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Abstract: Discrete dipole approximation (DDA) is a computational method broadly used to
solve light scattering problems. In this work, we propose an extension of DDA that we call
Chiral-DDA (CDDA), to study light-chiral matter interactions with the capability of describing
the underlying physics behind. Here, CDDA is used to solve and analyze the interaction of a
nanoantenna (either metallic or dielectric) with a chiral molecule located in its near field at different
positions. Our method allowed to relate near field interactions with far field spectral response of
the system, elucidating the role that the nanoantenna electric and magnetic polarizabilities play
in the coupling with a chiral molecule. In general, this is not straightforward with other methods.
We believe that CDDA has the potential to help researchers revealing some of the still unclear
mechanisms responsible for the chiral signal enhancements induced by nanoantennas.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The spectroscopic characterization of chiral matter assisted by nanostructures has recently
become an active topic [1-28]. There is a special interest in pharmaceutics to distinguish
and separate enantiomers of chiral biomolecules for health reasons [29]. One of the main
techniques to characterize mixtures of enantiomers is circular dichroism (CD) spectroscopy, that
is based on the measurement of the difference between the left and right circularly polarized light
(LCPL and RCPL) extinction, or optical rotation (OR) of linearly polarized light [30]. Recently,
several works have shown how the CD and OR exhibited by biomolecules can be enhanced by
means of interaction with plasmonic or high refractive index (HRI) nanoantennas (NAs) [1-28].
These NAs consist of structures with sizes ranging from ten to a few hundreds of nanometers
made of materials with optical properties that enable resonant interaction with light [31-33].
This interaction can result in an enhancement of the electromagnetic field amplitude in the
surrounding of the NA and is the basis of many surface-enhanced spectroscopies [21-23,31-37].
In parallel, many chemists and materials scientists have followed on developing techniques that
allow the fabrication of many nanostructures involving chiral matter [38,39]. These are key
aspects to consider for achieving an industrial capability of the nanomaterial-based chiral matter
characterization techniques.

With this experimental scenario, it becomes crucial to have computational methods that provide
experimentalists a tool not only to reproduce the experimental results but also to interpret and
understand the still unclear origin and the physical mechanisms behind the CD or OR enhancement
[1-6,24]. Many theoretical studies focus on optimization of the isolated nanostructures ignoring
interactions of those nanostructures with chiral matter [17-20,40]. Other studies explore the
interaction of chiral matter with nanostructures by just considering an isotropic layer of material
with certain chiral properties surrounding the nanostructure [5—10,23]. Even though this is
the most realistic situation, its electromagnetic solution is typically obtained by computational
methods such as finite differences in the time domain (FDTD) or any other finite element method

#434061 https://doi.org/10.1364/0OE.434061
Journal © 2021 Received 14 Jun 2021; revised 2 Aug 2021; accepted 2 Aug 2021; published 1 Sep 2021



Research Article Vol. 29, No. 19/13 Sep 2021/ Optics Express 30021

Optics EXPRESS 2 N \

(FEM), without elucidating the physical origin of CD enhancement. These methods require
high-level coding, so in most practical cases researchers end up relying on commercial software.
The flexibility of this software is limited by the scarce knowledge and access that the user has
to the codes that run the simulation. As a consequence, the simulations consist of a closed
solution given an input optical signal, ignoring the intermediate interactions responsible for the
enhancement. Some attempts to elucidate CD enhancement mechanisms have been done based
on approximations like considering the nanostructures as strong dipoles [23-28]. Nevertheless,
those studies were only centered in partial results, like molecular absorption obviating the NA
scattering contribution to the total extinction [24-28], CD enhancements with the molecule fixed
at one position [24], or CD enhancements with metals bypassing HRI dielectric nanostructures
[26-28]. To consider the effects that multipolar contributions of the NA have on the optical
response of chiral systems, a more complete description has to be considered rather than dipolar
approximations. The discrete dipole approximation (DDA), which consists of discretizing the
system in a large number of coupled electric dipoles, is a suitable approach to describe the NAs
multipolar resonances [41,42].

