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Spin-orbit interactions in evanescent fields have recently attracted significant interest. In particular,
the transfer of the Belinfante spin momentum perpendicular to the propagation direction generates
polarization-dependent lateral forces on particles. However, it is still elusive as to how the polarization-
dependent resonances of large particles synergize with the incident light’s helicity and resultant lateral
forces. Here, we investigate these polarization-dependent phenomena in a microfiber-microcavity system
where whispering-gallery-mode resonances exist. This system allows for an intuitive understanding and
unification of the polarization-dependent forces. Contrary to previous studies, the induced lateral forces at
resonance are not proportional to the helicity of incident light. Instead, polarization-dependent coupling
phases and resonance phases generate extra helicity contributions. We propose a generalized law for optical
lateral forces and find the existence of optical lateral forces even when the helicity of incident light is zero.
Our work provides new insights into these polarization-dependent phenomena and an opportunity to
engineer polarization-controlled resonant optomechanical systems.
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The coupling between spin angular momentum (SAM)
and orbital angular momentum (OAM) has attracted great
interest in optics and physics in general [1-10]. The
conversion from SAM to OAM of light has been made
possible using anisotropic metasurfaces [3,9]. This transfer
can also occur in other inhomogeneous media, including
planar interfaces [11,12], and even in nonparaxial fields
or paraxial fields with intensity gradients [7,10,13—-19], and
evanescent fields [20-26]. The interaction between light’s
spin and angular momentum not only reveals fundamental
properties of light, but may also offer possibilities to
produce new optical forces and optomechanical effects.
The optical orbital rotation of particles using a strongly
focused beam with circular polarization has been achieved
due to the OAM converted from SAM in nonparaxial fields
[13,14]. Optical lateral forces can be generated during
the spin-orbit angular momentum interaction. Such forces
have been widely used to sort chiral particles [27-31] and
drive micromachines [32-36]. Because of the spin-Hall
effect, light scatters to one side transverse to the propaga-
tion direction, depending on the helicity of incident light
[1,5,6,8,37-39]. This asymmetric effect results in optical
lateral forces [40,41].

In an evanescent field, a transverse spin momentum,
also called the Belinfante spin momentum (BSM), can be
produced by circularly polarized light because the spin
density in the evanescent field is inhomogeneous [23]. The
BSM is one component of the field momentum P defined as
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P = Re(E* x H)/2¢? = P? + PS5, where P? is the orbital
momentum, proportional to the phase gradient and PS is
the BSM originating from the spin inhomogeneity. This
BSM can exert a polarization-dependent optical lateral
force on particles [42]. Note that the BSM does not exert
force on a particle in the dipole approximation [43,44],
but it has been shown to induce lateral forces on particles in
the Mie regime [21-23].

In this Letter, we establish a comprehensive model of
the BSM-induced optical lateral force in the context of a
microfiber-microcavity system. Previous studies have
shown that for lateral forces to occur, the incident light
must have a helicity or the particle must be chiral. But this
may not always be the case. Optical lateral forces induced
on large particles may behave differently, e.g., significantly
enhanced at the resonance condition [45-54]. For large
particles at resonances, lateral forces may exist when light’s
helicity is zero while the particle is achiral. Besides,
previous research on optical lateral forces mainly focused
on the near fields on a flat surface [21-23]. In this respect,
the circular geometry of optical fibers provides an exciting
platform to investigate BSM-induced lateral forces and
spin-orbit interactions [20]. Recently, the light-induced
rotation of micro-objects and nano-objects around optical
fibers has been demonstrated experimentally [55-57].
However, a comprehensive and intuitive understanding
of BSMs in an evanescent field on a circular surface and
their interaction with resonant particles remains elusive.
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Consider a microfiber-microcavity system, as shown
in Fig. 1(a). The fundamental modes guided in the micro-
fiber are HE], and HE?, with the polarized electric field
along the y and z direction, respectively (Fig. S1 in the
Supplemental Material [58]). An elliptically polarized
mode HE;, + ¢/’HE;, can be formed by superposing the
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FIG. 1. A generalized law for polarization-dependent optical
lateral forces at resonances. (a) Schematic of a microfiber-
microcavity system. Two counterpropagating modes with the
opposite helicity (forward, o = + sin ¢; backward, 6 = — sin ¢)
are input. The radius of the microfiber r; and the microcavity r; is
1.33 and 5.32 pm, respectively. The refractive index of the
microfiber n.., the microcavity n,, and the environment (water)
Neag 18 1.45, 1.68, and 1.33, respectively. The gap between the
fiber and the microcavity is 133 nm. (b) Electric field amplitude
spectra inside the microcavity for the HE{, and HE;, modes. 4,
(1048.6 nm) and 4, (1057.7 nm) are the resonance wavelength of
the HE}, and HEj, modes, respectively. (c) Calculated optical
lateral force F, gradient force F';, and scattering force F; on the
microcavity when ¢ = z/2. (d) Schematic shows two polariza-
tion-dependent phase shifts. A¢,., the coupling phase shift when
light couples from the fiber to the microcavity; A¢wgm, the
WGM resonance phase shift. For simplicity, light incidents from
the right-hand side (the principle keeps the same when light
incidents from the left-hand side). (e) Calculated optical lateral
force on the microcavity. (f) Calculated optical lateral force for a
nanoparticle with r; = 250 nm. The black dashed lines in (e) and
(f) are the contour lines for F; = 0 because the helicity of incident
light (f) or the effective helicity after considering the phase shift
effect (e) is zero on these lines. (g) Calculated gradient force on
the microcavity.

