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We examine the motion of periodically driven and optically
tweezed microspheres in fluid and find a rich variety of dynamic
regimes. We demonstrate, in experiment and in theory, that mean
particle motion in 2D is rarely parallel to the direction of the
applied force and can even exhibit elliptical orbits with non-
zero orbital angular momentum. The behavior is unique in that
it depends neither on the nature of the microparticles nor that
of the excitation; rather, angular momentum is introduced by the
particle’s interaction with the anisotropic fluid and optical trap
environment. Overall, we find this motion to be highly tunable
and predictable.
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ecently, much work has gone into the investigation of optical

forces on micro- and nanoparticles near surfaces, primarily
in the context of an electric field localized by a microstructured
surface (1-5).

Surface-based geometries have raised theoretical excitement
due to, for instance, their ability to significantly enhance opti-
cal forces (6-8) as well as the emergence of lateral forces due
to the extraordinary momentum and spin in evanescent waves
(9-12). From an applied point of view, such geometries can
enable miniaturization and parallelization of efficient optical
traps enabling integration into optofluidic devices (13, 14).
Moreover, light-controlled microspheres near surfaces have
found applications as force transducers (15-18) and pumps and
switches (19, 20), and in general, their collective manipulation is
an advancing field (21-23).

However, in the case where a microparticle is within sev-
eral diameters of a surface, optical and hydrodynamic surface
effects cannot be neglected. Effects arising from optical coupling
or reflections can complicate trapping and detection schemes
(24), and hydrodynamic interactions can cause the motion of a
microparticle to become highly nontrivial (25). Despite this, lit-
tle quantitative study has been done on the dynamics of opti-
cally driven particles near a surface. In studies introducing new
schemes to optically manipulate matter, the particle’s response
function is often ignored (11, 12, 26-29).

In this work, we investigate the dynamics of a system with
both near field optical forces and surface-induced hydrodynamic
effects (see Fig. 1). By driving the particle with an oscillating
force from a modulated evanescent field and tracking the par-
ticle’s motion closely in two dimensions, we map out a range
of dynamics that can arise from the interplay of optical and
hydrodynamic surface effects. We find that the magnitude and
direction of the optical force depends on particle size. We also
observe that the trajectory of the particle in general does not fol-
low the direction of the force. Instead, the shape and the ori-
entation of the trajectory vary with modulation frequency and
distance of the particle from the surface, a result of the aniso-
tropy in both the hydrodynamic drag and the optical trap spring
constant.

In particular, we find that under certain conditions, controlled,
elliptical motion of a microsphere can be achieved in this con-
figuration, without the use of a beam that carries either orbital
or spin angular momentum. This motion is of theoretical and
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practical interest as it arises due to the particle’s interaction
with the inherently anisotropic mechanical environment nearby
a solid interface as it moves in response to a periodic driving
force. It has several distinguishing features that may make it
an applicable technique for generating orbital angular momen-
tum, alongside existing methods predominantly using structured
beams carrying orbital or spin angular momentum (30-36). For
a detailed discussion, please see The Evanescent Wave Tech-
nique as a Method of Angular Momentum Generation, following
Experiment.

Forces on an Optically Driven and Trapped Microsphere

An optically trapped microsphere in fluid is well-modeled as a
stochastically driven, damped harmonic oscillator in three di-
mensions (37, 38):

m*:cz(t) = fmjxj(t) — ’yzjib](t) + Bl(t) -+ Fz(t) [1]

The terms on the right of Eq. 1 correspond, in order, to the
restoring force of the optical trap, the dissipative drag in fluid,
the stochastic force due to thermal fluctuations, and an exter-
nally applied force. Here, we apply a force and consider motion
only in the two measured (z and z) dimensions.

Due to the symmetries in our system, the trap stiffness, x4, is a
diagonal tensor. For a single beam optical trap, its diagonal ele-
ments are not equal, k, # k.; that is, the harmonic potential is
anisotropic. Usually, the magnitude of the spring constant in the
lateral direction is several times larger than the spring constant
in the axial direction (39). In our model describing the particle
motion, we approximate that x; is a constant in z, an assumption
that is generally valid until the separation becomes smaller than
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Fig. 1. The optically trapped microsphere in its anisotropic environment.
The optical trap (660 nm, 12 mW) has a Rayleigh length, b, larger than
the beam waist, w, resulting in a restoring force approximately 5 times
stronger in the lateral direction. Additionally, near-wall hydrodynamic cou-
pling results in anisotropic drag that is consistently larger in the vertical
direction. As a result, the particle has a different response function in the
two directions. The optical force of the pump beam has components in zand
x. At a driving frequency between the two cutoff frequencies, the particle’s
response can have large phase differences between the two directions, gen-
erating elliptical orbits. F, represents the restoring force of the trap. The
dissipative drag and the stochastic force are not visualized. For a detailed
description of the setup, see Fig. S1.

the Debye length in water (see Height-Dependent Trap Spring
Constant).

