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Abstract: We deconvolute the distinct and sometimes competing effects of geometric and
material chirality in metastructures created from materials that are intrinsically chiral. We
find that overlapping Mie-like resonances in nanodisk arrays leads to 6-fold CD enhancement
compared to a uniform film. Furthermore, making the medium chiral does not necessarily
increase CD; enhancement depends on the magnitude of the Pasteur parameter and its real and
imaginary components. Finally, to demonstrate how geometric and material chirality can be
combined, we design a geometrically chiral meta-atom out of chiral media and observe over
9-fold enhancement in both CD and g-factor compared to a metasurface comprised of achiral
material.
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1. Introduction

Chiral metastructures are attracting increasing attention for a range of different applications,
including circularly polarized light detectors and sources [1–5], enantiospecific catalysis, sep-
aration and detection [6–10], and spintronics and quantum computing [11,12]. For example,
strategic design of metasurfaces can lead to strongly enhanced circular dichroism (CD) compared
to chiral molecules, or create superchiral light for improved detection of chiral analytes [13,14]. A
recurring challenge, however, is to identify the design rules that govern chiral response from these
metasurfaces, as the relationship between the optical properties and the structure is complex.

In much of the work done to-date, the material comprising the metasurface is achiral. Previous
work using metastructures to detect chiral analytes has pointed to the importance of overlapping
the electric dipole and magnetic dipole resonances of a disk to enhance the local optical chirality
[15–19]. When the electric and magnetic resonances spectrally overlap with equal magnitude
and a π/2 phase difference, backscattering is suppressed and the Kerker condition for circularly
polarized light is satisfied [20]. In several studies, satisfying the Kerker conditions has led to
enhanced optical chirality [13,21]. However, these applications mainly consider the detection of
chiral media nearby the metasurface, rather than within the nanostructure itself. Here, we expand
our study beyond molecular sensing near the metasurface to applications where the local optical
chirality inside the nanostructure is important.

An interesting question is whether the chiral optical properties of the metasurface are enhanced
if the material itself is chiral (or, alternatively, if the properties of a chiral material are enhanced by
nanostructuring). There are numerous emerging examples of candidate chiral materials, including
chiral molecules and semiconductor nanocrystals [22–31]. These chiral nanomaterials can be
further organized into superstructures of various types, which may or may not have geometric
chirality. However, both ligand-induced chiral semiconductor nanocrystals and molecules are
often limited by low levels of selectivity for circularly polarized light, with g-factors often on the
order of 10−5–10−3, while typical CD signals of metasurfaces are on the order of 10−2 deg [22].
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Optical design could therefore include either or both geometric and material chirality, and the
relationship between the two warrants deeper research.

In this paper, we focus primarily on modeling materials with properties inspired by chiral
semiconductor nanocrystals and the lithographic patterning and self-assembly of chiral nanos-
tructures demonstrated in previous studies [32,33]. In cases where the chiral nanostructures are
themselves comprised of either strongly absorbing or light-emitting chiral nanocrystals, then
the CD or circularly polarized luminescence from the array could be influenced by the optical
chirality inside the nanostructures. We investigate the role of the nanostructure size, shape, and
accompanying resonances, and the characteristics of the materials themselves, including the role
of Pasteur parameter, on CD, g-factor, optical chirality, and the difference in transmission (∆T)
under polarized illumination, with both achiral and chiral geometries. We find that designing a
disk array made of chiral media with spectrally overlapping electric and magnetic dipolar Mie-like
resonances enhances the CD compared to a uniform film. We also find that simply increasing
the Pasteur parameter does not necessarily further increase the optical chirality enhancement.
Through strategic choices of the Pasteur parameter, we demonstrate optical chiralities 50 times
larger than free space circularly polarized light and ∆T enhancements over 750-fold compared to
unstructured films. Additionally, matching the Mie-like resonances of the disk array to the chiral
material’s Lorentzian transitions creates a combined CD enhancement that is greater than the
sum of the individual effects of disk geometry and excitonic transitions. Finally, we design a
metasurface array that combines the effects of a chiral meta-atom geometry with a chiral medium,
thereby enhancing the CD and g-factor by utilizing geometrical and material chirality at the same
time. This work highlights both the potential and complexity of creating chiral nanomaterials,
where the roles of both material and geometric chirality need to be understood.

