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Chirality describes not only the structural property of three-dimensional objects, but also an intrinsic
feature of electromagnetic fields. Here we report a strategy to realize a Bessel beam superchiral “needle” by
focusing a twisted radially polarized beam on a planar dielectric interface. By tailoring the light spatial
distribution in the pupil plane of a high numerical aperture lens, the chirality of the local field at the focus
can be enhanced by 11.9-fold than that of a circular polarized beam. Through a combined interaction of
chiral and achiral transitions, the dimension of the region with enhanced chiral sensitivity can be shrunk
down to 1/25. This theoretical work paves the way towards a completely new label-free imaging technique
using the enhanced circular dichroism for sparse subdiffraction chiral objects (e.g., individual molecules).
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Chirality describes the structural property of a three-
dimensional object, whose mirror image cannot be super-
imposed on its original image. This is a common feature for
many biochemical molecules, such as amino acids and
sugars. In biochemical and pharmaceutical industries, it is
important to distinguish and separate the molecules with
opposite chiralities (i.e., enantiomers) due to their different
toxicities. For a chiral molecule, the absorption rates (i.e.,
AT and A7) under the excitation of left- and right-handed
circularly polarized light (CPL) are different. To distinguish
opposite enantiomers, the dissymmetry factor (i.e., g factor)
is defined as g = 2(A"™ —A™)/(AT 4+ A7), which is mea-
sured in conventional circular dichroism (CD) spectroscopy
[1]. Because of the large mismatch between the molecule
size and the wavelength of the electromagnetic (EM) wave,
CD signals are usually weak and difficult to measure (a
typical value of gis 1073 to 107°) [2]. In addition, conven-
tional CD spectroscopy was used to measure samples over
a large area. One cannot distinguish chirality information of
individual molecules but measure the average property of a
large number of chiral molecules only. To realize imaging-
based CD spectroscopy with spatial optical resolution, the
chiral optical response of individual molecule is required to
be enhanced, which is the focus of this work.

For an isotropic molecule whose chirality originates
from the coupling between electric dipole (ED) and
magnetic dipole (MD), its response to the monochromatic
EM field can be described by [1]

p =uE—iGB, m =B+ iGE, (1)
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where p and m are the ED moment and MD moment
related to the local EM fields E and B, respectively. pg, up,
and G are the electric, magnetic, and mixed electric-
magnetic dipole polarizabilities. The CD measurements
can be generalized for an arbitrary excitation field whose
chirality is switched by applying the parity inversion (i.e.,
E — —E, H — H). It has been proved that the g factor in
this generalized case is not only determined by chiral
properties of molecules, but also by the chirality of the
EM field [3]. A term of “superchirality” was introduced to
reveal larger g factors of chiral molecules than those
obtained under the illumination of CPL (i.e., g/gcpr, > 1).
The superchirality condition for a monochromatic EM field
can be expressed by [4]

Im(E - HY)
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9/ gepr, =

Here Z, is the wave impedance in the vacuum. The
numerator of Eq. (2) should fulfill the relationship of
Im(E - H*) < |[E||H|. In this case, g/gcp. < Zo/H|/|E|.
Consequently, the necessary condition for the superchiral
EM field is [H|/|E| > 1/Z,.

For the homogeneously polarized beam, [H|/|E|=
1/Z, is a constant. But for some particular inhomogeneous
EM fields, it is possible to obtain superchirality in local
regions [3—8]. For example, superchiral light can be gen-
erated at the nodes of a standing wave induced by two
coherent CPL beams with opposite chirality and propaga-
tion directions [3,5]. Unfortunately, in this configuration,
the thickness of the superchiral region (g/gcp;, > 1) is only
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(a) Schematic of the system to generate a superchiral field by focusing a twisted RP beam. (b) Theoretical model to calculate

the EM field distribution near the focus. f is the focus length of the lens, and £ is the lateral position of the incident ray.

0.0322 and it is not resolved in the orthogonal direction.
Technically, it is difficult to immobilize chiral molecules
within this region [3]. Recently, an alternative strategy was
reported to create lattices of the superchiral field using
spatial engineering of complicated optical fields (e.g., the
superposition of multi plane waves [4,6,9]). Building upon
this pioneering concept, in this work, we theoretically
address the major barrier for imaging based CD spectros-
copy: i.e., a strategy to generate a single deep subwave-
length superchiral hot spot using an engineered high-
numerical-aperture (NA) focusing system. Importantly, this
deep subwavelength spot extends into the z direction by
more than 10 wavelengths, resulting in a unique optical
Bessel “needle.” Therefore, the heavy dependence on the
local region proposed by the previous superchiral strategy
[3] is largely avoided. This method will enable the ability to
scan the optical response of the chiral sample dynamically
by moving the subwavelength needle, and therefore enable
the observation of the chirality of sparse subdiffraction
objects with the spatial localization capability determined
by the size of the superchiral spot.

