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Tailoring the chirality of light emission with spherical Si-based antennas

Xavier Zambrana-Puyalto∗ and Nicolas Bonod†

Aix-Marseille Université, CNRS, Centrale Marseille,

Institut Fresnel UMR 7249, 13013 Marseille, France

Chirality of light is of fundamental importance in several enabling technologies with growing

applications in life science, chemistry and photodetection. Recently, some attention is being focused

on chiral quantum emitters. Consequently, optical antennas which are able to tailor the chirality

of light emission are needed. Spherical nanoresonators such as colloids are of particular interest to

design optical antennas since they can be synthesized at large scales and they exhibit good optical

properties. Here, we show that these colloids can be used to tailor the chirality of a chiral emitter.

To this purpose, we derive an analytic formalism to model the interaction between a chiral emitter

and a spherical resonator. We then compare the performances of metallic and dielectric spherical

antennas to tailor the chirality of light emission. It is seen that, due to their strong electric dipolar

response, metallic spherical nanoparticles spoil the chirality of light emission by yielding achiral

fields. In contrast, thanks to the combined excitation of electric and magnetic modes, dielectric

Si-based particles feature the ability to inhibit or to boost the chirality of light emission. Finally, it

is shown that dual modes in dielectric antennas preserve the chirality of light emission.



INTRODUCTION

Optical antennas can resonantly interact with light to enhance the decay rates and to control the directivity

of emission of quantum emitters, or reciprocally to enhance the near fields. They have been successfully

used for example in molecular spectroscopy [1, 2], single photon sources [3–5] and photo-detectors [6]. A

lot of efforts have also been devoted to design optical antennas which are able to enhance chiral light-

matter interactions. Among recent achievements, we find enhancing the resolution of the circular dichroism

technique [7]; controlling the optical rotation of light [8]; creating chiral optical fields from linearly polarized

plane waves [9, 10]; creating complex chiral plasmonic structures [11–15]; or even digging in the interplay

between the angular momentum (AM) of light and chirality [16–22].

Here we investigate the interaction between a chiral dipolar emitter [23, 24] and a spherical optical antenna.

Emphasis is placed on spherical nanoparticles since they can be fabricated at large scales via colloidal

synthesis or laser ablation with excellent surface and optical properties [25–29]. The question that we

address is whether individual spherical nanoparticles can be used to produce strong chiral effects when

interacting with chiral emitters. More precisely, we aim at studying how the antenna modifies the chirality

of the emitted field in the far-field region. For that purpose, we present a simple formalism to analyze

the chirality of the scattered light. This formalism, which is analytic and valid for antennas of any size, is

developed using the Mie theory in the helicity basis [30–32]. The formalism is first applied to plasmonic

antennas composed by gold spherical nanoparticles [33–35], and secondly to dielectric spherical resonators

made of silicon [28, 29, 36–38]. It will be demonstrated that the interplay between electric and magnetic

modes of the optical antennas is required to tailor the chirality of light in the far field. In addition, it will

be seen that the dual behavior of the particle [30, 31, 39] plays a very important role.

CHIRAL DIPOLAR EMISSION

At the level of macroscopic Maxwell equations, we consider that a dipolar emitter C is chiral if and only

if its emission is described as a superposition of both electric and magnetic dipolar fields. In contrast, we
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consider that the emitter is non-chiral if its emission pattern is symmetric under at least one mirror symmetry

plane. In particular, the field described by either either an electric or a magnetic dipolar field alone are non-

chiral. It is also assumed that an emitter whose emitted electromagnetic (EM) field is a combination of

electric and magnetic dipolar fields has both electric and magnetic dipole moments, p and m. Note that for

chiral emitters, p must be a real magnitude, and m must be imaginary [40][41, p187].

The description of the EM fields in terms of electric and magnetic multipoles has been proven to be

very useful for a huge variety of phenomena. However, for chirality and optical activity studies [42–44], a

change from the electric/magnetic (or parity) basis to the helicity +1/− 1 basis [32, 45] allows for an easier

description of the problem. The change from the parity to the helicity basis is made in the following way.

