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Abstract: A superchiral field, which can generate a larger chiral signal than circularly polarized light,
is a promising mechanism to improve the capability to characterize chiral objects. In this paper, Mie
scattering by a chiral sphere is analyzed based on the T-matrix method. The chiral signal by circularly
polarized light can be obviously enhanced due to the Mie resonances. By employing superchiral
light illumination, the chiral signal is further enhanced by 46.8% at the resonance frequency. The
distribution of the light field inside the sphere is calculated to explain the enhancement mechanism.
The study shows that a dielectric sphere can be used as an excellent platform to study the chiroptical
effects at the nanoscale.
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1. Introduction

Chirality describes the asymmetric feature of a three-dimensional object, whose mirror
image is different from itself [1]. Objects with chirality are quite common in nature. In
the human body, most of the important molecules have chirality, such as DNA, enzyme,
and protein. As a wave phenomenon, the light field also has chirality [2]. A well-known
example is circularly polarized light (CPL). Left circularly polarized (LCP) and right cir-
cularly polarized (RCP) light beams are a pair of enantiomers that have opposite spins.
The interaction between the light field and chiral objects has attracted great interest from
researchers [3]. The chiral properties of the objects can be evaluated by the different
responses under illumination of LCP and RCP lights. This chiral signal is useful to dis-
tinguish and measure the chirality of a sample. In natural materials, the chiral signal is
very weak (1073-107°) [1]. The main reason is the mismatch between the size of the chiral
molecules and the light wavelength. In previous studies, it has been shown that plasmonic
structures can increase chiral signals by orders of magnitude owing to the strong light
confinement near the metallic surface [4]. The plasmonic chiral structure is used to improve
the sensing performance of enantiomers [5]. In a nonchiral structure, optical chirality can
be largely increased [6]. It has been shown that the local chirality of the light field can be
tailored near the plasmonic structure. The optical antenna theory can be used to design the
chiral light [7]. Symmetric metal-dielectric-metal (MDM) metamaterial structures have
also been proposed to enhance the chiral light-matter interaction [8]. However, metals
have intrinsic loss, which fundamentally limits the practical performance of the designed
plasmonic structures. Recently, dielectric nanoparticles with high refractive indices have
also been used to manipulate the light field at the nanoscale [9]. The supercavity with
high g-factor can be designed by subwavelength high-index particles [10]. The electric
and magnetic resonances in silicon nanoparticles can be utilized to enhance the quantum
efficiency of silicon nanoparticles [11]. The anapole mode in such kind of particles has
been intensively studied recently [12]. The simplest case of an anapole is caused by the
destructive interference between the electric dipole and the toroidal moment. In 2015, the
radiationless anapole mode in visible was first observed [13]. By tuning the geometry of
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the scattering particle, an obvious dip can be found in the far-field scattering spectrum,
which is caused by the excitation of the anapole mode. Moreover, by tailoring the incident
field, the anapole mode can also be excited in a dielectric sphere [14]. The electric and
magnetic resonances can be strongly excited inside the high-index particles with low loss,
which may further enable the chirality enhancement. Besides the enhancement mechanism
arising from near-field structures, the enhancement of a chiral signal can also be realized
by tailoring the light field. Traditionally, circularly polarized light is believed to have the
highest chirality. However, Cohen proposed the superchiral field, which has larger chirality
than circular polarized light [15,16]. Recently, it was demonstrated by us that a localized
superchiral hotspot can be generated by tightly focusing a vectorial light beam with orbital
angular momentum [17].

In this study, a method based on the T-matrix is employed to efficiently analyze the
scattering process by a chiral sphere. It is demonstrated that two enhancement mechanisms
can be employed to enhance the scattering circular dichroism (CD) signal of a chiral sphere
simultaneously.

2. Materials and Methods

To consider the chiral property of the sphere in our theoretical model, the following
constitutive relations are used [18]:

D = &E — jxsH, 1

B = uH + ji,E. @)

In Equations (1) and (2), €5, s, and s are the permittivity, permeability, and chirality
parameters of the material in the sphere. Following the procedure proposed by Bohren [19],
the electromagnetic field in the chiral sphere (E;, H;) can be expressed by the linear
transformation relation:

EINCITS IR
H, €s J/Esths Qr |

Because of the transformed fields, Q; and Qg should satisfy the wave equation,
V?Q; /R T k% /RQL/R = 0. They can be expanded by the linear combination of vector
spherical harmonics (VSHs):