Here we first explain the general design principle of the
proposed strategy. The optical system to generate the
superchiral hot spot is illustrated in Fig. 1(a). A radially
polarized (RP) beam passing through a spiral phase plate
(SPP) and a ring aperture is tightly focused on the planar
dielectric interface of the cover glass (more technical details
of components used in our modeling are provided in Sec. I
of the Supplemental Material [10]). In this case, the
chirality of the beam is modified by the topological
handedness of its wave front. In recent years, this type
of tightly focused cylindrical vector beam has attracted
extensive attention [16—19]. Importantly, the magnetic and
electric fields of the focused vector beam are well spatially

separated [20-23] (it should be noted that those previously
reported spatially separated EM fields produced at the
focus do not increase the optical chirality). Therefore, the
ratio of |H|/|E| can be much larger than 1/Z; in a confined
volume, which is a necessary condition to realize super-
chiral EM fields.

To validate this design principle, we then employ the
Richards-Wolf method [24,25] (see Sec. II in the
Supplemental Material [10]) to calculate the EM field
distribution near the focus. At the focal point, the EM
field can be expressed by the angular spectrum representa-
tion, which is actually the superposition of plane waves
towards different propagation directions. Each plane wave
in the angular spectrum representation of the focused field
originates from a specific ray refracted by the lens as
illustrated in Fig. 1(b). The lateral position of the incident
ray and the incident angle € of the refracted ray has the
relationship of & = fsin @, where f is the focal length of
the lens. The range of the incident angle [0, Onax] can be
controlled by the ring aperture. We then explore the
relationship between the incident angle and ¢/ gcpy..

To simplify the analysis, the focused field under an
individual incident angle 0 is considered. The topological
charge of the SPP is m =1 in this modeling. The
0-dependent g/gcp;. on the dielectric plane (as well as
the focal plane) can then be expressed as
9(p.0) 2Re[0(6)|Im[F;F,]

OO)F ]+ |O(O)F,|* + | (n;/n,) sin OF >

(3)
where ©(0) = /1 — (n?/n?)sin’d. F,, F., and F, are

functions of (p, 0), which are defined in Sec. II of the
Supplemental Material [10]. In the proposed system shown

gcpL
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(a) The g/ gcpr. at the focus point (p = 0, z = 0) when the incident angle is varied from 0 to 6... The black curve represents the

prediction function of g(0, 0)/gcp. = 1/0(0), and the red dots represent the simulation results. The green dashed curve represents the
sine condition of & = f'sin . The highlighted region represents the range of incident angle [af,., 0.]. (b) The lateral distribution of
g/gcp, for different ranges of incident angle when the topological charge of the SPP is m = 1.

in Fig. 1, the incident beam is focused on the glass-air
interface with n; = 1.518 for glass and n, = 1 for air. When
the incident angle € is larger than the critical angle
0. = arcsin(n,/n;), the EM field in the air is only com-
prised of evanescent waves confined near the planar
interface. In this case, ®(f) becomes a pure imaginary
value. As a result, g(p,0)/gcp. = 0, indicating that the
focused field has no chirality. Therefore, the evanescent
waves should be eliminated from the transmitted field by
choosing the incident angle of @ < @... In this case, g/gcpr
of the local field at the focal point (p = 0, z = 0) can be
simplified as (0, 0)/gcpr, = 1/0(0) as shown in Fig. 2(a).
One can see that when the incident angle 6 approaches the
critical angle 6., g/ gcp;, grows dramatically. Consequently,
to achieve a larger g value at the focal point, the incident
angle range should be chosen as [af.., 0..], indicated by the
shaded region in Fig. 2(a). The inner and outer radius of
the ring aperture can be determined by cross points between
the boundary of the shaded region and the green dashed
curve, representing a sine condition of 4 = fsind. By
controlling the a value, one can manipulate and enhance
the g factor, as shown in Fig. 2(b) (all other parameters used
in the calculation are provided in Sec. I in the Supplemental
Material [10]). In particular, when a gets closer to 1, the
dimension of the superchiral hot spot is gradually squeezed
into a deep subwavelength regime with significantly enhan-
ced chirality at the focal point. For instance, for @ = 0.99,
the optical chirality is enhanced by 11.9-fold at the focal
point with the full width at half maximum (FWHM) of only
0.0381 [see the blue line in Fig. 2(b)], representing the
realization of a subdiffraction limit superchiral spot. When
a approaches 1 further, the width of the ring aperture
becomes even smaller. It should be noted that under this
sine condition, the width of the ring aperture is Ah =~ 54 ym
for a lens with the focal length of 1 cm. This scale is much
larger than the wavelength in the visible and near-infrared
regime, and is therefore practical. To further increase the
optical chirality, the width of the ring aperture should be
reduced. If the parameter of « is 1, the ratio of |H|/|E| at
the focus point increases dramatically, and the g factor