Let
{
A

(e)
jmz

,A
(m)
jmz

}
be electric and magnetic multipoles. Then, their linear combinations yield multipolar

fields of well-defined helicity [30, 32, 46]:

A+
jmz

=
A

(m)
jmz

+ iA
(e)
jmz√

2
A−jmz

=
A

(m)
jmz
− iA(e)

jmz√
2

(1)

As a result, A+
jmz

and A−jmz
are eigenstates of the helicity operator Λ [39, 46]:

ΛA+
jmz

= +A+
jmz

ΛA−jmz
= −A−jmz

(2)

Notice that for both families of multipoles, the sub-indexes j,mz stand for the eigenvalues of the operators

(J2) and (Jz) [32]. Now, in the same way that a current density j can be given by an electric or magnetic

dipolar moment (p or m), it can also be given by a helicity ±1 dipolar moment (p+ or p−) [47].

In Figure 1, we show the emitted fields of the emitter |EC |2 for two different orientations of p+ and p−

corresponding to m = 0,+1 (or alternatively ẑ and (x̂ + iŷ)/
√

2). As it can be observed, the radiation

pattern of p+ and p− for m = 1 are counter-intuitive, as they are highly directional. This contrasts with

the highly non-directional radiation patterns of electric and magnetic dipoles. Nonetheless, the pattern can

be inferred from the definition of helicity and its relation to the AM of light [30, 39].

Then, we will define the chirality (C) of the emitter as the comparative strength of p+ and p−. That is,

if the emitted field by the emitter is given by EC = αA+
1,mz

+
√

1− |α|2A−1,mz
, then we will define C as:

C(α) =
|α|2 − (1− |α|2)

|α|2 + (1− |α|2)
= 2|α|2 − 1 (3)
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FIG. 1. |EC |2 of an emitting dipolar emitter. For a) and b) the dipole is oriented along the z axis, whereas for c)

and d) it is left circularly oriented, i.e. p± ∝ (x̂ + iŷ). The dipole emits light with helicity +1 in a) and c), and

with helicity −1 in b) and d). The emission is at λ = 632nm. A null field has been assumed in a spherical volume of

radius 100nm to remove the divergence of dipolar fields at the origin. Each image is 1µm×1µm in size.

where |α|2 is the probability that the emitter shines light with helicity +1. As a result, the probability that

the emitter emits light with helicity −1 is (1−|α|2). Using the definition given by eq.(3), the chirality of the

emitter C(α) will be a value going from [−1,+1]. It can be seen that C(α) = +1 indicates that the emitter

emission is only given by p+; C(α) = 0 means that the probability of inducing p+ and p− is the same - this

is the case of an emitter which is purely given by p or m; finally, C(α) = −1 indicates that the emission

is only given by p−. The same definition of chirality will be used to quantify the chirality of the scattered

light in the far field.
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MULTIPOLAR FORMALISM TO ANALYZE THE CHIRALITY OF THE SCATTERED FIELDS

In this section, we provide analytic tools to easily describe the chirality of the field scattered off a spherical

antenna when the latter is coupled to a chiral emitter. Without any loss of generality, it is assumed that

the chiral emitter is located in the z axis and emits light at a unitary rate. We suppose that the chirality

of the emitter, given by C(α), is an inherent property. Then, we analytically compute the chirality of the

scattered field (Cs(α)) as a function of α, the distance between the emitter and the antenna, and the size of

the antenna. The theoretical details to compute Cs(α) are given in Appendix A, but the general idea can

be summarized as follows. The chiral source emits a dipolar field which is a superposition of two dipolar

fields with opposite well-defined helicities: EC = αA+
1,mz

+
√

1− |α|2A−1,mz
, where mz has to do with the

orientation of the emitter. The reference frame of the problem is not located at the center of the emitter,

but rather at the center of the antenna. Thus, the translation-addition formulas need to be used to find an

analytic expression of the emitted chiral field. Then, the Mie theory in the helicity basis [30–32] is used to

find the scattered field Es. This scattered field has, in general, two helicity components which contribute

separately to the total scattered power. That is, the total scattered power Ws is computed as Ws = Ws+ + Ws−,

with Ws+, and Ws− being the scattered power into modes with helicity +1 and −1, respectively. Then, following

the definition of C(α) given by eq.(3), we compute Cs(α) as:

Cs(α) =
Ws+ − Ws−
Ws+ + Ws−

(4)

As a result, the chirality of the scattered field by the antenna can be analytically expressed as (see Appendix

A):

