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Helicity and Polarization Gradient Optical Trapping in Evanescent Fields
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Optical traps using nonconservative forces instead of conservative intensity-gradient forces expand the
trap parameter space. Existing traps with nonconservative helicity-dependent forces are limited to chiral
particles and fields with helicity gradients. We relax these constraints by proposing helicity and polarization
gradient optical trapping of achiral particles in evanescent fields. We further propose an optical switching
system in which a microsphere is trapped and optically manipulated around a microfiber using polarization
gradients. Our Letter deepens the understanding of light-matter interactions in polarization gradient fields

and expands the range of compatible particles and stable trapping fields.
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Optical trapping has wide applications in physics [1-5],
chemistry [6-8], biology [9,10], and materials science
[11-13]. The conventional mechanism of optical trapping
uses the gradient force, which is a conservative restoring
force arising from the intensity gradients of light [14].
In contrast, nonconservative forces, e.g., the scattering
force, tend to push the particle away from the trapping site
and are generally detrimental to optical trapping [15-19].
According to Earnshaw’s theorem, 3D optical trapping
using only nonconservative forces is impossible [20].
However, optical trapping using nonconservative forces
is still possible in lower-dimensional (1D or 2D) cases by
constraining particle motion on one or more axes [21-24].

In laser cooling and atom trapping, polarization gradient
cooling using counterpropagating waves with orthogonal
polarizations can exceed the Doppler limit to attain ultralow
temperatures [25-28]. Such light-matter interactions in a
polarization gradient field can realize interesting new
classes of optomechanical effects [29-40]. Chiral particles
can be trapped using counterpropagating waves with
orthogonal linear polarizations, where a helicity gradient
is produced even without intensity gradients [29]. The
counterpropagating waves cannot have orthogonal circular
polarizations, as that would produce a helicity-free polari-
zation gradient field with strictly linear polarizations, such
that chiral particles would not experience a helicity gradient
and cannot be trapped. Therefore, currently, helicity gra-
dient optical traps require light fields with helicity gradients
and chiral particles [29,30,41,42].

In this Letter, we propose and numerically demonstrate
helicity gradient optical trapping of achiral particles in the
evanescent fields near a flat surface and around the
circumference of an optical microfiber. Particles experience
a helicity-dependent lateral force in evanescent fields
[43-46]. Despite being nonconservative [15], this lateral
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optical force can act as a restoring force, enabling lateral
trapping when two orthogonal linear polarizations produce
a transverse helicity gradient. Furthermore, when ortho-
gonal circular polarizations are used, despite the transverse
input polarization gradient field being helicity-free, an
additional helicity gradient trapping force is generated
for resonant particles due to the polarization-dependent
phase-shift effect [44,47]. Finally, we propose an optical
switching system where we exploit this force to trap and
manipulate a microsphere around a microfiber by dynamic
control of polarization.

Consider an evanescent field from total internal reflection
(TIR) [Fig. 1(a)]. A particle in the evanescent field expe-
riences a lateral force F', in the transverse direction due to the
transfer of the transverse Belinfante spin momentum (BSM)
P? in the direction orthogonal to light propagation. Addi-
tional analysis is included in Secs. S2 and S3 in Supple-
mental Material [48], which includes Refs. [46,49-52].
The lateral force on a small probe particle in the evanescent
field is given by [46]

oncsz—%Vysx, (1)
where s, is the spin angular momentum (SAM) density
along the propagation direction. The helicity (o) is the
projection of the SAM onto the propagation direction and is,
thus, proportional to s, (6 « s,). The lateral optical force
then depends on the helicity in the evanescent fields. There
also exists a vertical BSM P§ (Fig. S1 [48]) which can
generate a polarization-dependent optical force in the
vertical direction to enhance, counteract, and even reverse
the gradient force in the evanescent field [Eq. (S5), Fig. S3,
and Sec. S4 [48]].
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In our configuration, two beams with planes of incidence
crossing at an angle of y are incident on the glass-water
interface, both at = 65° from the interface normal (larger
than the critical angle a. = 61°), so that they are totally
internally reflected. A larger @ makes the evanescent field
gradient in the y direction steeper and results in a larger
lateral force for trapping (Fig. S3 [48]). When the
two beams have orthogonal polarizations and the same
amplitude, they generate a polarization standing wave in
the transverse z direction. y determines the periodicity of
the standing wave. We choose y = 20°, which makes the
polarization variation periodicity around 1.8 pm. We can
use two orthogonal linear polarizations or two orthogonal
circular polarizations for the beams of helicity gradient
optical traps. Although the physical trapping mechanisms
in these two cases are different, both configurations can
achieve stable trapping.