In the absence of boundary effects, viscous drag, -, is isotropic,
given by Stokes’ Law, o = 67 R, where 7 is the viscosity of the
fluid and R is the radius of a sphere. The presence of the bound-
ary results in an anisotropic, height-dependent drag coefficient
(40, 41). The predicted drag in the direction perpendicular to the
surface (z) is always larger than that in the lateral direction (z)
(see Height-Dependent Damping Coefficient). Due to the spheri-
cal symmetry of the particle, in low Reynolds number hydrody-
namics (Re < 1), we may assume that the drag forces parallel
and perpendicular to a plane boundary are uncoupled, such that
~; is diagonal with unequal elements (42).

B(t) is the fluctuating thermal force due to collisions between
the microparticle and molecules of the fluid. In each dimen-
sion, the fluctuations are expected to be uncorrelated, with
(Bi(t)) =0, where B(w) is spectrally flat. Its mean-squared mag-
nitude is predicted by the fluctuation-dissipation theorem to be
(Bi(t)®) =2v;kp T, where kg is the Boltzmann constant. It is
important to note that thermal noise increases not only with tem-
perature but also with increased viscous drag and is the dominant
source of noise in our system (18).

Lastly, the external force, which drives the periodic motion
of the particle, is an optical force produced by the interaction
of the microsphere with the evanescent field of a totally inter-
nally reflected TM-polarized plane wave. In the dipolar approx-
imation, the interaction can be broadly understood to have two
components: one proportional to the gradient of the field, which
attracts the particle toward the surface, and the other propor-
tional to the linear momentum of the wave, which pushes the
particle along the surface (see Optical Force on a Dipolar Particle
in an Evanescent Field).

For small, lossless particles (Im[a] < Re[a]), the optical force
is predominantly oriented along the z direction. But as the par-
ticle increases in size, its interaction with the evanescent wave
becomes more complex (43). In this regime, called the Mie
regime, light is scattered into every direction in the zz plane. As a
result, the direction of the net applied force is observed to rotate
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toward the horizontal direction. A detailed analysis of the forces
acting on the particle in the Mie regime is shown in Optical Force
on a Mie Particle in an Evanescent Field.

Microparticle Mechanical Response

The mechanical response of our microsphere to an applied force
is frequency-dependent and can be found by solving Eq. 1. We
can neglect the particle’s inertia while working at time scales
much larger than the momentum relaxation time, 7, = m*/~,
which, in our system, is below 1 us (44, 45). Inserting a time-
harmonic solution, we then find that
Zi(w) = xi (W) Fj (w), [2]
in which we identified the mechanical susceptibility x;; (w) of the
system as (x ' (w)),; = Fij + 1w
The motion is separable, with two different cutoff frequencies,
fe = k/27, in the z and z directions. Eq. 2 implies that though
F.(t) and F.(t) may be in phase, as is the case with our opti-
cally driven system, z(¢) and z(¢) need not. The maximum phase
lag between motion in the two directions is /2, making it possi-
ble to induce elliptical trajectories of the particle. Furthermore,
the linearity of the system ensures that Eq. 2 applies whether the
force is random or periodic. Thus, in our case, where the external
force on our particle is composed of both a driven and a stochas-
tic component, the thermal motion of the microsphere may be
considered separately from the time evolution of the particle’s
mean position.

