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Abstract

Designing objects with predefined optical properties is a task of fundamental im-

portance for nanophotonics, and chirality is a prototypical example of such a property,

with applications ranging from photochemistry to nonlinear photonics. A measure of

electromagnetic chirality with a well-defined upper bound has recently been proposed.

Here, we optimize the shape of silver helices at discrete frequencies ranging from the far
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infrared to the optical band. Gaussian process optimization, taking into account also

shape derivative information of the helices scattering response, is used to maximize the

electromagnetic chirality. We show that the theoretical designs achieve more than 90

percent of the upper bound of em-chirality for wavelenghts 3 µm or larger, while their

performance decreases towards the optical band. We fabricate and characterize helices

for operation at 800 nm, and identify some of the imperfections that affect the perfor-

mance. Our work motivates further research both on the theoretical and fabrication

sides to unlock potential applications of objects with large electromagnetic chirality at

optical frequencies, such as helicity filtering glasses. We show that, at 3 µm, a thin slab

of randomly oriented helices can absorb 99 percent of the light of one helicity while

absorbing only 9 percent of the opposite helicity.

1 Introduction

Chirality is a property usually judged only through geometrical considerations. The defini-

tion for chirality has been put forward by Lord Kelvin.1 It states that an object is chiral

if it cannot be superimposed onto its mirror image, called enantiomer, by any means of

rotation or translation. In contrast, if the objects can be superimposed on each other, they

are considered achiral.

The concept of chirality is important for many scientific disciplines. In chemistry, for

example, many molecules are chiral, and certain reactions are only triggered by one of the

two enantiomers. As most physical properties of the two enantiomers are identical, we

can only distinguish them by probing their response with another chiral object or a chiral

interaction. Light is an excellent tool for this purpose as chiral molecules or any other chiral

object interact with electromagnetic fields differently depending on the handedness of the

illumination.2 The helicity of the field expresses the handedness. For a single plane wave, it

concerns left- or right-handed circularly polarization.

The differential interaction of electromagnetic fields with chiral objects is used to design
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devices that increase the cross-section of a certain molecular reaction,3–5 molecular inter-

action,6–14 or that can filter polarization.15,16 Suppose one aims to design a device that

maximizes the difference in the interaction with fields of a specific handedness. In this case,

it could be reasonable to think about maximizing the chirality of the object on the ground of

geometrical consideration. The first problem with this idea is that it has already been shown

that a consistent measure for quantifying the typical geometrical definition of chirality does

not exist.17 Many proposals to measure the chirality of an object have been put forward,

e.g., in,18 but all of them present certain inconsistencies.19 A measure for the electromag-

netic chirality, χ, was recently proposed to lift that issue.20 This measure assigns a degree

of electromagnetic chirality, em-chirality for brevity, to objects based on how differently the

object interacts with all the possible illumination fields of different helicity. While the defi-

nition of χ encompasses general illuminations, a single frequency version can be obtained by

restricting the illumination to monochromatic fields.

The em-chirality is consistent with the chirality of an object. Any achiral object will

have a χ value of zero at all frequencies. The link between the em-chirality and further

electromagnetic quantities, such as circular dichroism, and an interaction-based measure of

geometrical chirality were studied in.21

One salient property of χ is that its upper-bound is given by the total interaction cross-

section of the object. The latter can be used to normalize χ. The values of the normalized

measure, χ, range from 0 to 1. The upper bound at 1 gives rise to the notion of maximally

em-chiral objects. If an object is maximally em-chiral at some frequency, this object would

be invisible to any field of such frequency which is a pure state of one of the two eigenstates

of the helicity operator, see Ref. (22) Chap. 8. Thus, this object would be ideal for angle-

independent polarization filters, as proposed in,20 and it would also be a cornerstone for

systems requiring large interaction differences with the two helicities.

The question whether one can obtain these objects, in reality, remained, however, open.

Analytical designs to achieve such objects can be approached by assuming perfect electric
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conductors and assuming that the object is made from arbitrarily thin wires.23 Concerning

real-world objects, it has been shown that by considering these analytical designs, a helix

made from silver could be designed that shows a χ above 0.9, however, only at far infrared

wavelength (e.g., at 200 µm20). Up to now, it is not clear if objects with high χ can be

obtained at optical frequencies or in the near-infrared, where silver is no longer a perfect

conductor. The onset of a kinetic inductance in the metal usually prevents the extrapolation

of analytical designs at radio-frequencies towards the visible.