For the first case, when orthogonal linear polarizations
with the same amplitude are used, the transverse polariza-
tion distribution is described by the Jones vector:

1 ) ) 1 —ik,z
J(z) = —= (Jree ™= + Jpye™?) = — <e >, (2)

\/§ \/Z eik:z

where k, = ksin a sin(y/2) is the transverse wave number.
k is the wave number of a single beam in the incident glass
medium. Jpg = () and Jpy = (Y) are the transverse
electric (TE) and transverse magnetic (TM) polarizations,
respectively, of the two incident beams. The transverse
variation of J(z) [Fig. 1(b)] is a great circle trajectory on the
Poincaré sphere [Fig. 1(c)]. The transverse variation of the
helicity is then o(z) = sin(2k.z).

Beams with orthogonal linear polarizations generate a
polarization distribution in the transverse direction where
the polarization cycles between linear and circular polari-
zation [Figs. 1(b) and 1(c)]. The corresponding helicity
varies periodically from positive to negative. Thus, the
helicity-dependent lateral optical force also varies in sign
periodically over the transverse direction, functioning as a
restoring force to trap particles at multiple transverse
positions. Particles are trapped in stable equilibria in the
locations at which the helicity changes from positive (c)
to negative (o~), since the lateral optical force is propor-
tional to the helicity (F, « o) [Fig. 1(b)]. In comparison,
conventional optical trapping is based on an intensity
gradient with particles trapped at intensity maxima due
to the gradient force (F, « VI).

In the vertical y direction, the evanescent field generates
a gradient force that attracts the particle to the interface.
Additionally, the scattering force will push the particle
along the light propagation direction (the +x direction), so
the particle is not trapped in the longitudinal x direction
with just a single pair of TIR beams. One can use another
two beams incident from the other side (the right-hand side,
with propagation in the —x direction) of the TIR system in
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FIG. 1. Helicity gradient optical trapping of particles in a total-
internal-reflection (TIR) system. (a) Two plane waves with
orthogonal polarizations are incident on the glass-water interface
(y < 01is glass, and y > 0 is water) both at an angle a from the
normal. The planes of incidence intersect at an angle of y.
A polarization standing wave is produced in the transverse
direction with spatially varying x-directed spin angular momen-
tum (SAM) s,.. (b) Mechanism of helicity gradient optical trapping
when the two incident beams have orthogonal linear polarizations.
(c) Polarization distribution in the transverse (z) direction repre-
sented on the Poincaré sphere. (d),(e) s, (d) and transverse BSM
P? (e) volume density distributions in the transverse plane. (f),(g)
Lateral optical force (f) and trapping potential (g) of a polystyrene
particle (diameter 200 nm) along the z direction when varying the
phase difference between the two beams. Black dotted lines in
(f) indicate zero lateral force (F, = 0). Purple dots in (g) indicate
trapping positions. The unit of the trapping potential is k3T, where
kg =138 x 1072 J- K=" and T = 293.15 K are the Boltzmann
constant and the temperature, respectively. For all simulations,
Nglass = 1.52, Nyer = 1.33, 7 = 20°, @ = 65°, 1 = 785 nm, and
intensity = 1 mW/pm? per beam.

Fig. 1(a) to cancel this scattering force and keep the particle
fixed in the longitudinal direction as well. The particle can
then be trapped in 3D within the evanescent field of the two
pairs of beams (it is not against Earnshaw’s theorem, since
we combine both conservative and nonconservative
forces [20]).

We perform 3D full-wave simulations of the TIR
system using a commercial finite-difference time domain
suite (Ansys Lumerical) to verify this theoretical model
(Sec. S1 [48]). The simulated SAM s, and BSM PS volume
density distributions are shown in Figs. 1(d) and 1(e),
respectively. We also calculate the lateral optical force
applied on a polystyrene nanoparticle with a diameter of
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FIG. 2. Helicity gradient optical trapping in the TIR system
using two orthogonal circular polarizations with identical am-
plitudes (intensity = 1 mW/pm? per beam). (a) Input and
effective polarization distributions on the Poincaré sphere for a
Mie particle. (b),(c) Lateral optical force (b) and trapping
potential (c) of a silicon nanoparticle (diameter 200 nm) for
different incident wavelengths. The nanoparticle supports electric
and magnetic dipole resonances. Black dashed lines in (b) indicate
F, =0. Purple dots in (c) denote stable trapping positions.
(d) Lateral optical force and trapping potential at the magnetic
dipole resonance wavelength (768 nm).