approaches infinity theoretically according to Eq. (3).
However, it should be noted that this simplified theory
is only applicable when the ratio between E-field energy
density U, and H-field energy density U, is much smaller
than y = Im(up)/c*Im(ug). Our estimated enhancement
factor of 11.9 is within this regime (similar to the one
observed in experiment [5]). To accurately evaluate the
g-factor enhancement, the magnetic dipole transition
should be incorporated in the model as discussed by
Ref. [26].

To further reveal the optical properties of the focused
super chiral field, we then model the distributions of
electric field, magnetic field, and g/gcp, in Fig. 3 for a =
0.99 (i.e., the integral range of [0.990,, 6.]). Figures 3(a)
and 3(b) show the distribution of electric-field components
(|E)| and |E.]) on the glass-air interface. When the incident
angle of the p-polarized light is slightly smaller than 6., its
refractive angle through the glass-air interface is ~90°. In
this case, E, is the dominant component of the electric
field, and the E| component parallel to the interface is
largely reduced [Fig. 3(a)]. As illustrated in Fig. 1(a), the E,
component at the focal point is largely suppressed due to
the destructive interference. As a result, a doughnut shape
E-field spot can be obtained at the focal point [Fig. 3(b)].
On the other hand, since the H, component does not exist in
the p-polarized light, the focused spot only contains
H)-component, as shown in Fig. 3(c). Based on these
types of electric- and magnetic-field distributions, g/ gcpr. is
calculated by Eq. (2) as shown in Fig. 3(d). A peak chirality
enhancement factor of 11.9 is obtained with the full width
at half maximum (FWHM) of 38 nm (i.e., ~4/25). Because
of the narrow range of the incident angle 6, the transmission
field can be approximately regarded as a nondiffracting
Bessel beam, as shown in Figs. 3(e)-3(g): along the z
direction, the lateral profiles of all EM components are
almost unchanged and the field amplitudes decay slowly.
Therefore, the deep-subwavelength superchiral spot shown
in Fig. 3(d) is well retained along the z direction. As shown
in Fig. 3(h), the deep-subwavelength region extends up to
more than 104 along the z direction, resulting in an optical
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needle that is highly desired for new CD imaging appli-
cations (e.g., Refs. [27-29]). In particular, this superchiral
optical needle has a great tolerance along the z axis and
is promising to realize two-dimensional CD imaging of
sparsely distributed single molecules.

To demonstrate the localized enhancement of g factor,
we then employed the superchiral optical needle to scan
three chiral molecule disks with diameters of 600, 200, and
50 nm, as shown in Figs. 4(a)-4(c), respectively. In this
modeling, the chiral disk consists of large numbers of chiral
molecules (as explained by Sec. III of the Supplemental
Material [10]). The optical response of each chiral molecule
can be described by Eq. (1). In particular, the 600-nm disk
[Fig. 4(a)] and 50-nm disk [Fig. 4(c)] have left-handed
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FIG. 4. The chiral imaging of nano-objects with diameters of
600, 200, and 50 nm in (a), (b), and (c), respectively. The chirality
of the molecule in (b) is opposite from those in (a) and (c). The g
factor of the chiral disk is calculated by g(R) = 2(A" — A7)/
(A" + A7) (see Sec. Il of the Supplemental Material [10]).
(d) The relationship between the nano-object diameter and
FWHM of the g-factor image.

E.|, [H|

x 10°

, and g/gcpr on the air-glass interface z = 0), respectively.
, and g/gcpr, on the x-z plane (y = 0), respectively.

