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Optical chirality is one of the important and fundamental dynamic properties of light besides energy, momentum,
and angular momentum. The quantification of electromagnetic chirality has been conceptualized only recently. Now, it is
well known that for paraxial plane waves of light, the optical chirality is proportional to the ellipticity of the polarization
ellipse, i.e., completely independent of the phase distribution. Here it is shown that optical vortex and state of polarization
of the source paraxial field both have contributions to the optical chirality of the nonparaxial field generated by tightly
focused Laguerre–Gaussian (LG) beam, which is in Stark contrast to the paraxial plane wave of light known from classical
optics. The physical reason is the redistribution of local electromagnetic polarization in three dimensions associated with
spin–orbit interaction.
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1. Introduction

Chirality describes the mirror symmetry violation that an
object cannot superimpose with its own mirror image through
rotation and translation.[1] Chiral objects are prevalent in na-
ture and can be directly judged from their geometry; in other
word, geometric chirality is essentially a non-local three-
dimensional (3D) structural property of an object that requires
a non-vanishing spatial extent. In addition, geometric chirality
is a qualitative binary property.[2,3] Electromagnetic fields also
have chirality,[4–25] which, by contrast, can be measured quan-
titatively. Optical rotatory dispersion and circular dichroism
are two typically measured chiroptical phenomena. The quan-
tification of the chirality of electromagnetic fields has been
conceptualized only recently as optical chirality,[4] also known
as Lipkin’s 00-Zilch, discovered decades ago.[26] It is impor-
tant to emphasize that light generally exhibits chirality through
circular polarization, a localized property where electric and
magnetic field vectors take on a helical shape as they propa-
gate. Therefore, optical chirality in the traditional sense cannot
describe any form of chirality originating from the spatial ex-
tent of the beam. Most recently, due to the global properties of
polarization and phase structure, a new type of chirality, called
Kelvin’s chirality, has been proposed.[21]

With the development of modern nano-optics and photon-
ics, non-paraxial 3D structured light fields have attracted much
attention due to their fascinating properties compared to parax-
ial light. A key difference between paraxial two-dimensional
(2D) plane wave and non-paraxial 3D structured light is that,
in addition to the usually dominant transverse field, the latter

also has a significant longitudinal component oriented along
the direction of propagation. This leads to many extraor-
dinary properties of non-paraxial fields, such as transverse
spin angular momentum (SAM).[27–38] It is well known that
SAM is closely related to optical helicity through the continu-
ity equation.[39–41] Furthermore, the optical helicity is propor-
tional to the optical chirality of the monochromatic field.[5] In
addition, the optical field can also carry orbital angular mo-
mentum (OAM) through optical vortices.[42] Also, spin–orbit
interactions have been demonstrated including, but not lim-
ited to, beam focusing through aplanatic objectives,[43,44] scat-
tering through small particles,[45,46] excitation and scattering
of surface plasmon polaritons,[47,48] and transmission through
nanoapertures.[49,50] However, the effect of the interaction be-
tween the source optical vortex and helicity on the chirality
in the tightly focused non-paraxial 3D structured fields is not
fully understood.

In this paper, we systematically study the role and contri-
bution of the optical degree of freedom including optical vor-
tices and states of polarization (SoPs) of the source paraxial
field on the optical chirality density of the nonparaxial field
generated by tightly focused Laguerre–Gaussian beams. To
this end, using Richards and Wolf vectorial diffraction method,
the explicit expressions to calculate the strength vector of the
3D electric and magnetic fields are presented. The results
show that the optical chirality of highly confined 3D struc-
tured field is significantly richer than that of the 2D paraxial
plane wave. In addition, the structures and appearances of chi-
rality density distributions mainly depend on the interaction
between topological charge and ellipticity. Orientation, how-
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ever, nearly has no effect on the chirality density distribution.
The physical cause is the redistribution of the local electro-
magnetic polarization in 3D space associated with spin–orbit
interactions.