Cs(α) =

∑
j′,L

|α Tj′,L,1,mz

aj + bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj − bj√
2
|2 − |α Tj′,L,1,mz

aj − bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj + bj√
2
|2

∑
j′,L

|α Tj′,L,1,mz

aj + bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj − bj√
2
|2 + |α Tj′,L,1,mz

aj − bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj + bj√
2
|2

(5)

Note that Cs(α) is a multi-variable function and depends upon different parameters apart from α. Naturally,

it depends on the features of the emitter such as its emitting wavelength λ0, its orientation mz, and its

distance to the particle r0. In addition, Cs(α) depends on some parameters of the antenna such as its radius

R, its permittivity ε and permeability µ.
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FIG. 2. a) Scattered far-field chirality signal. The black straight line represents C(α =
√

0.9), whereas the colored

lines display Cs(α =
√

0.9, R) for R = 40, 60, 80, 100nm. b) Scattering efficiencies (Qs) for the same 4 antennas.

c) Scattering efficiency factor (Qs
+) corresponding to a helicity +1 state. d) Scattering efficiency factor (Qs

−) corre-

sponding to a helicity −1 state. The same color code is used for all plots. All the multipolar contributions of the

antenna are taken into account for all calculations. The antenna is made of Au.

GOLD PLASMONIC ANTENNA

Let us first study the chirality properties of the field scattered by a plasmonic antenna made of gold, with

µ = 1 and ε given by a linear interpolation of the data points in [48]. Four different radius of spherical

antennas will be considered, R = 40, 60, 80, 100 nm. We consider a chiral dipolar emitter with |α|2 = 0.9,

emitting from the visible to the near-infrared λ ∈ [400, 900]nm, and located at a constant distance of 10nm

along the z axis from the surface of the gold particle. The orientation of the emitter for both helicity

components is assumed to be along the z axis, i.e. p+ = p+ẑ, and p− = p−ẑ. This orientation passes on to

eq.(5) as mz = 0. It has been numerically verified that this choice of orientation does not affect the results

in a qualitative manner.
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The spectra of Cs(α,R) are displayed in Fig.2a) for the four different particle diameters. Each of the four

subplots of Fig.2a) displays Cs(
√

0.9, R) as well as the initial chirality of the emitter, C(
√

0.9) = 0.8. It is

observed that the chiral behavior of the antenna is almost flat in the whole spectrum and that Cs(
√

0.9, R) ∼

0 for the four sizes and for the whole spectral range. Moreover, this behavior is completely independent of

the resonant behavior of the particle. In Fig.2b), we plot the efficiency factors Qs [49] and observe that

despite the different spectral resonances in Qs depicted in Fig.2b), their chirality behavior is almost identical

and constant to Cs(
√

0.9, R) ∼ 0. Now, due to the definition of Cs(α) (see eq.(4)), this implies that both

helicity components of the scattered field are almost equal. Actually, this feature could have been predicted

beforehand, as it is well known that a gold nanoparticle approximately behaves as an electric dipole. Now,

an electric dipole has a 50%− 50% decomposition into dipolar fields of two different helicities [50, 51]. This

fact can be directly deduced from eq.(1). Hence, it is clear that an electric dipolar particle such as a gold

nanoparticle is not a good candidate to enhance the far-field chirality signal of a chiral light emitter.

Figures 2c) and d) show the scattering efficiency factor Qs split into its two helicity components, Qs =

Qs
+ + Qs

− (see Appendix A). That is, if we add the values from the plots in Figs.2c) and d), we obtain the

plots of Figure 2b). Because the nanoantenna almost behaves as an electric dipole, it can be observed that

Qs
+ and Qs

− almost yield the same result. Nonetheless, the unitary emission of the chiral emitter, which is

modeled by a black line both in Figure 2c) and d), is mostly done (with a probability of |α|2 = 0.9) in the

+1 helicity state; the emission in the −1 helicity state happens with a probability of (1−|α|2 = 0.1). Hence,

the nanoantenna clearly increases the relative strength of the helicity −1 component, whereas it decreases

the strength of the other component. In other words, what a gold nanoantenna does is transforming a big

amount of the main helicity state (+1 for this case) of the incident light into the opposite helicity state (−1

in this example).