As far as we are concerned, this is the first time that an extension of the DDA formalism is
proposed to numerically solve a light scattering problem where chiral matter is present. In this
work, the extension of the DDA to address the interaction of light with nanostructures and chiral
matter is introduced. We call it chiral DDA (CDDA), because it considers the presence of one or
more mixed electric-magnetic polarizabilities, an intrinsic property of chiral molecules. With a
DDA formalism is relatively easy to separate the different electromagnetic contributions present
in the problem such as the extinction produced by the NA and the chiral molecules or even the
individual dipolar resonances of the NA. These specific features facilitate a deep understanding
of the NA-molecule interaction at levels that can not be easily reached with other numerical
methods like FDTD or FEM. In addition, DDA formalism is easier to handle and implement than
FDTD or FEM, with the main drawback of slow convergence [42]. We believe that this novel
method can help researchers to reveal some of the still unclear mechanisms responsible for the
chiral signal enhancements induced by NAs and boost the design of more efficient chiral sensors.

The manuscript is organized as follows: in section 2 we describe the CDDA method. In section
3, we test CDDA by studying an scattering problem that can also be solved with a particular
analytic solution (chiral Mie theory). Section 4 is devoted to showing the novel utility of the
CDDA method by solving an interesting situation that has been widely explored experimentally
[1,14-16] and not fully explained in other theoretical studies that use other computational tools
[5-10,18-20,24-28]. We conclude with section 5 that summarizes the main results of this work
and the potential that our method offers.

2. CDDA method
2.1.  Coupling between general dipoles

The basic description and mathematical formalism of the DDA method for coupled magnetic-
electric dipoles can be found in [43]. In this work, we have slightly changed the notation. As
a novelty, here we have incorporated the mixed magnetic-electric polarizability, necessary to
account for chiral matter. A typical chiral scatterer, such as a chiral molecule, exhibits an electric
and magnetic dipolar moment that depends simultaneously on the electric and magnetic incident
field [44]

p; = @ Ei —inoGiH; )

m; = iG,‘Ei + ah,iHi

where i stands for the i-th dipole, @, ; and a;,; are the electric and magnetic dipolar polarizabilities
respectively, G; is the mixed magnetic-electric polarizability and pg is the vacuum permeability.
These polarizabilities are in general 3x3 tensors for anisotropic materials, but are proportional to
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the identity matrix for the case of isotropic ones. The method proposed here can be applied to
both cases in the same way as DDA [41,42].

It is expected that when a chiral response is considered, i.e. a non zero G;, the typical DDA
problem, where only electric polarizabilities are considered [41,42], is no longer valid. In this
case, interactions between electric and magnetic dipoles have to be introduced [43]. To do so, we
need to know the electric and magnetic field the j dipole radiates to the i dipole,

etk 1 Zy
Egj = — (Aﬁ]lg + Bjnj; ® nji) pj - —Djny; X mj
drrji | eond, -
i )
Hyj = S |2 Dongxp; + (Auls + Bymy ® ng) m
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where n,, is the surrounding medium refractive index, k is the modulus of the wavevector
(k = 2mny, [ ), rj; is the distance from the dipole 7™ to the i dipole, ¢ is the vacuum permittivity,
n;; is the unitary vector directed from the dipole 7™ to the i dipole and Z is the vacuum
impedance. The following abbreviations were introduced

1 ik

Aji=Aij=k2——2+l—

Tii i

3 3ik

Bji=Bj=-k+5-— (3)
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If we now consider the case of N dipoles with general electric and magnetic dipolar moments as
given by Eq. (1), the main problem will consist in obtaining the total local electromagnetic field,
(E;, Hj), at each dipole position. The i dipole is excited by a local field that is the superposition
of the incident exciting wave and the field produced by the rest the dipoles obtained from summing
Eq. (2) over all the dipoles surrounding the i one. The total local incident electromagnetic field
in the i dipole can be written in the following way

E; _ Z Egj . Eine,i
H;/ % \Hsi Hinc,i

“

where (Einc’i, Hinc,i) is the incident electromagnetic field of the exciting wave at the position of
the i dipole.

From the coherent superposition of the radiated field by the N dipoles, a self-consistent system
of 6N equations is obtained, where the 6/N unknown variables are the three components of the
electric and magnetic total local field at the N dipole positions (see Supplement 1, section S1).
Any computing routine for the CDDA method should include two main parts once the position
and polarizabilities of the N dipoles have been defined: one part should be able to define a 6N
variable system of equations Eq. (4) that includes all the interactions between the dipoles as
given by Eq. (2), and the other should be dedicated to solve the resulting system of 6N equations.
Once the total local field in each dipole is known, it is straightforward to obtain the electric and
magnetic dipole moments of each dipole through Eq. (1). Then the scattered field by each dipole
can be obtained with Eq. (2), and then, the total field in the near- and far-field regimes can be
obtained, by just summing the scattered field of each dipole.

