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The chiral feature of an optical field can be evaluated by the parameter of g-factor enhancement, which is helpful to
enhance chiroptic signals from a chiral dipole. In this work, the superchiral spot has been theoretically proposed in
metal-insulator-metal waveguides. The g-factor enhancement of the superchiral spot can be enhanced by 67-fold more
than that of circularly polarized light, and the spot is confined in the deep wavelength scale along each spatial dimension.
Moreover, the position of the superchiral spot can be tuned by manipulating the incident field. The tunable superchiral spot
may find applications in chiral imaging and sensing.
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1. Introduction

If an object is different from its mirror image, i.e., its mirror
image cannot overlap with the original object by the operations
of rotation and translation, it can be called a chiral object[1].
Chirality is an important feature of three-dimensional objects
and exists widely in nature. Many important biomolecules are
chiral, such as amino acids, lipids, and nucleic acids. A chiral
molecule and its mirror molecule with the opposite chirality
are called enantiomers. How to distinguish enantiomers is
important in the pharmaceutical industry, because they may
have different toxicities. Since opposite enantiomers respond
differently to left- and right-handed circularly polarized light
(CPL), one can use chiroptical effects to realize the distinguish-
ing characteristics. An example of these effects is circular
dichroism (CD). The CD signal can be expressed as g =
2�A� − A−�=�A� � A−�, where A� and A− are the absorption
rates under the illumination of left- and right-handed CPL[2].
Because of the mismatch between the dimensions of the mol-
ecule and light wavelength, the intensity of the CD signal
(i.e., the g-factor) is small and difficult tomeasure[3]. To enhance
the chiral signal, Tang and Cohen have proposed the concept of
optical chirality[4], which is defined in Eq. (1):

C =
ε0
2
Ē · ∇ × Ē� 1

2μ0
B̄ · ∇ × B̄, �1�

where ε0 and μ0 are the permittivity and permeability of free
space, respectively, and Ē and B̄ are the time dependent electric
and magnetic fields. For an isotropic chiral dipole, it can be
proved that the g-factor can be expressed as[4]

g =
Im�G�
Im�μE�

·
2C
ωUe

: �2�

In Eq. (2), μE and G are electric and mixed electric–magnetic
dipole polarizabilities. Ue is the time-average electric energy
density of the light field. One can see that the g-factor is not only
determined by chiral properties of molecules [i.e., the first term
of Eq. (2)], but also by the properties of the electromagnetic
(EM) field [i.e., the second term of Eq. (2)]. For the CPL beam,
the g-factor is represented by gCPL. The enhancement of the CD
signal by manipulating the optical field compared with the CPL
beam can be derived as Eq. (3)[4]:

g=gCPL =
Im�E · H

� �
�1=Z0�jEj2

: (3)

In Eq. (3), E andH are the complex amplitudes of the electric
field andmagnetic field. For the homogeneously polarized beam,
optical chirality can reach the maximum value when the light is
circularly polarized, so the ratio of g=gCPL cannot be larger than
one. However, the superchirality condition of g=gCPL > 1 can be
fulfilled in the local region of the inhomogeneous field[4–9].
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When the left-handed and right-handed CPL beams propagate
along the opposite directions, the superchiral field can be gen-
erated near the nodes of the induced standing waves[4,5]. The
shape of superchiral region is a free-standing thin film, which
is confined along the longitudinal direction but not along the
two transverse directions. In the interference field by multiple
plane waves, the periodical superchiral region can be created[6].
By tightly focusing the twisted radially polarized (RP) beam, the
needle-shaped superchiral region can be generated near the
focus[9]. The superchiral region is confined along the two trans-
verse directions, but extends along the longitudinal direction.
Therefore, none of the above works has realized the superchiral
spot, which is confined along all the spatial directions. This aim
can be achieved by the designed nanostructrues, as reported in
the previous works[10–18], but the position of the superchiral spot
is fixed, which introduces difficulty to immobilize chiral mole-
cules in the superchiral region.
In this work, the generation method of the superchiral spot is

proposed by tightly focusing the twisted RP beam in the metal-
insulator-metal (MIM) waveguide. The size of the superchiral
spot along each direction is much smaller than the light wave-
length. The highly confined superchiral spot is constructed
purely by the field of MIM waveguide mode at first. Then,
the theoretical model based on the Richards–Wolf method will
be employed to calculate the tightly focused beam in the MIM
waveguide. In this configuration, the superchiral spot with
g=gCPL can be obtained. Finally, the relationship between the
incident condition and the position of the superchiral spot will
be discussed.