SI-BASED MIE ANTENNA

We now aim at studying whether Si-based spherical particles hosting electric and magnetic modes are a

valuable alternative to plasmonic antennas for tailoring chiral light emission. In Fig.3 (in blue, left y-axis), we
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FIG. 3. In blue, plots of the scattered far-field chirality Cs(α =
√

0.9, R). In black, the initial chirality of the emitter

C(α =
√

0.9). In red, the scattering efficiency factor Qs. Each subplot a)b)c)d) corresponds to a different size of

the resonator given by R = 40, 60, 80, 100nm. The resonator is made of Si. All the multipolar contributions have

been taken into account for all the plots. The electric/magnetic dipolar and quadrupolar contributions have been

explicitly marked. The chiral emitter has |α|2 = 0.9, it is at a 10nm distance from the surface of the antenna along

the z axis, oriented along the z axis, i.e. mz = 0. The permittivity of Si has been obtained from [52].

plot Cs(α) for a Si nanoantenna of radius R = 40, 60, 80, 100nm using Eq.(5). The properties of the emitter

are the same as those used in the previous section. Note that even though this choice of sizes might seem

restrictive, it is demonstrated in Appendix B that Si-based antennas achieve their full potential chirality

within this regime. The chirality response of the Si nanoantenna displayed in Fig.3 contrasts with the rather

constant behavior observed with gold particles. It can be observed that coupling a chiral emitter with a

spherical silicon particle almost covers the whole range of chirality values for the EM field: the antenna can

boost, preserve or even invert the chirality of the emitted fields. However, even if the antenna offers all these

possibilities, the scattered power is not constant throughout the spectral range. For this reason, we have also
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FIG. 4. A chiral dipolar emitter with |α|2 = 0.9 in the λ = 400 − 900nm range interacts with an antenna of radius

R = 100nm made of Si. a) Cs(α =
√

0.9) in red and C(α =
√

0.9) in black. b) Scattering efficiency factor Qs for

the antenna. c) Helicity +1 component of Qs (Qs
+) in red, and the probability of the emitter to emit in a helicity +1

state (|α|2 = 0.9) in black. d) Helicity −1 component of Qs (Qs
−) in red, and the probability of the emitter to emit

in a helicity −1 state (1− |α|2 = 0.1) in black.

depicted Qs in Fig.3 (in red, right y-axis). In particular, it is seen that the spectral position of the absolute

minimum of Cs(α) always coincides with a local minimum of Qs. This effect is specially prominent for the

particles with R = 80, 100nm. The underlying reason is an almost null scattered field Es in these two cases.

Hence, due to the definition of Cs(α) given by Eq.(4), small variations of the helicity components Ws+ and

Ws− around a zero value can certainly account for great variations. Notice that when Cs(α) < 0 and specially

when Cs(α) ∼ −C(α), the antenna mostly scatters light with the opposite chirality. This was defined in

[30–32] as an anti-dual behavior. However, we observe that this non-trivial behavior comes with a price: the

scattered power is highly reduced.

Another interesting feature of these Si-based antennas is that they can reach Cs(α) ' 1. That is, they

can almost scatter all the light in only one helicity component. To unveil the physical process, we plot in
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Fig.4 Cs(α), Qs, Qs
+ and Qs

− for a Si-based antenna of R = 100nm. The other parameters are the same

as they were in Fig.3. For Fig.4c)d), a black straight line is plotted to represent the probability to observe

light emitted in a ±1 helicity state. Now, Fig.4d) unveils that the absolute maximum of Cs(α) occurs for

a non-trivial minima of the initial small helicity component (the − component for this example). That is,

Cs(α) yields the purest chiral state when the energy scattered in the − helicity component is minimum.

It is also worth commenting that, even though the emitter emits with a probability of (|α|2 = 0.9) in the

+1 helicity component, and with a probability (1 − |α|2 = 0.1) in the −1 component, Qs
+ and Qs

− have a

similar spectral behavior (see Fig.4c) and d)). The underlying reason is that the resonances of a dielectric

Mie antenna are of either electric or magnetic nature, and electric/magnetic modes split 50% − 50% into

modes of both helicities. Thus, every time that Qs reaches a maximum at the excitation of an electric or

a magnetic mode, that maximum value passes on to Qs
+ and Qs

− [50, 51]. For these cases, the dielectric

antenna renders an achiral behavior, i.e. Cs(
√

0.9) ∼ 0. Nonetheless, looking at Cs in Figure 4, it can be

observed that the antenna can also render an achiral behavior off resonance. In this latter case, the achirality

stems from a non-trivial condition on the different modes.