In this work, we look into whether it is possible to design scatterers with a high em-

chirality at frequencies as large as the optical frequencies using suitable techniques from the

field of computational material design. We limit the search to silver helices. The reason

for that is that helices are canonical chiral objects that have been shown to present strong

differences in their interaction with fields of different handedness.15,23–28 High values of em-

chirality have already been shown for helices. Limiting the search to helices also simplifies

the optimization process compared to more general free-form wires. For example, one then

needs to apply complicated constraints to avoid overlapping the object with itself due to its

finite thickness.

To identify silver helices with high χ values for different illumination wavelengths, we

combined numerical techniques to compute the em-chirality of complex geometries and also

their shape derivatives with a machine learning algorithm for global optimization. We run

different optimizations covering a wavelength range from 150 µm down to 500 nm to explore

the frequency dependency of χ for optimal helices as well as their geometrical properties.

Promising designs were realized through nanofabrication, and their optical response was

experimentally characterized. The optical response of the optimal design and that of the

fabricated sample showed discrepancies. Nevertheless, a refined analysis considering both the

deviating geometry of the helices, as extracted from SEM images, and material properties

accommodating oxidation of silver, clearly explained the difference. The results made it

possible to numerically assess the suitability of the designed and fabricated samples in helicity
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filtering glasses. We demonstrate that, at the operational wavelength of 3 µm, a 8 µm slab

of randomly arranged helices at 5 percent filling factor is able to absorb 99 percent of the

light of unwanted helicity while absorbing only 9% of the light of the desired helicity. For

the same rejection of the unwanted helicity, both the optimal design at 800 nm and the

fabricated helices would need a slab of approximately 20 µm which would absorb 46 percent

and 79 percent of the desired light, respectively. Our results indicate that both theoretical

and fabrication improvements are needed to extend the performance of infrared helices onto

the optical band.

This work is structured in three parts. First, we show the optimization results, and we

then analyze the response of different helices obtained during the numerical optimization

process. Second, after obtaining the optimal designs, we analyze the response of experimen-

tally realized helices for one of the optimal designs obtained at optical frequencies. Third,

we use a simple homogenization theory model to analyze the performance of some of the

designs obtained for creating an omni-angle circular polarization filter.

2 Optimization results

The normalized em-chirality, χ, of an object is defined20 based on the T-matrix of the

object (e.g., Ref. (29) Chap. 5) using a basis of multipoles of pure helicity,

χ =

∥∥∥∥∥∥∥




svd (T+,+)

svd (T+,−)


−




svd (T−,−)

svd (T−,+)




∥∥∥∥∥∥∥
||T|| (1)

where svd (A) denotes a vector containing the singular values of matrix A, ||A|| denotes

the Frobenius norm of matrix A, and T±,± are the submatrices of the T-matrix for specific

helicities of the illumination and scattered fields. The T-matrix in the helicity basis can be

obtained as a simple linear combination30 of the elements of the T-matrix expanded in the

basis of electric and magnetic multipoles.
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We use the finite element method solver JCMsuite to numerically calculate the T-matrices

of the helices.31,32 Besides calculating the T-matrix, we exploit the calculation of shape

derivatives of the T-matrix based on the forward method.33–35 This technique generates,

within the same finite element simulation, both the em-chirality of the object and its shape

derivatives with respect to the geometrical parameters of the helix. To the best of our

knowledge, this is the first time that a method to calculate shape derivatives of T-matrices

for generally complex scatterers is presented and used for optimization. The method can be

used in the design of scatterers for many applications that rely on a multipole description

of the scatterer response.36–40 The details of the FEM simulations and how to compute the

T-matrices and their shape derivatives are presented in section 6.

Four parameters describe the geometry of the helices: the radius of the helix spine, Rh,

the thickness of the helix wire, Tw, the pitch of the helix Ph, and the number of turns, Nturns.

To optimize the different helices, we combine the finite element method to calculate the

em-chirality with a Bayesian optimization based on Gaussian processes41,42 as the optimiza-

tion algorithm. This algorithm was shown to be an efficient global optimization method for

medium dimensional optimization problems with expensive objective functions.43 Further-

more, Bayesian optimization can incorporate derivative information of the objective function

in a simple and elegant way (e.g., Refs. (44) Chap. 9.4, (45,46)). The extra information pro-

vided by the shape derivatives can improve the optimization convergence rate. We provide

the derivatives of the four parameters of the design space to the Gaussian process.

