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Fig. 1 Superchiral optical field generated by chiral nanostructures. (a), (b) Optical chirality enhancement by a planar Gammadion
structure illuminated with left circularly polarized light and right circularly polarized light at a wavelength of 2.01 um"™”; (c) top

picture: dissymmetry between left and right circularly polarized light enhancement on two arrays of enantiomeric nanorod pairs.

Middle picture: an achiral arrangement of equivalent nanorods. Bottom picture: finite element method (FEM) for standardized

electromagnetic chirality is used to calculate chiral optical density of crystal cell center in plane 10 nm above nanorod pairs in

nanostructures. Black line represents left hand and green line represents right hand"™”
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Superchiral light field generated by non chiral nanostructures. (a) Chiral hotspots (orange blurry spots) appear in gaps between
dimers under circularly polarized light irradiation; (b) volume average chirality spectrum of dimer gaps (black) under top
irradiation of right circularly polarized light plane waves, as well as spectra of dimer scattering (red), absorption (blue), and
extinction (green) cross-sections'”; (¢) normalized E- and H-field intensity maps for dimers of nanodisks with separation of 20 nm
at A=579 nm. White arrow represents vector field and direction of polarization of incident light is given by a double headed
arrow (two pictures on the left). Simulated optical chirality enhancement for Si nanodisk dimers (D= 100 nm, A= 20 nm, g=
579 nm) at A= 140 nm with an incident light angle of § ==/4 and 3x/4 (two pictures on the right)!"”; (d) scheme to generate
superchiral field at vector EP using two beams of circularly polarized light exciting system from opposite directions; (e) average
enhanced optical chirality in cylindrical pores with different thicknesses. Blue line corresponds to structure sustaining EP with
h=154.2 nm. Black, red, green, and pink lines correspond to cases deviating from vector EP; () near-field distribution of
optical chirality near photonic crystal slab at vector EP under two beams of excitation from opposite directions'”; band structures
of photonic crystal plates for (g) d = 145.5 nm and (h) d = 145 nm. Other parameters are « = 270 nm, n,= 2.02, n,=n, = 1.47,
and 7= 154 nm. Illustration shows band structures of TE, and TM, expanding at point I'; (i) chiral field enhancement of Si;N,
photonic crystal plates with parameters a = 270 nm, A= 154 nm, n,=n,= 1.47, d = 145nm, and £ = 0.0276 rad/m"
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Fig. 3

Ultra sensitive detection of chiral molecules based on near field superchirality of hotspots. (a) Schematic diagram shows that a

nanoparticle dimer generates a strong local electromagnetic hotspot in gap, where chiral molecules can undergo enhanced

interactions with light™; (b) extinction spectra (left) and CD spectra (right) of discrete gold nanospheres (blue solid line) and L.-

GNSs (black line) and D-GNSs (red line)™; (c) schematic of system consisting of a Ag dimer and a chiral molecule. Radius of
nanoparticles is set to R,= 15 nm (left figure). CD (ED-EQ) and CD (ED-MD) of system as functions of wavelength (inset: CD
(ED-MD) is from 360 to 400 nm) (right figure)”"; (d) coordinate and schematic diagram system of a complex composed of gold

nanoparticles (left figure), gold dimers (right figure), and chiral molecules; (e) local OD signal as a function of wavelength for

composite system of single chiral molecule and gold nanoparticles (two pictures on the left) and gold dimer (two pictures on the

right) under OAM incident beams with /=41 and /=42, respectively. Insets represent calculated results for single chiral

molecule without nanoparticles
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Fig. 4 Ultra sensitive detection of chiral molecules based on near field superchirality of hotspots. (a) IS ) cpron, average aA( T omon )
mode average surface enhanced or unenhanced Raman scattering intensity (I qes), and corresponding surface enhanced
mode averaged circular intensity differences Ay, of SEROA spectra at d=8 nm, d=4 nm, and d=2 nm, respectively™;
(b) geometric shape and coordinate of a hybrid system composed of chiral molecules and nanospheres. Chiral molecules are
placed at origin of coordinate. Nanosphere, with radius R, locates at R,. Enhanced CD spectra, chiral optical densities, and
extinction spectra of Si (black line), Au (red line) single nanospheres (left), and dimers (right); (¢) temperature increment of Si
(black line), Au (red line) single nanospheres (left), and dimer (right) systems as a function of wavelength™’; (d) CD and
extinction of chiral structure of gold spherical trimer induced by rotating nanoparticles with a gap of 1 nm are calculated as
functions of wavelength. Parameters: « = 17.5nm, 6 =17 nm, a, = 0.0025°. Solid line, dashed line, and dotted line represent
total CD, structural chirality (CDyp ), and molecular induced plasma chirality (CD,,, 4+ CDyp—pp + CDyp - i), respectively;
red line represents extinction™; (e) CD signal of dimer and molecular composite system of gold nanosphere, corresponding
extinction spectra, and superchiral fields as functions of wavelength. A-E, B-E, and C-E represent electric field distribution at
points A, B, and C on y-z plane under left circularly polarized light excitation. A—C,, B—C,, and C—C, are corresponding