Experiment

A schematic of the experiment is shown in Fig. 1 (also see
Fig. S1 for details). All experiments are performed at room
temperature in a water-filled, closed, 25-um-deep microfluidic
chamber. An antireflection (AR) coating is applied to the bot-
tom glass—water interface of the chamber to eliminate standing-
wave modulation of the trap laser beam (46). Each polystyrene
microsphere is optically trapped by a focused CW laser beam
(660-nm-wavelength) via a high numerical aperture (N.A. = 1.2)
water-immersion objective. The vertical position of the focus,
and consequently the height of the trapped bead, is adjusted
using a piezo—by lifting and lowering the objective relative to the
chamber. In addition to the trap beam, which enters the chamber
from above, two lasers, both p-polarized, are incident from below
at greater than critical angle (6. = 61.4°): alow-power (<1 mW),
637-nm beam acts as the probe for the vertical (z) position of the
particle (15, 47), and a second laser (785 nm, around 100 mW
average power before modulation) generates the periodic opti-
cal force that pulls on the microparticle. The second beam, which
we refer to as the pump beam, is modulated by a chopper set to
a desired frequency. A detailed explanation of the analysis may
be found in Analysis Flow.

Fig. 2 plots the predicted and observed 2D trajectories of a
2-um PS microsphere under the influence of a periodic optical
force. Predictions were made based on the optical force, mean
trap stiffnesses, and bead radius fitted to experimental data.
The measured trajectories are mean trajectories, extracted from
100-s measurements where each point is the averaged 2D posi-
tion of the particle at a certain phase in the chopper actuation
cycle. As the frequency of the modulation is increased, several
distinct behaviors are observed that can be understood in rela-
tion to the cutoff frequencies in the two spatial directions.

Below both cutoff frequencies, the position of the particle is in
phase with the applied force. In this case, the particle’s motion
in z and z is in phase with one another, and it undergoes lin-
ear oscillation with a direction determined primarily by the ratio
of the trap stiffnesses /.. In our case, the ratio is about 5.
Above both cutoff frequencies, the motion is again linear as the
oscillations are now out of phase with the applied force in both
directions. However, the direction of motion is now determined
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(A) Predicted and measured 2D motion of a 1-um-radius bead when driven by a periodic optical force from an evanescent field. The blue arrows

indicate the direction of the optical force. Each tile in A corresponds to a particular height (z) and modulation frequency (wg) and is numbered corresponding
to its location on the grid (B). The details of the measurement parameters are given in Table S1. (B) Grid of predicted particle trajectories where the
horizontal axis represents the driving frequency and the vertical axis is the height above the surface. The displacement amplitude in nanometers is defined
as the length of the semimajor axis of each orbit. Calculated cutoff frequencies in the x and z directions are drawn as blue lines. At all heights, the cutoff
frequency in the z direction is lower than that in the x direction, due to a larger trap stiffness in the lateral direction. (C) Measured amplitude and phase of

frequency-dependent mechanical susceptibility, x(f), at a height of 400 nm, compared with predictions.

by the ratio of the damping coefficients 7, /.. As the particle
nears the surface, v, diverges, while ~, approaches a constant
value, and the motion becomes more and more parallel to the
wall. But between the two cutoff frequencies, the motions in the
two spatial directions go out of phase with one another, and sta-
ble, elliptical orbits are established.

In Fig. 3 we compare our measurements against Mie theory
predictions for a fixed modulation frequency. As the micropar-
ticle radius increases, the net optical force from the evanescent
field increases for a given field strength and configuration, and
the direction of the force rotates slowly toward the horizontal.
In addition, since hindered diffusion theory predicts drag near
a surface to increase as a function of the ratio z/R, where z is
the separation and R is the radius, increasing the radius has sim-
ilar effects as decreasing separation. Therefore, large beads tend
to move parallel to the surface, regardless of their direction of
excitation.

The Evanescent Wave Technique as a Method of Angular
Momentum Generation

The observed phenomenon may find application as an efficient
generator of small-radius orbital motion. While we do not sug-
gest that this method supplants the study and use of structured
light beams in colloidal systems, here we provide a detailed quan-
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titative comparison and discuss the distinguishing features of
our system.