2.2. Far field calculations: cross-sections

Here, we briefly introduce the equations used to calculate the absorption (o) and extinction
cross sections (07,). Assuming that the system of equations given by Eq. (4) has been solved, the
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dipole moments at each dipole given by Eq. (1) can be obtained. Then, the following equations
to obtain the extinction and absorption cross sections can be applied [45]

Oext = T o -2 Z ( inc,i Pyt MOHlnc1 . 1)
EOnm |E0|

N
Tabs = Z
l

EOnm |E0|
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where Ej is the amplitude of the electric field of the incident wave.

The scattering cross section can be obtained as the difference between the extinction and
absorption cross section, 0., = 0y — Oaps. If the calculations are correctly implemented, this
difference should be equal, within a certain numerical error, to the definition of scattering cross

section [45]
k2 /
Osca = — 5
|Eo)?

A chiral system will produce different extinction for RCPL and LCPL, and its difference is
known as CD. We will quantify the CD in terms of the difference between the extinction cross
section for RCPL and LCPL

N

2
) : Z
Z e~ [(13 -n®n) p,2 ~Zaxm

P €Ny, Nm

dQ 6)

CD,y = Oext,R — Oext,L @)

where the subindexes R and L denote the RCPL and LCPL respectively. If CD is calculated in
this way it will have cross section units (area).

Equation (5) enables handling the absorption and scattering contribution to the total extinction
of each dipole independently, and this is a powerful tool to understand the origin of the resulting
far-field spectra.

If we now consider the case of a single and weak dipolar scatterer, i.e. small polarizabilities as
in the case of a realistic molecule, the absorption cross section of the molecule can be obtained.
Due to the small size of molecules, extinction comes mainly from absorption [46]. By substituting
Eq. (1) in Eq. (5) we obtain the expression of absorption cross section of a chiral molecule

k

Z 17
w2 1EoF tedile ®)

//E2+ a, H2_
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Oext ® Ogbs = X, ;i
where the quotes in the polarizabilities indicate their imaginary part, the sign of the last term
depends on the handedness of the molecule and C is the optical chirality density (OCD) defined

as [44] )

n,,w %

This parameter has also a sign that depends on the handedness of the exciting light. RCPL
and LCPL have opposite OCD signs. Calculating the difference between the RCPL and LCPL
absorption cross sections with equation Eq. (8), it can be seen that only the last term contributes
to that difference
_ 82|67
CDgps = Tabs,R — Oabs,L = +ﬁ R (10)

€01y, |Eol
where Cp is the OCD corresponding to the RCPL.

It can be concluded that the absorption CD of a chiral molecule is proportional to the OCD
and its mixed magnetic-electric polarizability.
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3. Validation of the method

We consider a case that can be analytically solved with the Mie theory. This consists of a sphere
with two defined isotropic refractive indexes, one for RCPL and another LCPL, i.e. a sphere
with circular birefringence. Such birefringence is characterized by a mixed magnetic-electric
susceptibility yn:

nR =n+ Xen

np =n-= Xeh

an

where n is the mean refractive index, and R and L denote RCPL and LCPL respectively.

The problem of light scattering by spheres with isotropic circular birefringence is analytically
solved in [46]. To solve the equivalent problem with CDDA we must derive the Clausius-Mossotti
relations (CMR) for these systems (see Supplement 1, S2). We use this relation to describe
the polarizability of the dipolar unit that is used to discretize the sphere. To derive the CMR
relations, a bulk medium with analog constitutive relations as given in Eq. (1) are considered.
For a non-magnetic medium, those relations are

P= 6()()’12 - DE - igy xenZoH
12
0
By neglecting second or higher order terms in y,;, and considering vacuum as the surrounding
medium, the electric and mixed magnetic-electric polarizability, @, cy and Gey of a small unit
cell of volume V inside such material can be expressed as

n? -1
n2+2

13
£14 Xeh ( )