The optimizations are performed for different specific design vacuum wavelengths, λd,

ranging from λd = 150 µm to λd = 500 nm. Our goal is to see whether we can obtain helices

with large χ values along the entire infrared spectrum and also at optical wavelengths. In

case this is not possible, we aim to study at which spectral region the material properties

of the silver do not allow helices with large em-chirality to be obtained. That breakdown of

the functionality is expected to happen towards optical wavelengths. In this spectral region,

silver tends to be a poor metal due to the onset of absorption. Also, silver is no longer
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metallic above the plasma frequency, and it would not sustain localized plasmon polaritons

that are key for a resonant light-matter-interaction in metals. The permittivity for silver at

each wavelength is interpolated from two databases47,48 depending on the frequency range.

We start the optimization at long wavelengths because of the availability of designs that

already work quite well.20 These known designs allow for a rough estimation of the parameter

space within which an optimization is feasible.

In total, we performed 12 optimization runs, each one corresponding to a different design

wavelength of interest. Each run took between one and two days, during which we evaluated

500 different points of the design space. Those points are chosen by the Bayesian optimization

algorithm. Section 6 presents further details of the optimization process.

The results of the optimizations are shown in Figs. 1 and 2. The optimal em-chirality

values found for the different wavelengths are shown in Fig. 1. Figure 2 shows the corre-

sponding parameters of the optimal helices. As we can see in Fig. 1, we found helices with

χ values larger than 0.9 at wavelengths down to 3 µm. Below this wavelength, χ starts to

drop, and at 500 nm, we could not find helices with values higher than 0.58.

Inspecting both Fig. 1 and 2, one can distinguish two wavelength regions with different

behaviors. The optimal designs found at wavelengths above λd = 3 µm present a similar

shape. In this region, the optimal helices have a similar number of turns, and also the

ratio between the radius of the helix spine Rh and the pitch of the helix keeps more or less

constant. Moreover, these last two parameters seem to scale linearly with the operational

wavelength. All these observations can be explained based on the approximation of the

material properties of silver in this wavelength region as a perfect electric conductor. The

black dashed line plotted in Fig. 2 represents the downscaling of the optimal helix obtained

at λd = 100 µm following the design scaling rule for plasmonic materials described in.49

This scaling factor differs slightly from unity only in the region between 3 to 10 µm. Some

small deviations from this scaling rule present in the optimization results could be explained

by the fact that the FEM simulations take into account the effects of a non-zero thickness
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Figure 1: Electromagnetic chirality of silver helices with optimized geometrical parameters
at different design wavelengths, λd. Each point shows the normalized em-chirality value, χ,
of the optimal helix found for that specific operational wavelength.

of the wire. Even in cases where it is much smaller than the wavelength, this can play an

important role in the scattering response.50
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Figure 2: Geometrical parameters of each optimal helix obtained at each design wavelength
λd. The parameters defining the shape of the helix are the radius of its spine, Rh, the
thickness of the helix wire, Tw, the pitch per turn of the helix, Ph, and the total winding
number, Nturns. Rh,eff shows the downscaling of the value of Rh with the wavelength, λd,
calculated with a scaling design rule for plasmonic materials.49
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For wavelengths below 3 µm, the plasmonic properties of silver disappear. Thus, it will

be increasingly complicated for the helix to sustain a suitable balance between electric and

magnetic dipolar resonance necessary to obtain large values for the em-chirality.51–53 The

decrease can also be rationally appreciated from considering the limiting behavior. Halving

the size of the helix at far-infrared frequencies allows doubling the operational frequency.

However, the possibility of silver to sustain localized plasmon polaritons is bound to a lower

wavelength of approximately 360 nm due to the underlying material dispersion. Therefore,

halving the size does not allow to halve the operational wavelength when approaching the

visible part of the spectrum. Instead, the resonance wavelength is adiabatically pushed

towards the lower bound. This implies a decreasing ratio of the absolute size of the helix

to the operational wavelength. In turn, this suggests that the resonance strength decreases.