+00  +n
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where kg = w,/&}is F wks, and m and n are both integers. In this study, RgMy,, and
RgN,,, are regular VSHs whose values at origin are finite, and My, and N, are outgoing
VSHs with singularity points at origin. The definitions of these VSH functions can be found
in [20]. Outside the sphere, the incident field (Ein, Hinc and scattering field (Es, H;) can be
expressed as the combinations of VSHs:
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H; = Z Z (amnNmn + bmann)~ (9)

iZO n=1m=—n
In Equations (6) and (7), the expansion coefficients u,,, and v, can be determined by
the incident light field. The multipolar decomposition of various types of focused beams
was considered in previous studies [21]. The expansion coefficients of u,, and v, for
the scattering field can be calculated by the T-matrix method. According to the boundary
condition on the surface of the sphere (r = R;), the T-matrix for a chiral sphere can be
obtained from:

[ I]—EISS ] :T[ I]-EIIEICC ] _ [T(l)]—lT(z)[ I]'Elllicc ] (10)
In Equation (10), the elements of the matrices T(!) and T(?) are given below:

T = iZpesin(koR) W (krRs) — iy/Esfistpn (ke R)E (koRs), (11)

T, = iZoepu(krRs)&y (KoRs) — i/Esfisén (koRe)¥,, (KxRs), (12)

T = —Zo Jeatistu(koRo) W, (KLRs) + st (ki Ro)E (koRs), (13)

T4 = Zoy/Esfispu (ki Re) &, (koRs) — psn(koRe)Y' (ki Rs), (14)

T = —iZoeapu (koR)y, (kxRs) + ir/Exispu (kxRe)¥, (KoRs), (15)

T3 = —iZoespu(krRe)Y', (koRs) + iy/EsTistpu (KoRe) ¢, (KrRs), (16)

T8 = Zoy/Efispn(koRo)Y, (kL Rs) — ptspn (kL R)Y, (KoRs), (17)

TS = —Zo\/Exfispu (kLR (koRs) + pstpu(koRe) Y/, (KLR). (18)

In Equations (11)—(18), the Riccati-Bessel functions are defined as ¢, (p) = pjx(p) and

Cnlp) = ph,(ql) (p)- Zy is the vacuum impedance. ky = w/c is the wave vector in vacuum.
According to the Mie theory, the scattering power can be calculated by:

1+00 n

Weeat = 553 3 (Jamnl® + b ). (19)

On=1m=—n

The radius of the sphere is Rs = 75 nm, and the parameters of the chiral material
are g5 = 25, ys = 1, and x; = 0.01. The scattering spectrum under the illumination of
linearly polarized light in free space (19 = 1) is shown in Figure 1a. In the frequency
range of 200-700 THz, the scattering power is mainly caused by terms related to an
electric dipole (ED), magnetic dipole (MD), and magnetic quadrupole (MQ) [22]. Their
contributions to the scattering power can be analyzed by the following three terms from
the total scattering power:

1
Wep = =Y |am|’, (20)
242 L
1
Wb = =5 3 | but|*, (21)
202 &
1
Wmg = 722|bm2\2- (22)
2024

In Figure 1b, the spectral curves for the three scattering terms are helpful to analyze
the mechanisms of the Mie resonances. It can be clearly demonstrated that the three
peaks of Wseat in Figure 1a are caused by the MD, ED, and MQ resonances at frequencies
of 388.5, 538.5, and 563.5 THz, respectively. Linearly polarized light can be represented
as the superposition of left- and right-hand circularly polarized light. The circularly
polarized light is useful to explore the properties of materials [23]. To evaluate the chiral
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response of the sphere, the scattering CD parameter gt is calculated, which is defined
as gscat = 2(Wyhay — Woaat) / (Watat + Wecar)- In this definition, W;-,, and W, are the
scattering energies by the chiral sphere under the illuminations of LCP and RCP light.
There are two regions in the spectrum in Figure 1c, where the scattering CD single is
enhanced. One region is near the MD resonance wavelength, and the other is near the ED
resonance wavelength. However, the signs of CD values in the two ranges are opposite. The
inversion of the optical chiral response can be attributed to the main absorption mechanism,
which is converted from MD to ED when the light frequency is increased. In the region
where ED absorption is dominant, there exists a deep valley at a frequency of 563.5 THz,
which is exactly the MQ resonance frequency.
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Figure 1. (a) The scattering spectrum of a chiral sphere with a radius of 75 nm under the illumi-
nation of linearly polarized light. The optical parameters of the sphere are &5 = 25 (permittivity),
#s = 1 (permeability), and xs = 0.01 (chirality). The sphere is in free space (refractive index ng = 1).
(b) The contributions to the total scattering energies from three different mechanisms (magnetic
dipole, electric dipole, and magnetic quadrupole). (c) The circular dichroism (CD) spectrum of gscat
under the illumination of left circularly polarized (LCP) and right circularly polarized (RCP) light.

