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Chiral objects are abundant in nature, and although the enantiomers have almost identical physical
properties apart from their handedness, they can exhibit significantly different chemical properties and
biological functions. This underscores the importance of sorting chiral substances. In this Letter, we
demonstrate that chirality-sorting optical force pairs can be inversely generated in a tightly focused
Gaussian beam by tailoring the input polarization state. We provide a detailed method for constructing the
polarization state of the incident light to create the desired chiral optical field that generates the chirality-
sorting optical force pairs. These force pairs precisely trap two opposite enantiomers at distinct
predetermined positions within the same equilibrium plane, enabling their simultaneous identification
and separation. Notably, the trapping positions and separation distances can be freely adjusted by altering
the incident polarization parameters.

DOI: 10.1103/PhysRevLett.133.233803

Chirality refers to an asymmetry in which a structure
cannot be superimposed onto its mirror image through any
rotation or translation [1]. Enantiomers are the pairing of
chiral compounds and their mirror images. Despite sharing
many physical characteristics, enantiomers can have sig-
nificantly different levels of toxicity and potency. In
molecular biology, the chirality of an enantiomer is a
key factor in determining whether its interaction with
chiral resolving agents is favorable or not [2–5]. The
identification and separation of enantiomers are, therefore,
critical for both fundamental research and practical appli-
cations such as pharmaceuticals and agrochemicals.
Physically, when objects are immersed in optical fields,

the interactions between light and matter can induce
electric and magnetic polarizations that exert optical forces
on the objects through the transfer of momenta and the
presence of electromagnetic intensity gradients [6–21]. A
range of optical manipulations using optical forces has been
proposed and demonstrated, including trapping objects in
potential minima [8,22,23] and pushing [6,24,25], pulling
[26–31], rotating [32,33], or moving objects along complex

trajectories and directions [34,35]. Indeed, when objects
have chirality, additional different chiral polarizations may
also emerge in light-matter interactions [36–39], leading to
chirality-dependent optical forces that may be exploited for
passive sorting of enantiomers. Crucially, optical methods
provide nonimmersion and noncontact operations, distin-
guishing them from chemical methods and contributing to
their growing popularity and attention [40–47]. Using the
transverse spin angular momentum [48–51], significant
advances have been achieved in generating chiral-separable
lateral forces [52–54]. In addition, other optical chiral-
selective sorting methods using polarization of light or
specially designed platforms have also been proposed and
demonstrated [55–67]. Most recently, gradient forces have
been used in a subwavelength silicon-based waveguide
platform to achieve nanometer-scale enantiomer separation.
Strongly confined gradient fields are generated in the gap of
the designed slot waveguides by counterpropagating
pseudo-transverse-magnetic modes, resulting in stronger
gradient forces compared to the relatively weak noncon-
servative lateral forces. Most importantly, the chiral gra-
dient force causes the equilibrium position of the trapping
force to deviate in the opposite direction from the center of
the slit waveguide, depending on the handedness of the
chiral particles [68]. Beyond their fundamental interest,
these gradient forces could theoretically be useful for all-
optical enantiomer sorting with an unstructured beam.
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In this Letter, we demonstrate the generation of chirality-
sorting optical force pairs that can accurately trap two
opposite enantiomers at different predetermined positions
within the same equilibrium plane. This enables the
simultaneous identification and separation of enantiomers.
To achieve this, we reverse the problem by structuring the
transverse polarization configuration of an input field to
create the desired chiral optical field, rather than designing
the structures of an all-optical enantiomer sorting system.
This approach generates the chirality-sorting optical force
pairs and offers a simple and easy-to-implement solution.
We then develop a rigorous analytical model to calculate
the electromagnetic field and optical chirality density in the
focal volume of the structured input field. Finally, we apply
this method to demonstrate the simultaneous trapping of
one enantiomer in one focus and the opposite enantiomer in
the other focus within the same equilibrium plane, provid-
ing effective optical sorting of chiral particles.
For a spherical chiral particle with a radius ap much