2. Theoretical model
In paraxial 2D light, it is well known that the optical he-

licity is proportional to the degree of elliptical polarization:
zero for linearly polarized and unpolarized light fields, and a
maximum for circularly polarized light.[51] For a monochro-
matic paraxial source field of arbitrary ellipticity, its SoP can
be described by the combination by a pair of orthogonal right-
and left-handed circularly polarized basis, |R〉 and |L〉. Here
we adopt a unit vector |U〉 to describes the polarization state,
as follows:[52–57]

|U〉= aR |R〉+aL |L〉 , (1)

where the orthonormal circular polarization basis are

|R〉= 1√
2
(𝑒̂x− i𝑒̂y) , (2)

|L〉= 1√
2
(𝑒̂x + i𝑒̂y) . (3)

aR and aL in Eq. (1) are complex coefficients indicating the
fraction between the two bases. If the intensity is normalized,
aR and aL can be expressed as follows:

aR = cosσ − exp(−iφ0) , (4)

aL = sinσ exp(+iφ0) , (5)

where σ ∈ [0,π/2] determines the fraction and φ0 is the addi-
tional relative phase between the two bases. And the ellipticity
of the polarization ellipse can be derived as

ε = tan
(

σ − π

4

)
. (6)

Normalized Stokes parameters (SPs) in the circular basis
of Eqs. (1)–(5) are given by

S0 = |〈R|U〉|2 + |〈L|U〉|2 = 1, (7)

S1= 2Re(〈R|U〉∗ 〈L|U〉) = sin2σ cos2φ0, (8)

S2 = 2Im(〈R|U〉∗ 〈L|U〉) = sin2σ sin2φ0, (9)

S3 = |〈R|U〉|2−|〈L|U〉|2 = cos2σ . (10)

S1, S2, and S3 may be regarded as the sphere’s Cartesian coor-
dinates of a point on a unit Poincaré sphere (PS) as shown in
Fig. 1, where S0 is the radius of the PS.[58] This point can also
be described by the latitude 2Θ and longitude 2Φ , and their
relationships are

sin2Θ = S3/S0, (11)

tan2Φ = S2/S1. (12)

S3

S2

S1

P5↼Φ↪π/↽

P4↼↪π/↽

P2↼↪↩π/↽

P6↼π/↪↽

P7↼π/↪↽

P8↼π/↪↽

P3↼↪↽

P9↼π↪↽

P↼2Φ,2Θ↽

P1↼2Φ,−π/2↽

2Θ

2Φ

Fig. 1. Poincaryé sphere representation of all possible polarization
states of a monochromatic paraxial source field.

Based on Eqs. (7)–(12), we can obtain the correspon-
dence between the parameters that determine the polarization
distribution of the source beam and the coordinates on the PS

2σ =
π

2
−2Θ , (13)

2φ0 = 2Φ . (14)

Theoretically, the optical chirality density of a monochromatic
light field can be expressed as[4,26]

χ =
1
2
(𝐸 ·∇×𝐸+µ𝐻 ·∇×𝐻) , (15)

where ν and µ are the permittivity and permeability respec-
tively, and 𝐸 and 𝐻 are the real electric and magnetic fields
in the time domain. Performing time averaging, the time-
averaged optical chirality density can be obtained as follows:

〈χ〉= ω

2υ2 Im(𝑒 ·ℎ∗) , (16)

where ω and υ represent the angular frequency and the speed
of light, respectively, and 𝑒 and ℎ are the complex ampli-
tude vectors of the electric and magnetic fields in the spatial
domain; here, superscript asterisk indicates complex conjuga-
tion. Non-paraxial 3D structured light fields can be obtained in
an aplanatic high numerical aperture (NA) objective focusing
system. When the polarization distribution of the incident field
is represented by Eq. (1), the corresponding 3D electromag-
netic fields 𝑒 and ℎ for any point P(ρP,ϕP,zP) in the image
space can be obtained using Richard–Wolf vectorial diffrac-
tion theory[59][

𝑒
ℎ

]
=− ik f

2π

∫
α

0

∫ 2π

0

√
cosθA(θ)

[
𝑣e
𝑣h

]
×e{ik[−ρP sinθ cos(φ−ϕP)+zP cosθ ]} sinθ dφ dθ , (17)

where k and f are the wave number in the image space
and focal length of the focusing objective lens, respectively;
α = arcsin(NA/n), where NA is the numerical aperture and
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n is the index of refraction in the image space; φ and θ de-
note, respectively, the azimuthal angle with respect to x axis
in the objective space and tangential angle with respect to z
axis. To reveal the optical chirality induced by interactions
between source optical vortex and helicity, we employ an in-
cident field with a Laguerre–Gaussian LG(l,p) complex ampli-
tude distribution, where l and p are the numbers of intertwined
helices known as the topological charge and additional con-
centric rings. With p = 0, the function A(θ) is given by[60]