two polarization-orthogonal fundamental modes (HE;; and
HE$,) with a phase difference ¢ determining the helicity
o = +Im(e'?) = £sin¢ (6 = +sin¢ for forward propa-
gation and ¢ = — sin ¢ for backward propagation) [62,63].
This mode is called the right-circularly polarized mode
when ¢ = +x/2 and the left-circularly polarized mode
when ¢ = —x/2.

To cancel out the axial scattering force and fix the
microcavity’s position along the microfiber direction, two
counterpropagating modes are injected into the fiber. The
light is coupled from the microfiber to the microcavity
through the evanescent field and forms the whispering-
gallery mode (WGM) inside the microcavity at the reso-
nance wavelength. To eliminate reflections from the fiber
ends, the latter can be immersed in an index-matching
liquid. The spectrum of the electric field amplitude inside
the microcavity is shown in Fig. 1(b). The resonance
wavelengths are different for the input mode HE;, and
HES, because the effective indexes of the excited WGMs
in the microcavity are not the same for different polar-
izations. The electric field distributions of the microfiber-
microcavity system at the resonance wavelengths are
shown in Fig. S9 of the Supplemental Material [58].
We use the 3D finite-difference time-domain method to
simulate the electromagnetic fields of the microfiber-
microcavity system. The optical forces or torques are
calculated using the Maxwell stress tensor method
(Sec. S1 of the Supplemental Material [58]).

We now calculate the optical forces when the forward
and backward propagating modes are right- (¢ = 1) and
left- (6 = —1) circularly polarized, respectively. In this
case, the helicity of the forward and backward propagating
modes are opposite, which is to ensure that the optical
lateral forces (F,) induced by forward (F, « o) and back-
ward (F; x —o) do not cancel out, in agreement with the
previous studies [23]. As shown in Fig. 1(c), the total
optical scattering force along the propagation direction (F)
is nullified, as intended. The gradient force (F ) between
the microfiber and the microcavity is negative at most
wavelengths, functioning as an attractive force between the
microfiber and microcavity. However, a positive gradient
force with a smaller amplitude appears at specific wave-
lengths, indicating a repulsive force between the microfiber
and microcavity. This repulsive force in the evanescent
field has also been found for metal nanoplates [64] and
ring resonators [65].

Next, an optical lateral force (F,) exists in the transverse
direction of the microfiber. We provide three perspectives
including the BSM (Fig. S5 [58]), the spin-to-orbital
angular momentum conversion (Fig. S8 [58]), and the
optical spin-Hall effect (Fig. S10 [58]) to understand the
origin of this lateral force in the optical fiber system
(Sec. S2 and Fig. S1 [58]). Interestingly, this optical lateral
force is positive at one resonance wavelength (4;) and
negative at the other resonance wavelength (4,) [Fig. 1(c)].
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We also find that the asymmetric scattering from the
cavity happens at these two resonance wavelengths. Light
scatters more to the left (right), resulting in a positive
(negative) optical lateral force at the resonance wave-
length 4; (4,) (Fig. S10 [58]). From this aspect, the origin
of this lateral force is similar to the previously reported
substrate-induced recoil force [66]. It is well known that
this optical lateral force is polarization dependent. Here
we find that it also depends on the wavelength. The
underlying mechanism is the polarization-dependent
phase shift effect due to the resonance [Fig. 1(d)],
discussed in more detail in the next paragraph.

