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ABSTRACT: Separating substances by their chirality faces great
challenges as well as opportunities in chemistry and biology. In this
study, we propose an all-optical solution for passive sorting of
chiral objects using chirality-dependent lateral optical forces
induced by judiciously interfered fields. First, we investigate the
optical forces when the chiral objects are situated in the
interference field formed by two plane waves with arbitrary
polarization states. When the plane waves are either linearly or
circularly polarized, nonzero lateral forces are found at the
particle’s trapping positions, making such sideways motions
observable. Although the lateral forces have different magnitudes
on particles with different chirality, their directions are the same
for opposite handedness particles, rendering it difficult to separate
the chiral particles. We further solve the sorting problem by
investigating more complicated polarization states. Finally, we achieve the chiral-selective separation by illuminating only
one beam toward the chiral substance situated at an interface between two media, taking advantage of the native
interference between the incident and reflective beams at the interface. Our study provides a robust and insightful approach
to sort chiral substances and biomolecules with plausible optical setups.
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In a highly focused laser beam, an illuminated particle could
experience a restoring force pointing toward the focal point
with magnitude proportional to the optical field gradient,

i.e., gradient force. The optical tweezers1 based on this force has
been developed into a very powerful tool to trap varieties of
materials in a microscopic system and has found numerous
applications in the fields of biological science,2−4 chemistry,5,6

physics,7,8 and engineering.9,10 On the other hand, light
carrying orbital angular momentum11 could exert non-
conservative force on an illuminated object through the
momentum transfer. Intuitively, the nonconservative force
should always be along the beam propagating direction. More

recently, it has been found that the direction of the
nonconservative force could be opposite12−16 or perpendicu-
lar17,18 to the light propagation direction, by using judiciously
structured light illumination. An intuitive perception is that the
degree of freedom empowering such fascinating phenomena
resides in either the structuring complexity of light or material
sophistication, or a combination of both parties.
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Chirality refers to the property of a structure that is
nonsuperimposable with its mirror image. In chemistry, the
image pairs of a chiral molecule are called enantiomers, while
individual enantiomers exhibit left-handed or right-handed
chirality. The identification and separation of chiral substances
always represent a research topic drawing wide interest in
chemistry: chiral pesticides may exhibit differences in environ-
mental activity and persistence;19 chiral fragrance may elicit
different notes.20 Arguably the most important application of
chirality identification and separation is in the pharmaceutical
industry since individual enantiomers of chiral drugs may have
very different bioactivities and biotoxicities.21 Worldwide sales
of chiral drugs in single-enantiomer forms increased continu-
ously from $74.4 billion in 1996 to $225 billion in 2005.
Meanwhile chiral separations have been considered among the
most difficult separations in analytical chemistry.22 Usually,
reagents or microorganisms are introduced to salinize both of
the enantiomers or enzymatically assimilate one of them.
Appropriate reaction agents and methods have to be found for
separations of each type, which greatly enhanced the overall
complexity. On the other hand, recent studies have proposed
and demonstrated noninvasive alternatives to separate chiral
objects by optical method.23−26

Chiral objects with the opposite handedness tend to interact
differently with the chiral environments. The chirality of light
(related to the spin angular momentum)27,28 has been studied
to design chiral metamaterials29−31 and sense chiral mole-
cules.32−34 It could also be another native degree of freedom to
explore optical micromanipulation for chiral objects. By
properly tailoring the light interaction with chiral objects, a
force (usually termed lateral force) is predicted when the object
is placed above a slab24 or in an evanescent wave.25 The chiral
particle is trapped near the surface by the field gradient and
pushed in the field propagating direction. Other than these two
forces, the lateral force arises due to the transverse spin angular
momentum carried by the field, and its direction is
perpendicular to both the field propagating direction and the
field gradient direction. However, the field is restricted very
near the surface, which results in limited lateral forces on chiral
objects with large sizes. Chen et al. investigated the optical
forces on a chiral object when it is placed in the interference
field formed by two p-polarized plane waves, which refers to
case A in Figure 1a.35 Although the lateral force arises at some
positions, the lateral force is always zero at the object’s
equilibrium positions determined by the trapping force. This
may result in a consequence that the particle would be
eventually trapped and pushed in the forward direction, but the
lateral force would thus vanish as marked in Figure 1b.
In this work, we demonstrate an approach to separate chiral