2. Superchiral Field in MIM Waveguide

In the homogeneous EM field (i.e., plane waves), the ratio is
|Hj=jEj = 1=Z0. However, according to the definition of the
superchirality factor, the ratio of jHj=jEj > 1=Z0 is a necessary
condition to generate a superchiral EM field. This condition can
be fulfilled at some localized spatial regions, where the magnetic
field is enhanced and the electric field is suppressed.
Consequently, the CD signal for a chiral dipole can be effectively
increased under the illumination of the superchiral spot. In our
previous work, the superchiral region can be realized by tightly
focusing the polarization vortex beam. The superchiral region is
highly confined in the transverse directions but extends along
the longitudinal directions[9]. In this work, the MIM waveguide
is employed to confine the light field along the z axis, as shown in
Fig. 1. In this structure, the air gap with the thickness of d =
60 nm is sandwiched by two gold layers. When the wavelength
is 632.8 nm, the dielectric constants of the gold layers and air gap
are εAu = 12.997� 1.0341i and ε0 = 1. By solving the eigeneq-
uation of the MIM waveguide[19,20], one can find that only
one plasmonic mode can be supported. Because of the confine-
ment of the gold layers, the plasmonic mode propagates only
along the direction in the xy plane. The field distribution of
the plasmonic mode propagating along the direction of ŝ =
�cos ϕ, sin ϕ, 0� can be expressed as Eq. (4):

�
E�ϕ��x, y, z�
H�ϕ��x, y, z�

�
= a�ϕ�

�
e0�z�
h0�z�

�
exp�iβŝ · rk�: (4)

In Eq. (4), β is the propagation constant of the plasmonic
mode. rk = �x, y, 0� denotes the coordinate in the xy plane.
a�ϕ� is the amplitude of the plasmonic mode. The angle of ϕ
represents the angle between the propagation direction of the
plasmonic mode and the x axis. Because the mode is TM-polar-
ized, the magnetic field only has the component along the trans-
verse direction (i.e., ϕ̂ = ẑ × ŝ). The z dependence of the vector
function can be expressed as e0 = �es0, 0, ez0� and h0 = �0, hϕ0, 0�.
In this work, the synthetic field combined by the plasmonic
modes propagating in the xy plane is considered to obtain the
localized field with larger g-factor than CLP. The distribution
of the synthetic field near the origin can be expressed as the inte-
gration of �E�ϕ�,H�ϕ��T in the range of ϕ ∈ �0, 2π�. To make the
synthetic field have chirality, the phase factor of e±iϕ is imposed
on Eq. (4), and the amplitude of plasmonic mode is a�ϕ� = 1.
The sign of the optical chirality is determined by the phase fac-
tor. Therefore, the synthetic field around the original point can
be expressed by integration in Eq. (5):

�
E
H

�
=
Z

2π

0

�
e0�z�
h0�z�

�
exp�iβŝ · rk ± iϕ�dϕ: (5)

It is convenient to calculate the synthetic field in the cylindri-
cal coordinate of �r,φ, z�. By employing the integral formula of
the Bessel function, the components of the tailored field in
Eq. (5) can be simplified as the expressions in Eqs. (6):

Eρ = ±π�J2�βr� − J0�βr��e±iφes0�z�, (6a)

Eϕ = −πi�J2�βr� � J0�βr��e±iφes0�z�, (6b)

Ez = ±2πiJ1�βr�e±iφez�z�, (6c)

Fig. 1. Schematic diagram of MIM structure, which consists of the gold clad-
ding layers and the air gap as the core layer. The dielectric constants of gold
and air are εAu = 12.997 + 1.0341i and ε0 = 1, respectively. The thickness of the air
gap is d = 60 nm. The plasmonic modes propagate towards the origin from all
spatial directions to create the superchiral field.
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Hρ = πi�J2�βr� � J0�βr��e±iφhϕ0�z�, (6d)