As discussed above, the light field can be tailored to gain larger chirality than CPL.
To evaluate the chirality of the light field, the parameter of the CD enhancement factor
is defined as g/ gcpr, where g and gcpr, are the CD values of a chiral dipole excited by
the tailored light and CPL light. When ¢/gcpr > 1, the tailored light can produce a larger
CD signal than CPL light. This kind of light is called superchiral field. Recently, it was
reported by us a highly localized superchiral hotspot by tightly focusing a radially polarized
beam with orbital angular momentum near the dielectric interface [17]. In this study, the
capability of the superchiral field to increase the scattering CD signal can be verified, when
the particle is at the Mie resonance. It has been proved that when the incident angle of
a focused beam is slightly smaller than the critical angle of totally internal reflection, the
chirality of the light field (g/gcp1) can be largely enhanced. Therefore, the configuration
in Figure 2 is considered. The chiral sphere is on the substrate with a refractive index
of n1, which is larger than ng. To analyze the interaction between the chiral sphere on
the substrate and the superchiral field, the T-matrix in Equation (10) should be modified
to incorporate the substrate into the theoretical model [22,24]. The scattering process is
illustrated in Figure 2. The light propagates from the substrate (11) to the air (1), and
the chiral sphere is illuminated by the transmitted light (E;,, Hinc). The scattering field is
expressed as [E;, H;]" = T[Eine, Hinc]T, where the T-matrix is given in Equations (11)—(18).
As shown by the red arrow in Figure 2, a part of the scattering field can be reflected by the
interface, and then the reflected field can also be scattered by the sphere again. One can
see that there is a round trip of light between the sphere and the interface. Therefore, the
multiple reflections between the sphere and the interface should be considered to build the
accurate scattering model. In this study, the matrix of Ly is the reflection matrix, and the
reflected field of the scattering field can be expressed as Ly [Es, Hs1™. The final scattering
field of the multiscattering process can be calculated by Equation (23) [24].

[ 1]—513 } = +ZOO(TLR)”‘T[ I]ii_“c } - [I—TLR]lT[ I]ii_“c ] (23)
S =0 inc inc



Physics 2021, 3

751

Es Mg
i H: ) ! L[E; H
Ny [Emm Hmc] Ks__,"i) R[ 5 5]

VA

Figure 2. A schematic of the theoretical model to analyze light scattering by a chiral sphere on the

substrate. The blue and green arrows represent the path of the incident light (Ej,. and Hj,) and
scattering light (Es and Hg). The red arrows represent the light reflected and transmitted at the
interface. Ly represent the reflection matrix.

According to Equation (23), the T-matrix for the sphere in free space should be mod-
ified as the effective one, which is Teg = [I — TL] ' T. I represents the unit matrix. The
elements of Ly are the reflection coefficients of VSHs by the interface. To calculate these
coefficients, the VSH is first expanded by the plane waves. The directions of the plane
waves are represented by (5, (ﬁ) , where 6 is the polar angle and § is the azimuthal angle.
The reflection coefficient of each plane wave can be calculated independently by the Fresnel
equation. The reflected field of the VSH can be obtained by recombining all the reflected
plane wave components. After these operations, the reflected field of each VSH field
scattered by the sphere can be calculated. To calculate the elements of LR, the reflected
fields have to be expended by the VSH basis, which has been used to express the incident
field of [Eine, Hinc]T in Equations (6) and (7). The expansions of the reflected VSHs, M,
and N, » can be expressed as:

—+o0 1%

M,y = Z Z [Ayv,mnRgMyv + Byv,mnRgNyv} ’ (24)
v=1pu=—v
“+o00 v

Noun,r = Z Z [Cyv,mnRgM;w + D;w,mnRgN;w]- (25)
v=1pu=—v

In Equations (24) and (25), the expansion coefficients can be determined by the follow-
ing integrals with the integration path of 0 being [71/2 + ico, 71]:

Ayymn = (SHm'ymnﬂ,/ (rgmzn;” ) — qT,TTf)@ZikO cos0Rs gin 940, (26)
C
_ m.m m._m\ ,2ikocosORs i s A7
Byv,mn = —MEyumYmn,v - TeTl, T, — 1T, T, e sin 046, (27)
_ ' m_m __ m._m Zz'kocos(;RS s N9n
Cuv,mn = MSyumYmn,v - reTy T —TFTT, T )e sin 640, (28)
Dyv,mn = —Jym'ymn’v/ ¢?iko cos ORs (rgrr',”rl’f — rfmzrc';f NT) sin 646. (29)
C

In Equations (26)-(29), r¢ and r are the Fresnel reflection coefficients for p-polarized
and s-polarized light, 7 and 71} are the angle-dependent functions in the Mie theory for
convenience [20]. The expression of 7y, is in Equations (26)—(29), which is only related to
the order numbers (1, m and v):

nn+1)(n+m)\ viv+1)(v+m)!
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After obtaining the coefficients in Equations (26)—(29), the reflected matrix Lr can be
expressed as:

LR:H; g] (31)

Based on the theoretical model, light scattering by the sphere in the superchiral field
can be analyzed efficiently. To further simplify the calculation, let us consider the vectorial
Bessel beam as the incident light, whose field in a cylindrical coordinate can be expressed
as [25]:

i[]mo+l (kyrsinf) — Jy,—1 (k7 sin 9)} cos fn,

Einc = eMo#tikizcosd []mo-i-l (ky7sin @) + Jy—1(ky7sin 5)} cosfn, |- (32)

—2]ny (k17 5in ) sin fn,,

_ |:]m0+1(k1r sinf) + Jmg—1 (k17 sin 5)}nr
1

_ img@-+ikyz cos 6 ~ ~,
Hinc = € 0P 1

Zl i[]m0+1(k1r sin@) — ]mo—l (klrsine)}nq, . (33)
0

In Equations (32) and (33), m is the topological charge of the incident field. ky = 11k
is the wave vector in the substrate. The refractive indexes of the substrate and air are
n1 =1.518 and ng = 1. As shown in Figure 3a, this vectorial light beam can be regarded
as the superposition of the p-polarized plane waves, whose wave vector k lives in a cone
with the polar angle of 8 and the azimuthal angle ¢ € [0,27] in k-space. The chirality
enhancement factor at the focus point (r = 0) is calculated when the polar angle is changed
from zero to the critical angle of the total internal reflection, as shown in Figure 3b. When 6
is slightly smaller than the critical angle of fc, the hotspot region with high optical chirality
can be realized near the focus point. The sign of optical chirality is the same with the
topological charge . Therefore, the scattering energies of W.",; and W,_,, in the definition
of gscat are calculated when, my =1 and, mg = —1 in Equations (32) and (33).

20 . r
1/cosd,
515' e Simulation
60
— 101
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5

1cos b, = \1-(n} / n?)sin® O

%.o 02 0.4 06 08 1.0
(b) )

Figure 3. (a) The model to analyze light scattering by the sphere in the superchiral field. The incident
field is the vectorial Bessel beam with orbital angular momentum of Equations (32) and (33), with
the topological charge, my = £1. The refractive indexes of the substrate and air are 7y = 1.518 and
1y = 1. The incident angle is §, and the refraction angle is 61 (b) The enhancement factor of the chiral
signal from a dipole at the focus (r = 0). g and gcpy. are the CD factors under the superchiral light and
circularly polarized light (CPL) light. 6, represents the critical angle of total reflection.

In Figure 4a, the scattering CD spectrum for the sphere in the superchiral field with
0 = 0.986, is calculated as shown by the black curve. For comparison, the red curve
represents the scattering CD spectrum for the same sphere in free space when illuminated
by CPL light. As discussed above, the chiral response can be largely increased at the
Mie resonance wavelength compared with that in the Rayleigh region, where the light
wavelength is much larger than the sphere diameter. The peak values of the two CD spectra
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are 0.0445 and 0.0303 at frequencies of 546 and 579 THz, respectively. It means that, by
introducing the superchiral field, the peak value of the scattering CD can be enhanced
by 46.8%. The relationship between this enhancement factor and the incident angle has
been calculated, as shown by the black curve in Figure 4b. The red dash line represents
the level of the peak CD value for CPL light. When the incident angle approaches the
critical angle, the CD enhancement is increased at first, and reaches the maximum value at
6 = 0.986.. Then the enhancement factor drops dramatically, which is quite different from
the prediction by the chiral dipole model in Figure 3b. To explain the difference, one should
notice that the CD value in Figure 3b is for a chiral dipole, which is an individual point.
However, the curve in Figure 4b is for the chiral sphere with a diameter of Rs =75 nm.
As it has been reported previously [17], the area of the superchiral hotspot is decreased
when 6 is close to 55, which may make it mismatch the size of the sphere. When 0 = 0.98§C,
the superchiral hotspot collapses to a point with infinite optical chirality. Around the
singularity point, the light field becomes achiral. Therefore, there exists an optimized
incident angle for a chiral sphere with finite size.