Gey = —
M= 22

Qecm = 3V

Once the radius of the sphere and its refractive index are defined for LCPL and RCPL through
the mixed magnetic-electric susceptibility, Mie exact calculation can be applied to obtain the
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Fig. 1. Computation with the CDDA method of (a) the extinction cross section for RCPL,
(b) extinction cross section dichroism (CDgy;) of a 160 nm diameter sphere with refractive
index 1.4 and mixed magnetic-electric susceptibility of 10~# considering a discretization of
N dipoles (coloured solid lines). For comparison, the exact Mie calculation is also shown
(black dashed). (c) Error in the extinction CD calculation compared to the exact Mie solution
as a function of the size parameter.
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solution used for comparison with the CDDA method. For the latter, we discretize the sphere
in a large number of dipoles placed in a 3D cubic lattice. The polarizability of each dipole is
that predicted by the Clausius-Mossotti relation in Eq. (13). A comparison between CDDA
and exact Mie calculations is shown in Fig. 1 where a good agreement is obtained and can
be further improved by increasing the number of discretizing dipoles. As shown in Fig. 1(c),
the convergence is quite slow but not surprising since the cubic lattice is not efficient enough
to describe the spherical surface of the sphere. Moreover, the radiative correction was only
considered for the electric polarizability (see Supplement 1 S2). Apart from the polarizability
description, the particle meshing can also be optimized. This is something important to consider
in anisotropic and asymmetric nanoparticles [42].

4. Potential application of the CDDA method

Here, a simple but illustrative and relevant case will be analyzed with the CDDA method:
the electromagnetic interaction between a spherical nanoparticle acting as a NA and a chiral
"pseudo-molecule’: a small dipole that mimics the spectral response of a real molecule. A system
that involves a finite number of molecules can be easily implemented in the CDDA method by
just using dipolar polarizabilities that are straightforward to include in the calculations. Here, we
show a comparison of the CD enhancement produced by two different spherical NAs interacting
with a chiral molecule. One of the particles is made of silicon with a diameter of 125 nm and the
other of gold with a diameter of 60 nm. These materials were chosen because they have been
widely explored in experimental and theoretic studies [1-5,7-10,16,19,20,23,26]. However, this
study is also applicable to other promising materials often employed in other spectral ranges, such
as the UV, where Si and Au are not able to excite resonances [18,40]. As a first approach, the Au
and Si nanospheres are described only by their effective magnetic-electric dipolar polarizabilities
obtained from the Mie coefficients.

4.1. Dipolar description of the NA and the molecule

In this section, the polarizabilities of the NAs and the molecule are described. We used the optical
constants given in the literature for Au [47] and Si [48]. The two first Mie coefficients, a; and by,
were obtained from Mie theory once both, the radius and the optical properties of the surrounding
medium (in this case water, n; = 1.33) are defined [46]. The b, coefficient corresponds to the
first resonance, the magnetic dipolar (MD) one, while the a; coefficient correspond to the second
resonance, the electric dipolar (ED) one. Each resonance has an internal field distribution in the
sphere that can be characterized through isotropic magnetic and electric dipolar moments whose
polarizabilities are given by
Qs = i67ra1/k3

(14)
aps = i6mhy [K°

To describe the spectral features of the pseudo-molecule extinction, the Born-Kuhn model
(BKM) [49] is employed. The BKM is a qualitative model that describes the main features
of realistic molecules that due to their molecular structure have bonds that behave as coupled
oscillators. In the BKM the spectral response is attributed to the resonance of two coupled and
orthogonal electric dipoles. The resulting electric polarizability and the mixed magnetic-electric
polarizability, in the limit of weak coupling oscillators and small size, can be expressed as

A
a, =
¢ a)(z)—a)z—iya)
Bow (15)
G= 5 @,
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where w is the angular frequency, wy is the resonant angular frequency, y is the damping rate, and
A and B are amplitude constants that depend on the probability of the optically induced molecular
transition. For the sake of simplicity, the polarizabilities are assumed isotropic which could
correspond to a mean value of all possible orientations of the molecule. It is straightforward
to obtain reasonable values for wgy, A, B and y from some experimental measurements of
biomolecules extinction [S0-52]. Typically, the chiral part of the absorption due to G is very
small, so its influence in the total extinction for any light polarization can be neglected. Usually,
biomolecules show extinction resonances in the near UV, so the resonant frequency is typically
wo>7 x 10" rad/s [50]. The value of A is chosen so that the peak value of the extinction
cross section does not exceed 0.1 nm? [50-52] and the damping rate is directly related to the
width of the resonance that can be obtained from the extinction spectrum, being typically in
the order 0.1wy. Concerning B, it is non-zero only if the biomolecule exhibits a non-zero CD.
From experimental measurements, the CD signal is typically 10% or 10* times smaller than the
absorbance signal [51,52], thus the value of B is chosen to fulfill this requirement.