200 nm and a refractive index of 1.58 using the Maxwell
stress tensor (Sec. S1 [48]). The results are shown in
Fig. 1(f). The trapping potential U is related to the optical
force F through F = —VU. The corresponding optical
trapping potential is shown in Fig. 1(g). The trapping
potential depth for the polystyrene nanoparticle is
3.56 kzT. As shown in Fig. 1(g), the trapping positions,
indicated by the purple dots, can be tuned in the z direction
by varying the phase difference ¢ between the two beams.

For the second case, when the two beams in the TIR
system have orthogonal circular polarizations with the
same amplitude, the polarization distribution in the trans-
verse direction is described with the Jones vector:

J(Z) _ \/LE (JLCPe—ikzz + JRCPeik’Z) — (:i: ((]]:ZZZ)) ) , (3)

where Jicp = (1/v2)(}) and Jgcp = (1/V2)(’,) are the
left- and right-handed circular polarizations, respectively.

Orthogonal circular polarizations result in a rotating
linear polarization along the lateral direction that traces the
Poincaré sphere equator [the left in Fig. 2(a)]. The input
field in the lateral direction has a special polarization
gradient that is helicity-free [o(z) = 0], resulting in zero
lateral optical force for a small particle moving in the
transverse direction. Therefore, this helicity gradient opti-
cal trap does not trap small particles. However, we find this
helicity gradient optical trap can still achieve trapping for a

Mie particle at resonance (Sec. S5 and Fig. S4 [48]). This is
because there exists a polarization-dependent phase shift ¢,
between the TE and TM polarizations in the near field at
resonance (Sec. S6 and Fig. S5 [48]). The effective
polarization distribution can be described by the Jones
vector:

cos (k.z) > ’

sin (k,z)e®s

Jurlz) = ( 4)

which can be represented on the Poincaré sphere in the
right in Fig. 2(a). The corresponding effective helicity
transverse distribution is o, (z) = sin(¢;) sin(2k,z). This
phase shift (¢,) is not limited to Mie-type resonances.
Other resonances (e.g., whispering-gallery-mode resonan-
ces, to be introduced in the next section) also have this
phase-shift effect [47], which contributes an additional
helicity gradient for optical trapping. We call this a
polarization gradient optical trap to distinguish it from
the helicity gradient optical trap, since it does not use the
helicity gradients of incident fields for trapping.

To show trapping in a helicity-free field, we
calculate the optical force on a silicon nanoparticle
(diameter = 200 nm) when the two beams have orthogonal
circular polarizations. The silicon nanoparticle supports
electric and magnetic dipole resonances at wavelengths of
621 and 768 nm, respectively (Fig. S4 and Sec. S5 [48]).
The lateral optical force and trapping potential spectral
dependencies [Figs. 2(b) and 2(c)] reach 0.13 pN and
16.6 kzT at the resonant peak wavelength of 768 nm,
respectively [Fig. 2(d)]. To compare this helicity gradient
optical trapping with traditional intensity-gradient trapping,
we calculate the lateral trapping force of the same nano-
particle when the two beams have the same polarization,
generating a lateral intensity standing wave that produces a
smaller maximum trapping force of 0.09 pN.

To demonstrate the use of these polarization gradient
optical traps, we propose an optical switching system based
on a microfiber-microsphere configuration [Fig. 3(a)]. The
input microfiber is surrounded by four output microfibers
from which signal light (purple arrows) is collected.
The microsphere functions as a light coupler between
the input and output fibers when it is trapped between
them. The azimuthal trapping position of the microsphere is
dynamically controlled by the control light polarization
(red arrows), allowing it to behave as a light switch
(Supplemental Video [48]). We use two counterpropagat-
ing light beams in the input fiber as control light to cancel
out the scattering force in the axial direction. The control
light has a fiber mode (HE}, +HEj e) which is a
combination of two fundamental polarization-orthogonal
fiber modes HE], and HE}, with a phase difference ¢
between them. ¢ determines the control light polarization,
yielding RCP, LCP, and 4+45° diagonal polarizations when
¢ =r/2, —x/2, 0, and =, respectively.
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FIG. 3. Polarization gradient optical trapping in a microfiber-
microsphere system for optical switching. (a) Schematic of an
optical switching system. One input microfiber is surrounded by
four output microfibers. The purple circle indicates a whispering-
gallery mode. See the Supplemental Video [48] for a more
detailed demonstration of the optical switching system. (b) Polar-
izations in the y'z’ coordinate system at different azimuth
positions. The lateral direction is along the y’ direction tangent
to the input fiber. The input fiber and the microsphere are
represented by the yellow circle and the blue partial circle,
respectively. Four input polarizations (the polarization of the
control light in the input fiber) are considered: RCP, LCP, and
+45° diagonal polarizations. The polarization state in the y'z’
coordinate system varies with the microsphere’s azimuthal
position when the input polarization is noncircular.

