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Abstract: We report on a numerical study of optical chirality. Intertwined gold helices illuminated
with plane waves concentrate right and left circularly polarized electromagnetic field energy to
sub-wavelength regions. These spots of enhanced chirality can be smoothly shifted in position and
magnitude by varying illumination parameters, allowing for the control of light-matter interactions
on a nanometer scale.
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1. Introduction

Helical metamaterials strongly impact the optical response of incident circularly (CPL) and linearly
polarized light. They serve as efficient circular polarizers [1] and are candidates for chiral near-field
sources [2]. Both, advancement of fabrication techniques [3-5] and design which employs fundamental
physical properties [6] have significantly increased the performance of these complex structures.

Most experimental, numerical and theoretical studies focus on the far-field response of helical
metamaterials. Nevertheless, near-field interaction of light and chiral matter is expected to be enhanced
in chiral near-fields. Recently, the quantity of optical chirality has been introduced quantifying this
phenomenon [7]. In the weak-coupling regime, the interplay of electromagnetic fields and chiral
molecules, which are not superimposable with their mirror image, is directly proportional to this
near-field measure [8].

Here, we use the concept of circularly polarized energy (CPE) which follows from the relation
of optical chirality and electromagnetic field energy for lossless isotropic media [9]. We recapitulate
the definitions of right and left CPE parts [10] and give a novel formal derivation of conservation of
optical chirality in arbitrary space. The numerically investigated metamaterial consists of intertwined
and tapered gold 3-helices. We observe subwavelength concentration of optical chirality density
enhancement of more than a factor of four. Spatial control on a range of 1 um is achieved while
maintaining stable near-field intensities.

2. Optical Chirality and Circularly Polarized Energy

Analyzing light-matter interaction is mostly done with the help of electric and magnetic dipole
moments of matter coupling to electric and magnetic parts of light, respectively. Emerging interest in
specifically chiral matter yielded the introduction of the optical chirality density x = ¢9/2E- (V X E) +
1/(2u0)B - (V x B) [7] with the electric field E, the magnetic flux density B, vacuum permittivity ¢
and permeability p.

This time-even pseudoscalar resembles symmetry properties of chiral shapes: it changes
sign under spatial inversion but not under time reversal. It occurs together with the mixed
electric-magnetic dipole moment in the absorption rate of molecules and represents especially
coupling of electromagnetic fields to chiral molecules. Furthermore, it satisfies the conservation
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law 9ty + V - Z = 0 with its flux £ = 1/2[E x (V x B) — B x (V x E)] in source-free, isotropic and
homogeneous space.

Recently, this conservation law has been extended to arbitrary source- and
material-distributions [10,11]. The occurring modified definitions of chiral quantities follow
directly from Poynting’s theorem. Formally, the relation f : a-b — 1/2[(V x a)-b+a-(V x b)]
acting on a scalar product a - b transforms conventional energy to chirality conservation:

fF{OU+V-S=]-E} = ox+V-£=1/2[(Vx])-E+]-(V xE)], )

where U = U, + U, = 1/2(E- D + H - B) is the field energy consisting of an electric and magnetic
part, respectively. The electric displacement field is D = ¢E and B = pH with the magnetic field H.
J is the free current density and S = E x H is the energy flux.

Here, we study monochromatic fields governed by Maxwell’s equations [12]. We consider complex
time-harmonic electric fields £ = Eexp (—iwt) with angular frequency w = 27tv. Complex-valued
material parameters € and y account for losses and the time-averaged energy densities are denoted
with . The time-harmonic optical chirality in free space reads X = —eyw/2Im (E* - B) [13].
The generalized continuity Equation (2) introduces an electric X and magnetic X, chirality density

Xe=1/8[D" - (VX E)+E-(VXDY)], Xm=1/8[H"- (VxB)+B-(V xH")

S=1/4[EX(VxH")=H" x(V xE)] @

with X = Xe 4+ X and the optical chirality flux &.

The optical chirality is proportional to the difference of CPE in isotropic lossless materials with
refractive index n and speed of light ¢ = ¢p/n with vacuum value ¢y [9]. This gives rise to a basis
change for the total energy U from electric and magnetic parts to right Ur and left U, circularly
polarized parts:

X(x) = “C’—O” U (x) — U(x)], 3)
U(x) = UL (x) + Ur(x) = Ue(x) + Um(x). 4)

Accordingly, the left and right CPE components are derived from the optical chirality and energy
densities as Uy r = 1/2{U £ co/(wn)X}. This picture enables the analysis of chiral near-fields with
respect to their degree of local circular polarization. It is known that for chiral matter, the study of
enhancement of chirality should be compared to both electric and magnetic energy [14]. Conventionally,
design of nano-optical devices aims at increasing the local enhancement factor X (x) = X(x)/|Xo| with
chirality X of the incident light [13].