Figure 2 shows the extinction cross section and the CD spectrum of the pseudo-molecule
obtained with the BKM. We can see two resonances slightly shifted in wavelength. One for
RCPL and one for LCPL. This shift is mainly due to the coupling between the oscillators that
models the molecule and is the origin of the CD. When these bonds are displayed in a completely
non-symmetric way (breaking the mirror symmetry) like the two oscillators in the BKM, the
molecule exhibits a CD. The degree of validity of this model is discussed in section S3 of the
Supplement 1.
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Fig. 2. (a) Extinction coefficient of the pseudo-molecule. The parameters of Eq. (15) were
chosen (19 = 27r¢/wp = 220 nm, ¥ = 0.1wg, A = 102 nm?s~2F and B = 102° nm~2) so the
values obtained for extinction and CD are realistic in base to the experimental bibliography.
(b) CD of the pseudomolecule.

In Fig. 3 the extinction (blue), scattering (yellow) and absorption (red) cross section are shown
for the Au and Si NAs. The electric near-field (NF) intensity (blue-yellow scale) and the OCD
enhancement (blue-red scale) maps at the resonant wavelength (1 = 540 nm) are shown in the
insets of their respective extinction spectrum. It can be seen that both, the 60 nm Au and 125 nm
diameter Si NA exhibit a strong extinction resonance at the resonant wavelength. The Si NA
size was chosen to make its MD resonance coincide with the purely ED of the Au NA resonance.
This matching of resonances facilitates the comparison. We first point out the high extinction
values of both NAs, being the Si NA extinction cross section more than 10 times larger than the
Au one. This fact is in part due to the higher size of the Si NA, but also because its extinction
efficiency is bigger [34]. Furthermore, it is important to note that the extinction for the Au NA
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is mainly due to absorption while in the case of silicon is due to scattering. In both cases, the
total extinction (10° — 10* nm?) is several orders of magnitude larger than that of the molecule
(0.01 nm?). Therefore, we expect the molecule to generate a very small perturbation to the NA
behavior when they interact. For Au, the 540 nm resonance comes mainly from the ED resonance,
character while for the Si NA, at the same wavelength, the resonance has important contributions
of both, the ED resonance (shorter wavelength) and the MD resonance (at 540 nm). In both
cases, these resonances also imply a strong near-field enhancement that is typically exploited
for surface-enhanced spectroscopies [34—37], including the CD enhancement of biomolecules
[1-28].

x10*

10

o (nmz)
o (nm2)

0 - : :
400 500 600 700 800 400 500 600 700 800
A (nm) A (nm)

Fig. 3. Extinction (blue), absorption (red) and scattering (yellow) cross section of a 60 nm
diameter gold (a) and 125 nm diameter silicon (b) NA. The insets with blue-yellow color
map show the near electric field intensity distribution normalized to the incident plane wave
electric field intensity. The insets with blue-red color-map show the OCD normalized to
the values of the incident plane wave. All the insets are obtained for the main resonant
wavelength of both materials, i.e. at 540 nm.