One manner of quantifying angular motion is to consider the
torque applied by the particle to the fluid, 7o, (t) = 7(¢) xv9(1),
where + is the tensor described in Eq. 1. For a particle under-
going steady-state, elliptical motion in fluid, this quantity is on
average the same as the torque applied to the particle. Fig. 4
shows 7,,, accumulating over 100 s for a bead driven at two dif-
ferent frequencies, which agree well with predictions. Another
method of quantifying this angular motion is to calculate the con-
stant, nonzero intrinsic orbital angular momentum in the steady
state, given by (Li,) = w|Z||Z|sin(¢. — ¢.), where ¢, and ¢,
are the phases of the complex mechanical susceptibilities x, and
X- in the x and z directions, respectively, and (L;,) is normal-
ized by mass (see Angular Momentum Analysis). This quantity
is useful in allowing direct comparison with existing reports in
literature, where we do not have access to values of the damp-
ing parameter, v, but can estimate velocity and orbital radius.
In our unoptimized set-up, the largest L;, was measured to be
4.9 x 10" m? /s, where ¢, — ¢, was closest to /2. The configu-
ration for this measurement was a 2-um-diameter bead driven at
4.6 Hz at a separation of around 200 nm from the surface (corre-
sponding to point 5 in Fig. 2). In comparing this value with pre-
vious reports for dielectric particles driven by structured light,
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Fig. 3.

(A) Predicted and measured motion of 0.6- to 2.5-um-radius beads when driven by a periodic optical force from an evanescent field that is switched

on and off at 20 Hz. The blue arrows indicate the direction of the optical force. Each tile in A corresponds to a particular height and bead radius and is
numbered corresponding to its location on the grid (B). The details of the measurement parameters are given in Table S2. (B) Grid of predicted particle
trajectories based on Mie theory calculations, where the horizontal axis represents bead radius and the vertical axis is the height above the surface. The
displacement amplitude in nanometers is defined as the length of the semimajor axis of each orbit. The trajectories labeled 7 and 8 are for a 2.85-um-radius
bead, outside the scope of our Mie theory calculations. (C) Ratio of measured optical forces in the z and x directions compared with Mie theory. Shaded area
shows the uncertainty in the microsphere index of refraction (n = 1.575 4 0.005). Generally, as microparticle radius increases, the direction of the optical

force rotates toward the horizontal.

such as by optical vortices (30-33), we find our value comparable
when normalized by laser power. With optimization of driving
frequency and bead radius or changes in the power or wavelength
of the pump beam, further gains may be expected. For details
regarding this calculation, see Angular Momentum Analysis and
Comparing the Generation of Angular Momentum with Common
Existing Techniques.

Itis relevant, at this point, to bring up another body of previous
work on the orbital motion of colloids, distinct from structured
light studies. One specific scheme involves a particle positioned
in between a pair of misaligned beams (48). It is a part of a gen-
eral class of studies in which particles are observed to undergo
circulation while immersed in a static force field with nonzero
curl (25, 49). In addition, Angelsky et al. observed orbital angu-
lar momentum transfer in circularly polarized Gaussian beams
as a manifestation of the macroscopic “spin energy flow,” thus
confirming the theory of inhomogeneously polarized paraxial
beams (34, 50).

We are careful to distinguish the nature of the orbital motion
described in our current report from this class of studies. The
motion observed in our work is not fully determined by a parti-
cle’s passive interaction with a static optical force field but rather
by a periodically driven microsphere’s mechanical response. Since
our system exhibits driven rather than passive motion, an array of
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such trapped particles can be made to move in phase, enabling
unique collective behaviors that are thus far unexplored.
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Fig. 4. Measured and predicted torque applied to fluid integrated over
time for a 2-um PS bead driven at 11 Hz and 5 Hz frequency at a height of
about 200 nm, corresponding to points 5 and 6 in Fig. 2. The force on the
bead is the same in both curves.
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In addition, while a particle or a collection of particles may
be easily made to orbit in a plane parallel to a nearby surface
using existing techniques, methods for obtaining orbits in a plane
perpendicular to such a surface are less readily available. Partic-
ularly in on-chip geometries where space may be an issue, our
method of actuation may provide a useful alternative.

Finally, since the motion observed in our work is actively
controlled, main parameters of orbital motion—such as rota-
tional rate and radius—are decoupled and can be indepen-
dently tuned. For instance, to increase the orbital radius in our
experiment without affecting the rotation rate, one can sim-
ply raise the pump beam’s intensity without changing its mod-
ulation frequency. It should be noted, however, that in our
scheme the maximum radius of rotation cannot exceed the lim-
its of the optical trap. If complete flexibility in orbital radii is
desired, structured light approaches are more suitable. Addi-
tionally, if the goal is near-circular motion, a nearby surface
or some other symmetry-breaking element is required, mak-
ing the work described here potentially unsuitable for manip-
ulation in bulk fluid or in vacuum. Also, larger radii of rota-
tion can be achieved in general by the use of structured light,
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