A(θ) =

(√
2β sinθ

sinα

)|l|
exp
(
−β 2 sin2

θ

sin2
α

)
exp(ilφ) , (18)

where β is the ratio of the pupil radius to the beam waist.
In Eq. (17), 𝑣e and 𝑣h represent the electric and magnetic

field polarization vectors in image space contributed by the in-
put SoP; their three mutually perpendicular components vex,
vey, and vez as well as vhx, vhy, and vhz are found to be

vex = c1
(
sin2

φ + cos2
φ cosθ

)
+c2 sinφ cosφ (cosθ−1) , (19)

vey = c1 sinφ cosφ (cosθ−1)

+c2
(
sin2

φ cosθ + cos2
φ
)
, (20)

vez = c1 cosφ sinθ + c2 sinφ sinθ , (21)

vhx =

√
ν

µ
[c1 sinφ cosφ (cosθ−1)

−c2
(
cos2

φ cosθ + sin2
φ
)
], (22)

vhy =

√
ν

µ
[c1
(
sin2

φ cosθ + cos2
φ
)

−c2 sinφ cosφ (cosθ−1)], (23)

vhz =

√
ν

µ
(c1 sinθ sinφ − c2 sinθ cosφ) , (24)

where c1 and c2 are as follows:

c1 =

√
2

2
[cosσ exp(−iφ0)+ sinσ exp(iφ0)] , (25)

c2 =

√
2i
2

[sinσ exp(iφ0)− cosσ exp(−iφ0)] . (26)

Based on the above equations, we can now study the op-
tical chirality caused by the interaction between optical vor-
tex and helicity of the input 2D paraxial field in focused
non-paraxial 3D structured light fields. All length measure-
ments are in units of wavelength of the input field, β = 1.5,
NA = 1.2, n = 1.33, and f = 2 mm are used in the following
calculations.

3. Optical chirality in the non-paraxial 3D fo-
cused field

In revealing the chirality of the tightly focused optical
field caused by the interaction of helicity (local nature) and
vorticity (spatial nature) of the incident optical field, it is first
necessary to clarify the chirality density of the focused opti-
cal field when there is no spin in the incident optical field. To
this end, we select five LG input fields with topological charge
l = 1 and polarization states at P3, P6, P7, P8, and P9 on PS in
Fig. 1 as examples to study the corresponding optical chirality
density distribution in the focused light field. All these input
fields are linearly polarized, but have different orientations, as
shown in the first row in Fig. 2. From the second row in Fig. 2,
we can see that for all the different input fields, the optical
chirality density distributions show almost the same patterns.
When p = 0, they are two different rings with different signs,
and the chiral density on optical axis is obtained in the case of
l = 1. Moreover, the magnitude of the optical chiral density
of the outer ring is much smaller than that of the inner ring.
Therefore, the orientation, as an important adjustable polariz-
able degree of freedom of the incident optical field, seems to
have no effect on the chirality of the focused 3D field.
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ty(f) (j)(i)(h)(g)
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Fig. 2. Polarization distributions of five LG(1,0) input fields with polarization states located at the points P3, P6, P7, P8, and P9 on the PS (upper
row) and the corresponding optical chirality density distributions in the focal plane (lower row). All distributions of the optical chirality density
are normalized to their common maximum.
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The above results confirm the chiral character of the 3D
focused fields of the input beams carrying OAM, even if these
beams are linearly polarized and therefore have no SAM. Fig-
ure 3 shows the effect of the sign and size of the pseudo-scalar
topological charge l on the chiral density distribution, where
the five LG input fields have the same polarization state lo-
cated at P3 on the PS, and differ only in the topological charge
l. It is clear that there is no chiral density distribution when
l = 0 [see Fig. 3(c)], which further suggests that the chiral-
ity of the tightly focused field is contributed by the OAM of
the incident field. Then as |l| continues to increase, the opti-

cal chiral density always exhibits a centrally symmetric ring

structure and the sign reverses in the radius direction. In addi-

tion, the radius of the annular optical chiral density increases.

The difference is apparent when the sign of the topological

charge changes, i.e., regions of high chirality in the focal plane

are replaced by regions of opposite chirality density, and vice

versa. Therefore, when the input field has no SAM, the struc-

ture and appearance of the chirality density distribution de-

pends entirely on the topological charge, i.e., the polarization

orientation has no effect on the chirality.
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Fig. 3. Theory-derived optical chirality density distributions in the focal plane of five different LG input fields with polarization states located
at the point P3 (the incident beams are linearly polarized light) on the PS and topological charges l = −2, −1, 1, and 2, respectively. All
distributions of the optical chirality density are normalized to their common maximum.
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Fig. 4. (a) Optical chirality density profiles along x axis in the focal
plane of the same five LG input fields as in Fig. 3. All distributions of
the optical chirality density are normalized to their common maximum.
(b) Ratio of the peak optical chirality density of each incident light field
in the focal plane to the common maximum of their absolute values
versus the topological charge l.