objects with a size from the nanometer scale to the micrometer
scale using lateral forces induced in the interference field. First,
we explore the possibility of separating chiral particles when
they are placed in the interference field formed by two plane
waves. We find that the polarization states of those two
interfering beams play sophisticated roles in producing the
lateral force at the particle’s trapping positions. When the
polarization states of two waves are both linear, nonzero lateral
forces are found at the trapping positions when the polarization
direction is not completely horizontal (s) or vertical (p),
referring to case B in Figure 1a, making the sideways motions
observable. As the chirality of the objects increases, both the
trapping force and lateral force are phase shifted due to the
combined effect of the transverse orbital angular momentum18

and transverse spin angular momentum. Such shifts make the
lateral force at the new trapping position nonzero, as marked in
Figure 1c. Although these forces may be helpful for
discriminating objects with chirality of the same sign but
different values, the lateral force has the same sign on a chiral
particle with opposite handedness, making the separating
process difficult to distinguish. When the polarization states are
both circular (case C in Figure 1a), the lateral forces at the
trapping positions are similar to those of case B. To solve the
separation problem, we have investigated more sophisticated
polarization states. We find that when one of the incident
beams is linear polarized and the other one is circularly
polarized, the phase shift of the trapping force is insensitive to
the chirality, while that of the lateral force is sensitive, which
leads to a chirality-sensitive lateral force separating chiral
particles with opposite handedness. Finally, we implement the
separation by illuminating a single beam with the degrees of
freedom brought by the interference. We place the chiral
objects at an interface between two media and take advantages
of the incident-reflection waves formed by the interference field
to induce the lateral force. The lateral force is also sensitive to

Figure 1. (a) Schematic of interference fields investigated in the
current paper: the four cases under study with different polar-
ization states are marked by A, B, C, and D. (b) In case A, the
trapping force and lateral force are completely in phase, making the
lateral force at the trapping position always zero. (c) In case B,
both the trapping force and the lateral force shift when the object
shows chirality, as a result the trapping force and lateral force not
being completely in phase. The lateral forces at the trapping
position are not zero but in the same direction for chiral objects
with opposite handedness (refer to Figures 2 and 3). Fe and Fc
represent the nonchiral and chiral portion of the force, respectively.
In case C, the lateral forces at the trapping position are not zero but
also in the same direction for chiral objects with opposite
handedness similar to case B (refer to section 4.3 in the Supporting
Information). In case D, the lateral forces at the trapping position
are not zero and in the opposite directions for chiral objects with
opposite handedness (refer to Figure 4). There are multiple
trapping positions in the interference field, while one trapping
position within a single period is plotted in (b) and (c).
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both the direction and value of the chirality and insensitive to
the particle’s position, making the sorting process robust. The
separation is not restricted to nanometer-scale objects but is
also applied to micrometer-scale objects.

RESULTS AND DISCUSSION
Analytical Derivation of Optical Forces on Chiral

Dipoles. To illustrate the lateral force, we model the chiral
object as a chiral dipole and analytically write the optical force
when it is placed in the interference field consisting of two
plane waves as shown in Figure 2a. The relationships between

the induced electric (p) and magnetic momentum (m) and the
external field for chiral dipoles are described by the constitutive
relations.36
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Besides the complex electric polarizability αe and the magnetic
polarizability αm, the complex chiral polarizability χ is also
introduced in the relations. αe, αm, and χ are complex functions
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properties defined by εr, μr, and κ are shown in the Methods.
Both κ and χ are set to zero for particles without chirality and
reverse their signs for objects with opposite handedness. The