optical chiralities'™”
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Fig. 5 Application of enhanced chiral optical force based on vector EPs to construct a superchiral field. (a) Contribution of each term of

optical force on chiral particle. Bottom left illustration is schematic diagram of placement of chiral particle; (b) magnitude of electric
field gradient force F., magnetic field gradient force F,, and chiral gradient force F, as a function of relative phase; (c) optical
force component along x, y, and z directions on enantiomers (x =-+0.5 and x = —0.5) changes with relative phase of incident
light; (d—g) when relative phase is n/4, intensity distribution and direction of optical forces in three-dimensional space are
indicated by arrows in case of x =-+0.5 and ¥ = —0.5. Optical force distribution under x =-+0.5 and ¥ = —0.5 conditions
when relative phase is 57/4""; (h) spatially averaged enhancement of chiral field as a function of width w, for different regions
[arm1(C,/Cy), slot between two arms (C,/Cy), and arml (C,/C,)]. Here, C, represents spatial average of chiral field in
different regions under left-right symmetry (w, = 256 nm ); (i) spatially averaged enhancement of chiral gradient field in slot
channel as a function of width w,; (j) electric field gradient force F., agnetic field gradient force F, and chiral gradient force F
along x axis varying with width w,. Subscripts = of force in figure represent chiral parameters ¥ = £ 0.5. Illustration is a
schematic diagram of placement of chiral particles; (k) intensity distribution and direction of optical forces acting on a pair of

enantiomers with x = 0.5 and x = —0.5 in a gap channel. Illustration shows corresponding forces in two-dimensional -y plane™”
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(b) mirror twin diagram of chiral field in (a)
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Fig. 7 Applications of synthetic chiral fields. (a) Experimental images of (L+R) image (PES) and (L—R) image (PXECD) at 200 fs

pump-probe delay for (1S)-(+)-fenchone and (1R)-(+)-camphor. Characteristic forward-backward asymmetry of photoelectron is
observed along light propagation direction 2*”; (b) microscopic y-polarized HHG emission from model potential chiral ensemble,
where y-polarized harmonics survive orientation averaging (left picture), and calculated harmonic ellipticities in x-y plane from

(R) and (S) ensembles — helicity changes with medium’s chirality (right picture)®;

(c) exactly 100%-efficiency inner-state
enantioseparations. Probabilities occupying ground states of left-handed enantiomer P () are denoted by blue line, and those of

right-handed enantiomer P () are denoted by red line. Exactly 100%-efficiency inner-state enantioseparations [P} (z)=1,

P (2)=0] are achieved at 1= ﬁ% us (black dashed line), when probabilities of two enantiomers experience integer (1) and

half-integer (1/2) periods of their corresponding Rabi oscillations™; (d) two-dimensional spectra of racemic mixtures with equal

left-handed and right-handed chiral molecules. These spectra are obtained through two-dimensional fast Fourier transform and

only absolute value of transformation result is taken. K; and Ky correspond to ac Stark peaks of left- and right-handed molecules

in mixed sample, respectively. By comparing intensity of peaks, ratios of left- and right-handed molecules in mixed sample can
be obtained™”
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Abstract

Significance Chirality is a property of an object that cannot be superimposed on its mirror image by translation or rotation
operations. The two enantiomers of chiral molecules have the same physical properties but completely different chemical
properties. Therefore, effective detection and characterization of chiral molecules are crucial for such fields as
pharmaceuticals and biochemistry. Chiral objects exhibit optical activity, and the optical chirality response generated during
the interaction with other chiral objects provides a basic strategy for effective enantiomer identification. The light field plays
a vital role in the detection of chiral molecules, and according to Curie’s asymmetry principle, the chiral response often
requires a chiral light field. The light field chirality greatly affects the optical response intensity of chiral media. Therefore,
how to enhance the chirality of ordinary light fields is a core issue in chirality research. The circularly polarized light field is
the most common type of chiral light, playing an important part in chiral responses such as optical rotation, circular
dichroism, and Raman optical activity. However, the chiral response generated by circularly polarized light fields is often
weak, which greatly affects the ability of these methods to detect molecular chirality. Therefore, many other optical fields

have been proposed, such as superchiral field, optical field with orbital angular momentum, and synthetic chiral light.