Hϕ = ±π�J2�βr� − J0�βr��e±iφhϕ0�z�, (6e)

where Jν�x� represents the Bessel function of the first kind with
the order of ν. The distributions of electric andmagnetic fields in
the MIM waveguide are shown in Fig. 2. In Fig. 2(a), the trans-
verse component of the magnetic field has been enhanced in the
air gap of the MIM waveguide. The longitudinal and transverse
electrical field components (i.e., jEzj and jEjjj) of the electric field
are shown in Figs. 2(b)–2(d). For the Ez component, its ampli-
tude distribution has axial symmetry. Along the dash line in
Fig. 2(b) (i.e., r = 0), the Ez component of the synthetic field
has been suppressed because of the destructive interference
between each pair of oppositely propagating plasmonic modes.
The Ejj component should be enhanced in the air gap of the
MIM waveguide because of the constructive interference in
the focusing field. However, according to the antisymmetric fea-
ture of es0�z� of the fundamental mode in the MIM waveguide,
the Ejj component is strongly confined at the interface between
the air gap and gold layer, while it drops to zero at the center
position of the air gap (i.e., z = d=2), whose position is marked
by the white dash line in Fig. 2(d). Because the plasmonic mode
is TM-polarized, theHz component is null in the synthetic field.
Based on the analysis above, at the center of the MIMwaveguide
(i.e., r = 0 and z = d=2), all of the electric components of the syn-
thetic field are largely suppressed, and the magnetic field is
enhanced. According to the definition of the superchirality fac-
tor in Eq. (3), the ratio of jHj=jEj > 1=Z0 is necessary to gen-
erate a superchiral EM field. At the center of the synthetic
optical field based on the plasmonic mode in the MIM wave-
guide �x, y, z� = �0, 0, d=2�, the ratio of jHj=jEj can be much

greater than 1=Z0. The enhancement of the g-factor in the air
gap is calculated to evaluate the optical chirality of the tailored
field, as shown in Figs. 2(e) and 2(f). The superchiral hot spot
can be found at the center of the MIM waveguide. Along each
spatial dimension, the size of the superchiral region is confined
in a deep subwavelength scale. The superchiral spot will be
highly desired for CD imaging applications in the future.
How to excite the kind of field in the MIM waveguide is impor-
tant for further studying the features of the localized superchiral
field. In this work, a tightly focused system is theoretically
designed to generate the proposed superchiral field.

3. Generation Method of Superchiral Field

The theoretically designed system has been shown in Fig. 3. The
RP beam is employed as the incident field. After passing through
the spiral phase plate (SPP), the wavefront of the RP beam has
been twisted by multiplying the helical phase factor of exp�±iφ�.
The chirality of the twisted wavefront is determined by the topo-
logical handedness of the SPP structure. Then, the twisted RP
beam is focused by the oil-immersed lens. Before the focusing
lens, the ring aperture is employed to filter the twisted RP beam.
For the high numerical aperture (NA) system, the focusing field
can be calculated by the Richards–Wolf method[21–23]. The
focusing field in free space can be decomposed by the plane
waves with different propagating directions �θs,φs�. In this
work, the four-layer model is employed to analyze the interac-
tion between the focusing field and the MIM waveguide, as
shown in Fig. 3. The first layer is the oil with high refractive
index (n1 = 1.518). The second layer is the gold film. To couple
the light into theMIMwaveguide, the thickness of the gold layer
is only 40 nm. The third layer is the air gap with the thickness of

Fig. 2. Distribution of light field components and g-factor enhancement for the superchiral spot. (a) H|| in the xz plane, (b) Ez in the xz plane, (c) Ez in the xy plane,
(d) E|| in the xz plane, (e) g/gCPL in the xz plane, and (f) g/gCPL in the xy plane.
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60 nm, which is the same as the previous model in Fig. (1). The
last layer is the thick gold layer deposited on the substrate.When
the thickness of the last gold layer is large enough, the influence
of the glass substrate can be neglected. The two gold layers and
the air gap can be considered as the MIM waveguide. The light
field distribution in the four-layer structure can be expressed as

�E,H� =

8>>>>><
>>>>>:

�E�1�
inc,H

�1�
inc� � �E�1�

r ,H�1�
r � z < z1

�E�2�
f ,H�2�

f � � �E�2�
b ,H�2�

b � z1 < z < z2

�E�3�
f ,H�3�

f � � �E�3�
b ,H�3�

b � z2 < z < z3

�E�4�
t ,H�4�

t � z > z3

: (7)