In particular, the magnetic dipolar response can only be weakly excited for a decreasing

size of the object. This effect lowers the achievable magnetic response that is required for

large values of em-chirality. Similar effects have been encountered when studying the scaling

behavior of, e.g., split-ring resonators.54–56

2.0 2.5 3.0 3.5 4.0

λ0 (µm)

10−4

10−3

10−2

σ
in
t

σint,+ σint,− χ

0.2

0.4

0.6

0.8

χ

Figure 3: Spectral dependency of the em-chirality and the interaction cross-section σint for
the helix optimized for an operational wavelength of λd = 3 µm (100 THz). The interaction
cross-section is split into the values of the interaction with fields of both helicities.
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To analyze the properties of the optimal helices, we take as an example the helix optimized

for an illumination wavelength of 3 µm. In Fig. 3, we plot its em-chirality and interaction

cross-section as a function of the wavelength. The interaction cross-section is the sum of the

squared singular values of respective T-matrices.20 It is a measure of how much an object

interacts with light at a certain wavelength, and appears in the denominator of Eq. (1). We

see that the maximum of the em-chirality corresponds to a peak of the interaction cross-

section. This maximum implies that it is not an undesirable optimum where the em-chirality

is high and the interaction strength is low, but rather that it is a resonance. Figure 3 also

shows an order of magnitude difference in the interaction of the helix with fields of different

helicity. We notice that an object so close to the maximal possible em-chirality barely

interacts with light of one helicity while interacting strongly with the opposite helicity. Such

a response is in stark contrast to an achiral object that interacts identically with light of

both helicities.
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Figure 4: Scattered field intensity obtained when the optimized helix for an operational
wavelength of 3 µm is illuminated with two plane waves of different circular polarization
and the same wavelength and direction. The plane waves have a vacuum wavelength of 3
µm, and their wave vector is parallel to the x-axis. The electric field strength of the plane
waves is 1 V/m. The left and right figures show the fields for the left and right circular
polarization, respectively.
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This difference in the interaction with fields of different helicity is also visible in Fig. 4.

The figure shows the intensities of the scattering fields close to the helix upon illumination

with a plane wave propagating in the x-direction. The plane wave is circularly polarized,

either left- or right-handed. The intensity of the scattered field is approximately two orders

of magnitude higher for the right circularly polarized plane wave illumination, consistent

with the results obtained for the interaction cross-section.
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Figure 5: Absorption cross-sections, σabs, of the helix optimized for an operational wavelength
of 3 µm when it is illuminated with plane waves of different circular polarization. The plot
shows σabs as a function of the direction of the plane waves, represented in k-space. The
helix winds around the z-axis

Figure 5 shows the absorption cross-section for the different directions of illumination

plane waves and both circular polarizations. We see how the largest difference between

polarizations arises for plane waves perpendicular to the axis of the helix. For this direction,

the absorption is two orders of magnitude larger for the right circularly polarized light.

The large differences in the interaction and absorption cross-sections provided by this helix

for different illumination directions render it a good candidate to be used in a direction-

independent circular polarization filter, as proposed in.20
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3 Experimental results

In a further step, we fabricated the optimal helix obtained for the design wavelength of 800

nm and measured its optical response. The helices are fabricated with a vapor deposition

technique described in section 6. They are made with 95 percent silver and a 5 percent of Cu

in their composition. Because the CD measurement is performed with helices immersed into

Milli-Q water, the helix geometry is optimized again to maximize χ under the conditions of

the experimental setup. The blue line shows the numerical CD spectrum of the new design

in Fig. 6a. The chirality of this new design reaches a value of 0.76 at the design wavelength.

The parameters of the optimal helix are indicated in the caption of Fig. 7. The orange line

of Fig. 6 shows the CD signal from the experimental measurement. One can observe how

both CD spectra differ considerably in magnitude and dispersion.
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Figure 6: a: Experimental rotationally averaged differential extinction cross-sections
σext,+ − σext,− with respect to the vacuum illumination wavelength, λ0, for the fabricated
helices (orange) and the numerical values for the optimized helix (blue). The values of the
experimental results are obtained from the experimental CD signal, in millidegrees, based
on the concentration of helices into the solvent. The details of the conversion are explained
in section 6. b: The orange line shows the same results as in a. The green line shows the
numerical results of the differential extinction cross-section for a partially oxidized tapered
helix. The shape of the helix is shown in Fig. 7c.

To find a reason for the discrepancy, we look at SEM images of the fabricated helices

before their release from the substrate into solution in Fig. 7a. From the image one can
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notice that the fabricated helices differ from the optimal design, Fig. 7b, mainly in the pitch.

Also, some of the fabricated helices appear to be slightly tilted and feature a tapered shape.

