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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.
DOI: 10.1103/PhysRevLett.120.223901

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 manipulation 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
⃗  × H.
⃗
Poynting vector, ⃗p ∝ Re½E
Yet, recent theoretical
studies, examining the generalized energy flow of light
fields with spin angular momentum, have provided interesting 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 ¼ ⃗po þ ⃗ps . The
orbital momentum ⃗po , usually referred to as the linear
momentum, is proportional to the light field’s phase
gradient, while the spin momentum ⃗ps is proportional to
the field’s spin angular momentum.
The spin-momentum density ⃗ps was previously considered 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 momentum 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
0031-9007=18=120(22)=223901(5)

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 fundamentally 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 threedimensional 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. 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 Dshaped 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, x̃i ðωÞ ¼
χ ij ðωÞF̃j ðωÞ, where F̃j is the complex force in the jth
spatial direction, x̃i the complex displacement, and χ ij the
frequency-dependent mechanical susceptibility function,
where
ðχ −1 ðωÞÞij ¼ κ ij þ iωγ ij :

ð1Þ

In our simplified model κij , the stiffness tensor describing
the strength of the optical trap, and γ ij , 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 p
trap
springﬃ constant κ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and the thermal energy kB T (σ x ¼ ðkB T=κÞ). However,
the signal to noise ratio (SNR) of a band-limited
measurement of the probe position is independent of
κ, a function of only temperature, drag, bandwidth Δf,
and magnitude of the applied force F0 :
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SNR ¼ F0 = 4γkB TΔf ;

ð2Þ

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 direction 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 inplane (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-ofplane (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.

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 μm diameter

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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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 α ¼ 40° with
the vertical (TM) axis. The half-wave plate is rotated by angle θ from 0° to 180°, while the quarter-wave plate is fixed at β ¼ 45°.
(c) Alternate path where the half-wave plate is fixed at δ ¼ 42:5° and the quarter-wave plate is rotated by angle θ from 0° to 180°. It is
important to note that α, β, and δ are fixed angles with different values. θ 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 Fx , Fy , and Fz , 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 Fz ).

223901-3

PHYSICAL REVIEW LETTERS 120, 223901 (2018)
0.65

0.6

Fx 0.6
|Fz| 0.55

Fx
0.5
|Fz|

0.5
0.45

x

50 30 10

0

40

80

120

0.4

160

-0.1

Fy
|Fz|

y

Fy
|Fz|

0
-0.1

0

40

80

120

160

0

40

80

120

160

40

80

120

160

-0.1

0

40

80

120

-0.1

160

x

50 30 10

0

40

80

120

0

160

0

QWP angle (degrees)

HWP angle (degrees)

y

FIG. 4. Measured optical forces on two polystyrene spheres. Fx =jFz j and Fy =jFz j, 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 μm, 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 Fz is 257 fN towards the surface. The black curve showing the analytical
prediction for Fx =jFz j 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 μm, its average height is 260 nm, and the
beam’s angle is the same at 63°. Average Fz 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 þz direction.

polystyrene (PS) sphere with index n ¼ 1.58 and negligible
absorption are shown in Figs. 3(d)–3(f) as a function of two
independent polarization parameters ψ and ϕ, which define
⃗
the polarization state of the incident field E:
⃗ ∝ sin ψ êTE þ eiϕ cos ψ êTM ;
E

ð3Þ

where the êTM and êTE unit vectors point in the TM and TE
polarization directions of a linearly polarized totally internally reflecting beam. êTE is the same as ŷ in our coordinate
system. ψ, ϕ can be parametrized by the HWP and QWP
rotation angles (Supplemental Material [28]). We note that
while Fx , the force along the evanescent field’s direction of
propagation, and Fz , the force perpendicular to the surface,
are expected to depend only on ψ, the “lateral force,” Fy is
sensitive to changes in helicity, or ϕ.
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 feedback 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 com⃗ with femtonewton resoponents of the optical force F,
lution. Both 18-point sweeps reported in Fig. 4 were
obtained in a total of 30 min. Forces are normalized by
jFz j, 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 (Fx ,Fy ) and
5 fN in the vertical (Fz ). While the average attractive jFz j 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 þz 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 spinmomentum 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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I.