To investigate the polarization dependence of the
optical forces, we change the helicity of input modes.
The calculated optical lateral force of the microcavity is
shown in Fig. 1(e). For comparison, the optical lateral force
for a nanoparticle with a radius of 250 nm near the
microfiber is also calculated, as shown in Fig. 1(f). We
can find that the optical lateral force of a nanoparticle F, is
proportional to the helicity of the incident light o;,.:
F, « 6i,c = sin(¢). The helicity of the incident light
becomes zero when ¢ = 0, z, and 2z, making the optical
lateral force become zero in these situations. The optical
lateral force for the microcavity is also helicity dependent.
However, it does not follow the above rule as the nano-
particle. We can make this judgment by comparing the
contour lines of F, = 0 between the nanoparticle [Fig. 1(f)]
and the microcavity [Fig. 1(e)]. It is clear that the micro-
cavity introduces a wavelength-dependent phase shift
(Appwgm) combined with a wavelength-insensitive phase
shift (A¢,) compared with the nanoparticle. Note that the
phase shift A¢,. depends on the size of the microcavity.
More specifically, at the wavelength 1040 nm, F, =0
occurs when ¢ = 0.5087z or 1.5087 and when r, = 5.32. It
shifts to 0.078z or 1.078z when r, = 5 pm (Fig. S11 [58]).
The origin of this wavelength-insensitive phase shift
(Ag,) is the polarization-dependent coupling phase from
the fiber to the microcavity. The phase shift A¢, is
defined as the coupling phase difference between the two
polarizations (A¢. = ¢.; — ¢P.»), where ¢, and ¢, are
the coupling phases for the two polarizations (HET,
and HE],), respectively (see more details for A¢, in
Fig. S12 [58]). The origin of the other phase shift
(A¢wegm) 1s the polarization-dependent resonance phase
of the whispering-gallery modes, happening in a narrow
band. As discussed above, the resonance appears at
different wavelengths for different polarizations. At the
wavelength 4, (), a resonance exists for the HE}, (HES,)
mode but not for the HE, (HE{,) mode, resulting in a
negative (positive) phase difference A¢gwgm <0 (> 0)
between the two modes, as is indicated by the downward
(upward) bending of the black dashed line near the
wavelength 4; (4,) in Fig. 1(e). By considering these
two phase shift effects, a generalized law for the optical
lateral force of the microcavity is obtained as

F;, « ocip = sin(¢ + o), (1)

where o is the effective helicity and ¢, is the total phase
shift (¢, = ¢d. + Pwgm)- This formula differs from the
previous studies [F, « oy, = sin(¢)] [23,67]. The effec-
tive helicity in our formula includes the helicity of
incident light and an additional helicity contribution
due to the phase shift effects. This law is not limited
to the microfiber-microcavity system where WGM res-
onances exist. This formula also works for other reso-
nance systems (e.g., high refractive index nanoparticles,
in which case the phase shift term should be modified as
¢s = i, Which is a wavelength-dependent phase shift
due to Mie-type resonances), for nonguided waves (e.g.,
plane waves), and for other interfaces (e.g., the surface of
a metal film) (Sec. S5 and Fig. S20 [58]).

Our generalized law for the optical lateral force can
explain the origin of the negative optical torque
(F, x —0y,.) in a nanofiber-Mie particle system reported
recently [55]: it is a z-phase shift (¢, = ) due to the Mie
resonance. Another interesting finding from this general-
ized law is that we can generate optical lateral forces even
when the helicity of incident light is zero (and also,
obviously, the particle is not chiral), which was previously
considered impossible, as shown in Figs. 1(e) and 1(f)
when ¢ =0 or x.

The gradient force for the microcavity is polarization
independent as expected, as shown in Fig. 1(g). It is
interesting to note that the optical lateral force of the
microcavity is significantly enhanced and becomes com-
parable to the gradient force, in contrast to previous results
showing that the optical lateral force of nanoparticles or
Mie particles is weak and 2 orders smaller than the gradient
force [21,22]. Note that a higher quality factor of the
resonator does not guarantee a larger optical lateral force in
this system. The relationship between the optical lateral
force and the quality factor is discussed in Sec. S6 and
Figs. S21-S24 [58].