We stress that the fabrication is challenging. To test if the difference in geometry was the

source of the discrepancy between the predicted and obtained measurements, we generated

a CAD model of a helix that better resembles the shapes appearing in the SEM image. The

shape of this revised CAD model is shown in Fig. 7c. However, the geometry adjustment

did not provide a much better agreement between the experimental and numerical results.

a

b c

Figure 7: a: SEM image of the fabricated helices. The helices were fabricated using a vapor
deposition technique described in the Methods section. b: Rendered image of the helix that
came as a result of the numerical optimization process. Its parameters are: Rh = 27.4 nm,
Th = 35 nm, Ph = 137 nm, and Nturns = 2.4. Its helicity differential extinction cross-section
corresponds to the blue line of Fig. 6a. c: Rendered image of the CAD model of a tapered
helix used for trying to reproduce the experimental results numerically. The green line shows
its helicity differential extinction cross-section signature in Fig. 6b. All images a, b, and c
present the same scale and, therefore, can be directly compared.

This improved agreement appeared when we took into consideration a likely oxidation

process of the helices. To check this hypothesis, we calculated new values for the silver

permittivity of the helix as a weighted sum with a 70 percent of silver47 and a 30 percent

of partially oxidated silver. The permittivity values of the silver oxide were extracted from

Fig. 1 of Ref. (57), using the plot line for the lower flux of oxygen. The new numerical

results obtained, also using the CAD model of Fig. 7c, are shown in Fig. 6b. One can
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see a much better agreement between the experimental and these newly computed results.

Nevertheless, one can still appreciate a wavelength shift between both results. We assume

that this difference might be due to the material properties of the helices, because reasonable

modifications of the geometry parameters of the CAD model, in agreement with the observed

differences in the SEM image, did not shift the peaks of the resonances significantly. The

experimental results indicate that the fabrication of optimal helices at optical frequencies is

a fabrication challenge which may be tackled for the fabrication technique used here, and

also for other techniques.58,59

4 Omni-directional filter

To give an estimate of the implications of different values of the em-chirality χ of a scattering

object, we now look at the performance of some of the analyzed helices when used to create

an omni-angle polarization filter. In this comparison, we consider the optimal helix obtained

for a design wavelength of λd=3 µm, the optimal helix obtained for a design wavelength of

λd = 800 nm and embedded in water, and the tapered helix obtained as a result of trying to

match the experimental and the numerical results. To make this comparison, we use a rather

simple approximation of the filter. We will assume that the filter, composed of randomly

oriented helices embedded in a homogeneous medium with the refractive index of water, can

be treated as a single homogenized material. We consider that the number of embedded

helices is sufficiently large that the total resultant scattering effects can be neglected. The

absorption that this material presents to light of different helicity can be approximated using

the rotationally averaged helicity absorption cross-sections52,60 of the helices, σabs,±. If we

consider a slab of this homogenized material with a thickness ∆z, assuming that it is thin

enough for the power flux of the incident beam remaining approximately constant, the power

per unit area absorbed by the medium with a helix number density ρhelices can be obtained

as,
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Sz(z + ∆z)− Sz(z) = −∆zρhelicesSz(z)σabs,±, (2)

with Sz being the component of the time averaged Poynting vector along the propagation

direction of the beam. In the limit ∆z → 0, one obtains that the change of the power flux

along the propagation direction of the beam equals,

dSz(z)

dz
= −Sz(z) ρhelices σabs,±, (3)

which gives us the value of the power flux of the beam as a function of the initial power flux,

Sz,0, before entering the slab of homogenized material,

Sz(z) = Sz,0e
−ρhelicesσabs,±z, (4)

To compare how the filters would absorb beams of different helicity, we set the thickness

of the homogenized slab such that it absorbs 99 percent of the incoming power for the beam

with helicity +1. We will use a helix volume filling fraction of 5 percent. This quantity

turns out to be a slab of 7.7 µm for the material composed of optimal helices for the design

wavelength of 3 µm, 21.4 µm for the material composed of optimal helices obtained for the

design wavelength of 800 nm, and 19.8 µm for a material composed of the tapered silver

oxidized helices. The results for the performance of the three filters are shown in Fig. 8.

The figure shows the transmittance of the filters for illumination beams of both helicities.

For the case of the incoming beams with helicity -1, the slab with the helices designed at λd

= 3 µm lets 91 percent of the incoming power flux through, the slab with helices designed

at λd = 800 nm transmits 54 percent, and the slab composed of the tapered silver oxidized

helices transmits 19 percent of the incoming power flux.