However, by studying CPE, both achiral and chiral effects are taken into account: In measurements
investigating circular dichroism, the differential response of e.g., a chiral molecule to two distinct
circular polarizations of the incident light is analyzed. In this manner, the coupling to chiral fields
is separated from achiral coupling. The CPE complements this differential picture when studying
near-fields of a single polarization state. If purely enhancement of optical chirality was analyzed in
this situation, a simultaneous increase in the achiral response could be overseen.

Namely, an equal enhancement of optical chirality as well as electric and magnetic energy is
generally possible, as shown in Equations (3) and (4). Chiral responses could be enhanced as much as
the achiral ones. By employing the CPE analysis, an enhancement of only chiral coupling is clearly
separated from high achiral fields. Since optical chirality arises from the difference of the generally
independent variables U}, and U, these offer an additional degree of freedom for designing the
desired field properties. Accordingly, the CPE is helpful for studying both the handedness and the
enhancement of chiral near-fields and their interaction with different enantiomers of chiral matter.
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3. Controllable Chiral Near-Fields in Helical Metamaterial

We propose to study light matter interactions in chiral near-fields in the vicinity of metal helices.
These fields can be conveniently tuned locally and spectrally in order to perform spectroscopic
measurements. We demonstrate this tunability in a numerical study within an array of intertwined
right-handed helices. The geometry of the helix array follows a previously investigated setup [15]
which was proposed as a broadband circular polarizer. Such devices showing chiral far-field responses
are based on employing chiral resonances instead of separate electric and magnetic resonances [16].
Although in this study we investigate how the near-field properties depend on illumination parameters,
we show that analyzing chiral rather than achiral field quantities is also beneficial in the vicinity of
plasmonic structures.

Figure 1a shows a schematic view of the hexagonal unit cell of the helix array (pitch p = 1 um):
Three intertwined, tapered metal helices are placed on top of a glass substrate and surrounded by air.
The refractive index n of the metal (gold) is given by a free-electron model with plasma frequency
wpr = 1.37 x 10' rad /s and collision frequency wey = 1.2 x 10™ rad/s.

The helices” wire diameter is d = 100 nm, their axial pitch H = 1 pm and bottom and top radius
r1 = 100 nm, r, = 250 nm. In the simulations, the structure is illuminated from above with right/left
circularly polarized plane waves (RCP/LCP) in the infrared spectral range, at inclination angle 6 with
respect to the surface normal (helix axis) and rotation angle ¢ with respect to the I'-K direction of the
array. Throughout this study, we set ¢ = 0.
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Figure 1. Tapered and intertwined gold 3-helices (a) and tetrahedral mesh (b) for finite-element
method (FEM). Transmission T (c, top) and reflection R (c, bottom) spectra for normally incident right
circularly polarized plane wave (RCP) (red) and left circularly polarized plane wave (LCP) (blue).
Vertical black lines denote the band of suppressed T for RCP .

The structure is discretized with a tetrahedral mesh shown in Figure 1b. Near-field distributions
are computed using the finite-element method (FEM) implemented in the software package
JCMsuite [15]. Post-processes are used to determine electromagnetic field energies, chirality densities,
transmission, reflection and other quantities. We have checked that the numerical relative error of the
presented results is below one percent with respect to conservation of energy as well as conservation
of optical chirality.

Figure 1c shows reflection and transmission spectra for 6 = 0. In accordance with symmetry
considerations [6,17], the reflection for RCP and LCP is equal, leaving absorption as the major
mechanism for filtering polarization. The structure is resonantly excited by RCP, yielding a band of
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suppressed transmission from approximately 72 to 174 THz. Here, mean transmission coefficients are
smaller than 0.45 for RCP and larger than 0.9 for LCP.

The tapering of the device results in a significantly increased operation bandwidth of the circular
polarizer [6]. For the near-field analysis employed here, the angle of the tapering gives an additional
degree of freedom for optimizing the position and magnitude of the observed enhancements. Especially
for the tunability with respect to the obliqueness of the illumination described in Section 3.2,
the tapering yields a constant volume of increased fields for different angles of incidence.