time-averaged optical force (detailed derivation in the
Methods) is given by
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where E and H are the incident electric and magnetic field
vector. εb, μb, ω, and k are the relative permittivity, the
permeability of the background, the angular frequency, and
wavenumber of light, respectively. The time-averaged optical
force is separated into the dipole part FEM, representing the
contributions from the electric dipole and the magnetic dipole,
and the interaction part Fint, representing the contributions
from the direct interaction between the electric and magnetic
d i p o l e s .
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the electric and magnetic component of the time-averaged
energy density and the chirality density. The gradient of these
three terms multiplied by the active part of the polarizability
coefficients gives the gradient force. The momentum density P̅
could be separated into the orbital part P̅o and the spin part P̅s,
where
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The orbital part P̅o = P̅e
o + P̅m

o represents the “the directly
observable momentum of light”.17,18 The spin part P̅s has a
transverse component in the evanescent field and interference
field; thus it is essential to producing the lateral force for
nonchiral particles in previous cases.17,18 The spin angular
momentum S where
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could have a transverse component in various fields such as a
tightly focused Gaussian beam, evanescent field, photonic
waveguide, and plasmonic structures, and such a transverse
component enables a large number of applications in recent

Figure 2. (a) Lateral force on a chiral object in an interference field
consisting of two plane waves propagating in angles +θ and −θ with
the z-axis in a mirror diagonal polarization state (case B): as can be
seen in eqs 12 and 13, the lateral force is always in sinusoidal form.
φ is defined as the phase of the lateral force and Fy is defined as the
amplitude of the lateral force. Both the phase and magnitude of the
lateral force Fy change when varying the object’s chirality. Δφ is
defined as the phase shift with respect to nonchiral particles. The
lateral force’s (b) phase shift and (c) amplitude in log scale when
varying the particle’s chirality parameter κ when ka = 0.8, 1, and
1.2. The incident angle θ is set to 10 degrees. Spherical chiral
particles with εr = 2.1, ur = 1, and chirality parameter κ are
considered.
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years.37 In the area of optical force, the transverse component
of S could directly act on chiral particles and give rise to the
lateral force.24,25 In other papers, such a quantity is represented
by the chirality flow,23,38 while their close relations are
illustrated by Bliokh et al.28 The relations between the above
quantities above are summarized as follows:

̅ = ̅ + ̅ ̅ = ̅ + ̅ ̅ = ∇ ×P P P P P P P S, ,
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2

o s o
e
o

m
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(7)

Both FEM and FINT could be clearly separated into a nonchiral
portion (refer to the first four terms of eq 3 and the first two
terms of eq 4, respectively) existing for all particles and a chiral
portion (refer to the rest of the terms in eqs 3 and 4) existing
only for chiral particles. The interference field we consider here
consists of two arbitrary polarized plane waves propagating in
the x−z plane with an angle 2θ between them, as shown in
Figure 2a. The electric field in free space could be written as
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where φ1 and φ1 are the relative phases of the two beams along
their propagating directions, φ1,2 = k(z cos θ ± x sin θ), and φ
= φ1 − φ2 = 2 kx sin θ stands for the relative phase difference.
m1 and m2 are two complex numbers describing the
polarization states of the waves. The polarization states could
also be described by the Stoke parameters T, X, and Σ (their
relations with m1 and m2 are described in section 2 of the
Supporting Information). Substituteing eq 8 into eqs 3 and 4,
the optical forces could be derived with details shown in the
Methods. The trapping force, radiation pressure, and lateral
force are in three orthogonal directions, which is x, z, and y
direction, respectively. Among the physical quantities, only the
spin part of the momentum P̅s and the spin angular momentum
S have a component in the y direction and result in the lateral
force.
Nonzero Lateral Force at the Trapping Position. In the

following, we will analyze how the polarization states play an
important role in affecting the lateral force and trapping force.
First, the case (case A) when the polarizations are completely
horizontal or vertical (m1 = m2 = 0/∞) is considered.35 As
plotted in Figure 1a, the trapping force only has the nonchiral
portion and the lateral force only has the chiral portion.
However, these two forces are completely in phase, which
makes the lateral force at the trapping positions vanish (refer to
Methods and section 4.1 of the Supporting Information for
more details).
Such a problem could be solved by simply rotating the