2. Method

The circular dichroism of optically active thin-films and disk arrays like those shown in Fig. 1
were modeled using COMSOL Multiphysics. Multiple relations for chiral media have been
developed [34,35] with the most common including the introduction of the Pasteur parameter, κ.
To study optically active materials using finite element methods, Maxwell’s equations must be
modified to allow for magnetoelectric coupling, as shown in Eq. (1) and Eq. (2) [36,37].

D = εE − iκ
√
µ0ε0H (1)

B = µH + iκ
√
µ0ε0E (2)

Fig. 1. Schematic depiction of circular dichroism measurement through a uniform film of
chiral material, a patterned disk array, and a patterned array made of geometrically chiral
meta-atoms.

The introduction of the Pasteur parameter introduces circular polarization dependence to the
refractive index of the chiral medium, such that n± = n ± κ. The Pasteur parameter can be real,
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imaginary, or complex. The real part of κ represents the optical rotary dispersion (ORD) of
the chiral medium, which is rotation of linearly polarized light upon passing through the chiral
sample. The imaginary part of κ controls the circular dichroism of the chiral medium.

Circularly polarized light was included in our simulations by defining ±90° phase shifts
in the x and y components of the electric field amplitudes at the injection ports. Periodic
boundary conditions were placed on simulation bounds perpendicular to the circularly polarized
source and perfectly matched layer boundary conditions were included at the top and bottom
simulation bounds. Lastly, the absorption within the metasurfaces and planar thin films was
calculated by considering both transmission and reflection, where A = −log10(T + R). The CD
is defined as the difference in absorption of left versus right circularly polarized (LCP/RCP)
light and is given by CD = ALCP − ARCP. CD is often reported in units of degrees, where
CD [deg] = 32.98 × ∆A. The g-factor normalizes the CD by a chiral analyte’s total absorption
and is defined as g = 2 × (ALCP − ARCP)/(ALCP + ARCP).

3. Results and discussion

3.1. Disk arrays comprised of chiral material

We begin by considering the effect of nanostructuring, and particularly the design of resonant
meta-atoms, on the chiroptical properties of metamaterials comprised of chiral media. We first
consider the case of a simple disk array, as illustrated in Fig. 1, and identify the disk geometries
that lead to overlapping the electric and magnetic dipolar Mie-like resonances. To design the
disks, we assumed a constant refractive index of n= 2 - 0.1i, κ = -0.0005i, a height of h= 200 nm,
and spacing in a square array with a p= 650 nm pitch. The disk’s refractive index was chosen to
approximate that of a semiconductor nanocrystal solid [33]. We varied the disk diameter, since
the resonant frequencies of the electric and magnetic dipolar resonances in a disk array can be
independently tuned by varying the disk’s aspect ratio [13,38].

Figure 2(a) shows the transmittance of constant refractive index disk arrays under linearly
polarized (LP) illumination. At certain wavelengths, large minima in transmission are present,
due to the excitation of Mie-like resonances. The resonant characters of the transmission minima
were evaluated by measuring the electromagnetic intensity enhancement in the center of the disks.
The wavelength of maximum electric (magnetic) field intensity enhancement at the disk’s center
corresponds to the resonant wavelength of an electric (magnetic) dipolar resonance [13]. Both the
electric and magnetic dipolar (ED and MD) resonances redshift with increasing disk diameter but
at different rates, allowing for spectral overlap of the resonances to be tuned. Spectral overlap is
observed at two disk diameters: d = 325 nm and d = 468 nm. To evaluate whether the overlapping
Mie-like resonances at these disk geometries constitute Kerker conditions, which occur when
the reflection is identically zero, the reflection spectrum is shown in Fig. 2(b). The disk array
made up of d = 325 nm disks reflects almost 20% of incident light at the resonant wavelength
(λ= 695 nm). By contrast, the disk array made up of d = 468 nm disks reflects less than 5% of
incident light at its corresponding resonant wavelength (λ= 760 nm). As a result, we will call the
d = 468 nm disk array at λ= 760 nm a Kerker-like condition. Note that for this disk geometry,
the reflection also approaches zero near λ= 690 nm, but the ED and MD resonances do not
overlap here. To achieve maximal optical chirality enhancement, the electric and magnetic fields
must be spatially overlapped [13,21]. Figure 2(c) shows the spatial distribution of the electric
and magnetic resonances in the center of a d = 468 nm disk at λ= 760 nm. Both the electric
and magnetic fields are maximized in the center of the disk. For comparison, the spatial field
distribution for the d = 325 nm disk array at λ= 695 nm is shown in Fig. 2(d). The electric and
magnetic fields are spatially overlapped inside the disk and the electric field inside the disk is
larger than it is for the d = 468 nm disk. However, the electric field is maximized outside the disk,
not in the center.
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Fig. 2. (a) Transmission of LP light through chiral disk arrays of various diameters and
(b) reflection from disk arrays with diameters that support overlapping Mie-like resonances.
Electric and magnetic field intensity enhancements in the center of a (c) d = 468 nm disk
at λ= 760 nm and (d) d = 325 nm disk at λ= 695 nm. (e) Optical chirality enhancement
relative to a uniform film for (left) a d = 468 nm disk at λ= 760 nm and (right) a d = 325 nm
disk at λ= 695 nm.