smaller than the wavelength of light, the method of dipole
approximation is precise enough to characterize the inter-
action between the chiral particle and the light fields. The
time-averaged total optical forces exerted on a chiral dipole
by a monochromatic electromagnetic wave are given by
[27,52–54,67–70]

hFi ¼ ∇U þ σn
c
hSi − ImðχÞ∇ × hSi − cσe

n
∇ × hLei

− cσm
n

∇ × hLmi þ ωγehLei þ ωγmhLmi

þ ck4

12πn
Imðαeα�mÞImðE ×H�Þ: ð1Þ

Here, U ¼ ½ReðαeÞjEj2=4� þ ½ReðαmÞjHj2=4� þ
1
2
ReðχÞImðE · H�Þ is the optical potential, where αe,

αm, and χ denote the electric, magnetic, and chiral polar-
izabilities of the particle, which are complex functions of
the relative permittivity εp, relative permeability μp, and
chirality parameter κ of the chiral particle [36,39,54,66,67].
E andH represent the electric and magnetic field vectors of
the incident electromagnetic wave. Expressions hSi ¼
ReðE ×H�Þ=2, hLei¼ε0ε1ImðE×E�Þ=ð4ωÞ, and hLmi ¼
μ0μ1ImðE × E�Þ=ð4ωÞ are the time-averaged Poynting
vector and electric and magnetic spin angular momentum
densities, whereas σe ¼ kImðαeÞ=ðε0ε1Þ, σm ¼ kImðαmÞ=
ðμ0μ1Þ, σ¼σeþσm−c2k4½Reðαeα�mþjχj�Þ�=ð6πn2Þ, γe ¼
2ωImðχÞ − ck4Reðαeχ�Þ=ð3πε0ε1nÞ, γm ¼ 2ωImðχÞ −
ck4Reðαmχ�Þ=ð3πμ0μ1nÞ represent light-beam cross sec-
tions, in which n denotes the refractive index of the medium
surrounding the dipole; ε, μ, and k denote the relative
permittivity, relative permeability, and wave number of the
electromagnetic wave in the medium; and ε0, μ0, c, and ω
the permittivity, permeability, speed, and frequency of light
in the vacuum. Additional analyses are provided in Sec. S1
of the Supplemental Material [71].

Typically, gradient forces are more accessible and
effective for trapping substances than nonconservative
optical forces. Chiral substances possess one of two chiral
states: left-handed or right-handed. If two distinct optical
potentials can be generated within the same equilibrium
plane—one trapping left-handed chiral particles and the
other right-handed chiral particles—it becomes feasible to
simultaneously identify and separate the two chiral sub-
stances using gradient forces. In the expression for the
gradient forces in Eq. (1), the term ImðE ·H�Þ=2 is
proportional to the optical chirality density [37–39] of
the incident light. By creating a highly confined light field
with a strong enough chiral distribution, where two
opposite and spatially separated chiral densities exist, the
desired light potential can be realized. Introducing a high
numerical aperture (NA) objective lens enables the gen-
eration of strong gradient forces because of its tight
focusing properties. The key lies in achieving the special
chiral light field described above. The state of polarization
(SoP), which is the vectorial property of the input light,
plays a dominant role in a high NA objective focusing
system [72,74,75]. In addition to being the simplest and
most fundamental homogenous SoPs, light beams exhibit
spatially inhomogeneous SoPs, known as vector optical
fields. From theory, the SoP jUi for any given polarized
light may be described as a two-dimensional Jones vector
of two orthogonal polarization base vectors jAi and jBi
[76,77],

jUi ¼ aAjAi þ aBjBi; ð2Þ

where aA and aB are complex coefficients representing
the contributions of the two bases. If the polarization
vector is normalized, aA and aB can be expressed as
aA ¼ cos τ expðþiψÞ and aB ¼ sin τ expð−iψÞ, where
τ∈ ½0; π=2� determines the fraction and ψ represents the
additional relative phase between the two bases.
The electric and magnetic fields near the focus of an

arbitrary polarized beam can be obtained using the
Richards and Wolf vectorial diffraction theory [72],