EXPERIMENTAL SET-UP

The experimental set-up combines different optical systems. The optical tweezer is realized by means of a 660 nm
laser (Newport LQC660-110C) focused through a high-NA water immersion objective (Leica PL APO 63/1.20 W
CORR) with numerical aperture (NA) of 1.2. The trapping power is around 15 mW at the objective back aperture.
A water immersion objective is chosen so that a vertical piezo movement of the objective corresponds to an equal
size vertical displacement of the focal spot, permitting the scanning of a trapped particle in the direction normal to
the interface. The reflectivity of this glass-water interface is 0.5%. Even so, optical tweezing near such a surface is
difficult [1]. The optical trap confines a polystyrene bead floating inside a micro-fluidic chamber (25 µm deep), whose
bottom surface is covered with an anti-reflection coating made of a quarter wave layer of SiO2 (around 112 nm).
The bead-surface distance is measured with nano-metric accuracy by collecting the light scattered back by a lowintensity evanescent wave, generated by a laser beam (probe beam) at 637 nm (Thorlabs LP637-SF70) and shining the
micro-particle in total reflection mode. The back-scattered light by the probe beam is detected through a fiber-optic
confocal microscope. The light focused into the optical fiber is sent to a low-noise photodiode (New Focus 2151 with
a transimpedance gain of 2 × 1010 V/A), connected to a digitizer.
A dark field imaging of the trapping region was used to locate particles for trapping, to confirm the presence of
trapped particles and to check its shape and size. The same system is used for the alignment and focusing of the
pumping and probe lasers. The lateral position of the bead is determined by acquiring the back-scattered light from the
trap beam via two balanced detectors BAL-X and BAL-Y (Thorlabs PDB450A). Each of them is used to monitor the
displacement of the bead along one transverse direction. Two D-shaped mirrors cut, along each transverse direction,
the beam into two separate beams, feeding the positive and negative channels of the balanced detectors. The specific
balanced detectors were chosen over a quadrant photodiode or another off-the-shelf position sensing detector for their
significantly higher bandwidth, switchable gain, and favorable noise characteristics.
The position of the bead inside the chamber is controlled with high precision by using a vertical piezo-translator
screwed to the objective. The piezo translator movement can be adjusted manually or through a capacitive sensor that,
in turn, is connected to the objective lens. This allows for a very accurate positioning of the bead and measurement
of its relative displacement. The capacitive sensor signal is acquired by a feedback controller. The feedback can be
applied either on the signal, coming from the capacitive sensor, or on the voltage from the PD1 detector, in order to
keep the bead-surface distance constant.
A second, high intensity, 785 nm (Thorlabs LD785-SH300) evanescent wave exerts an optical force on the particle
in the (x, z)-plane. The focal spot is an ellipse with semi axes around 30 µm and 45 µm. A chopper modulates the
intensity of the pump beam, which is monitored by PD2. This signal as well as the signals from BAL-X , BAL-Y and
PD1 are digitized and recorded by a computer for lock-in signal processing. The pumping signal is focused on the
surface of the prism and its state of polarization is controlled by means of a rotating quarter wave plate (QWP) and
half wave plate (HWP), after passing through a polarizer to achieve a linear state of polarization. The applied force
in our case is the optical force from an evanescent field created by total internal reflection of an excitation beam (λ
= 785 nm ) whose state of polarization is known and can be continuously varied. The force, predicted by Mie theory
to have components in all three spatial dimensions [2], is turned on and off by modulation with a chopper. A portion
of this beam is picked off, redirected to a photodiode and digitized to form a reference wave with frequency matching
the fundamental frequency of the square wave. By multiplying the reference wave with the particle’s position signal,
the amplitude and phase of its response are extracted
from a large thermal noise background. This instrument is
√
capable of a sensitivity of approximately 10 fN/ Hz, corresponding to the thermal limit of measurement in water
when using a 1-2 µm diameter sphere under room temperature conditions [3]. To reach this level of sensitivity, the
detection system for the trapped particle’s lateral motion is separated from that of its vertical (or axial) motion. A
pair of balanced detectors measures the shift of the back-scattered trap beam in volts, caused by lateral motion of
the particle. For small displacements of the particle, the relationship between its position and voltage is linear, i.e.,
Vx (x) = C0,x x and Vy (y) = C0,y y. Typical conversion constants, C0 , are around 20 nm/V, but are dependent on
the height of the particle, as discussed later on in the Supplementary Information. A third voltage signal is observed
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0. Measured: Iz(t), Ix(t) and Iy(t)