Concerning the insets of Fig. 3, it can be seen that the electric NF intensity of the Au NA
is 4 times larger than that of the Si NA. This makes Au NAs efficient for surface enhanced
spectroscopies (SERS, SEF, etc) where it is important to amplify the characteristic signal of the
target. However, the absorption efficiency and thus the heat generation in Au are also larger.
This characteristic could be an advantage for some thermal applications [53] but can also be a
drawback in sensing applications where heating the sample can alter its response, destroy it or
even melt the NA [54-56]. Silicon NAs, by contrast, offers the opportunity to compensate its
lower NF intensity enhancement with its negligible absorption cross-section in the infrared range,
where the molecules present their vibrational absorption bands. With near-zero absorption, it is
possible to employ higher excitation powers in the near IR without destroying the sample the
NA itself, making HRI NAs more efficient for sensing enhancement applications [34]. For the
case of chiral sensing, which consist of detecting optical signals of chiral matter, in principle the
electric field enhancement by itself is not enough to ensure a high CD signal. When molecular
absorption is studied, the CD is proportional to the OCD [44] as discussed in section 2.2. Is in
this parameter where HRI nanoparticles are generally better than metals [25]. This can be seen
in the insets of Fig. 3 where the OCD enhancement (blue-red scale, C) of a Si NA is more than
two-fold that of the Au one. Also, the spatial distribution (sign and magnitude) is uniform for the
Si NA while this is not the case for the Au NA. This change of sign in C is also obtained in other
metallic NAs like silver [25]. More information about the validity of the dipolar approximations
of the NAs is given in the Supplement 1, S3.
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4.2. Extinction CD enhancement

In this section, we calculate the optical response of the chiral molecule-NA system with the
pseudo-molecule located at three different surface positions (top, 0, equator, /2, and bottom, )
of the silicon and Au NAs. In experiments, direct measurements are based on extinction, for this
reason the CD in terms of the extinction cross section (see Eq. (7)).

In Fig. 4(a) we show the extinction CD obtained for such interaction at those three positions.
The greyish curves correspond to the molecule-Si NA interaction while the yellowish ones,
correspond to the molecule-Au NA interaction. For comparison of the CD enhancement produced
by the interactions of the molecule with each NA, the CD of the isolated molecule is shown
with a purple solid line. In Fig. 4(b) the enhancement curves are shown. These were obtained
by dividing the extinction CD obtained from the interactions by the extinction CD exhibited by
the isolated molecule. In this part of the spectrum, the CD exhibited by the isolated molecule
is very small ( 1078) as we are far from the molecule resonant wavelength (1o = 220 nm). For
the resonant wavelength of the NAs (540 nm), due to the interaction, the obtained CD signals
are more than one order of magnitude higher, although still small compared signal generated by
the isolated molecule in its absorption band. To obtain bigger signals, more than one molecule
should be considered surrounding the NA or even a more sophisticated geometry for the NA
should be optimized, but all these aspects are out of the scope of this work. With the Si NA we
obtain a CD enhancement factor that varies from 45 to 70 depending on the relative position
of the molecule. For the same wavelength, in the case of the gold NA, the CD sign changes
depending on the position of the molecule, ranging from -15 to 20. In any case, the absolute
value of the enhancement produced by the Au NA is smaller than those obtained with the Si
NA. In both cases, the maximum enhancement is obtained when the molecule is placed at the
NA equator. It is important to mention that, in general, the experimental situation is not the
optimal one, but instead is an average of all possible relative positions. The reason is that the
molecules are randomly distributed over the sphere. As a result, a colloid of a large number of
NAs will cover almost every single possibility. It is clear to predict from Fig. 4 that the average
enhancement of the Si NA will be larger than that of the gold NA for two main reasons: the gold
NA exhibits lower absolute values and also shows a change of the sign of the CD enhancement
factor.
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Fig. 4. (a) Extinction CD of the Au NA (yellowish curves) and the Si NA (greyish
curves) with a molecule attached. Three locations for the molecule on the NA surface were
considered: at the top (0) the equator (7/2) and the bottom () of the NA’s surface. The
purple curve is the Extinction CD exhibited by the isolated molecule. (b) Extinction CD of
the NA with the molecule attached, normalized to the CD exhibited by the isolated molecule.
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The OCD enhancements (see insets in Fig. 3) predict enhancement factors ([-4,4] for Au and
[6,10] for Si) much lower than the ones observed in Fig. 4. The fact that the OCD enhancement in
the near-field does not reproduce the measured far-field CD enhancement has been continuously
evidenced in theoretical and experimental studies [1-6,24]. Many reasons have been proposed
to explain it, but the mechanism of far-field CD enhancement is still unclear from a theoretical
point of view. Here, we provide an approach to understand why the OCD enhancement shown
in the near field is not enough to understand the far-field CD. The OCD calculations shown
here and in related bibliography are always performed for the isolated nanostructure assuming
that the molecule will not perturb the near-field distributions [17-20,40]. This is reasonable
taking into account that molecules are indeed weak scatterers compared to NAs (see Fig. 2 and
Fig. 3). This does not imply that there is no interaction between the NA and the molecule. The
scattering of the sphere is perturbed by the presence of the molecule and therefore the extinction
measurements in the far-field are affected by this near-field interaction [57]. In other words, in
the far-field, we measure the extinction which is a sum of the scattering and absorption of both
the molecule and the NA.