0.06 . . . . 0.05
o) ] ]
o 0.04 8 0.04
£ 0.02] 2 0.031
= 8
S 0.00 © 0.021
2 ®

-0.02 . r r T 0.01 T : .

200 300 400 500 600 700 0.80 0.85 0.90 0.95 1.00

(@) Frequency (THz) (b) 6/6

Figure 4. (a) The black curve represents the scattering CD spectrum of a chiral sphere on the substrate
under the illumination of the superchiral field with § = 0.986,. The red curve is the scattering CD
spectrum of the chiral sphere in free space excited by CPL. (b) The peak value of the scattering CD
spectra with a different value of 6. The red dash line represents the peak value of the scattering CD
spectra under the illumination of CPL, when the sphere is in free space.

3. Discussion

To explain the mechanism of the peak value of the scattering CD for the superchiral
field in Figure 4a, the electrical and magnetic fields near the center of the chiral sphere
are calculated. In Figure 5a-d, the distributions of the incident field with my = 1 are
plotted. The frequency of the incident light is 546 THz. For the electric field, E, is dominant
compared with the parallel component in Figure 5b around the focus point. Because the
incident beam is entirely p-polarized, the field of H, is zero.

By employing the theoretical model above, the scattering field by the chiral sphere is
calculated in Figure 5e-h. The E|| and H|| of the light field are still the major components,
as shown in Figure 5e,g. Because the scattering fields of E, and H, both have the helical
phase term, the field intensity of E, and H; on the z axis is zero in Figure 5{,h. At the
frequency of the Mie resonance, the light field is well confined within the sphere. From
Figure 5e,g, it can be clearly seen that the resonance along the z direction is formed,
and the spatial intensity distribution of E| and H|| is well separated inside the sphere.
The regions of the enhanced magnetic field are both in the upper and lower parts of the
sphere. In these regions, the large magnetic field is helpful to increase the chiral response
through the coupling between the electric and magnetic fields inside the chiral medium.
It should be noted that, under the illumination of the superchiral field, the dip of the
scattering CD curve caused by the interaction between ED and MQ disappears. It means
that the chiral responses for different orders of the Mie resonances are not independent.
In recent years, the scattering by a dielectric sphere has also been employed to enhance
the circular dichroism of chiral materials [26,27]. The interaction between different chiral
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mechanisms should be further studied, which may lead to deeper understanding of the
chiroptical effects and the development of novel technologies to distinguish and separate
chiral molecules and nanoparticles.
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Figure 5. The light field of the vectorial Bessel beam above the air-dielectric interface. The topological
charge is mg = 1. (a—d) The distributions of EH’ E,, H‘ I’ and H, without the chiral sphere. Ell and E,
(H| and Hy) represent the electric (magnetic) field components parallel and vertical to the interface.
(e-h) The distributions of Ell’ E,, HH’ and H; scattering by the chiral sphere. The incident light
frequency is 546 THz.

4. Conclusions

In summary, the theoretical method for analyzing light scattering by a chiral sphere in
a vectorial light field is developed based on the T-matrix method. Compared with a pure
numerical simulation (e.g., finite element method and finite-difference time-domain), this
analytical method is more efficient for analyzing the mechanisms of chiroptical phenomena.
Especially for a sphere with a subwavelength scale, the scattering field can be calculated
accurately by employing a smaller number of vector spherical harmonics. It has been shown
that the chiral response by a high-index nanosphere can be enhanced at the frequency of
the Mie resonance. Moreover, the superchiral field can be employed to further increase
the scattering circular dichroism value when the nanosphere is under resonance condition.
Therefore, to obtain the highest chiral signal, both the enhancement mechanisms arising
from the near-field nanostructure and the superchiral incident light field can be employed
and optimized simultaneously. Further exploration of the chiral interaction between the
artificially designed nanostructure (e.g., [28]) and the superchiral field is valuable to the
field of optical activity for both fundamental and practical considerations.
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