm. We note in passing that
the scattering cross-section does not contribute to the spinning of particles caused by SAM
transfer investigated in [14].

The drag torque on a particle in orbiting motion in a viscous medium can be derived from
the Stokes equation assuming a low Reynolds number [15]. The result is

7T, =-6m 77r2R0a), 3)

where # is the dynamic viscosity of the surrounding medium, r is the radius of the orbit, Ry
the radius of the particle, and  is the orbiting angular frequency. When the torques balance
each other, 7, + 7, = 0, we obtain a constant orbiting frequency

_ (og+foy)ll
w= 6n7]r2R0ab ' (4)

Note, that by increasing the mode number / we would get lower orbiting frequency because of
the increase in the beam radius [24] and the consequent drop in the intensity.
The viscosity depends on the water temperature. At the particle surface, and

assuming steady-state heat transport, the excess temperature is AT = (o,/) / (4nRoK) where

k = 0.58 W/Km is the heat conductivity of water [25]. The viscosity of water at temperature T
can then be estimated from [26]

-_— Ea
n(T) =n, exp [7&\1&3 (T_T*J, (5)
where 1y = 24.2 pPa-s, E, = 4.74 kJ/mol is an activation energy, kg is Boltzmann’s constants,
N4 is Avogadro’s number and T* = 140K is a temperature offset. Since the particle is in
translational motion, both the particle surface temperature and the surrounding bath
temperature have an effect on the viscosity experienced by the particle. In this case a fairly
accurate value for the viscosity can be found by using an effective temperature T, in the
expression for 7. Here we have used the effective temperature [27,28]
Teff=(Tb "'Tp)/z- (6)

ath
4. Autocorrelation function analysis

The rotation frequency was obtained from the autocorrelation signal of the scattered photon
count rate which exhibits a periodicity that is determined by the average rotational motion of
the particle. Random thermal forces (Brownian motion) lead to fluctuations in the particle
velocity and, as a consequence, to a decay of the autocorrelation amplitude [14]. Two
examples of the autocorrelation signal are given in Fig. 2 together with dark field images of
the trapped particle taken with a camera with an integration time of 41.7 ms. As can be seen
in Fig. 2(c), the particle travels about half of the orbital circumference in the case when the
laser power is 13.3 mW. This corresponds to an autocorrelation signal periodicity of 70.3 ms,
see Fig. 2(a) (14 Hz, the green-blue line with circular marks in Fig. 3). At the highest laser
power, 73.1 mW, the period is reduced to 11.6 ms, see Fig. 2(b) (86 Hz, the red line with
diamond marks in Fig. 3), and it is then no longer possible to distinguish the distance traveled
by the particle, see Fig. 2(d) (Media 1).
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Fig. 2. (a) Autocorrelation functions of the photon count rate for a laser power of 13.3 mW and

(b) 73.1 mW, corresponding to the circular and diamond data points in Fig. 3, respectively.
(¢) Image of an orbiting particle for a laser power of 13.3 mW. The dashed line indicates the
movement of the particle during the integration time of the camera (41.7 ms) (d) Image for the

case of a laser power of 73.1 mW (Media 1). The concentric rings and diffuse scattering in
(c) and (d) are mainly an image artifact caused by a slight displacement of the particle relative
to the focal plane along the optical axis.

5. Experimental orbiting frequencies

Figure 3 shows the theoretical orbiting frequency (f = w/2m) as a function of laser power
together with the measured frequencies for five different particles. The theoretical values were
obtained from Egs. (4)—(6) using theoretical absorption and scattering cross sections, g, and
o, obtained from Mie theory [14]. The intensity profile of the beam in the focal plane was
approximated as a homogenous ring with a width equal to the wavelength of light [24]. As
illustrated in the inset of Fig. 3, an increasing laser power leads to a rise in the particle surface
temperature, and, consequently, a decrease in water viscosity [14]. This in turn promotes a
higher rotation frequency, i.e. causing the upturn in the theoretical curve for higher laser
powers.