The magnitude of the optical chirality density is another
important parameter in the interaction of chiral optical fields
with matter. To gain more insight into the OAM-induced opti-
cal chirality shown in Figs. 2 and 3, we now explore the effect

of the topological charge l on the magnitude of optical chiral-
ity. Figure 4(a) shows the optical chirality distributions along
the x axis in the focal plane for the same five LG input fields as
in Fig. 3. All the optical chirality density distributions are nor-
malized to their common maximum. It is clear that the peak of
the optical chiral density varies considerably with the topolog-
ical charge l. The specific trend is shown in Fig. 4(b), which
depicts the ratio of the peak optical chiral density for each inci-
dent light field in the focal plane to the common maximum of
the optical chiral density for different incident light fields with
respect to the topological charge. Obviously, when choosing
l = 1 and −1, we can obtain the highest chirality for the input
linearly polarized LG beam.

For any point on the PS moving from the north pole to-
ward the equator and then to the south pole along a fixed
meridian, the ellipticity of the polarization ellipse varies from
−1 to 0 and then to 1, the handedness changes from right-
handed to left-handed, but the orientations remain the same.
As examples, we choose five different LG(1,0) input fields with
SoPs located at points P5, P4, P3, P2, and P1 on the PS [see
Fig. 1] to explore the effect of spin–orbital interaction on the
optical chirality density distribution in the 3D focused field
[see Fig. 5]. The optical chirality density changes significantly
in structure and appearance. Specifically, when the input field
does not carry SAM, it is two rings with different signs [see
Fig. 5(c)]. In contrast, when the input ellipticity is nonzero,
a pattern of only one loop appears [see Figs. 5(a), 5(b), 5(d),
and 5(e)]. Here, it seems that both the local handedness of the
input elliptical polarization and the global handedness of the
optical vortex have an effect on the sign of the optical chirality.
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Fig. 5. Theory-derived optical chirality density distributions in the focal plane of five different LG(1,0) input fields with polarization states
located at the points P1, P2, P3, P4, and P5 on the PS, respectively. All distributions of the optical chirality density are normalized to their
common maximum.
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Fig. 6. (a) Optical chirality density profiles along x axis in the focal
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maximum. (b) The ratio of the peak chiral density of each incident op-
tical field in the focal plane to the common maximum of their absolute
values versus the input ellipticity ε .

To better understand the effect of spin–orbit interactions
on the optical chirality, figure 6(a) shows the optical chirality
density distribution along the x axis in the focal plane of the
same five LG input fields as shown in Fig. 5. All the optical
chirality density distributions are normalized to the common
maximum of their absolute values. It is clear that the peak
of the chiral density varies accordingly with the input elliptic-
ity. Most importantly, whether the chiral density lies on or off
the optical axis can be controlled simply by a suitable elliptic-
ity value. The effect of ellipticity on the magnitude of chiral
density is shown in Fig. 6(b), from which we can see that the
relational curve is clearly a segmented function. By calcula-
tions, the threshold position is found at about ε = 0.1312, its
corresponding optical chirality density profile along x axis can
be seen in the inset in Fig. 6(b). Under this condition, the chi-
rality at the position of the optical axis is equal in magnitude

and opposite in sign to the chirality around it. On both sides
of this threshold position, the sign of the peak chiral density is
opposite.
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Fig. 7. (a) Flat-topped optical chirality density profiles along x axis
in the focal plane of two LG input fields with (ε, l) = (0.215,−1) and
(−0.215,1), respectively. (b) and (c) The corresponding optical chiral-
ity density distributions in the focal plane. The distributions of these two
optical chirality densities are normalized to their common maximum.