�
E

H

�
¼ −ik

2π

Z Z
Ω

�
a

b

�
· exp½ikðs · rÞ�dΩ; ð3Þ

where k ¼ 2π=λ denotes the wave number with λ the
wavelength in image space, a and b denote the electric
and magnetic strength vectors in the image space, s denotes
the unit vector along a typical ray in image space, r the
radius vector of arbitrary point PðρP;φP; zPÞ in image
space, and Ω the solid angle formed by all the geometrical
rays that pass through the exit pupil of the system. In the
original vector diffraction theory, the focus is located at the
origin O(0,0,0) [72]; therefore, for an arbitrary point P
near the focus in the image region, we have s · r ¼
−ρP sin θ cosðϕ − φPÞ þ zP cos θ. In contrast, when the
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focus is shifted to another position Aðδx; δy; 0Þ in the
transverse plane by radius vector rOA ¼ ðδx; δy; 0Þ,
the term s · r should be modified to s · ðr − rOAÞ ¼
−ρP sin θ cosðϕ − φPÞ þ zP cos θ þ δx sin θ cos ϕ þ
δy sin θ sin ϕ, which takes into account the spatial trans-
lation invariance of the focus. Physically, compared with
situations in the absence of shifts, the input field is now
modulated by an additional phase. When the high-NA
objective lens obeys the sine condition, the corresponding
phase distribution in the input pupil plane is given by

ϑ ¼ krNA
r0n

ðδx cosϕþ δy sinϕÞ; ð4Þ

where NA and n denote the numerical aperture of the
objective lens and the refractive index in image space, r and
r0 the polar radius of the input optical field and pupil radial
of the focusing system, and ϕ denotes the azimuthal angle
in the objective space.
Theoretically, when ψ in Eq. (2) takes the form ψ ¼ ϑ,

the resulting vector optical field exhibits simultaneous
variation in both the radial and azimuthal directions,
distinctly different from the well-known radially or azimu-
thally polarized beams. The two components of the jAi and
jBi vibrations can be focused at different locations,
ðδx; δy; 0Þ and ð−δx;−δy; 0Þ. As a result, this allows the
two vibration components to be spatially separated. Two
SoPs at any pair of points on the standard Poincaré sphere
with inverse symmetry with respect to the origin can
serve as a pair of orthogonal polarization base vectors
[73,76], jAi and jBi in Eq. (2) are chosen as jAi ¼
ð1= ffiffiffi

2
p Þ�êx − iêy

�
and jBi ¼ ð1= ffiffiffi

2
p Þ�êx þ iêy

�
to obtain

high enough optical chirality distributions near the focus
(Sec. S2 [71]). They are, respectively, the right-handed and
left-handed circularly polarized unit vectors. In addition, τ
in Eq. (2) should be set to τ ¼ π=4 to achieve the equal
magnitudes for the opposite chirality optical densities.
To verify theoretical predictions, we employ a Gaussian

distribution input field with the polarization constructed
above, the electromagnetic field in the image space of the
strongly focused Gaussian input field in the pupil plane
becomes

�
E

H

�
¼ − ikf

2π

Zα

0

Z2π

0

ffiffiffiffiffiffiffiffiffiffi
cos θ

p
efik½−ρP sin θ cosðϕ−φPÞþzP cos θ�g

× exp
�
− β2sin2θ

sin2α

��
VE

VH

�
sin θdϕdθ; ð5Þ

where f denotes the focal distance, α ¼ arcsinðNA=nÞ the
maximum aperture angle, and β the ratio of the pupil radius
to the beam waist, which we set to 1.5 in the calculations
that follow. The vectors VE and VH represent the electric
and magnetic field polarization vectors in the image space

with their three components being (Sec. S3 [71])

VEx ¼ sinðϕ − CÞ sinϕþ cosðϕ − CÞ cos θ cosϕ
VEy ¼ − sinðϕ − CÞ cosϕþ cosðϕ − CÞ cos θ sinϕ
VEz ¼ cosðϕ − CÞ sin θ; ð6Þ

VHx ¼ D
	− cosðϕ − CÞ sinϕþ sinðϕ − CÞ cos θ cosϕ


VHy ¼ D
	
cosðϕ − CÞ cosϕþ sinðϕ − CÞ cos θ sinϕ


VHz ¼ D
	
sinðϕ − CÞ sin θ
: ð7Þ

Here, C¼ksinθðδxcosϕþδysinϕÞ and D ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0ε=μ0μ

p
.