We now compare the calculations of chiroptical response between the disk and an unstructured
film of chiral material. The optical chirality, C, is given by C = −ωε0 × Im(E∗ · H)/2 and
optical chirality enhancement, Ĉ, is given by, Ĉ = C/CCPL = Im(E∗ · H)/Im(E∗ · H)CPL. Optical
chiralities greater than free space circularly polarized light (Ĉ>1) are often referred to as
superchiral. Overlapping electric and magnetic modes lead to overlapping E and H fields,
generating superchiral near-fields of a uniform sign [13,21]. Fig. 2(e) shows the optical chirality
enhancement for a d = 468 nm disk at λ= 760 nm, relative to a 200 nm thick film with the
same refractive index and Pasteur parameter. Figure 2(f) compares this to the optical chirality
enhancement for a d = 325 nm disk at λ= 695 nm. The optical chirality enhancement both inside
the disk and around it is larger for the d = 325 nm disk. This is consistent with the larger electric
and magnetic field intensity compared to the d = 468 nm disk.

Figure 3 shows the optical chirality enhancement, CD enhancement, and g-factor enhancement
for chiral disks compared to a uniform film. Figure 3(a) shows the spatially averaged optical
chirality enhancement ((Cl + Cr)/2) within the disks. This calculation is relevant to systems
where light-emitting nanocrystals comprise the meta-atoms, such as circularly polarized light
sources. At each diameter, the optical chirality is high at the resonant wavelength, at similar
wavelengths as shown in Fig. 2. At d = 468 nm and λ= 760 nm, excitation of both electric
and magnetic dipolar resonances at the Kerker-like condition results in a volume-averaged
optical chirality enhancement of 7-fold compared to the film. The maximum in optical chirality
enhancement occurs at d = 325 nm and λ= 695 nm. CDisk /CFilm is larger here because both the
ED and MD are larger than at d = 468 nm, λ= 760 nm (|E|/|E0 |: 3.7 vs 2.8, |H|/|H0 |: 6.1 vs 5.4).
Since d = 325 nm does not constitute a Kerker condition, we hypothesize that the reflected fields
are contributing in-part to the enhanced optical chirality. This is consistent with the E and H
fields being less spatially confined inside the d = 325 nm disk compared to inside the d = 468 nm
disk (vide supra, Fig. 2). If the disks are comprised of luminescent semiconductor nanocrystals,
the enhanced optical chirality within the disks could lead to enhanced circularly polarized light
emission from the array. This is a topic of future research.

Figure 3(b) shows the spectrally resolved CD enhancement ([CD]disk/[CD]film) for the same
disk diameters and wavelengths. The CD enhancement is maximized for the d = 468 nm disk
array, or in other words, at the Kerker-like condition. Here, there is a maximum CD enhancement
of 5.7-fold at λ= 760 nm, despite containing 28% less chiral material than the planar thin film.
The sign of the CD enhancement is negative because the sign of the film CD is opposite that
of the disk CD near the Kerker-like condition. Notably, the CD enhancement at d = 325 nm
and λ= 695 nm is quite small (1.7-fold). This is because we have considered reflection in our
definition of CD (A = −log10(T + R)) and the d = 325 nm disk array reflects significantly more
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If the disks are comprised of 
luminescent semiconductor nanocrystals, the enhanced optical chirality within the disks could 
lead to enhanced circularly polarized light emission from the array. This is a topic of future 

research. 