The OCD enhancement only predicts the absorption CD enhancement of the molecule (see
Eq. (8)), but many more processes contribute to the measured extinction, for example, the
scattering and absorption of the NA. To illustrate all these concepts, we apply the extinction
theorem to the total system as in Fig. 4. In parallel, we apply it to the NA and the molecule
separately to distinguish each contribution to the total extinction. In other words, we truncate the
sum of the extinction cross section given in Eq. (5). This is one of the main advantages of the
CDDA method, it allows the separation of each contribution to the total extinction, absorption,
or even scattering in interaction problems. For simplicity, this study is focused on the optimal
situation, i.e., when the molecule is in the equator, and only in terms of extinction. The result is
shown in Fig. 5.
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Fig. 5. Extinction CD of the molecule-NA system when the molecule is in the equator of
the NA, for Au (a) and Si (b). The contribution of the molecule (darkest curves) and the NA
(intermediate darkness) is independently calculated and compared to the total extinction
(brightest curves).

It is clear that the contribution of the NA to the extinction CD is a very important part of the
total CD. Noteworthy, the isolated sphere by itself does not generate any CD. The appearance of
this CD comes strictly from its coupling to a chiral object, in this case, the chiral molecule. In
fact, in the system molecule-Si NA, the main contribution to the CD is the scattering of the Si
sphere while in the case of the Au is less important, although not negligible. This induced CD of
a non-chiral object is not considered when predicting enhancements by modeling isolated achiral
nanostructures. In those studies, the figure of merit for chiral sensing is only the OCD hot-spots
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[17-20,40,44]. These OCD-hot spots are only relevant in two cases: when absorption dominates
the extinction of the system, or when the study is centered in the separation of enantiomers using
light absorption, e.g., different levels of ionization between left and right-handed enantiomers,
enantioselective optical tweezers, etc - - - [18,20,58].

4.3. Absorption CD enhancement

In this section, the relevance of the OCD hot spots will be analyzed. The experimental
measurement of molecular absorptions and in particular its separation from the whole extinction
event is very difficult. However, the relevance of this process is crucial in the enantiomeric
purification of racemic solutions [18,20]. In the same way, as the extinction CD contribution
produced by the molecule was separated in Fig. 5, repeat it for the molecule’s absorption as
shown in Fig. 6. By studying the molecule’s absorption cross section when interacting with the
NA, the relevance of the OCD can be analyzed. The absorption CD of molecules interacting with
NAs has been done before in the literature with other methods [4,8,26], but the direct relation
with the OCD was not exposed. Under the dipolar approximation, the explicit derivation can be
found in [25].
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Fig. 6. Comparison of the absorption CD enhancement (ACDE) of the molecule contribution
interacting with the Au NA (solid lines) and the near field OCD enhancement (OCDE)
generated by the isolated sphere (dashed). These comparisons were done for the three
positions indicated in the inset.

In Fig. 6, the molecule’s absorption CD enhancement (ACDE) when interacting with the Au
NA is plotted and compared to the near field OCD enhancement (OCDE) calculation of the
isolated NA. We define the ACDE as the absorption CD exhibited by the molecule attached to
the NA divided by the CD exhibited when it is isolated. For the ACDE calculation, the molecule
is placed in three different positions over the surface of an Au NA, and then the OCDE produced
by the isolated Au NA was calculated in those positions. It is important to note that we only
take into account the contribution of the molecule absorption instead of the total absorption
that includes the absorption of the nanoparticle. It can be seen, that the ACDE is the same as
the OCDE in each point (dashed lines). This means that one can predict the ACDE of chiral
molecules with the calculation of the OCD hot spots generated by isolated nanostructures. This
was done to obtain the enhancement curves for Si and Ag spherical NAs in [25]. Therefore, it
can be concluded that the absorption rate formula (Eq. (8)) only describes part of the physics of
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the complete problem where also the sphere generates CD and this is not only due to absorption
but also due to scattering. All these pieces together will give as a result a complex extinction CD
spectrum that can only be described by considering the coupling phenomena as described in
Fig. 4. Thanks to the easy handling of the contribution of each dipole in the extinction theorem,
the CDDA allows understanding the physics of the CD enhancement.