1. Lock-in in z-direction

2. MSD fit z-directions

z(t)
x(t) = C0xIx(t), y(t) = C0yIy(t)
Ax , Ay , Az
γx , γy , γz
kx , ky , kz

z(t)
x(t) = C0xIx(t), y(t) = C0yIy(t)
Ax , Ay , Az
γx , γy , γz
kx , ky , kz

z(t)
x(t) = C0xIx(t), y(t) = C0yIy(t)
Ax , Ay , Az
γx , γy , γz
kx , ky , kz

5. Lock-in in x and y-directions
z(t)
x(t) = C0xIx(t), y(t) = C0yIy(t)
Ax , Ay , Az
γ x , γy , γ z
k x , ky , k z

4. MSD fit x and y-directions
z(t)
x(t) = C0xIx(t), y(t) = C0yIy(t)
Ax , Ay , Az
γ x , γy , γ z
k x , ky , k z

3. Hindered Diffusion fit z-direction
z(t)
x(t) = C0xIx(t), y(t) = C0yIy(t)
Ax , Ay , Az
γ x , γy , γ z
kx , ky , kz

FIG. S1: Analysis flow for determination of the unknown parameters. Panel 0 describes what is known at the start of this
analysis. The depicted experimental curves represent the voltage signals from the photo-detectors. The latter are used to acquire the
displacement of the particle along the z-, x-, and y- directions, respectively. Panel 1 refers to the lock-in algorithm applied to the signal
along the z-direction, allowing extraction of the bead displacement Az . Panel 2 refers to the best fit to mean-squared-displacement
(MSD) of particle position along the z-direction, to find the mechanical parameters γz and κz . Panel 3 refers to the fit to a hindered
diffusion model to obtain the viscosity γx and γy . Finally, in Panels 4 and 5 the mean-squared-displacement (MSD) fits and the lock-in
algorithm are applied along the x- and y-direction to determine the complete set of unknown parameters.

simultaneously, which tracks the particle’s absolute height, or z-position, where z = 0 is the contact point with the
glass surface. This signal is proportional to the total light scattered by the particle from a low-intensity (∼1 mW)
evanescent wave, and decreases exponentially as a function of z, i.e., Vz (z) = Vz (0)e−βz + B, where β −1 is the decay
length of the evanescent field (typical values of β −1 are around 280 nm) and B is a background term. With a confocal
collection scheme, which uses the diameter of a multi-mode optical fiber to establish a sensitivity region of a few
microns on the sample surface, B is made effectively zero in our system.

II.

DATA ANALYSIS AND ALGORITHMS

The main unknown parameters in our system are the calibrated positions, lock-in amplitudes, damping coefficients
and trap stiffness along three spatial directions. These are defined by following a sequence of steps that are depicted
in the flow chart in Fig. S1. In step 0, a calibration along the normal direction is performed in order to determine
the coefficients for the absolute position detection of the particle above the surface. In detail, the back-scattered
light Iz (t) from the probe laser is acquired during a scan of few microns from top-down, until reaching the bottom
surface of the microfluidic chamber. The scan of the particle is performed by moving the objective lens screwed to the
piezo-electric system. The relative position of the bead is recorded with nanometric accuracy through a capacitive
sensor connected to the lens. The logarithmic relation between the intensity Iz (t) and the calibrated position (see
equation (1)) is used to find the absolute position of the bead above the surface, according to the procedure reported
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in Ref. [1].