Another feature that can be observed in Fig. 4 is that Cs(α) = C(α) for some special wavelengths. At these

wavelengths, the scattered field maintains the exact chirality as the emitter. In other words, the antenna

becomes transparent to the helicity of the emitted field. Let us note that the cause of this phenomenon is

not always the same. For some cases, the particle does not modify the helicity content of an emitter because

the particle is dual. Dual particles, by definition, preserve the helicity of light [8, 30, 31, 39, 43, 53]. In the

macroscopic approximation of Maxwell equations, a single sphere embedded in air is dual if and only if ε = µ.

However, as it is discussed in [31], an approximate dual condition can be found for certain wavelengths by

computing the minimum of an intrinsic helicity transfer function defined as [31, 32] :

T (R, ε, µ) =

∑
j |aj − bj |2∑
j |aj + bj |2

(6)

The logarithm of the transfer function for the antenna in consideration (R = 100nm, silicon-made)

log10

[
T (R, ε, µ)−1

]
is plotted in Fig.5(b) and is compared with Cs(α,R, λ) plotted in Fig.5(a). It can

be seen that both functions have similar features but they are spectrally shifted. It is also observed that
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FIG. 5. Comparison between the chirality emitted by a Si-based resonator and its duality behavior. a) Cs(
√

0.9, R, λ)

in red and the initial C(
√

0.9) in black. b) log10

[
T (R, ε, µ)−1

]
. Both plots have been done with a Si-made antenna

of R = 100nm. All multipolar contributions are taken into account.

the antenna is only dual for λ ≈ 841nm, which corresponds to an almost zero of T (R, ε, µ). This λ clearly

coincides with one of the intersection points between Cs(α) and C(α) in Fig.5. Nonetheless, the other in-

tersection of Cs(α) and C(α) in Figure 5 at λ ∼ 780nm does not correspond to a dual condition. That is,

the condition Cs(α) = C(α) can also occur without achieving duality. Yet there is a fundamental difference

between the two Cs(α) = C(α) conditions (dual and non-dual). The dual condition is an intrinsic property

of the antenna, whereas the other one is not. That is, the wavelength at which the non-dual Cs(α) = C(α)

condition occurs depends on the emitter properties, such as the parameter α. In contrast, the dual condition

is fixed by the geometry and material of the antenna.

Since available mono-disperse colloidal solutions have 2% standard deviations [26], it is important to check

if these changes in size could potentially spoil the behavior of the antenna. To verify that, we set out to

study the value of Cs(α) for a radius of R = (100 ± 2)nm around λ = 808nm, i.e. the wavelength at

which Cs(α) has a maximum for R = 100nm. The results are depicted in Fig.6. It is observed that the
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highlights the wavelength at which Cs reaches a maximum. The green and blue lines are obtained using particles

with R = 98, 102nm respectively.

chirality of the emitter is boosted for all the radius in the interval. Now, if the emitter happens to emit at

a different wavelength, the antenna would have to be designed so that the maximum of Cs(α) happens at

that wavelength. This has been quantified in the Appendix B, where it is shown that the chirality can be

boosted for wavelengths ranging from the UV to the IR.

Last but not least, the differences in behavior between the gold and silicon antennas are summarized in

Fig.7. We have carried out the simulations for a chiral emitter with |α|2 = 0.9, at a 10nm distance from

the surface of the antenna along the z axis, oriented along the z axis, and emitting at λ = 808nm. Their

spectral behavior is shown at the bottom of Fig.7, where the vertical magenta line indicates the wavelength

of the emission at 808nm. Then, at the top, we compute |Es|2 on a XY plane at 600nm from the center of

the resonator. It is observed, that while the Si antenna scatters all light in the +1 helicity component, the

gold nano-antenna scatters almost evenly between the two helicity components. As for the scattered power,

at this particular wavelength, it is seen that the two helicity components add up to a similar amount.
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FIG. 7. A dipolar chiral emitter with |α|2 = 0.9 is placed at 10 nm of the surface of a spherical resonator with

R = 100nm. Light is emitted at λ = 808nm and the emitter is oriented along the z axis. The scattered field is

measured at a XY plane at 600nm of the center of the resonator. The scattered field is projected into its two helicity

components. a) The resonator is made of silicon. Most of the light is scattered in the +1 helicity component. b)