Throughout this Letter, we set ψ in the input pupil
according to Eq. (4) with ðδx; δyÞ ¼ ð1.5λ; 0Þ, ð1.5λ; 1.5λÞ,
and ð0; 1.5λÞ (λ denoting the wavelength in the image
space), the wavelength of incident light λ0 ¼ 1.064 um,
input power 100 mW, NA ¼ 1.2, and n ¼ 1.33. Given the
above analysis, we expect to observe two foci in all three
instances. For ðδx; δyÞ ¼ ð1.5λ; 0Þ, the two foci lie along
the x axis at ð1.5λ; 0; 0Þ and ð−1.5λ; 0; 0Þ. For ðδx; δyÞ ¼
ð1.5λ; 1.5λÞ and ð0; 1.5λÞ, the foci are located at
ð1.5λ; 1.5λ; 0Þ and ð−1.5λ;−1.5λ; 0Þ as well as
ð0; 1.5λ; 0Þ and ð0;−1.5λ; 0Þ, respectively. The calculated
total field intensity distributions in the focal plane (x-y
plane at z ¼ 0) are shown in Figs. 1(a)–1(c) for the above
three instances. Clearly, twin foci with nearly identical
profiles are obtained for all three instances. The positions of
these foci are consistent with theoretical prediction. In
addition, we anticipate opposite topological charges in the
longitudinal component due to partial spin-to-orbital angu-
lar momentum conversion in this system [78,79]. The
corresponding intensity [Figs. 1(d)–1(f)] and phase
[Figs. 1(g)–1(i)] distributions of the longitudinal compo-
nent are simulated for each instance. The electric field
exhibits double doughnut-shaped intensity distributions,
with anticlockwise and clockwise helical phase distribu-
tions. The results in Figs. 1(d)–1(i) are also in good
agreement with theory. Once again, it demonstrates that
in each of the three cases, one focus is contributed by the
input component of the right-hand vibration, while the
other focus is contributed by the input component of the
left-hand vibration. Thus, we can expect to achieve a
transformation in the light field that does not carry chirality
into a chiral light field that carries local chirality densities
of equal magnitude and opposite signs. From the optical
chirality density distributions in the focal plane for the three
input fields [Figs. 1(j)–1(l)], highly confined chiral optical
fields are clearly generated, with spatially separated regions
of opposite optical chirality density distributions that share
the same profile but opposite signs in all three instances.
As examples, the optical force distributions of spherical

chiral particles with radius ap ¼ 40 nm, relative permit-
tivity εp ¼ 2.5, permeability μp ¼ 1, and chirality para-
meter κ ¼ −1 and 1 in the customized optical field of
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Fig. 1(a) are presented in Fig. 2. The effect of the chiral
light field on different chiral substances is evident. For
κ ¼ −1, only the right focus allows a stable longitudinal
trapping [Fig. 2(a)], whereas it is the left focus for κ ¼ 1
[Fig. 2(b)]; nevertheless, both the equilibrium positions are
approximately on the focal plane. In Fig. 2(c), the trans-
verse optical force points toward the center of the right
focus, resulting in a transverse trapping in the transverse
plane. In contrast, the transverse force at any arbitrary
position in the left focus directs away from the center,
pushing the particle outward. The scenario is reversed when
the handedness of the chiral particle is changed [Fig. 2(d)].
As a result, the identification and separation of chiral
substances are achievable. Importantly, the position and
distance between the separated enantiomer pairs can be
precisely controlled using ψ according to Eq. (4)
(Sec. S4 [71]).
To trace the physical sources of the optical forces acting

on chiral particles, we set κ ¼ −1 as a demonstration to
study the contribution of each term of the optical force
in Eq. (1) to the transverse force in the focal plane.
Figures 3(a) and 3(b) show the transverse optical force
distributions in the focal plane for the gradient force and the
remaining optical forces, respectively. Although the non-
gradient optical forces are nonzero, they are sufficiently

weak that they can be neglected when compared with the
gradient force in this setup. The gradient force arises from
the direct chiral interaction between light and matter, the
first two parts being the achiral optical forces related to the