Iz (t) − Ic
1
z(t) = − ln
β
I0

(1)

(β −1 is the probe decaying length and I0 , Ic are fitting parameters). In step 1, by exploiting the lock-in detection in
the z-direction, it is possible to retrieve the complex value of the particle displacement Az induced by the pumping
beam. The lock-in measurement is a technique used to estimate the amplitude and phase of a sinusoidal signal hidden
in a noisy environment, by exploiting the orthogonality of sinusoidal functions. The signal carrying the information
is multiplied by a reference signal and integrated over a specified time. In our system, the output of the monitor
photo-diode (PD2) which records the intensity of the chopper-modulated pump beam serves as reference signal. The
algorithm generates a sine wave with unity amplitude which is in-phase with the square wave with a fundamental
frequency equal to the frequency of modulation. The noisy (discrete) signal zi is multiplied by the complex reference
signal, exp[iφi ], resulting in the complex lock-in signal li = 2zi exp[iφi ]. In order to correct for the phase delay caused
by differences in the signal pathways between the pump monitor photodiode and the TIRM detection photodiode,
a specific calibration was implemented to directly measure and compensate the phase delay in the data analysis [3].
The output of the lock-in algorithm corresponds to the amplitude of the signal at the fundamental frequency. More
details about the lock-in algorithm used to extract the bead displacements along each direction are reported in [3].
In step 2, shown in Fig. S1, a fit of the Mean-Squared Displacement z(t) is performed at the pumping modulating
frequency ωL . The fit is realized for each height acquired during a sweep along the normal direction with steps of 100
nm, starting from a position close to the surface. The displacement of the bead is controlled by the feedback system
(PID),working on the capacitive sensor signal. From this fitting it is possible to evaluate the spring constant kz (z)
and the viscous drag γz (z) along the normal direction. In detail, the position power spectral density (PSD), Sz (w),
pictured in Fig. S2, is defined as the Fourier transform of the auto-correlation function hz(t)z(0)i,
Z ∞
Sz (w) =
dteiωt hz(t)z(0)i
(2)
−∞

The position autocorrelation function is then related to the mean-squared displacement (MSD) by:
MSD = h(z(t) − z(0))2 i = 2hz 2 i − 2hz(t)z(0)i

(3)

where hz 2 i is the variance of the function z(t). For a Brownian particle in an optical trap driven by an oscillating
force at frequency ωL , ignoring inertial effects, the mean square displacement is given by:
MSD(t) =

i
2kB T h
2
1 − e−t/τc + (2Az ) [1 − cos(ωL t)] ,
κz

(4)

where τc = γz /κz . The damping coefficient γz and trap stiffness κz are extracted for each height by a least-squares
fit to the MSD of the Brownian particle, with lock-in amplitude Az and frequency ωL set to the values determined
using the lock-in algorithm. The damping coefficients distribution along the normal direction is in turn fitted with
the theoretical prediction reported in [4, 5] in order to find the radius of the particle.
In step 3 (see Fig. S1), taking advantage of the relation between the damping coefficients γz and γx , γy of a spherical
particle immersed in a fluid, the hindered diffusion coefficients along x- and y-directions are computed as a function of
height. More details can be found in [4, 5], where Brenner and Goldman derived expressions for the height-dependent
viscous drag γz (z) in the direction perpendicular to the wall and in the directions parallel to the wall γx and γy , for
slow motion of a microsphere in fluid in close proximity to a hard surface with no-slip boundary conditions [4].
As highlighted in step 4 (Fig. S1), once the viscous drag coefficients are known along the transverse directions, by
fitting again for each height the Mean-Squared Displacement along x- and y-directions (see Fig. S2), it is possible to
determine the spring constants kx (z), ky (z) and the calibration constants C0x (z), C0y (z), as a function of height. The
latter represent the linking between the acquired voltage and real bead displacements. In the final step 5, through
the lock-in detection and the previous calibration parameters, the displacements of the bead Ax and Ay are obtained.
III.