Although the five different particles exhibit a significant spread in orbiting frequencies for
the same laser power, a feature that is most probably due to small differences in optical
properties and morphologies of the individual particles, the overall power dependence is
similar. An unexpected feature of the experimental curves that is difficult to explain is that
they seem to extrapolate to a finite orbital frequency at zero laser power. This may indicate
that saturation effects not accounted for in the theoretical analysis are at play for the
investigated power range. There can be a number of possible causes to this discrepancy. For
example, the theory assumes that a particle is completely surrounded by water while in reality
it is pushed against the glass surface by the power dependent radiation pressure. If the particle
comes closer to the cover glass with increasing laser power, one expects an effectively
increasing viscous friction [29]. It can also be expected that the thermal balance and the
precise intensity distribution is sensitive to the exact position of the trapped particle relative to
the confining glass surface and the focal position. Unfortunately, it was not possible to extend
the rotation experiments to lower laser powers because the Brownian motion of the particles
then overcome the optical gradient force and the particles escape from the trap. Nevertheless,
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given the simplifying theoretical assumptions, we find the agreement between the theoretical
and experimental rotation frequencies to be surprisingly good. The highest experimental
orbiting frequency we observe, 86 Hz, corresponds to a particle velocity of 1.1 mm / s. Using
Eq. (3), we can roughly estimate the torque and the angular force acting on a particle
(assuming that the viscous drag force is the only frictional force). The corresponding values
are in order of nN-nm and pN, respectively, where the force is obtained by dividing the torque
with the orbital radius.

120
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Fig. 3. Theoretical (dashed line) and experimental orbital rotation frequencies for five different
particles as a function of the sample-plane laser power. The left-hand inset shows an estimate
of the temperature rise on the particle surface obtained from the heat transport equation while
the right-hand inset shows the corresponding temperature dependent viscosity relevant to
translational particle motion.

6. Force calculations from electrodynamics simulations

We also made a more detailed calculation of the optical forces acting on a gold particle in a
LG beam. To this end, we projected the fields of a LG beam onto the vector spherical
harmonics describing the electromagnetic field around a sphere, and evaluated the optical
force on the particle by employing the Minkowski stress tensor [30,31]. Figure 4 shows the
distribution of radial and angular optical forces on a gold particle of radius 200 nm in an
(ideal) LG beam with / = 8 and a beam waist of 1 pum for both circularly and linearly
polarized light. The laser power is 20 mW. The resulting force distributions are, as stated
above, circularly symmetric for circularly polarized light, whereas for linear polarization the
distribution is uneven. The magnitudes of the forces are consistent with the notion that, in a
medium of refractive index 7, a photon carries linear momentum nhw/c. In case of OAM, the
increase of photon momentum in an optically dense medium is offset by an effective decrease
of the radius vector, and, just as in vacuum, a photon in a LG beam with mode number /
carries angular momentum h/. Also this fact is accurately reproduced by the numerical results
found here, thus justifying the expressions we have used for the optical torque above.

7. Conclusions

In conclusion, we have demonstrated that subwavelength plasmonic gold particles illuminated
by a Laguerre-Gaussian beam with a certain mode number / can be set to rotate fast along a
circular orbit. We determined the rotational speed and frequency of the particle along the orbit
by measuring the autocorrelation function of the scattered light intensity. A simple but still
fairly accurate estimate of the viscous forces acting on the particle shows that the measured
rotational frequencies are consistent with the notion that each photon carries orbital angular
momentum h/ that is transferred entirely to the particle upon absorption and partially,
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depending on the scattering angle, upon scattering. In terms of applications, the experiments
indicate that plasmonic particles could be utilized for micromechanics, microfluidics and
other types of micromanipulation systems where the high orbital rotation rate is of
importance. An interesting question open to further investigation is the possible interplay
between the orbital rotational motion of the particle and the rotation around the particles own
axis caused by absorption of circularly polarized light [19,32].
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Fig. 4. (a) The angular force on a spherical gold particle of radius 200 nm in water illuminated
by a LG beam of vacuum wavelength 830 nm, mode number / = 8, a beam waist of 1 um, and a
total power of 20 mW. This force pattern can drive the particle along a circular pattern. (b) The
in-plane radial force in the same situation for circularly polarized light. The radial force
confines the particle to moving within the ring of high light intensity, hence stabilizing the
circular motion driven by the angular forces. (¢) For light polarized linearly (along the x-axis),
the radial force varies substantially along the high intensity ring.
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