FIG. 1. Simulated electric field intensity and phase distri-
butions, as well as the chirality density of tightly focused
Gaussian beams in the x-y plane at z ¼ 0 when ðδx; δyÞ ¼
ð1.5λ; 0Þ (left column), ð1.5λ; 1.5λÞ (middle column), and
ð0; 1.5λÞ (right column); (a)–(c) intensity distributions for the
total fields; (d)–(f) intensity distributions for the longitudinal
component; (g)–(i) phase distributions for the longitudinal
component; (j)–(l) optical chirality density distributions.

FIG. 2. Simulated distributions of (a),(b) longitudinal optical
forces in the x-z plane at y ¼ 0 and (c),(d) transverse optical
forces in the x-y plane at z ¼ 0 acting on the chiral particles with
ap ¼ 40 nm and κ ¼ −1 (left column) and 1 (right column)
under a tightly focused Gaussian input field for ðδx; δyÞ ¼
ð1.5λ; 0Þ (white arrows indicate the direction of the optical
forces).

FIG. 3. Simulated transverse optical force distributions in the
x-y plane at z ¼ 0 for each term in Eq. (1), acting on chiral
particles with ap ¼ 40 nm and κ ¼ −1 under a tightly focused
Gaussian input field for ðδx; δyÞ ¼ ð1.5λ; 0Þ: (a) gradient force,
(b) the remaining optical forces, (c) achiral optical forces, and
(d) chiral optical forces (white arrows indicate the direction of the
optical force).
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electric and magnetic energy densities and the third part
being the chiral force associated with the optical chirality
density. The transverse components of the achiral and chiral
optical forces were specifically investigated [Figs. 3(c) and
3(d)]. Both the sign and magnitude of the achiral force
remain the same in the twin foci. For the chiral force,
however, the magnitude remains unchanged whereas the
sign undergoes an inversion. In addition, the magnitude of
the chiral force is significantly stronger than that of the
achiral force, thereby enhancing the trapping at the right
focus and weakening it at the left focus.
In the above analysis, the chirality values of the particle

are −1 and 1. Figure 4 depicts the peak values of the
trapping potential depth or barrier as a function of chirality
parameter κ for the left and right foci in the constructed
optical field. Particles of radii 45 and 50 nm were also
included to study the influence of particle size on the
trapping potential. Clearly, the curves for the left focus are
opposite to those of the right focus, reaffirming that the
twin foci exert opposite effects on the chiral particles. In
addition, the trapping potential depth increases with
increasing particle size and the absolute value of the
chirality parameter. To achieve a stable trap, the trapping
potential depth should be larger than 10 kBT to overcome
the kinetic energy of particles in Brownian motion [80].
Calculations show that, for particles of radii 40 nm, 45 nm,
and 50 nm that can be trapped stably, the chirality
parameter values should be larger than −0.0107,
−0.0868, and −0.135 for the left focus and be less than
0.0107, 0.0868, and 0.135 for the right focus.
In conclusion, we have presented a straightforward

method for generating chirality-sorting optical force pairs
that can accurately trap two opposite enantiomers at distinct
predesigned positions within the same equilibrium plane,
thereby enabling effective optical sorting of chiral particles.

We described how to choose the optical degrees of freedom
of the transverse polarization structures for its realization.
We developed a rigorous analytical model to calculate the
electromagnetic field and optical chirality density in the
focal volume of the proposed structured input field. The
application of this method has the potential to expand the
realm of customized structured light fields, paving the way
for new advances in chiral particle sensing and imaging.
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