ALIGNMENT PROCEDURES AND DEFINITION OF EQUILIBRIUM HEIGHT

Before performing each lateral force measurement, a sequence of steps must be followed in order to align and
calibrate all the optical elements involved in the measurement. The first step concerns the alignment of the back
reflected signal, collected by the objective lens and scattered from the probe beam, with the low-noise photodiode
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FIG. S2: Power Spectral Density (PSD) and Mean-Squared Displacement (MSD) in the z-direction (blue curve), x-direction
(red curve) and y-direction (orange curve), reported in sequence. Pictured are raw data, running average and the predicted PSD based
on fit to Mean-Squared Displacement curve. The chopper modulation frequency is set to 50 Hz.

(PD1) used to monitor the normal position of the bead. This is required in order to focus the scattered beam into
the core of the fiber used in the fiber-optic confocal microscope. Subsequently, the balanced detectors are aligned by
checking the level of differential voltage and the shape of the spots, cut by D-shapes mirrors, in each of the positive and
negative monitor channels. Both the probe and pumping laser need to be aligned before each acquisition. In particular,
the alignment of the pumping laser, used to transmit the force to the micro-bead, requires more attention, as the bead
must be centered accurately in the spot of the pumping laser in order to avoid additional gradient forces along the
transverse directions and to reduce any coupling along the three directions. To this aim, micrometer translators are
used, following the same procedure used to align the signal from PD1. An additional check is performed to insure no
drift of the pumping spot during the rotation of the waveplates, used to control the state of polarization. A possible
shift of spot size could change the force exerted on the bead and introduce additional error in the measure of the
lateral force with coupling between all forces. After alignment, the next steps require the calibration of positions, the
definition of damping coefficients and trap stiffness along the three spatial dimensions, following the diagram reported
in Fig. S1.
Particular attention was paid to reducing each form of noise. The intensity stability of the laser sources and
thermal drifts of objective and optical stages were measured. These could affect the accuracy of the bead position
during the measurements. All the measurements were performed in darkness with air conditioning systems off and
while applying active vibrational isolation. In addition, electronic noise was tested over the entire bandwidth of
acquisition, also checking any form of electronic coupling between the acquisition channels. The measurement of the
forces was carried out at a fixed height of the bead relative to the surface. That position was chosen in order to
have a stable optical trap and a small level of coupling between the forces and the bead displacements. The main
sources of coupling are essentially: i) the geometrical tilt of the mechanical stages and ii) the presence of forces, acting
on the bead, that are dependent on the spatial coordinates Fi (x, y, z) with i = x, y, z. In particular, the tilt of the
chamber stage can introduce a misalignment between the optical trap and the evanescent pumping beam (see Fig. S3).
Any misalignment between the axis of the optical trap and the direction normal to the surface of the prism, makes
the spring constant and viscosity tensors of the optical trap asymmetric. As a consequence, the displacements and
forces along each direction become coupled. In addition to that, an inhomogeneous spatial dependence of the forces
Fi (x, y, z) affects the coupling and stability of the bead position, especially along the normal direction. In fact, along
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FIG. S3: The effect of misalignment of the prism and pumping beam.a, Configuration in which the optical trap axis and the
pumping laser axis, are aligned along the direction normal to the prism surface. b, Small mechanical tilts of the stage, especially along
the direction of the helicity-dependent force, induce small misalignment between the optical trap and the pumping beam axes, inducing
coupling between forces and displacements along directions. c, A possible source of coupling between forces acting on the bead is the
misalignment between our detection and excitation coordinate systems. In panel c we report the top view of the prism with a bead
trapped. A small tilt between the wave-vector of the incident pumping laser (red arrow) and the directions of experimental detection
scheme (x-axis) leads to a coupling between the pressure force (along the x-direction) and helicity-dependent force (along the y-direction).
the z-direction the total intensity distribution is the superposition of the exponential decay of the pumping beam
combined with a small intensity standing wave pattern (whose periodicity is related to the trapping laser wavelength),
due to the small reflections coming from the surface. Therefore the potential energy distribution is varying along the
normal direction. During the bead positioning, the parabolic potential of the trap is interacting with the z-dependent
standing wave potential. As a consequence, by changing the position of the potential trap along z, we can get stable
or unstable optical trapping, due to the presence of multiple local minima in the potential energy distribution (see
Fig. S4).
Trapping potential Ut
Trapping
beam

Pumping
beam

Potential

Standing wave potential Uext

Height
Surface
Stable

Unstable

FIG. S4: Instability of the trapped particle due to small reflections of the trapping beam. left, The total intensity
distribution detected by the bead, is the superimposition of the exponential decay of the pumping beam combined with a small intensity
standing wave pattern, generated by the reflections coming from the prism surface. right, Potential energy distribution as a function of
height. By moving the trapping potential, the interaction with the standing wave potential can give rise to stable or unstable
configurations.