To further investigate this phase shift effect, we consider
the optical lateral force when varying the helicity of the
forward (o; = sin¢;) and backward (o, = sin ¢),) propa-
gating modes (Fig. S13 [58]). As we discussed above, the
optical lateral forces for the forward and backward propa-
gating modes are proportional to ¢ and —o, respectively.
Therefore, taking the phase shift effects into consideration,
the total optical lateral force is

Fy & 0} eff = O e = SiN(h) + ) + sin(¢h, + o), (2)

where 6} i [= sin(¢ + ¢;)] and 05 o [= sin(p, + )]s
the effective helicity of the forward and backward propa-
gating mode. The corresponding gradient force (F,) and
total optical force along the microfiber direction (F',) are
shown in Fig. S14 [58].
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FIG. 2. Optical spin torques of the microcavity when varying
the helicities of the two counterpropagating modes. (a) Schematic
of the microfiber-microcavity system and the microcavity expe-
rienced optical spin torques when the two counterpropagating
modes have different helicities. (b)—(g) Simulated longitudinal T
(b),(e), transverse T (c),(f), and vertical 7% (d),(g) optical spin
torques at the resonance wavelengths of 4; = 1048.6 nm (b)—(d)
and 4, = 1057.7 nm (e)—(g) when varying ¢, and ¢,. The black
dashed lines forming diamond shapes in (b),(e) and (d),(g) are
contour lines for F, = 0, which can be predicted by Eqs. (3) and
(4), respectively. The unit in (b)—(g) is pN pm/W.

We now calculate the spin torques (the light-induced
torques that drive the microcavity to rotate around its own
axis) when changing the helicity of forward (6; = sin ¢;)
and backward (¢, = sin ¢,) propagating modes. The simu-
lated results are shown in Figs. 2(b)-2(g). The longitudinal
spin torque 7%, coming from the transferring of light’s
SAM along the light propagating direction to the micro-
cavity, is proportional to the effective helicity of input mode
[T3 « 6o = sin(¢p + )], here including the phase shift
effects. Therefore, the total longitudinal spin torque 7% for
two counterpropagating modes with the same power is

TS & 61 ety — Oaer = SIN(hy + ) + sin(¢ + ¢by). (3)

In our analytical results, the phase shifts ¢, are —0.77
and —1.17xz at resonance wavelengths 4; and 4,, respec-
tively (Fig. S16 [58]). The transverse spin torque Tf
is helicity independent, however, proportional to the

transverse SAM s, (Figs. S2-S4 [58]) in the evanescent
field [Figs. 2(c) and 2(f)]. Interestingly, there exists a
vertical spin torque 7, which is proportional to the vertical
SAM s, (Figs. S2-S4 [58]), also polarization dependent,
as shown in Figs. 2(d) and 2(g). However, the vertical spin
torque T3 behaves differently compared with the longi-
tudinal spin torque 7 in two aspects. One difference is that
the vertical spin torque is not helicity dependent but
proportional to the degree of diagonal polarization (the
normalized Stokes parameter S,) of the input mode
x = Re(e?) = cos¢p € [~1, 1] (see Sec. S3 for the physi-
cal origin of this dependency [58]). y = 1 (—1) represents
the diagonal 45 deg (—45 deg) polarization. Note that
the phase shift effect should also be considered here.
Therefore, the vertical spin torque is proportional to the
effective degree of diagonal polarization of the input mode
[T$ « yefr = cos(¢ + ¢h)]. The other difference is that the
vertical spin torque does not change direction when
reversing the propagation direction of light. That is,
TS « y. for both forward and backward propagation
cases. In contrast, T3 « o5 for the forward propagation
case and TS « —o.q for the backward propagation case.
Therefore, the total vertical spin torque 7% for two counter-
propagating modes with the same power is related to the
total effective degree of diagonal polarization by

TS & y1 et + Xoetr = CO8(1 + ) — cos(y + @), (4)

where y; i [= cos(¢; + ¢)] and y; o1 [= cos( + )]
is the effective helicity of the forward and backward

propagating mode. In analytical results, the phase shifts
¢, are 0.677 and 0.767 at resonance wavelengths 4, and 4,,
respectively (Fig. S16 [58]).

