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Three-Dimensional Measurement of the Helicity-Dependent Forces on a Mie Particle
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Recently, it was shown that a Mie particle in an evanescent field ought to experience optical forces that
depend on the helicity of the totally internally reflected beam. As yet, a direct measurement of such
helicity-dependent forces has been elusive, as the widely differing force magnitudes in the three spatial
dimensions place stringent demands on a measurement’s sensitivity and range. In this study, we report the
simultaneous measurement of all components of this polarization-dependent optical force by using a 3D
force spectroscopy technique with femtonewton sensitivity. The vector force fields are compared
quantitatively with our theoretical calculations as the polarization state of the incident light is varied
and show excellent agreement. By plotting the 3D motion of the Mie particle in response to the switched
force field, we offer visual evidence of the effect of spin momentum on the Poynting vector of an

evanescent optical field.
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It is well known that light carries momentum, so when it
is absorbed or scattered by an intervening object, it exerts a
force. These optical forces play an increasingly important
role in the study of light momenta [1-5] and the manipu-
lation of elements at the nano- and microscale [6-11].
Generally, the momentum density of light, sometimes
known as the optical current [12], is proportional to its
Poynting vector, p o Re[E* X Fl] Yet, recent theoretical
studies, examining the generalized energy flow of light
fields with spin angular momentum, have provided inter-
esting examples where this is not the case [12,13]. More
specifically, the momentum density can be considered to
have an orbital and a spin component, p = p, + p,. The
orbital momentum p,, usually referred to as the linear
momentum, is proportional to the light field’s phase
gradient, while the spin momentum p, is proportional to
the field’s spin angular momentum.

The spin-momentum density p, was previously consid-
ered to be “virtual” because it exerts no force on a dipolar
particle [12,14,15]. However, this quantity has found
surprising relevance in the Mie regime, where scatterers
are sized approximately the wavelength of light. For
instance, a paraxial Gaussian beam carrying spin angular
momentum was shown to exhibit a vortex-shaped momen-
tum flow in the plane perpendicular to its propagation,
causing both orbital rotation and spin in an asymmetric
probe particle [16]. In addition, the spin-momentum
density of a tightly focused beam was indirectly probed
by measuring a particle’s asymmetric far-field scattering
[17]. In 2013 it was shown that evanescent waves exhibit an
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extraordinary, helicity-dependent momentum, manifesting
in a lateral force normal to the plane of incidence [3]. This
unusual lateral force rapidly attracted both theoretical and
experimental interest, and further work has uncovered
many analogous phenomena in chiral particles and more
complex field distributions [18-24]. A confirmation of the
existence of this lateral force was made in 2015 by
observing a helicity dependence in the total force acting
on a nanocantilever [25].

However, a quantitative match between experiment and
theory continued to be elusive. Such a measurement, to be
unambiguous, must be made in the three dimensions
simultaneously, using a probe whose geometry can be
analytically modeled. This type of measurement is funda-
mentally challenging because the lateral force is between
one and two orders of magnitude smaller than forces in the
in-plane directions.

In this Letter, we introduce a floating-probe force
spectroscopy technique with femtonewton resolution and
piconewton range, capable of simultaneous measurement
of a three-dimensional force field. The technique is
uniquely suited to optical force measurements and can
be tailored to generate a force map in a plane or a three-
dimensional volume. The instrument is pictured in
Fig. 1.

A microsphere trapped in three dimensions by a tightly
focused beam of light will experience a displacement due
to an applied optical force [26]. For small perturbations
relative to the particle’s equilibrium position, its response
may be modeled as an anisotropic, damped, harmonic
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FIG. 1.

(b)

Schematic depicting the excitation and detection setup in our experiment. (a) The excitation is provided by an evanescent

wave. The continuous wave (cw) laser generating this field (~100 mW, 785 nm) is blocked periodically (10-100 Hz) by a chopper. A
portion (~5%) of the modulated light is picked off to form a reference signal for lock-in position measurement. The rest passes through,
in order, a linear polarizer (LP), a half-wave plate (HWP), and a quarter-wave plate (QWP), which controls the polarization of the beam.
Backscattered light from the trap beam (660 nm cw) is used to determine the particle’s x and y displacement in volts. BAL-X and BAL-Y
are two balanced detectors whose positive and negative monitors are each fed half of the backscattered light, as sectioned by two D-
shaped mirrors (DM). The absolute separation z between the particle and the glass surface is determined by the light it scatters from a
totally internally reflecting, 637 nm detection beam, maintained at around 1 mW power. In the schematic, PD1 tracks this signal in volts.
(b) Detail showing the interaction of the trapped floating probe with the amplitude-modulated evanescent field, together with the
coordinate system used to describe the forces acting on the particle.