Progress Currently, extensive theoretical and experimental research has been conducted on the regulation of chiral light
fields and their ultra-sensitive detection with the assistance of artificial nanostructures. After the concept of optical chirality
(C) was proposed, its physical meaning was improved by Tang and Cohen. By employing the expression of optical
chirality, when the optical chirality of a certain light field is greater than that of circularly polarized light, it is called
superchiral field. When chiral structures are adopted for chiral detection, the chiral signals of molecules are often influenced
by the chiral signal of the structure itself (Fig. 1). To this end, it is proposed that non-chiral structures should be utilized to
generate superchiral fields for enhanced spectral detection, such as the study of nanostructure superchiral hotspots, and the
construction of vector exceptional points (EPs) and Bound states in the continuum (BICs) to generate strong and uniform
superchiral field over a large area, which has been experimentally validated (Fig. 2). In molecular chirality ultra-sensitive
detection based on superchiral field, the initial research mostly focuses on enhancing the circular dichroism signal of
molecules by obtaining superchiral hotspots with enhanced chirality density (Fig. 3). Initially, it was believed that the
significant enhancement of chiral signals by placing molecules in hotspots was due to the enhanced field strength at the
hotspots. Later, it was theoretically proven that the peak/valley intensity of plasma-induced circular dichroism
enhancement directly corresponds to a larger optical chirality in the near-field, rather than a larger enhanced
electromagnetic field intensity at the hotspots (Fig. 4). Additionally, the interaction between orbital angular momentum
beams and chiral molecules has been extensively discussed. Placing chiral molecules in the hotspots of dimers can observe a
significant enhancement effect of chiral signals (Fig. 3). The study of employing dielectric nanoparticles to enhance
molecular Raman optical activity (ROA) signals can provide more comprehensive information on molecular chirality
structures, and also investigate the thermal effects of dielectric and metal structures under light irradiation (Fig. 4).
Meanwhile, the strength of chiral optical gradient force is related to the gradient of optical field chirality. The utilization of
a superchiral field can increase the total optical force difference of enantiomers, achieving the separation of enantiomers and
nanoparticles (Fig. 5). Research based on circularly polarized light or superchiral light fields requires consideration of both
electric dipole interactions and magnetic dipole interactions (or electric quadrupole interactions) between light and matter.
However, the interaction between magnetic dipoles and electric quadrupoles is usually weak, with often small detection
signal strength. The interaction between synthetic chiral light and chiral substances can generate significant and freely
adjustable enantioselectivity in pure electric dipole effects. Synthetic chiral light is a light field composed of multiple light
frequencies, which requires that the polarization of the total light field should not be coplanar, and its chirality is only
related to the light field itself at a certain point (Fig. 6). The synthesis of dual color chiral light mainly employs strong field
physics to recognize chiral molecules, such as photoexcited circular dichroism (PXCD) and high harmonic generation
(HHG) spectroscopy. The research on the tricolor synthesis of chiral light is mainly based on the cyclic three-level model,

and researchers have discussed enantiomer specific state transfer (ESST) and enantiomer spatial separation. For chiral
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detection, different types of optical responses that can be adopted to distinguish left and right hands have been discussed,
such as enantioselective light absorption, enantioselective three-wave mixing, enantioselective ac Stark effect, and

enantioselective response of cavity molecule mixing systems (Fig. 7).

Conclusions and Prospects We introduce chiral light fields and their applications in molecular chirality detection.
Firstly, we present the enhancement of superchiral fields based on nanostructures and review their applications in two
aspects, including chiral molecule ultra-sensitive detection based on superchiral hotspots and chiral optical force
enhancement based on vector exceptional points. Then the relevant research on synthetic chiral light is discussed.
Currently, the main focus is on the detection of chiral molecules using bicolor and tricolor synthetic chiral light.
Meanwhile, we have developed methods such as photoexcited circular dichroism, high harmonic generation spectroscopy,
and enantioselective ac Stark effect. In addition, research on ESST has also been conducted based on synthetic chiral light.
The research on the chiral light field and its applications in molecular chirality detection is still in the development stage.
Thus, designing reasonable nanostructures to achieve uniformity and higher optical chirality C in the development of
superchiral fields is a challenge and key. A clearer understanding of the interaction mechanism between the superchiral field
and the near chiral field of nanostructures can potentially boost the development of higher-precision chiral spectroscopy
methods. In addition, the utilization of chiral optical forces is a rapidly developing field where there have been many
theoretical studies so far, demonstrating enormous potential in chiral separation. The research on synthetic chiral light is
still in its early stage. In the future, we hope to combine synthetic chiral light with nanostructures to develop a new

generation of surface-enhanced chiral light.
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