4.4. Role of the magnetic and electric dipolar polarizability in the extinction CD

A significant advantage of the proposed CDDA method compared with others is the possibility
of separating the MD-ED coherent superpositon terms that are responsible for CD enhancement.
This facilitates the understanding of the physics behind the surface-enhanced CD in a particular
problem where both kinds of resonances are present. As an illustrative example, the molecule-Si
NA interaction was analyzed by introducing in our calculations artificial "switches" for the
electric and magnetic dipolar polarizabilities of the Si NA. Figure 7 shows the resulting extinction
spectra for each artificial "switch". Note that if one of the two polarizabilities is switched off, the
peak values of the extinctions exhibit damping as each resonance has an important contribution to
the other. To avoid misleading results, correcting factors were introduced to each polarizability,
indicated in Fig. 7(a), for maintaining the peak values of the extinction constant.
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Fig. 7. (a) Extinction efficiency of isolated Si NA for the three studied situations:considering
electric and magnetic polarizabilities (light gray), only magnetic polarizability (black), and
only electric polarizability (darker gray). (b) Resulting extinction CD in those situations
when the molecule is attached to the equator of the Si NA.

Figure 7(b) evidences the relevance of the simultaneous presence of both dipolar moments,
magnetic and electric, in the interaction between the Si NA and a chiral molecule. In the cases
where only one dipolar polarizability is present, either electric or magnetic, the enhancement
of CD is weaker than the obtained in the case where both polarizabilities are present. In fact,
in the pure electric or magnetic dipolar cases the enhancement is similar to the one obtained
with the Au nanoparticle that only excites effectively an electric dipolar resonance. Therefore,
CD in scattering is also enhanced due to the coherent superposition of ED and MD resonances,
something that also happens with the OCD and thus the absorption CD [18,19,25].

5. Conclusions

In this research, we have introduced an extension to the DDA formalism where the effective
polarizability of each dipole contains electric, magnetic and mixed magnetic-electric contributions,
so that it can be used to solve light scattering problems in chiral systems. This mixed magnetic-
electric polarizability is an inherent property of chiral substances like many biomolecules of
interest in the pharmaceutical industry, where sensing chiral molecules in terms of CD is necessary.



Research Article Vol. 29, No. 19/13 Sep 2021/ Optics Express 30032 |

Optics EXPRESS i NS

In this sense, CDDA can help researchers to optimize the design of CD sensing devices based on
nanostructures. Specifically, it helps to identify and individually control the different physical
mechanisms involved in this problem in an easier way than other methods based on FEM or
FDTD. To illustrate this, we have studied as representative case, the characterization of a chiral
molecule in the presence of two different NA CD enhancers, one made of silicon and the other
of gold. First, as expected, an achiral silicon NA interacting with a chiral molecule shows a
higher CD signal enhancement. Second, we showed that most of the CD signal comes from the
scattering of the NAs, usually much larger than molecules. From this, we conclude that the OCD
hot spots generated by the NA in the near field only enhance the molecule absorption CD, which
is only a small contribution to the total extinction. Finally, we have demonstrated the importance
of the simultaneous presence of magnetic and electric dipolar moments in the NA to achieve
optimal CD enhancement.

6. Abbreviations

* ACDE : absorption circular dichroism
* BKM : Born-Kuhn Model

* CDDA : chiral DDA

* CD: circular dichroism

* CMR : Clausius-Mossoti relation

» CPL : circularly polarized light

* DDA : discrete dipole approximation
* ED : electric dipolar

* FDTD: finite diferences in the time domain
* FEM : finite element method

* HRI : high refractive index

* LCPL : left circularly polarized light
* MD : magnetic dipolar

* NA : nanoantenna

* NF: near field

* OCD : optical chirality density

* OCDE : optical chirality density enhancement
* OR : optical rotation

* RCPL : right circularly polarized light
» SEF : surface enhanced fluorescence
* SERS : surface enhanced Raman
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