oscillator [27]. Thus, for a general driving force, X;(w) =
Xij(@)Fj(w), where F; is the complex force in the jth
spatial direction, X; the complex displacement, and y;; the
frequency-dependent mechanical susceptibility function,
where

()(_l(a’))ij = K;j + iwyjj. (1)

In our simplified model «;;, the stiffness tensor describing
the strength of the optical trap, and y;;, the directional
drag coefficient, are assumed to have no off-diagonal
elements. In other words, motions in the three spatial
dimensions are treated as uncoupled. We perform a phase
sensitive measurement of our probes displacement in
response to a periodically applied force against a large
thermal noise background [26]. Total variance in particle
position is a function only of the trap spring constant k

and the thermal energy kzT (o, = \/(kgT/x)). However,
the signal to noise ratio (SNR) of a band-limited
measurement of the probe position is independent of
k, a function of only temperature, drag, bandwidth Af,
and magnitude of the applied force F:

SNR = F,/+\/47ksTAf, (2)

where the denominator is the rms contribution of the
stochastic thermal force (Supplemental Material [28]).
Importantly, the SNR is also independent of frequency,

affording us the necessary freedom to conduct our
measurements at a central frequency of our choosing.
The trapped particle’s periodic response to the optical
driving force has an amplitude and relative phase
determined by the particle’s mechanical susceptibility,
as defined in Eq. (1). In the presence of mechanical
anisotropy, the trajectory generally takes on the form of a
tilted ellipse in 3D space [31]. Figure 2 shows such a
trajectory, along with its projections onto the three
orthogonal planes. From the particle’s complex response
(in amplitude and phase) in each dimension, a real force
can be extracted if the particle’s mechanical susceptibility
is known.

An evanescent wave generated by a beam with nonzero
helicity carries both longitudinal momentum in the direc-
tion of propagation (x) as well as spin momentum
perpendicular to the plane of incidence (y). Depending
on the properties of the scatterer, the interaction with these
momenta will generate different types of forces. An in-
plane (x-z) scattering force results from the transfer of
longitudinal momentum in the Mie scattering process. This
force is orders of magnitude larger than any possible out-of-
plane (y) lateral force which depends on the helicity of the
incident light [32].

Through the combination of a half-wave plate (HWP)
and a quarter-wave plate (QWP), any pure polarization
state of a light beam can be accessed. A continuous change
in polarization traces a path on the surface of the Poincaré
sphere. As Fig. 3 shows, a rotation of the HWP through 90°
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FIG. 2. Measured motion of the particle in response to a periodically on-off modulated optical force. The particle, subject to an on-off
optical force modulated in amplitude by a chopper set at 50 Hz, traces an ellipse in three dimensions due to the anisotropy of the
mechanical response. The response is cyclical with a period matching the square-wave fundamental frequency. (a) For a single force
measurement of 100 s duration, a particle’s average trajectory in 3D space, along with its projection onto each orthogonal plane is
plotted. Here the HWP angle was set to 0°. (b) The projection of a particle’s measured motion in the (x, y) plane as a half-wave plate is
rotated between 0° and 80°, in steps of 10°. Because of the mechanical system’s high degree of spatial symmetry in the (x, y) plane, the
particle’s motion is roughly aligned with the vector direction of the in-plane optical force. The effect of the optical field’s spin
momentum on the particle motion is evident here as a change in tilt of the particle’s projected trajectory in the (x, y) plane as the
evanescent field’s helicity is changed. The maximum displacement measured in the y direction is around 0.5 nm.

with the QWP fixed at 45° traces a great circle on the
Poincaré sphere while a rotation of the QWP through 180°
draws a figure eight. Both described trajectories pass
through the north and south poles of the sphere,
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corresponding to the right and left circular polarizations
of light, respectively.