From right to left, Fig. 8 shows the performance of a device that can be currently fabri-

cated, one device that could be obtained if one could further improve the fabrication process,
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Figure 8: a: Sketch of the omni-directional polarization filter concept. The filter consist of a
embedding medium containing randomly positioned and oriented silver helices with the same
winding direction. b,c and d: Performance of three different omni-directional polarization
filters. The bars show which fraction of the input power is transmitted to the other side of
the filter when illuminated with beams of different helicity. a: Filter made out of helices
with the design obtained from the optimization at λd = 3 µm. The performance of the filter
is measured at a vacuum wavelength λ0 of 3 µm. b: Filter made out of helices obtained from
the optimization result at the design wavelength λd = 800 nm. The performance of the filter
is measured at a vacuum wavelength λ0 of 800 nm. c: Filter made out of the silver oxidized
helices model shown in the previous section. The performance of the filter is measured at a
vacuum wavelength λ0 of 740 nm. From left to right, the filters have thicknesses of 7.7 µm,
21.4 µm and 19.8 µm respectively.

and one that, for achieving a similar behavior at optical frequencies, further theoretical work

needs to be done to obtain a suitable design.

5 Conclusion

We have optimized silver helices for maximizing their electromagnetic chirality at particular

frequencies ranging from the far infrared to the optical band. Values larger than 90 percent of
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the maximum possible value have been obtained from the lowest frequency up to a wavelength

of 3 µm. As the frequency increases into the optical band, the electromagnetic chirality of

the helices decreases monotonically to just below 0.6 at 500 nm.

For the optimization, we have combined a method for computing shape derivatives for

T-matrices of complex structures with a Bayesian optimization algorithm that supports the

use of derivative information.

In accordance with their high electromagnetic chirality, the optimized helices show a

strong difference in the interaction with fields of different handedness, including the rota-

tionally averaged differential interaction and absorption cross-sections. These differences

make them suitable components in devices for different applications such as helicity filter-

ing glasses. We demonstrate that, at the operational wavelength of 3 µm, a 8 µm slab of

randomly arranged helices at 5 percent filling factor is able to absorb 99% of the light of

unwanted helicity while absorbing only 9 percent of the light of the desired helicity.

Further theoretical research is necessary to find different materials and designs that en-

able a similar behavior deep in the optical regime and possibly across an extended spectral

domain. A basis for the application of a wide variety of mathematical optimization tech-

niques has been provided by integrating em-chirality with mathematical formulations of

scattering theory.61 This in principle opens up the possibility of applying general free-form

shape optimization techniques to the design problem. A first, but already very promising

option is to extend the shapes of the design space from helices to more complex free-form

wires.62,63

Moreover, our experimental results for a design at 800 nm show that the performance

of these structures strongly depends on an accurate realization of their optimal material

properties, and optimal shapes, with features as small as a few tens of nanometers.

Unlocking the applications of high em-chiral objects at optical frequencies hence implies

addressing both theoretical and fabrication challenges.
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6 Methods

6.1 T-matrix calculation

The T-matrices of the silver helices are computed using the finite element solver JCM-

suite.31,32 They are computed by illuminating the helix with a set of regular vector spherical

wave functions, and the scattered fields produced by each illumination are expanded into a

set of radiative vector spherical wave functions. The procedure is the same as described in

Ref. (64). The only difference lies in the numerical method we use to expand the scattered

fields, and which in our case is the one that we previously presented in Ref. (65). We use

finite elements with a polynomial degree of 2. We need small mesh elements to reproduce the

surface of the helix accurately and therefore do not benefit from higher polynomial degrees.

The accuracy requirements would already be fulfilled because of the small mesh size. The

maximum mesh size used for the helix domain is λ/0.3 for the longer wavelengths and λ/2

for the optical and near-infrared wavelengths. Note that λ refers to the wavelength within

the helix, and the refractive index of silver at the longer wavelengths exceeds values of 300

in both the real and imaginary parts. In the air domain, we use a mesh size of λ/15. Before

starting a new optimization at each wavelength, a convergence test is done to know if further

mesh refinement is needed. The criterion is to have a fine mesh to achieve errors in χ lower

than one percent.