The resonator is made of gold. The light is scattered almost equally in both helicity components. c) Spectral plots

of Cs(α) and Qs for both resonators. The initial chirality of the emitter is also plotted as a black horizontal line. At

808nm (magenta vertical line), the Si resonator has Cs
Si(α) ≈ 1 boosting the initial chirality of the emitter, whereas

Cs
Au(α) ≈ 0 yielding an almost achiral scattered field.
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CONCLUSION

We have presented a formulation based on the multipolar theory developed in the helicity basis to quantify

the chirality of the field emitted by a system composed of a chiral dipole coupled to an optical antenna. First,

it has been seen that gold spherical antennas do not feature the ability to tailor the chirality of emitted fields

since they yield the same achiral response in the whole visible/near infrared range. This is due to the fact that

plasmonic spherical nanoparticles behave mainly as electric dipoles. A very different feature was observed

with silicon-made spherical nanoantennas. It has been shown that they are highly efficient to manipulate

chiral fields emitted by dipolar emitters. They can yield scattered fields which almost encompass all the

possible values of chirality, from Cs = −1 to Cs = +1 (see Fig.7). Given an emitter with an intrinsic

chirality, the antenna can boost or reduce the chirality in the far field region. In particular, the antenna

can yield a field with the exact same chirality of the emitter at the dual condition, and it can also yield

completely achiral fields at the electric/magnetic resonant conditions. This result shows that transparent

mono-disperse colloidal solutions of silicon particles could potentially be used to produce strong chiral effects

with emitters.
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Appendix A

In this section, we lay out the analytic formalism that will be used to compute the light-matter interaction

between a single chiral emitter and a spherical resonator. Due to the symmetries of the problem, we will

solve the problem using Mie theory. Mie theory is usually expressed in the electric/magnetic (or parity)

basis. Nonetheless, in order to deal with chirality problems, it is more convenient to re-express the problem
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in the helicity basis [30–32, 45, 46]. Here, we will solve the Mie problem in the helicity basis to study the

chirality of the field scattered by the spherical antenna.

The multipolar fields in the parity basis are well-known in optics [54–56]. We denote them as
{
A

(e)
jmz

,A
(m)
jmz

}
.

In contrast, the multipolar fields in the helicity basis are not very frequently used. They are linear combi-

nations of electric and magnetic multipoles [30, 46]:

A+
jmz

=
A

(m)
jmz

+ iA
(e)
jmz√

2
A−jmz

=
A

(m)
jmz
− iA(e)

jmz√
2

(A.1)

As a result, A+
jmz

and A−jmz
are eigenstates of the helicity operator Λ:

ΛA+
jmz

= +A+
jmz

ΛA−jmz
= −A−jmz

(A.2)

Notice that for both families of multipoles, the sub-indexes j,mz stand for the eigenvalues of the operators

(J2) and (Jz) [32]. Now, in order to solve the Mie problem (either in the parity or helicity basis), the

decomposition of the incident field as a sum of multipoles needs to be found [57]. This will be the objective

of the next section for the field emitted by the chiral emitter C.

The incident field

Let us consider the field emitted by the chiral emitter C at a given wavelength λ0. We will express the field

with respect to a system of coordinates located on the emitter. Then, in the same way that the electric field

emitted by an electric dipole p is given by an electric multipole of order j = 1, the electric field produced

by p+ is also given by a multipole of order j = 1 whose helicity content is +1. Now, it has been assumed

that the emitter does not emit as a pure dipole p+, but rather as p+ with a probability of |α|2 and as p−

with a probability of (1− |α|2). Hence, the electric field created by C will be:

EC(r) = αA+
1,mz

+
√

1− |α|2A−1,mz
(A.3)

In general, eq.(A.3) could be a summation over different values of mz, depending on the orientation of the

dipoles of the emitter. Here, to make calculations simpler, we will suppose that mz has a fixed value m∗z,
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which has to be either −1, 0,+1. Also notice that, due to their emitting behavior, the radial dependence of

the multipolar fields in Eq.(A.3) are given by a spherical Hankel function h1(2πr/λ0).