Due to the thermal motion and the presence of a gradient force, the bead can jump from one minimum to other,
making the bead position unstable and the displacements along the three directions coupled. According to the above
considerations, in order to find a stable position with a low level of coupling, we measured both the behavior of
the spring constants kx (z),ky (z), kz (z) along the normal direction and, for each height, the maximum value of the
normalized cross-correlation function, Cij (τ ) between the displacements along the 3 directions:
rij (τ )
Cij (τ ) = p q , i, j = x, y, z,
σi2 σj2

(5)

The terms ri,j (τ ) and σi2 , σj2 are the cross-correlation function and the variances of displacements acquired along i
and j directions, respectively. The acquisition time for each displacement is 100 seconds with the pumping laser
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turned off. Both kz (z) and max[Cij (τ )] are dependent on the distance from the surface and are characterized by an
oscillating behavior due to the interference pattern generated by the reflections (see Fig. S4). The spring constant is
related to the stability of the bead, as highlighted by the Equipartition Theorem, according to which higher spring
constants allow for a lower variance of the displacement and consequently a higher stability of the bead position:
1
1
KB T = kz < z 2 >
2
2

(6)

In the same way, higher stability corresponds to a lower level of coupling between the displacements of the bead along
all the directions, as confirmed by Fig. S5. The final position of the bead is then determined by choosing the height
closest to the surface, which insures a high value of spring constant and low level of coupling, as reported in Fig. S5.
After fixing the position of the bead, during the force measurements, the level of power density of the pumping beam
was set in order to reduce the gradient force of the evanescent field, pushing the bead towards the surface.
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FIG. S5: Experimental retrieval of the spring constants and cross-correlation function versus height. (left) Fitted trap
stiffness kx , ky and kz as a function of height for a 1.3 µm radius PS particle, (right) Plot of the maximum value of the normalized
cross-correlation function between the x-, y- and z-directions as a function of bead-surface distance. The height chosen was around 450
nm. Although the position ensures a low level of coupling, a residual coupling is still present due to small misalignment of our detection
and excitation coordinate systems, as well as a slight coupling between nominally independent directions of motion, that cannot be
completely avoided as previously highlighted.

IV.

NOISE IN FORCE MEASUREMENT

In a lock-in measurement, when a force oscillating at the frequency ωL is applied, the motion of the particle can
be described by the relation:
x(t) = x0 sin (ωL t + θ) + xn ,

(7)

where x0 =| χ(ωL ) |, θ = arg(χ(ωL ) and xn is the thermal, non-deterministic component of the particle motion. The
in-phase lock-in signal is obtained by low-pass filtering the lock-in signal l(t), where
l(t) = 2x(t) sin (ωL t + θ),

(8)

and the low-passed lock in signal, L(t) ≡ l(t) ⊗ B(t), has mean of x0 . The function B(t) is a rectangular window
function with width tm and area 1. The standard deviation of L can be found by determining the Power Spectrum
Density (PSD) Sln of the random component of l(t), after writing l(t) = ls + ln , with ls = 2x(t) sin2 (ωL t + θ) and
ln = 2xn sin (ωL t + θ). The PSD of ln can be written in terms of the PSD of xn as:
Sln = 2len len∗ = Sxn (ω + ωL ) + Sxn (ω − ωL )

(9)

ln = xn (eiωL t+iθ + e−iωL t−iθ )

(10)

by noting that:
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from which follows that the Fourier transform of ln is equal to:
len = eiθ x
en (ω − ωL ) + e−iθ x
en (ω + ωL )

(11)

The variance of the lock-in force measurement is then:
var(L) = Sln (ω = 0)/2tm = Sxn (ωL )/tm ,
from which follows that the standard deviation of the force is:
p
p
σF = 4γKB T /tm = 4γKB T ∆f
V.