6.2 Calculation of the derivatives of the T-matrices concerning

the geometrical parameters of the helix

The shape derivatives are computed in a multi-step process. Once a tetrahedralization of the

helix is computed, a separate python script is used to read the mesh points that lie on the

helix surface and subsequently obtain the parameters of the analytic parametrization of the

helix corresponding to those points. Once the set of parameters is obtained, the derivatives

are computed based on analytic expressions. They are passed back to JCMsuite, which
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finalizes the process of propagating the shape derivatives to the calculation of the T-matrix

using the forward method.33–35

6.3 Optimization process

The optimization of the helices consisted of different optimization runs, each for the opti-

mization of a helix at a different design wavelength, λd.

The optimization algorithm used in each optimization run was Bayesian optimization,

more specifically, we used the optimization tool included into the software JCMsuite. After

each new FEM simulation was computed, we included the value of the calculated χ plus

its derivatives with respect to the four design parameters: Rh, Tw, Ph, and Nturns into the

Gaussian process of the optimization algorithm.

The limits of the parameter space for the different optimization runs were set downscaling

the ones used in the first optimization run for λd = 150 µm. At the illumination wavelength

of 150 µm, the lower and upper limits for the radius of the helix, Rh, were set to 1 and

10 µm, respectively. When we decrease the operational wavelength, they were accordingly

linearly scaled down. The thickness of the wire, Tw, was allowed to vary between 5 percent

and 95 percent of the value of the radius of the helix. An additional lower limit was imposed

on the thickness of the wire. It could not be smaller than 20 nm for any of the simulations,

independently of the wavelength. This reflected fabrication limits in making extremely thin

wires. It also accommodated the lower bound for the critical dimension of the radius of the

wire to rely on macroscopic Maxwell’s equations equipped with bulk constitutive relations

to describe the light-matter-interaction (e.g., Ref. (66) section 6.6). The pitch of the helix,

Ph, was set relative to the thickness of the wire. It could vary between 1.1 and 10 times the

thickness. The limits for the number of turns were 0.1 and 4.

Each optimization run consisted of 500 finite element simulations of different helices of

the design space. The parameters to be simulated were chosen by the Bayesian optimization

algorithm. After the 500 simulations, the optimization process would continue if the value of
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the expected improvement,67,68 obtained from the Gaussian process, would be higher than

10−12. However, this was not the case for any of the optimization runs and all of them

stopped after the 500 iterations. Regarding the optimization time, the time required to

evaluate the em-chirality, χ, at each point of the design space depended on the specific

design wavelength and specific size of each helix. On average, each finite element simulation

took around 6 minutes.

6.4 Experimental realization of the helices

Dedicated helices were fabricated by a published shadow growth physical vapor deposition

technique that combines glancing angle deposition (GLAD) with nanopatterning (nanoGLAD).69

Briefly, a silicon wafer was cleaned and then pre-patterned with a monolayer of hexago-

nally arranged gold nanoparticles using Block-Copolymer-Micelle-Lithography (BCML).70

Silver(Ag) and copper(Cu) were then heated by an electron beam and deposited onto the

patterned wafer under high vacuum. The angle between the flux direction of the incident

atoms and the substrate normal was α=87º. The gold nanoparticles facilitate shadowing and

act as seeds for the subsequent growth. The spacing between the seeds was d= 76 nm. Dur-

ing the deposition process, the substrate was cooled with liquid nitrogen and slowly rotated

about the substrate normal, leading to the formation of helically shaped Ag0.95Cu0.05 nanos-

tructures with 2.4 turns. After the fabrication was completed, the particles were removed

from the substrate and transferred into (Milli-Q) water via ultrasonication. The geometric

helix dimensions were extracted from scanning electron micrographs (pitch Ph = 72.5± 3.5

nm, wire width Tw = 44.1 ± 6.6 nm, radius Rh = 23.5 ± 6.7 nm), an example image of

the fabricated helices is presented in Fig.7a. The sonicated wafer piece had an area of

Aw ≈ 25 · 10−6 m2. We thus estimate that the colloidal suspension contains

Np =
2 · Aw√

3 · d2
= 5 · 109 (5)
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particles. The particles have been suspended in 1.7 ml of water. Hence, the number density of

the colloidal solution containing the helices was N = 2.9 ·1015 m−3. However, it is important

to realize that this value only reflects an upper bound. In practice, imperfections in the seed

layer or during the fabrication result in fewer particles on the wafer. We thus estimate a

number density for the colloidal solution of N = (1.6± 1.3) · 1015 m−3.
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