Next, we explain the origin of the polarization gradient
and present the physical mechanism of microsphere optical
trapping in the input fiber’s azimuthal direction. We
consider a new y'z’ coordinate system [red dashed arrows
in Fig. 3(b)] which is obtained by rotating the yz coordinate
system [black arrows in Fig. 3(b)] with an angle
of 6.0 indicates the microsphere’s azimuth around the
input fiber. The optical lateral force F; on the microsphere
is along the y’ direction (tangential to the input fiber).
The input fiber polarization in the yz and y'z’ coordinate
systems is J, and J', respectively. We can obtain J'(6) by
performing a rotational transform of the input polarization
Jo: J(0) = R(—0)J,, where R(—0) = (—C:ii%scigfe) is the
clockwise rotation matrix.

When the input polarization is Jo =
(1/v/2)(/1)1, the polarization in the y'z’ coordinate system
is circular for any azimuth 0: J'(0) = (1/v2)e™?(),
as shown in Fig. 3(b). The polarization-dependent lateral
optical force remains the same when the microsphere
moves to different positions around the microfiber [white
dashed lines “RCP” or “LCP” in Fig. 4(a)], enabling an
orbiting motion. When the input polarization J, is not
circular, for example, £45° diagonal [J, = (1/v2)(,)],
the polarization in the ¥’z coordinate system is given by

circular
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FIG. 4. Simulation of polarization gradient optical trapping in
the microfiber-microsphere system. (a),(b) Lateral optical force
F, on the microsphere (a) and trapping potential (b) at different
azimuthal positions when varying the control light polarization.
The black dashed curves in (a) are the contour lines for F, = 0.
The four purple dots indicate trapping sites when input linear
polarizations are diagonal (£45°). Red dots in (b) indicate local
potential minima (trapping sites). The microfiber and micro-
sphere radii are 0.8 and 8.0 pm, respectively. The control light
wavelength is 1408.6 nm. (c) The transmission spectrum at the
output fiber when the microsphere is in a trapping state.
(d) Electric field distribution in the xz cross section at
A =1212.5 nm, the peak transmittance wavelength [green star

in (¢)].

30) = ks (cos (-0 i—j’) ) 5)

which varies with the azimuth 6, presenting a polarization
gradient in the azimuthal direction [Fig. 3(b)]. This
polarization gradient is similar to that of the TIR system
with orthogonal circular polarizations [Fig. 2]. An effective
helicity gradient is generated at microsphere resonance,
allowing it to behave as if it were in a helicity gradient
optical trap in the azimuthal direction.

The lateral force of the microsphere [Fig. 4(a)] yields
the azimuthal trapping potential around the microfiber
[Fig. 4(b)]. The microsphere will be trapped in azimuthal
positions with local trapping potential minima, which can
be controlled by changing the input polarization [red dots
are trapping sites in Fig. 4(b)]. The trapping position can be
tuned to almost any azimuthal position (except the four
local regions in these azimuths 6 = 0, z/2, x, and 37/2),
among which there are four most stable trapping local
regions near @ = z/4,3x/4, 5x/4, and 7z /4 [purple dots in
Fig. 4(a)]. When ¢ = n/2 (¢ = 37n/2), the microsphere
performs orbital rotation around the microfiber clockwise
(counterclockwise). The trapping and orbiting behavior as a
function of the polarization control phase ¢ is summarized
in the Supplemental Video [48].
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We further investigate the coupling efficiency of the
signal light from the input fiber to the output fiber through
the microsphere. The transmittance spectrum of the signal
light in optical switching is shown in Fig. 4(c). Figure 4(d)
highlights the electric field distribution in this structure at
the resonance wavelength of 1212.5 nm. The coupling
efficiency from the input fiber to the output fiber
reaches 59%.

In conclusion, we demonstrate the helicity gradient
optical trapping of achiral particles in evanescent fields.
The principle is generalizable to any system in which
evanescent fields exhibit polarization and helicity gra-
dients. Beyond planar TIR systems, fiber-based systems
with curved interfaces are also suitable compact deploy-
ment platforms [53,54]. Furthermore, propagating waves in
free space can be superimposed to approximate evanescent
field characteristics through superoscillations [55,56].
Wave-front-shaping devices like metasurfaces have also
been used to realize large phase, polarization, and intensity
gradients [33,57], suggesting that the formalism introduced
here may be extended to propagating optical fields as well.
This new mechanism opens a new front for light-matter
manipulation in optomechanics, potentially offering exten-
sive applications in integrated photonic systems [58—62].
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