polarizations. Assuming the polarizations are still in mirror
symmetry but rotated to the diagonal directions (case B) as
shown in Figure 2a, such polarization could be described by the
Stoke parameter X = 1 or m1 = 1 and m2 = −1. In this case, the
lateral force and trapping force have both the nonchiral portion
and the chiral portion, as plotted in Figure 1b. The chiral
portion of force and the nonchiral portion of the force always
have a phase difference of π/2. These two portions super-
impose with each other and phase shift the trapping force and
the lateral force. After these shifts, the lateral force at the new
equilibrium positions is no longer zero.
Figure 2 and Figure 3 quantitatively illustrate how the

chirality of the particle affects the optical manipulation. As
shown in Figure 2a, when the chirality arises, the lateral force is

phase shifted and enhanced in magnitude. The phase shifts first
grow dramatically and then saturate to a certain value as the
chirality parameter increases (Figure 2b). We attribute the
saturation to the fact that the chirality polarizability χ also
appears in the nonchiral portion as |χ|2. The reason for a small
particle having a larger saturation value is that the polarizability
χ shows a more significant effect on small particles. As the
chirality arises, the trapping force is also gradually phase shifted,
as shown in Figure 3a. We calculated the lateral forces at the
new trapping positons for various particles shown in Figure 3c.
We could see the chiral portion of the lateral force at the
trapping position takes a higher and higher percentage of the
total force as the chirality parameter increases. Although the
lateral force may not increase monotonically when the chirality
parameter increases, but it will exceed the lateral force on a
nonchiral particle when the particle becomes “very chiral”.
To verify the above forces numerically, we model the chiral

objects as spherical particles made of chiral material. We plotted
the lateral force at the trapping position in a logarithmic scale
together with the analytically calculated results for a silica
particle and a chiral silica particle with κ = 0.2 in Figure 3d. The
simulation results match very well on a chiral particle within the
dipole region. Within the region of ka <1 (a is the radius of the
particle), one can clearly see that the lateral forces on the
particles could be enhanced by up to one order in the presence
of chirality.
So far we have demonstrated the nonzero lateral forces at the

trapping positions for chiral particles placed in an interference
field consisting of two linear polarized plane waves. But simply
placing chiral particles in an interference field cannot separate
them by their handedness, since the particles with opposite
handedness gain lateral force in the same direction, as shown in
Figure 3c and section 4.2 of the Supporting Information. When

Figure 3. Trapping force and lateral force for case B (schematic
plotted in inset of (a)): as can be seen in eqs 12 and 13, the
trapping force is always in sinusoidal form. φ is defined as the
phase of the trapping force, and Δφ is defined as the phase shift
with respect to nonchiral particles. (a) Phase shift of the trapping
force when varying the object’s chirality parameter κ. At the
trapping position, (b) the radiation pressure Fz and (c) the lateral
force Fy when varying the particle’s chirality parameter κ. (d)
Lateral force in log scale for nonchiral particle (κ = 0) with εr = 2.1
and ur = 1 and chiral particle (κ = 0.2) with εr = 2.1 and ur = 1when
varying the particle’s size. The forces are also verified by full wave
simulations. The incident angle θ is set to 10 degrees.
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the polarization states of two waves are linear (not necessarily
in mirror symmetry) or circular at the same time, the lateral
forces at the trapping positions are always handedness-
insensitive, as illustrated in sections 4.2 and 4.3 of the
Supporting Information.
Chiral Separation in an Interference Field. To imple-

ment the separation in an interference field, more sophisticated
illumination cases have to be investigated. In the following, we
consider the case in which one incident beam is linearly
polarized and the other one is circularly polarized (case D).
Similar to the previous case, the trapping force and the lateral
force have both a nonchiral portion and a chiral portion; thus
both portions of the trapping force and lateral force are phase
shifted when the chirality arises. However, the phase shift of the
trapping force is much smaller than that of the lateral force, as
shown in Figure 4a. With the help of analytical derived
expressions, the explanation of such discrimination is illustrated
in the Methods. In this case, the trapping position is relatively
fixed, while the lateral force phase is shifted to different
directions for chiral particles with opposite handedness (refer
to Figure 4b); thus the lateral force at the trapping position

receives opposite signs (also refer to section 4.4 of the
Supporting Information). The handedness-sensitive lateral
forces are plotted for chiral particles with different sizes in
Figure 4c. Such forces are also verified by full wave simulation
results, which match very well with the analytically derived
results. The chiral particles within the dipole range could be
separated by placing them in the interference field with such
polarization states as shown in Figure 4d.