As mentioned earlier, EC is the electric field created by C expressed with respect to the frame of reference

located at the center of the emitter. However, to solve the Mie problem, we need to express this field with

respect to a frame of reference located at the center of the antenna. Let r0 be the position of the emitter

with respect to the center of the sphere. Then, the expression of EC(r − r0) in terms of multipoles can be

found by using the so-called translation-addition formulas [55, p.171][58, App.C][59]. Here, we will make two

assumptions. First, without losing any generality, we will consider that the emitter is located along the z

axis, i.e. the position of the antenna r0 = r0ẑ. Second, we will consider that the emitter is located outside

of the spherical antenna in consideration. Then, EC(r− r0) is expressed as:

EC(r− r0ẑ) =



∞∑
j′=1

∞∑
L=0

[
α Tj′,L,1,m∗z

Rg
{
A+

j′,m∗z

}
+
√

1− |α|2 Tj′,L,−1,m∗z Rg
{
A−j′,m∗z

}]
if |r| < r0,

∞∑
j′=1

∞∑
L=0

[
α Rg

{
Tj′,L,1,m∗z

}
A+

j′,m∗z
+
√

1− |α|2 Rg
{
Tj′,L,−1,m∗z

}
A−j′,m∗z

]
if |r| > r0.

(A.4)

where Tj′,L,p,mz is defined as:

Tj′,L,p,mz = (2L+ 1)(−i)LhL
(

2πr0
λ0

)
〈mz, 0(j′, L)1,mz〉 〈1, p(j′, L)p, 0〉 (A.5)

with 〈J,M(j, j′)m,m′〉 being the Clebsch-Gordan coefficients [55]. Note that it is assumed that both

Tj′,L,p,mz
and A±jmz

have a radial dependence that is given by a Hankel function. Then, when a Bessel

function dependence is needed, this is made explicit by the Rg {·} sign, e.g. in eq.(A.4).

The Mie problem

Due to the symmetries of the Mie problem, once the multipolar decomposition of the incident field is

known, the field scattered by the antenna immediately follows. Now, for this case, the incident field is

EC(r − r0ẑ). However, EC(r − r0ẑ) has a different multipolar decomposition if |r| ≶ r0. Here, we will use

the expression of EC(r − r0ẑ) for |r| = R, with R being the radius of the spherical antenna. As mentioned
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above, it will be assumed that the emitter is located outside the sphere, i.e. r0 > R. Then, the incident field

used to solve the Mie problem will be:

Ei (α) =

∞∑
j′=1

∞∑
L=0

[
α Tj′,L,1,m∗z

Rg
{
A+

j′,m∗z

}
+
√

1− |α|2 Tj′,L,−1,m∗z Rg
{
A−j′,m∗z

}]
(A.6)

As it was shown in [30, 32], if the multipolar decomposition of the incident field is Ei =
∑
j,mz

αp
jmz

Ap
jmz

, then

the scattered and field inside of the sphere are given by:

Es =
∑
j,mz

αp
jmz

[
aj + bj√

2
Ap

jmz
+
aj − bj√

2
A−pjmz

]

Eint =
∑
j,mz

αp
jmz

[
dj + cj√

2
Ap

jmz
+
dj − cj√

2
A−pjmz

] (A.7)

where {aj , bj , cj , dj} are the so-called Mie coefficients [49]. Thus, using eqs.(A.6-A.7), we obtain that the

emitter-antenna interaction results in the following scattered field:

Es(α) =

∞∑
j′=1

∞∑
L=0

[(
α Tj′,L,1,m∗z

aj + bj√
2

+
√

1− |α|2 Tj′,L,−1,m∗z
aj − bj√

2

)
A+

j′,m∗z

+

(
α Tj′,L,1,m∗z

aj − bj√
2

+
√

1− |α|2 Tj′,L,−1,m∗z
aj + bj√

2

)
A−j′,m∗z

] (A.8)

Eq.(A.8) models the effect that the antenna has on the light emitted by C. In order to quantify the effects of

the antenna on a chirality measurement, we look at the ratio of the two helicity component of the scattered

power. Due to the orthogonality between the modes of helicity + and −, we can separate the total scattered

power Ws as the addition of two terms with a well-defined helicity, i.e. Ws = Ws+ + Ws−. Each of these terms is

computed as:

Ws+ =
∑
j′,L

|α Tj′,L,1,m∗z

aj + bj√
2

+
√

1− |α|2 Tj′,L,−1,m∗z
aj − bj√

2
|2 (A.9)

Ws− =
∑
j′,L

|α Tj′,L,1,m∗z

aj − bj√
2

+
√

1− |α|2 Tj′,L,−1,m∗z
aj + bj√

2
|2 (A.10)

Both Ws and Ws± are given in power units. Then, in order to give dimensionless results for the scattering,

scattering efficiency factors Qs have been computed throughout the manuscript. These are computed as the

flux of the Poynting vector across a spherical surface, divided over the size parameter:

Qs = Qs
+ +Qs

− =
Wsλ2

4π2R2
=

(Ws+ + Ws−)λ2

4π2R2
(A.11)
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FIG. 8. Cs(α =
√

0.9, R, λ) for R = 30− 300nm and λ = 400− 900nm. The antenna is made of Si.