In Eq. (7), the superscript (l) represents the number of each
layer. The interface between layer l and layer l� 1 is at the
position of z = zl. In cylindrical coordinates, the incident field

of �E�1�
inc,H

�1�
inc� can be calculated by the Richards–Wolf

method[21–23] as Eq. (8):

E�1�
inc, ρ =

iA
2
eimφ

Z
θmax

θmin

P�θ�eik1z cos θ sin θ cos θ

× �Jm�1�x� − Jm−1�x��dθ, (8a)

E�1�
inc,φ =

A
2
eimφ

Z
θmax

θmin

P�θ�eik1z cos θ sin θ cos θ

× �Jm�1�x� � Jm−1�x��dθ, (8b)

E�1�
inc, z = −Aeimφ

Z
θmax

θmin

P�θ�eik1z cos θ sin2 θJm�x�dθ, �8c�

H�1�
inc, ρ = −

A
2Z1

eimφ

Z
θmax

θmin

P�θ�eik1z cos θ sin θ

× �Jm�1�x� � Jm−1�x��dθ, (8d)

H�1�
inc,φ =

iA
2Z1

eimφ

Z
θmax

θmin

P�θ�eik1z cos θ sin θ

× �Jm�1�x� − Jm−1�x��dθ: (8e)

In Eq. (8), x = k1ρ sin θ. A is a constant related to the focal
length and the wavelength, k1 = 2πn1=λ is the wavenumber in
the oil layer. Z1 is the corresponding wave impedance. In this
work, m = ±1, which depends on the handedness of the SPP.
The apodization function P�θ� of the lens can be expressed
by Eq. (9):

P�θ� =
�����������
cos θ

p
exp

�
−β20

�
sin θ

sin θNA

�
2
�
J1

�
2β0

sin θ

sin θNA

�
, (9)

where β0 = �f =ω0� × sin θNA = 1.5, θNA = arcsin�NA=n1�, and
NA = 1.32. f is the focal length of the lens. The RP beam is con-
sidered in the numerical model, so only the p-polarized plane
waves are included in the focusing field. The integral range
�θmin, θmax� can be determined by the aperture zone selected
by the ring aperture before the focusing lens. To analyze the
focusing field in the MIM waveguide, the transmission and
reflection by the interface of the four-layer model should be con-
sidered. In the first layer (i.e., incident region), the light field is
the sum of the incident field and reflection field. In the last layer
(transmission region), the light field is only the transmission
field. In the intermediate layer (i.e., l = 2, 3), there are both

the forward-propagating waves �E�l�
f ,H�l�

f � and backward-

propagating waves �E�l�
b ,H�l�

b �. It should be noticed that the trans-
mission and refection coefficients depend on the angle of θ.
Therefore, the plane waves with different θ should be considered
separately. The numerical model can be easily expanded to the
complex structure with more layers by employing the transfer-
matrix method[24].
To generate the surface plasmon wave, the incident angle

should be greater than the critical angle, and then the evanescent
wave can be generated to realize phasematching with the surface
plasma wave. Therefore, the range of incident angle should
be �θc, θNA�, which is limited by the NA and the critical
angle θc = arcsin�1=n1�.
When the width of the ring aperture is much smaller than the

diameter of the lens, the focused field becomes the Bessel beam
approximately. Therefore, to simplify the analysis, an individual
incident angle θ is considered. When the incident angle is
θ = 0.999θNA, the amplitudes of all components in the focus
field can be shown as in Figs. 4(a)–4(c). The distribution of
the light field in the MIM structure is similar to the results in
Fig. 2. As shown in Fig. 4(b), the Ejj component in the air
gap is largely enhanced at the interface between the air gap and
the upper gold layer but suppressed inside the air gap. The dis-
tribution of g-factor enhancement is shown in Fig. 4(d). The def-
inition of the g-factor is not applicable in metal materials, which
has large dispersion and high loss[25]. Therefore, the distribution
of the g-factor is only calculated in the air gap. The width of the
superchiral spot is 2.6 nm, and the height is 4.4 nm. Both sizes
are in the deep subwavelength scale. By comparing Figs. 4(b) and
4(d), the z positions of theminimum transverse electric field and
the superchiral spot are the same (i.e., z = 19 nm). From the
analysis above, the components Ez and Ejj are tailored by differ-
ent mechanisms. The Ez component is suppressed on the z axis
due to the twisted wavefront carried by the incident RP beam