Chiral Separation with a Single Beam. In the following,
we propose an approach to implement the sorting process with
a very simple optical setup of a single linear polarized beam
taking advantage of the interference field. Tracing back to case
A when T = ±1, although the lateral force has only the chiral
portion, it is always zero at the trapping positions. In this case,
the spin angular momentum S is symmetrically distributed
across the trapping position. It is natural to consider
introducing a mechanism to break its distribution symmetry.
Placing a chiral particle at the interface of two media (Figure
5a) elegantly solves the problem. First, the incident wave and

the reflection wave in the incident medium form an
interference field that is same as the interference field in case
A. However, the presence of the surface breaks the up−down
symmetry. The spin angular momentum S in the lateral
direction exists only in the upper medium (see black arrows in
Figure 6a and b), making its action on the particle nonzero. In
addition, the photon momentum is different in different media,
which may enhance the lateral force, as will be discussed
later.39,40

Manipulating objects at the interface of two media is practical
in experiments and robust in theory. In our previous works, we
have theoretically40 and experimentally39 demonstrated optical

Figure 4. Trapping force and lateral force for case D (schematically
plotted in the inset of (a)): as can be seen from eqs 14 and 15, the
force in the x and y direction can be written as Fx = A sin(φ) + B
cos(φ) + C and Fy = E sin(φ) + F cos(φ), where A, B, C, D, and E
are constant. φx and φy are defined as the phase (φ) when Fx = 0 or
Fy = 0, respectively. φx represents the trapping position and φy
represents the position where the lateral force is zero. (a) Phase of
the trapping force (φx) and lateral force (φy) when varying the
object’s chirality parameter κ. φx is relatively fixed, making the
trapping position almost fixed. Since φy depends greatly on κ, the
lateral force shifts to opposite directions for κ with opposite signs.
(b) Phase difference (φx − φy) of the trapping force and the lateral
force. Since the phase difference is zero when κ = 0, the lateral is
zero at the trapping position. When φ − φy > 0, the position where
Fy = 0 shifts to the left of the trapping position; thus the lateral
force at the trapping position is negative and vice versa (refer to
section 4.4 of the Supporting Information). (c) Lateral force Fy at
the particle’s trapping positions when varying the particle’s chirality
parameter κ. The forces are also verified by full wave simulations.
(d) Lateral force Fy at the particle’s trapping positions when
varying the particle’s size. The incident angle θ is set to 10 degrees.
Spherical chiral particles with εr = 2.1, ur = 1, and chirality
parameter κ are considered.

Figure 5. Sorting chiral particles at the interface of two media. (a) A
chiral particle is placed at the interface of air and water. Particles
with opposite handedness gain lateral forces in opposite directions.
532 nm wavelength light in s-polarization is incident at an angle of
45 deg at the interface of air and water. (b) Lateral force acting on
the chiral particle when varying its vertical position z. Chiral
particle with εr = 2.1 and ur = 1 and characterized by chirality
parameter κ in a radius of 100 nm is used in the simulation.
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tractor beams at the interface of air and water. We have derived
the correct methods, which is verified by previous experiments,
to calculate the optical force on an object when it is located in
inhomogeneous media.40 A recent work has demonstrated
experimentally a lateral force on a polarizable particle placed at
the interface of air and water when illuminating circular
polarized light on it.41