The optical force fields derived by an exact, analytical
Mie scattering calculation assuming a 1 um diameter
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FIG. 3. Theoretical prediction of net force on a Mie particle as a function of the polarization state of an evanescent beam. (a) The
polarization traces take two different closed paths, orange line and blue line on the Poincaré sphere, depending on whether the half-wave
plate or quarter-wave plate is rotated, respectively. (b) The incident linearly polarized light, from the fiber, forms an angle @ = 40° with
the vertical (TM) axis. The half-wave plate is rotated by angle 6 from 0° to 180°, while the quarter-wave plate is fixed at f = 45°.
(c) Alternate path where the half-wave plate is fixed at § = 42.5° and the quarter-wave plate is rotated by angle € from 0° to 180°. It is
important to note that a, 3, and ¢ are fixed angles with different values. @ is the angle that is varied during a trace. In (b)—(c) the light is
propagating from left to right (f denotes the fast axis of the wave plates). (d)—(f) Mie theory prediction for the evanescent optical force
spatial components F, F, and F, respectively, as defined in Fig. 1(b), with parametrized paths shown superimposed (blue for QWP
and orange for HWP). The forces are normalized to the largest force (i.e., max F,).
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FIG. 4. Measured optical forces on two polystyrene spheres. F,/|F.| and F,/|F.|, the measured, normalized, optical forces, are
compared against their analytical predictions (black). The modulation frequency for the lock-in detection is 50 Hz. Although the wave
plate is mounted on a rotary mount, marked in 2° increments, its manual rotation introduces some additional uncertainty in the angle of
rotation. (Left) The light beam’s polarization state is changed along the blue line in Fig. 3, by rotating the quarter-wave plate from 0° to
180°. The particle has a measured radius of 1.4 um, its average height is 400 nm from the chamber surface, and the beam’s angle of
incidence is 63° from normal. The average measured value for F, is 257 fN towards the surface. The black curve showing the analytical
prediction for F,/|F.| has been scaled by a factor of 0.9 to fit our data; the bottom curve is not scaled. (Right) The light beam’s
polarization state is changed along the orange line in Fig. 3, by rotating the half-wave plate from 0° to 180°. This corresponds to two full
traces of the great circle on the Poincaré sphere. The particle has a measured radius of 1.3 um, its average height is 260 nm, and the
beam’s angle is the same at 63°. Average F, is 155 fN towards the surface. The top curve is scaled by 0.86 to fit our data; the bottom
curve is not scaled. (Center) Projection view shows the angular variation of the net force as the QWP (blue) and HWP (orange) are

rotated. Maximum angular change is around 7° for the QWP and 9° for the HWP. Line of sight is along the +z direction.

polystyrene (PS) sphere with index n = 1.58 and negligible
absorption are shown in Figs. 3(d)-3(f) as a function of two
independent polarization parameters y and ¢, which define
the polarization state of the incident field E:

E « sinyeqg + ¢ cosyery. (3)

where the ét); and &g unit vectors point in the TM and TE
polarization directions of a linearly polarized totally inter-
nally reflecting beam. et is the same as y in our coordinate
system. y, ¢ can be parametrized by the HWP and QWP
rotation angles (Supplemental Material [28]). We note that
while F',, the force along the evanescent field’s direction of
propagation, and F',, the force perpendicular to the surface,
are expected to depend only on y, the “lateral force,” F is
sensitive to changes in helicity, or ¢.

After calibration procedures (described in the
Supplemental Material [28]) which determine the system
mechanical parameters as functions of height (z), the bead
is held in a constant position, usually a few hundred
nanometers from the surface, maintained by several feed-
back control loops, while the polarization state of the
excitation beam is changed. Each data point is 100 s of
integration, and simultaneously determines all three com-
ponents of the optical force F, with femtonewton reso-
lution. Both 18-point sweeps reported in Fig. 4 were
obtained in a total of 30 min. Forces are normalized by
|F.|, the magnitude of the force in the vertical direction,
allowing our measurements to be independent of excitation

laser intensity. Plotted errors reflect rms thermal noise,
found to be around 3 fN in the lateral directions (F,,F) and
5 N in the vertical (F,). While the average attractive | F| in
these two sweeps was 257 and 155 fN for the QWP and
HWP measurements, respectively, the maximum force in
the lateral y direction was only around 10 and 7 fN: a ratio
of 25 to 1. These forces correspond to lateral displacements
of around 0.5 and 0.3 nm, respectively. From the ratios of
the three components of the optical force, we can build a
vector plot displaying the orientation of the net force in
space. In the center panel of Fig. 4, we plot on a unit sphere
the direction of the net force as QWP and HWP angles are
changed. The view is along the +z direction—from below
the particle. The inset shows in more detail the path of
angular variation. The maximum change in angle is about
7° for the QWP and 9° for the HWP.

Agreement with theory is within 10%, with the largest
systematic error contributed by uncertainty in particle
radius, which is deduced from least-squares fits to hindered
diffusion theory [33,34]. The fit is sensitive to uncertainties
in measured particle-surface separations. Additionally,
misalignment of our detection and excitation coordinate
systems, as well as a slight coupling between nominally
independent directions of motion, cannot be completely
avoided. This coupling is considered in detail in the
Supplemental Material [28].

Given the overall close agreement with theory, and the
compelling visual evidence of spin-momentum’s effect on
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the measured direction of net optical force, we feel confident
to report that we have made the first three-dimensional,
quantitative measurement of the helicity-dependent spin-
momentum force acting on a Mie particle, representing a
significant step forward in the systematic study of these and
other exotic optical forces. In doing so, we developed a novel
method to map a particle’s 3D interaction with an optical
field with volume scanning capabilities, piconewton
dynamic range and femtonewton force resolution.
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