By choosing two counterpropagating modes in the
microfiber as the same mode HE], + ¢'’HE?, [Fig. 3(a)],
both the helicity ¢ and the degree of diagonal polarization y
of the forward (¢ = sin¢ and y = cos¢) and backward
(6 = —sin¢g and y = —cos¢) propagating modes are
opposite. Note that 75 « po, T5 « p, and T5 < y (p = 1
for forward propagation and p = —1 for backward propa-
gation). In this case, the transverse spin torque T;? and
vertical spin torque 7% become zero. Only the longitudinal
spin torque 7% survives [Fig. 3(b)]. The calculated spec-
trum-helicity map of the longitudinal spin torque T?% is
shown in Fig. 3(d). Note that the optical lateral (azimuthal)
force and gradient force both exist in this case. By
combining the attractive gradient force and the lateral
force, the microcavity can orbit around the microfiber.
The negative gradient force functions as a centripetal force
while the optical lateral force speeds up the microcavity
to obtain an orbiting velocity and eventually balances
the friction force, mainly the drag force from the fluid.
The calculated spectrum-helicity map of the longitudinal
orbit torque T¢ (= r,, x F,) is shown in Fig. 3(c); r,, is the
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FIG. 3. Arbitrary control of optical spin torque and orbit torque
in the microfiber-microcavity system. (a) Schematic of the
microcavity and the longitudinal optical orbit torque and spin
torque when the two counterpropagating modes have opposite
helicity ¢ and opposite degree of diagonal polarization y. The
optical spin torques T}S, and TY are canceled out in this case.
(b) Calculated optical spin torques Tf,y,z of the microcavity when
¢ = /2. (c),(d) Calculated optical orbit torque 79 (c) and
optical spin torque 7% (d) of the microcavity when varying ¢.
(e) Light-induced spinning and orbiting motions of the micro-
cavity for the four selected polarizations and wavelengths
(triangle, ¢ = 37/2 and A = 1058 nm; diamond, ¢ = z/2 and
A = 1058 nm; star, ¢ = z/2 and 1 = 1069 nm; circle, ¢ = 37/2
and A = 1069 nm).

orbital radius of the microcavity. The 3D distribution of
the longitudinal orbit-torque density inside the micro-
cavity is shown in Fig. S17 [58]. The signs of the
generated spin torques and orbit torque have all four
possible combinations (4, +), (+,—), (=, +), and (-, -)
whenever the incident mode is with a positive or negative
spin, demonstrating the existence of both negative optical
spin torques and negative optical orbit torques in this
system. By selecting the suitable wavelength and helicity
from the map, spinning and simultaneous orbiting multi-
mode motions of the microcavity can be achieved, as
shown in Fig. 3(e).

Note that the incident modes in the microfiber are
selected as right- or left-circularly polarized modes
[Figs. 3(c) and 3(d)] so that the microcavity experiences
the same polarization and therefore the same torque when
it moves around the microfiber, ensuring its stable and
continuous rotational and orbital motions. To break this
limitation, we can use radially polarized and azimuthally
polarized modes in the microfiber [55,68]. According to
our analysis (Sec. S4 and Fig. S19 [58]), a supporting force

to the microcavity (from touching the microfiber or other
repulsive forces such as the double layers forces) is
required when the microcavity orbits around the microfiber
in liquid environments. This is because the viscosity of the
liquids is not low enough to let the microcavity quickly
obtain a large orbiting velocity. It is, however, possible to
achieve stable orbiting motion without the supporting force
in air or vacuum.

Finally, we propose two methods to experimentally
measure the optical lateral force in this microfiber-
microcavity system. One method is to measure the
orbiting frequency of the microcavity f, around the
microfiber driven by the optical lateral force. The optical
lateral force F, balances the drag force F, in the liquid
during the stable orbital motion [55]: F, = F; = —yv =
—2zrofor, where y is the drag coefficient. The other way
is to use an optical tweezer with a trapping stiffness & to
trap the microcavity near the microfiber [22]. The pump
light in the microfiber causes the microcavity to move a
small displacement Ay laterally away from the trapping
site. The optical lateral force can then be obtained as
F; = kAy.

In conclusion, we explored the spin-orbit interactions
in a microfiber-microcavity system under resonance
conditions and obtained generalized laws for describing
the relationship between polarization-dependent forces or
torques and the helicity of incident light. Our generalized
laws are universally applicable to many resonance sit-
uations including plasmonic resonances, Mie-type reso-
nances of dielectric nanostructures, and optical cavity
resonances.
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