In the following, we will take the example of the sorting of
chiral particles at the interface of air and water to illustrate. In
general, this method may be applied to any interface of two
different media. The situation is shown in Figure 5a: a SiO2
particle with a radius of 100 nm made of chiral material is
placed at the interface of air (n = 1) and water (n = 1.33) when
an s-polarized plane wave is illuminated from air at an incident
angle θ. The field is derived by the full wave simulation. Then
the optical force experienced by the chiral particle is calculated
by the integration of the Minkowski stress tensor on a closed
surface enclosing the particle. As shown in the inset of Figure
5a, the lateral force in the y direction increasing almost linearly
with the chirality of the particle could eventually facilitate the
separation of the chiral particles with opposite handedness

toward the opposite sides. The lateral force could be easily
observed in experiments since the force is of the same order as
the force in the beam propagating direction. Figure 5b reports
the lateral forces versus the vertical displacements Δz of the
particle with respect to the interface. The surface energy well at
the water−air interface can stably trap the particle in the vertical
direction (details discussed in section 7 of the Supporting
Information). As long as the particle is at the interface, the
lateral force always exists. Our method could also be applied to
separate chiral objects within the micrometer scale. The
simulation results for sorting 1 μm SiO2 particles are shown
in Section 5 of the Supporting Information.
To interpret this lateral force more intuitively, we show the

near-field Poynting vectors in the normal plane (y−z plane) in
Figure 6. Comparing with the nonchiral case (Figure 6c), the
chiral particle breaks the left−right symmetry in the plane
(Figure 6a and b). For a right-handed chiral particle (Figure
6a), most of the energy is scattered to the left42 in the upper
plane (air) and to the right (+y) in the lower plane (water). As
could be observed in Figure 6, the scattered field is stronger in
the lower plane, which makes the scattered energy higher in the
lower plane. The existence of different media further enhanced
the scattered energy in the lower plane since the phonon
momentum is proportional to refractive index of the
surrounding medium.39−41 Now the energy scattered to the
right exceeds the energy scattered to the left; thus due to
momentum conservation, the particle reverses a recoil force in
the left42 direction. When the left−right symmetry is not
broken, the force in the y direction remains zero (Figure 6c).
We think that the lateral sorting force could be easily verified in
experiments with the proposed configuration.

CONCLUSIONS
In conclusion, we have analytically and numerically demon-
strated a solely and passively optical approach to separating
chiral objects by optical lateral force taking advantage of the
interference field. By properly tailoring the polarization states of
two incident beams that form the interference field, we discover
nonzero lateral forces sensitive to both the handedness and
magnitude of the chirality of the particles at their trapping
positions to solve the separating problem. Even with a single
beam, the sorting could also be implemented by placing the
chiral particles at the interface of two media on which incident
and reflected waves naturally interfere. This work investigated
chiral light−matter interactions, and the results may be applied
to design all-optical approaches for discriminating, manipulat-
ing, and studying enantiomer drugs and other chiral substances
in the pharmaceutical industries.

METHODS
Analytical Derivation of Optical Force on Chiral Dipoles. In a

background medium with the relative permittivity εb, permeability μb,
and refractive index nb, the time-averaged optical force on a dipole
could be calculated by eq 9.43

π ε μ

⟨ ⟩ = ∇ ⊗ * + ∇ ⊗ *

− × *

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥

ck

F p E m H

p m

1
2

Re ( ) ( )

6
1

( )
4

b b (9)

E and H are the incident electric and magnetic field vector, c is the
speed of light in free space, and k = nbω/c is the wavenumber. The

Figure 6. Poynting vector (red line) rotating around the (a) right-
handed chiral particle, (b) left-handed chiral particle, and (c)
nonchiral particle results in different amounts of energy transferred
to the +y and −y directions. The interference field before
interacting with the particle formed by the incident and reflection
beam generates the spin angular momentum (black arrow) above
the interface. Chiral particle with εr = 2.1 and ur = 1 and
characterized by chirality parameter κ in a radius of 100 nm is used
in the simulation.
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symbol ⊗ represents the dyadic product where A(∇ ⊗ B) can be
written as A(∇ ⊗ B) = (A·∇)B + A × (∇ × B). Equation 9 calculates
the optical force on a small spherical particle within the range of
validity of the dipolar approximation. When the size of particle
becomes larger, the equation is no longer accurate since higher order
modes come into play. The first, second, and third terms in the
equation describe the contribution from the electric dipole, the
magnetic dipole, and the direct interaction between the electric and
magnetic dipoles, respectively. Substituting eq 1 into eq 9 and
reorganizing the terms (derived in section 1 of the Supporting
Information), the optical force can be written as eqs 2−4. Substituting
the optical field eq 8 into eqs 2−4, the detailed expression for the
optical force is listed in sections 1 and 2 of the Supporting
Information. In the following, we list the optical forces in the x and
y directions for the three polarization states (case A, B, and D)
discussed in the Results and Discussion, while the force in the z
direction is not listed since it is not the focus of the current paper.
Case A: When the polarization stakes are horizontal (T = 1 or m1 =