Light fields with uniform optical chirality may be use-
ful and scarce in practical applications. Fortunately, by care-
fully selecting the ellipticity and topological charge of the in-
put field, the flat-topped optical chiral density distribution can
be obtained, as shown in Fig. 7. Obviously, the chirality of the
light field can be freely switched only by the signs of elliptic-
ity and topological charge. In addition, the structure and ap-
pearance of the chiral density distribution remain unchanged,
which may be very useful for comparing the reflection of chi-
ral substances under different chiral light fields. The above pe-
culiar chiral distribution originates from the polarization dis-
tribution of local electric and magnetic fields. Figure 8 shows
the corresponding electric and magnetic field polarization dis-
tributions in the focal plane and their projections onto the three
orthogonal planes. In general, all polarization distributions are
extremely complex, because the polarization projections on
the x–y and y–z planes become solid ellipses in some regions,
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indicating that the rotation axes of the electric and magnetic
fields are no longer parallel to the z axis; that is to say, due
to the existence of the longitudinal component,[43,44] the lo-
cal polarization ellipse is not in the plane parallel to the x–y
plane. For the polarization projection on the x–y planes be-
come solid ellipses in some regions, indicating that the rota-
tion axes of the electric and magnetic fields are no longer par-
allel to the z axis; that is to say, due to the existence of the
longitudinal component,[43,44] the local polarization ellipse is
not in the plane parallel to the x–y plane. For the polariza-
tion projection on the x–y plane, we can see those regions of
right-handedness when (ε, l) = (0.215,−1) are replaced by
left-handedness when (ε, l) = (−0.215,1), for both electric
and magnetic fields, and vise versa. As a result, optical fields
with opposite chirality can be obtained while the structure and
appearance are maintained.
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Fig. 8. Theoretically calculated electric and magnetic field polarization dis-
tributions in the focal plane and their projections onto the three orthogonal
planes of tightly focused two LG fields with (ε, l) = (0.215,−1) (upper row)
and (−0.215,1) (lower row), respectively. Panels (a) and (c) depict the elec-
tric field polarization distributions, while panels (b) and (d) depict the mag-
netic field polarization distributions. Red and blue indicate that the local
polarization ellipses are right-handed and left-handed, respectively.

4. Conclusions
In summary, we have studied the contributions of opti-

cal vortices and SoP of the source 2D paraxial light field on
the chirality density distributions of 3D nonparaxial structured
field in tight focusing. To this end, we have taken LG in-
put field that has arbitrary SoP as an example and uses the
Richards and Wolf vectorial diffraction method to derive the
corresponding explicit expressions to calculate the strength
vector of the 3D electric and magnetic fields. The results show
that the optical chirality of highly confined 3D structured light
field is obviously richer than that of the 2D paraxial plane
wave. Both optical vortex and SoP of the source paraxial field
have contributions to the optical chirality of the nonparaxial

field, which is in stark contrast to the paraxial plane wave in
classical optics. But, the structures and appearances of chi-
rality density distributions mainly depend on the interaction
between the topological charge and the ellipticity. Orienta-
tion, however, has almost no effect on the chirality density
distribution. The physical origin is the redistribution of the lo-
cal electromagnetic polarization in 3D space associated with
spin–orbit interactions. These findings may be of help in chiral
particle trapping and nanoscale chiral detection and sensing.
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[6] Schäferling M, Dregely D, Hentschel M and Giessen H 2012 Phys. Rev.

X 2 031010
[7] Coles M and Andrews D L 2012 Phys. Rev. A 85 063810
[8] Gorodetski Y, Drezet A, Genet C and Ebbesen T W 2013 Phys. Rev.

Lett. 110 203906
[9] Ding K, Ng J, Zhou L and Chan C T 2014 Phys. Rev. A 89 063825

[10] Vázquez-Lozano J E and Martı́nez A 2018 Phys. Rev. Lett. 121 043901
[11] Yang D, Li Y, Deng D, Chen Q, Zhang Y, Liu Y, Gao J and Sun M 2018

Opt. Lett. 43 4594
[12] Forbes K A and Andrews D L 2018 Opt. Lett. 43 435
[13] Hu H, Gan Q and Zhan Q 2019 Phys. Rev. Lett. 122 223901
[14] Machinnon N 2019 J. Opt. 21 125402
[15] Mun J, Kim M, Yang Y, Badloe T, Ni J, Chen Y, Qiu C and Rho J 2020

Light: Sci. & Appl. 9 139
[16] Li M, Yan S, Zhang Y and Yao B 2020 Nanoscale 12 15453
[17] Yang D, Li C, Yao Z, Huang X, Li Y, Jin P and Lin J 2020 Phys. Rev.

Appl. 14 014066
[18] Zhu T, Shi Y, Ding W, Tsai D P, Cao T, Liu A Q, Nieto-Vesperinas M,
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