chirality, while the 200-nm disk [Fig. 5(b)] has the right-
handed chirality. The incident wavelength is A =1 pum.
One can see that the size of the g-factor image obviously
depends on the diameter of the disk, indicating the
imaging capability of the deep-subwavelength superchiral
spot needle. The CD signal of an individual chiral object
is largely enhanced when its geometrical dimension
approaches the diameter of the superchiral optical needle
[e.g., d = 0.051 in Fig. 4(c)]. When the incident angles are
set in the range of [0.904,, 6.], [0.950,, @.], [0.986.., 0.]
and [0.996., 6.], respectively, their corresponding diame-
ters of the superchiral optical needle are 126, 86, 54, and
38 nm, respectively. When these four superchiral needles
are employed to scan the chiral molecule disk, the relation-
ships between the FWHM of the g-factor image and the
actual disk diameter are shown in Fig. 4(d). A smaller
superchiral needle can better reveal the spatial feature of the
chiral nano-object. Remarkably, the chirality of those nano-
objects can also be revealed by the mapping of the ¢ factor
simultaneously. For the left-handed chiral molecule disks in
Figs. 4(a) and 4(c), the g factors are positive, while for the
right-handed chiral molecule disk in Fig. 4(b), the g factor
is negative. Therefore, both the size and the chirality of the
chiral molecule nano-objects can be mapped using this
unique superchiral optical needle, which cannot be realized
by any existing technology. Considering actual experimen-
tal validation, the fluorescence detected CD measurements
will be more feasible [5,30]. For the two-dimensional scan,
fluorescence signals from the chiral molecules should be
detected under the excitation of a pair of light fields with
opposite chiralities for each spatially resolved position.
However, two separate spatial scans are undesirable since it
requires spatial registration of two images as well as an
extremely stable light source. Acquiring signals for illumi-
nations with opposite chiralities during the same dwelling
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time at a spatially revolved point is highly desirable. To be
compatible with the conventional CD system, the incident
RP beam through the SPP in Fig. 1(a) can be replaced by
the CPL beam through radially polarized plate (see Sec. V
of Supplemental Material [10]). In this alternative method,
the sign of optical chirality at the focal point can be
switched by changing the spin of the incident CPL beam.

The origin of the strongly localized CD enhancement is
attributed by the combination of pure ED transition and
mixed ED-MD transition of the nano-object [6]. For a
chiral molecule whose optical response is described in
Eqgs. (1), its optical absorption is contributed by these two
transitions expressed by Egs. (4).

w 0]
I'gp = Elm(ﬂE)|E|2 ~ Elm(ﬂE)|Ez|2’ (4a)

Here, w is the frequency of light. For the superchiral field,
the E, component is the major component of electric field
(i.e., |E]> ~ |E.|?). Considering that the H, component is
null in the focus field, I'gp_ymp [i-€., Eq. (4b)] is only deter-
mined by those field components parallel to the dielectric
interface. By applying parity inversion on the incident field,
in has been proven that I'gp remains unchanged while
I'ep_mp becomes —I'gp_mp [3]. Therefore, I'gp is the
achiral term, and I'gp_pp is the chiral term. At the focal
point as shown in Fig. 3(b), the distribution of E,
component is in doughnut shape. At the center of the focal
point, E, = 0 as it is the phase singular point. The chirality
is largely enhanced due to the reduced achiral term of I'gp.
While in the areas around the center of the focus, E,
increases significantly, resulting in the vanished chirality
enhancement. In this case, the superchiral region is
squeezed into a deep subwavelength scale. During the
CD imaging, the chiral signal is relatively weak compared
with the achiral signal, which is an intrinsic challenge of all
CD measurements. Extra theoretical calculations show that
the value of the g factor decreases fast when the diameter of
the chiral disk increases (see Sec. VI of Supplemental
Material [10]), because the strong E_-field intensity around
the focus introduces the achiral absorption term through the
ED transition. Therefore, the ¢ factor can be enhanced
significantly for small chiral objects by the superchiral
needle. In particular, the fluorescence detected CD mea-
surements of single molecules [30] can be improved by the
proposed method. The stimulated emission depletion tech-
nique [31] is one potential approach to reduce the achiral
signal around the focus. In addition, confocal microscopy
can also be employed to relieve this challenge. A confocal
pinhole can be introduced in front of the detector to
eliminate the ED transition signal from the donut-shaped
E, field surrounding the focus. These potential technical
barriers will need to be addressed in future experimental
investigation.

In conclusion, we proposed an optical system to generate
a superchiral optical needle by sharply focusing twisted RP
beams on a dielectric interface. By controlling the range of
the incident angle, the diameter of the superchiral region
can be tuned down to ~A/25, and the optical chirality is
enhanced by 11.9-fold than that of a CPL. Moreover, the
needle-shaped superchiral field was employed to map the
size and the chirality of chiral molecule nanodisks simul-
taneously. This CD imaging capability for sparse subdif-
fraction objects results from the highly localized response
of a chiral molecule near the focus, where the mixed ED-
MD transition is enhanced, while the pure ED transition is
reduced. This method has a great potential to enrich the
tools of CD spectroscopy measurement and superresolution
imaging by combining with other techniques (e.g., intro-
ducing plasmonic nanostructures [32-37] at the focus).
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