Finally, in the same way as we did for the emitter in Eq.(3), we can define the induced chirality of the

antenna as:

Cs(α) =

∑
j′,L

|α Tj′,L,1,mz

aj + bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj − bj√
2
|2 − |α Tj′,L,1,mz

aj − bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj + bj√
2
|2

∑
j′,L

|α Tj′,L,1,mz

aj + bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj − bj√
2
|2 + |α Tj′,L,1,mz

aj − bj√
2

+
√

1− |α|2 Tj′,L,−1,mz

aj + bj√
2
|2

(A.12)

Eq.(A.12) is the main analytic result of this paper. Given the chirality of the emitter C(α), Cs(α) predicts

the induced chirality by the spherical antenna. Note that Cs(α) is a multi-variable function. Not only does

it depend on α, but it is also a function of other properties of the emitter such as λ0,m
∗
z, r0. In addition,

Cs(α) depends on some parameters of the antenna, ε, µ,R.

APPENDIX B

In this section, we show that even though the study above has been done with small resonators, larger

antennas do not improve the chirality features shown in Fig.3. Using eq.(5), we can compute the chirality

of the scattering arbitrarily modifying the radius R of the antenna and the λ of the emission. The results
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FIG. 9. Influence of the initial chirality of the emitter on the chirality of the scattered field by the antenna. Cs(α,R, λ)

for R = 30 − 300nm and λ = 400 − 900nm is plotted for a) α =
√

0.6, b) α =
√

0.7, c) α =
√

0.8, α =
√

0.9. The

antenna is made of Si.

are displayed in Fig.8 for R = 30−300nm, λ = 400−1500nm, and |α|2 = 0.9. Fig.8 demonstrates that small

antennas achieve a larger range of chirality values in the visible domain. For telecommunication wavelengths,

similar chirality modulations are achieved, but the features of the antenna are spectrally widened. Now,

as it is numerically shown next, the largest chirality modulations are consistently given in the intervals

R = 50 − 100nm and 450 − 600nm. Actually, this fact is shown to be independent of the initial chirality

of the emitter, modeled by α, even though α plays a quantitative role. To demonstrate this, in Fig. 9,

we depict Cs(α,R, λ) for |α|2 = 0.6, 0.7, 0.8, 0.9 and R = 30 − 300nm and λ = 400 − 900nm. The antenna

is made of Si. It can be seen that the shape of all the (R, λ) plots resemble each other. In contrast, the

accessible values for Cs(α), given by the colorbar, vary from one plot to the other. Actually, it is seen that

the greater α is, the larger interval of chirality values the antenna can achieve.

Moreover, it is observed that most of the interesting phenomena occur for R ∈ [50− 100]nm and λ ∈
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FIG. 10. Influence of the initial chirality of the emitter on the chirality of the scattered field by the antenna.

Cs(α,R, λ) for R = 50 − 100nm and λ = 450 − 600nm is plotted for a) α =
√

0.6, b) α =
√

0.7, c) α =
√

0.8,

α =
√

0.9. The antenna is made of Si.

[450− 600]nm. These phenomena encompass inversion and boost of the initial chirality of the emitter, as well

as dual and achiral behaviors. Thus, in Figure 10 we show Cs(α,R, λ) for 4 different |α|2 = 0.6, 0.7, 0.8, 0.9

and R = 50 − 100nm and λ = 450 − 600nm. Judging by the colorbars, it is seen that all the accessible

chirality states are encompassed in this range.
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Lett., 2015, 114, 113902.

[54] M. E. Rose, Elementary Theory of Angular Momentum, Wiley, New York, 1957.

[55] W.-K. Tung, Group Theory in Physics, World Scientific, Singapore, 1985.

[56] J. D. Jackson, Classical Electrodynamics : Third Edition, John Wiley & Sons, New York, 1999.
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