Fig. 3. Schematic diagram of the focusing system to generate a superchiral
spot by the plasmonic mode in the MIM structure.
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from the far field. The Ejj component drops to zero value at z =
19 nm because of the near-field MIM structure. The position of
the superchiral spot is not at the center of the air gap as dem-
onstrated in Fig. 2. It means there are also other evanescent field
components in the air gap except the plasmonic mode.
Therefore, the position of the superchiral spot is closely related
to the incident focusing field. By laterally moving the focusing
light field, the position of the superchiral spot can be tuned along
the x and y directions. Next, we will demonstrate the position
tunability of the superchiral spot along the z direction.
The influence of incident angle θ on the superchiral spot is

investigated. When the incident angle is 0.9θNA, 0.92θNA,
0.94θNA, 0.96θNA, 0.98θNA, and 0.999θNA, the positions of the
superchiral spot are as shown in Fig. 5(a). The thickness of
the air gap is d = 60 nm. It can be seen that the superchiral spot
moves along the z direction when the angle of θ is increased. At
the same time, both the shape and enhancement factor of the
superchiral spot remain almost unchanged. The chiral signal
can be enhanced by 67-fold more than that by illumination of
CPL. To further study the relationship between the z position
of superchiral spot and θ, the thickness of the air gap is varied
from 50 nm to 80 nm, as shown in Fig. 5(b). One can see that
when the thickness of the air gap is 60 nm, the tunable range of
superchiral spot along the z axis is from 0 nm to 18 nm. When
d < 60 nm, the width of the tunable range is reduced. When d
increases from 60 nm to 80 nm, the width of the tunable range is
nearly unchanged in the range of �0.9θNA, θNA�, but the position
is shifted along the z axis. The tuning range can be further
extended by increasing the NA of the focusing lens. In the tight
focusing system, when the incident angle θ is strongly confined
by the ring aperture, the Bessel beam can be generated approx-
imately. For example, when the incident angle is in the range of
�0.955θNA, 0.96θNA�, the superchiral hot spot can also be

generated. By using the sine condition, which is related to the
stigmatic imaging process, the lateral position of the incident
ray can be expressed as f sin θ[26]. The transmission efficiency
of the incident beam through the ring aperture is estimated to be
1.78%. Therefore, the superchiral field can be generated by a
high power laser with the output of the fundamental transverse
mode. For the fluorescent chiral molecules, the absorption
power can be evaluated by the intensity of fluorescence.
Therefore, the proposed superchiral field can be employed in
the method of fluorescence-detected CD (FDCD) to probe the
chirality of molecules[5].
In conclusion, we proposed a theoretical design to generate a

superchiral spot by tightly focusing twisted RP beams in the
MIM structure. The superchiral spot is confined within deep
subwavelength scales along all spatial directions. The g-factor
at the superchiral spot is enhanced by 67-fold more than that
in the CPL field. Moreover, the position of the superchiral spot
can be linearly adjusted along the z direction when the angle of θ
is increased. In the actual measurement, the influence of the per-
turbed environment is inevitable[27], which may reduce the sig-
nal-to-noise ratio of the chirality measurement. The optical
confocal method can be used to alleviate the problem. This kind
of superchiral field will have great potential in CD measure-
ments of sparse chiral objects, especially for recognizing the chi-
rality of a single molecule.

Acknowledgement

This work was supported by the National Natural Science
Foundation of China (Nos. 62075132 and 92050202) and
Natural Science Foundation of Shanghai (No. 22ZR1443100).

Fig. 5. (a) Positions of the superchiral spots when θ/θNA = 0.9, 0.92, 0.94, 0.96,
0.98, 0.999 for d = 60 nm. The colorbar represents the g-factor enhancement
(i.e., g/gCPL). h is the z position of the superchiral spot, and d is the thickness of
the air gap. (b) The relationship between the position of the superchiral field
and the incident angle θ when the thickness of the air gap is 50 nm, 60 nm,
70 nm, and 80 nm.

Fig. 4. (a) Amplitudes of the transverse component of the magnetic field, (b),
(c) amplitudes of the z component and transverse component of the electric
field, (d) g-factor enhancement of the superchiral spot.
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