(12)

(13)

PARAMETRIZATION OF ROTATION ANGLES OF QWP AND HWP

The optical force fields derived by the exact, analytical Mie scattering numerical modeling were computed as a
function of two independent polarization parameters ψ and φ, defined by the following equation:
~ ∝ sin ψêT E + eiφ cos ψêT M ,
E

(14)

By means of these two variables it is possible to describes each state of polarization of the incident wave. According to

êTM
f

Einc

θ

êTE
s

FIG. S6: Definition of the coordinate system used to define the analytical expressions for the parametrization of the
coordinates φ and ψ as a function of the waveplate rotation angle, θ
Fig. S6, in which we defined i) the angle θ between the incident linearly polarized wave and the orientation of fast (f )
axis, ii) the directions of the unit vectors êT M and êT E and iii) the orientation of fast (f ) and slow (s) axes, we can
define the analytical expressions for the parametrization of these coordinates φ and ψ as a function of the waveplate
rotation angle, θ, as follow:
p
sin ψ = (cos θ sin θ + cos θ2 )2 − (cos θ sin θ − sin θ2 )2
(15)

cos ψ =

p

ψ = tan−1 (

VI.

(cos θ sin θ − cos θ2 )2 − (cos θ sin θ + sin θ2 )2

(16)

sin θ(cos θ − sin θ)
sin θ(cos θ + sin θ)
) − tan−1 (
)
cos θ(sin θ + cos θ)
cos θ(sin θ − cos θ)

(17)

MOTION OF THE PARTICLE IN X-Y PLANE

In Fig. S7 we report the forces in the three directions in relation to the Fz force. The black curves are the analytical
predictions for Fx /|F z| and Fy /|F z|, whereas the points are the experimental values measured at the modulation
frequency of 50 Hz for the lock-in detection. The orange points highlighted in the figure represent the data points
plotted in the (x, y)-projections in Fig. 2, measured by rotating the half-wave plate between 0 and 80 in steps of 10.
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FIG. S7: Forces in the three directions reported in relation to Fz . The black curves are the analytical predictions for Fx /|F z|
and Fy /|F z|, whereas the points are the experimental values measured at the modulation frequency for the lock-in detection around 50
Hz, by rotating the Half Wave Plate.

VII.

OPTICAL FORCE ON A MIE PARTICLE IN AN EVANESCENT FIELD

To calculate the optical force on dielectric particles with sizes on the order of the wavelength of light, one needs
to solve the Mie scattering problem. As shown in [6], the integral of the Maxwell stress tensor can be expressed
as a function of the Mie scattering coefficients. The optical force that acts on a dielectric particle in an evanescent
field can thus be evaluated using an algebraic combination of the scattering coefficients. Using this algorithm, the
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time-averaged attractive, longitudinal, and transversal forces were calculated as
s
∞
l
−α2 X X
(l − m + 1)(l + m + 1)
hFx i
=Im[
l(l + 2)
a2 0 E02
2
(2l + 1)(2l + 3)
l=1 m=−l

× (2n2w al+1,m a∗l,m + n2w al+1,m A∗l,m + n2w Al+1,m a∗l,m
+
+

(18)

2bl+1,m b∗l,m

∗
+ bl+1,m Bl,m
+ Bl+1,m b∗l,m
∗
nw m(2al,m b∗l,m + al,m Bl,m
+ Al,m b∗l,m ))].