m2 = 0), the optical forces are written as

α
ε

θ
α

μ
ε θ φ⟨ ⟩ = − + ̂
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e
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2
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where the trapping force relying on the terms singly underlined and
the lateral force relying on the terms doubly underlined are completely
in phase. The lateral force at the trapping position is always zero.
Case B: When the polarization stakes are diagonally mirror

symmetric (X = 1 or m1 = 1, m2 = −1), the optical forces are written
as
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where the trapping force relying on the terms singly underlined and
the lateral force relying on the terms doubly underlined are not
completely in phase. The lateral force at the trapping position is
nonzero.
Case D: When the polarization stakes are one diagonal linear

polarized and the other circular polarized (m1 = 1, m2 = i), the optical
forces are written as
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The force in the x and y direction can be written as Fx = A sin(ϕ) + B
cos(ϕ) + C and Fy = E sin(ϕ) + F cos(ϕ), where A, B, C, D, and E are
independent of ϕ. The period of Fx and Fy are both 2π. ϕx and ϕy are
defined as the phase (ϕ) where Fx = 0 or Fy = 0, respectively. As
plotted in Figure 4a, ϕx is relatively independent of the value of the
chirality parameter κ. On the other hand, ϕy depends greatly on the
value of κ. Thus, a chirality-sensitive lateral force is achieved at a
relatively fixed trapping position.

Lateral Force Due to the Dual Asymmetry of Matter. The
dual asymmetry of matter is also necessary for the chiral portion of
lateral force. For case B, the electric and magnetic components of the
spin angular momentum in the lateral direction Se

y and Sm
y are always of

the same magnitude and in opposite direction; thus their sum Sy is

zero everywhere. For an “ideal” dual-symmetric particle with =α
ε

α
μ

e

0

m

0
,

the chiral portion of lateral force vanishes since the electric and
magnetic components exactly cancel each other. But unlike the dual-
symmetric field, the electric polarizability and magnetic polarizability
of matter differ significantly. As the whole picture, in the interaction
with a chiral particle, the electric and magnetic components of
transverse spin angular momentum of the field are converted to the
momentum of the particle with different efficiency, and the net
momentum leads to the lateral force. As can be seen in eq 13, the dual
asymmetry of matter also plays a crucial role in phase shifting the
lateral force as chirality arises.

Numerical Simulation of Optical Force. The chiral objects are
modeled as spherical particles made of chiral material defined by the
constitutive relations.36

ε ε κ

κ

= +

= − +

c

c u u

D E H

B E H

i /

i /
r 0

r 0 (16)

εr and μr are the relative permittivity and permeability of the material.
The chirality parameter κ ∈ [−1, 1] is used to describe the chirality of
the object. It takes a positive, negative, or zero value for right-handed,
left-handed, and nonchiral particles. The electric polarizability αe,
magnetic polarizability αm, and chiral polarizability χ are complex
functions of εr, μr, and κ. These polarizabilities are derived in Section 3
of the Supporting Information.

In the simulation, the material is set to be silica with εr = 2.1 and μr
= 1. The incident power density is 1 mW/μm2, and the incident angle
θ is set to 10 degrees. The full wave simulation is conducted by FEM
methods. Then the optical force is calculated by integrating the
Minkowski stress tensor (eq 17) on a closed surface enclosing the
entire particle.

⟨ ̅ ⟩ = ⊗ * + ⊗ * − *· + *·
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