3.1. Frequency-Dependence of Local Enhancement

First, we analyze enhancement U;(z) = U;(z)/U; of the different energy quantities If;, given
in Equation (4), compared to their free space value U as well as chirality enhancement X (z) on the
helix axis (in z-direction). The helical metamaterial is illuminated with normally incident and right
circularly polarized plane waves. The frequency v is varied from 10 to 280 THz. As shown in Figure 2,
several features arise in the near-fields.

x

|

T

1
ke . Lo
50 150 250 150 250
v/THz v/THz

Figure 2. Spectral near-field response of a 3-helix array illuminated with normally incident RCP.
Enhancements along the central z-axis are shown in pseudo-color representation as functions of frequency v.
Vertical red lines denote the band gap. (A): chirality enhancement X(z,v). (B,C): enhancement of left
[right] circularly polarized energy Uy (z,v) [Ur(z,v)]. Note the predominantly positive chirality at the
left red line.

The highest magnitudes of optical chirality are located within 1.5 um above the substrate in the
center of the unit cell (Figure 2A). The band of suppressed transmission is depicted by vertical red
lines. Within this band, two distinct and broadband enhancements are visible. Here, the incident
optical chirality &j, = —1 is roughly doubled. The position of these low enhancements are spatially
stable up to around 200 nm for variations of the frequency by 50 THz. This proposes an experimental
setup wherein chiral enantiomers are placed in the center of the device coupling to locally enhanced
chirality. Tuning the incident frequency amplifies signals of spectroscopy or enables spatial analysis
of macro-molecules.

Stronger enhancements of optical chirality are observed outside the band of suppressed
transmission. Above the band, field enhancements follow the oscillatory behavior of the transmission
spectrum, whereas below the band, significant local chirality enhancement is observed by more than
a factor of four at v = 72 THz. Note that the optical chirality changes sign compared to the incident
RCP outside the band.

Analysis of the enhancement of the right and left CPE components is displayed in Figure 2B,C.
It is much more prominent for resonant frequencies. An increase by more than four times is located
less than 500 nm above the substrate within the full band. Above and below the band, CPE shows
similar oscillatory behavior as optical chirality. The interplay of right and left CPE is the reason for the
opposite handedness of the incident circular polarization outside the band.
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As an example, we show in Figure 3 the local optical chirality (A) as well as right/left (B/C)
and electric/magnetic (D/E) field energy enhancements for v = 72 THz. At this frequency, X(z,v)
is maximal. The electric and magnetic field energy densities are inversely proportional as visible in
Figure 3D,E , i.e., when U, is maximum, Uy, is minimum. The pronounced local chirality enhancement
(A) is due to a high left CPE U, (B) while maintaining small i/ (C).

In the picture of circularly polarized energy, these chiral near-fields are clearly understood since
chirality is proportional to the difference of left and right CPE (3). However, they arise from the
complex interplay of electric and magnetic field components. Their local phase relations are not
directly accessible in the analysis of electric and magnetic energy densities. Nevertheless, these are
the underlying reasons for the observed local chirality enhancement. From the point of view of
chirality conservation, the incident chirality is locally converted [10] to left-handed CPE, resulting in
the observed strong chiral near-fields.

It has been shown that the generation of the observed chiral near-fields can be explained by the
current flows induced in helix wire [18]. The currents are circulating around the core of the helix,
yielding a magnetic polarization. Additionally, some parts of the current flow parallel to the helix
axis and induce an electric polarization. If these two contributions show the correct phase relation,
the optical chirality density and accordingly the difference of the CPE parts is enhanced.
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Figure 3. Near-fields of a 3-helix array at v = 72 THz illuminated with normally incident RCP.
Enhancements compared to free space values in a xz-cross section (left) through the center of the unit
cell are shown in pseudo-color representation. (A): chirality enhancement k3 (x,z); (B,C): enhancement
of left [right] circularly polarized energy ZjL(x, z) [Z/?R(x, z)]; (D,E): enhancement of electric (magnetic)
field energy Z]e(x, z) [Lfm(x, z)].

3.2. Spatial Control of Chirality Enhancement by Tuning the Incidence Angle

Second, we study near-fields of the helical metamaterial when varying the angle of incidence 6 at
a fixed frequency v = 128 THz. The illuminating plane wave is left circularly polarized. Although
the structure is close to transparent for normally incident LCP (Figure 1c), we observe high optical
chirality and accurate control of the enhancement position.