∞
l
iα2 X X
hFz i
=Im[
a2 0 E02
4

s

l=1 m=−l

(l + m + 2)(l + m + 1)
l(l + 2)
(2l + 1)(2l + 3)

× (2n2w al,m a∗l+1,m+1 + n2w al,m A∗l+1,m+1 + n2w Al,m a∗l+1,m+1
∗
+ 2bl,m b∗l+1,m+1 + bl,m Bl+1,m+1
+ Bl,m b∗l+1,m+1 )
s
(l − m + 1)(l − m + 2)
l(l + 2)
+
(2l + 1)(2l + 3)

(19)

× (2n2w al+1,m−1 a∗l,m + n2w al+1,m−1 A∗l,m + n2w Al+1,m−1 a∗l,m
∗
+ Bl+1,m−1 b∗l,m )
+ 2bl+1,m−1 b∗l,m + bl+1,m−1 Bl,m
p
− (l + m + 1)(l − m)nw
∗
× (−2al,m b∗l,m+1 + 2bl,m al,m+1 − al,m Bl,+1

+ bl,m A∗l,m+1 + Bl,m a∗l,m+1 − Al,m b∗l,m+1 )],
∞
l
hFz i
iα2 X X
=Re[
a2 0 E02
4

s

l=1 m=−l

(l + m + 2)(l + m + 1)
l(l + 2)
(2l + 1)(2l + 3)

× (2n2w al,m a∗l+1,m+1 + n2w al,m A∗l+1,m+1 + n2w Al,m a∗l+1,m+1
∗
+ 2bl,m b∗l+1,m+1 + bl,m Bl+1,m+1
+ Bl,m b∗l+1,m+1 )
s
(l − m + 1)(l − m + 2)
+
l(l + 2)
(2l + 1)(2l + 3)

(20)

× (2n2w al+1,m−1 a∗l,m + n2w al+1,m−1 A∗l,m + n2w Al+1,m−1 a∗l,m
∗
+ 2bl+1,m−1 b∗l,m + bl+1,m−1 Bl,m
+ Bl+1,m−1 b∗l,m )
p
− (l + m + 1)(l − m)nw
∗
× (−2al,m b∗l,m+1 + 2bl,m al,m+1 − al,m Bl,+1

+ bl,m A∗l,m+1 + Bl,m a∗l,m+1 − Al,m b∗l,m+1 )].
Here α is a dimensionless particle size parameter defined as: α = k0 nw a, where k0 is the free-space wave vector
(k0 = 2π/λ0 ), a is the radius of the spherical particle, and nw is the refractive index of water (nw = 1.33).
The Mie scattering coefficients Al,m , Bl,m , al,m and bl,m in the previous equation are related to the incident
(superscript (i)) and the scattered (superscript (s)) fields and are defined by:
Er(i) =

∞
l
a2 E0 X X
l(l + 1)Al,m ψl (nw k0 r)Yl,m (θ, φ),
r2

(21)

∞
l
a2 H0 X X
l(l + 1)Bl,m ψl (nw k0 r)Yl,m (θ, φ),
r2

(22)

∞
l
a2 E0 X X
(1)
l(l + 1)al,m ξl (nw k0 r)Yl,m (θ, φ),
r2

(23)

∞
l
a2 H0 X X
l(l + 1)bl,m ξl (nw k0 r)Yl,m (θ, φ),
r2

(24)

l=1 m=−l

Hr(i) =

l=1 m=−l

Er(s) =

l=1 m=−l

Hr(s) =

l=1 m=−l
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where Yl,m (θ, φ) are the spherical harmonics, ψl (r) = rjl (r) with jl (r) the spherical Bessel function, and ξl (r) =
(1)
(1)
rhl (r) with hl (r) the spherical Hankel function of the first kind. The infinite series was truncated at a value l
for which the relative magnitude of the optical force contribution dropped at least below 10−7 . This lower limit on l
highly depends on the size of the particle. In practice, we truncated the series at l = 30, a value large enough for all
particle sizes considered in our experiments.

VIII.

DETAILS OF EXPERIMENTAL PARAMETERS IN FIG. 2 AND FIG. 3

Fig 2, number Frequency (Hz) Height (nm)
1
46
175
2
46
500
3
5
300
4
11
600
5
5
220
6
11
220
7
5
130
8
11
150
Fig 3, number Radius (µm) Height (nm)
1
1.1
150
2
1.1
475
3
1.5
230
4
1.5
650
5
2
280
6
2
560
7
2.8
120
8
2.8
550
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