In Figure 4A, the chirality enhancement on the symmetry axis of the device for 6 € [0°, 45°] is
shown. The maximal enhancement is tunable between 1 and 2 um above the substrate. It is nearly
proportional to the incidence angle. In the range of 12°-36° the magnitude of the local chirality is
increased more than four times with a maximal value of more than six depicted by a red vertical line.
This allows for easy experimental control of the position of high optical chirality at constant frequency
and enables the spatial analysis of chiral molecules.
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The strong chiral near-fields are due to an increased right CPE (Figure 4C) and a relatively low
variation of the left-handed energy part (B). Analogous to the frequency-study in the previous section,
the sign of the incident chirality is reversed. In Figure 5A-C, we show the spatial distribution of
chirality and CPE enhancement for the angle with maximal chirality enhancement 6,2« = 31.5°. Here,
the electric energy is much less increased whereas the magnetic part is strongly enhanced (not shown).

Again, the concept of circularly polarized energy is shown to be suitable for chiral phenomena:
Although the electric dipole moment of most molecules is much stronger, the effect of magnetic
coupling cannot be neglected for chiral phenomena [14]. On the other hand, studying CPE as given in
Equation (4) is directly related to the interaction of light and chiral matter. This is underpinned by the
close connection of chirality and the general polarization ellipse of local fields [19].
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Figure 4. Near-field response of a 3-helix array illuminated with LCP at v = 128 THz. Enhancements
along the central z-axis are shown in pseudo-color representation as functions of incidence angle 6.
The vertical red line denotes the angle of incidence 8 = 31.5° with maximal |%| > 6. (A): chirality
enhancement X(z, §); (B,C): enhancement of left [right] circularly polarized energy U (z,6) [Ur(z, 0)].
Note the predominantly negative chirality when tuning the angle.

Finally, we investigate the unexpected behavior of reversing the sign of the incident optical
chirality. As described in the previous section, this effect suggests a conversion mechanism of the
metamaterial: Locally, chirality or the circular polarization of the incident light is converted into the
opposite chirality. This occurs for resonant incident light showing low transmission.

We perform an analysis of accessible eigenmodes at the angle with maximal chirality enhancement
Omax. This is done by solving the resonance problem of Maxwell’s equations with Bloch conditions
corresponding to this specific angle. Subsequently, the most suitable mode with local circular
polarization and eigenfrequency similar to the externally excited near-field is chosen.

Generally, the coupling to all eigenmodes which overlap with the external field has to be taken
into account for a full description of the device. Additional interference of the incident field and
different modes might occur. However, in order to show that the tuning capabilities, with respect to
the angle of incidence, are based on modes accessible only under oblique illumination, we analyze the
eigenfield which is mostly excited.

In Figure 5A,D, we compare near-field chirality of the illumination with LCP with the
corresponding eigenmode. Since its eigenfrequency and the frequency of the incident plane wave is
equal, the incident light couples to this mode, although its local chirality is of opposite handedness.
Accordingly, the observed chirality conversion mechanism occurs. We expect a similar behavior in the
case of the frequency-dependent chirality enhancement in the previous section.
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Figure 5. Comparison of near-field response for scattering (A-C) with LCP at v = 128 THz and
6 = 31.5° and resonance (D) computation with corresponding Bloch vector. Enhancements in a xz-cross
section through the center of the unit cell are shown in pseudo-color representation. White lines depict
zero chirality. (A,D): chirality enhancement k3 (x,z) from scattering [resonance] computation. (B,C):
enhancement of left [right] circularly polarized energy Uy (x,z) [Ug (x, z)] from scattering simulation.

4. Conclusions

In summary, metamaterials composed of intertwined and tapered 3-helices enable the control of
the chiral optical near-fields both spatially and in magnitude. Variation of wavelength or the angle of
incident CPL controls the vertical position in the range of micrometers of local chirality. Enhancement
factors of up to six are obtained on the central axis of this device. The numerical analysis, with the help
of CPE, simplifies the complex interplay of electromagnetic fields forming local circular polarization
and gives design guidelines for chiral light-matter interactions.

We expect the two independent CPE components to offer more degrees of freedom for
optimization of comparable devices than solely the quantity of optical chirality and have shown
that the interplay of extrinsic chiral parameters, such as angle of incidence and intrinsic geometric
chirality of e.g., tapered 3-helices, offer the ability to tune chiral near-fields.
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Abbreviations

The following abbreviations are used in this manuscript:

CPL  Circularly Polarized Light

CPE Circularly Polarized Energy

RCP  Right Circularly Polarized Plane Wave
LCP  Left Circularly Polarized Plane Wave
FEM  Finite-Element Method
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