𝑔
Fig. 3. Spectrally resolved (a) average optical chirality enhancement, (b) CD enhancement,
and (c) g-factor enhancement for various chiral disk array diameters relative to an unstructured
film of chiral media.

light than the d = 468 nm array (vide supra, Fig. 2(b)). This analysis shows that the optimal
geometries for optical chirality enhancement and CD enhancement are not always the same when
reflection is taken into consideration.

In many applications, increasing the selectivity of circularly polarized absorption is even
more desirable than increasing the magnitude of circular dichroism signal. However, Fig. 3(c)
shows that, at the spectrally overlapping ED and MD resonances, the magnitude of the g-factor is
comparable to that of the film. This is because the nanostructures enhance overall absorption
by over 7-fold at the Kerker-like condition compared to the film, while the corresponding CD
enhancement is 5.7-fold. As a result, the circularly polarized absorption selectivity is decreased.

3.2. Modifying the Pasteur parameter

3.2.1. Purely real-valued Pasteur parameter

We now consider how different chiral media influence these design guidelines. The Pasteur
parameter used in the previous analysis (κ = -0.0005i) was chosen as a starting point for
investigation. However, many chiral molecules have negligible absorption in the visible and
near-IR region of the spectrum and have purely real Pasteur parameters [39]. Typical values of
the Pasteur parameter for chiral liquids with low dispersion like limonene and carvone are on the
order of κ = 0.01 in the visible range [39–41]. To investigate the case of a purely real Pasteur
parameter, we consider a Mie-like disk array with n= 2 and d = 457 nm, with the same height
and pitch as before (h= 200 nm, p= 650 nm). In Fig. 4(a), we vary the magnitude of the real part
of the Pasteur parameter. For these nonabsorbing arrays, rather than calculating CD, we calculate
the difference in transmitted LCP versus RCP light (∆T = TLCP − TRCP). The ∆T enhancement
for the disk array relative to a uniform film with the same properties ([∆T]disk/[∆T]film) increases
in magnitude with increasing κ, along with increasing spectral separation of the positive and
negative ∆T features. When κ = 0.01, ∆T enhancement of over 750-fold is achieved and when
κ = 0.1, ∆T enhancement of over 3000-fold is possible.

The dependence of ∆T enhancement on κ involves several different factors, not just increasing
Pasteur parameter. Figure 4(b)-(c) show that the ∆T enhancement increases with κ in this
geometry because the disk array supports spectral maxima in ∆T that increase much faster
than the spectrally featureless ∆T generated by the film. Increasing the Pasteur parameter also
increases the spectral separation between the positive and negative ∆T features, where ∆λ = 8
nm for κ = 0.01 and ∆λ = 30 nm for κ = 0.1 (Fig. 4(b)). The increasing spectral separation with
κ arises because the resonant frequencies under right versus left CPL shift and become more
distinct as κ increases. Figure 4(d) demonstrates this by plotting the optical chirality of the disk
array as the Pasteur parameter varies. When the Pasteur parameter is small (κ = 0.001-0.01), the
optical chirality is maximized at the resonant wavelength (λ= 750 nm). For these two cases, the
optical chirality is over 50 times larger than free space circularly polarized light (CPL). As the
Pasteur parameter increases in magnitude, the maximum in the optical chirality under left CPL
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electric dipoles exist at the maxima of the electric field intensity spectra (

Fig. 4. Effect of different values of a purely real Pasteur parameter for a resonant disk array with p = 650 nm, h = 
200 nm, 𝑛 ∆ ∆Fig. 4. Effect of different values of a purely real Pasteur parameter for a resonant disk array

with p= 650 nm, h= 200 nm, d = 457 nm, and n= 2. (a) ∆T enhancement compared to a
uniform film, (b) ∆T of the disk array, and (c) ∆T of the uniform film. Inset in (a) and (b)
shows enlarged region around λ= 750 nm. (d) Volume-averaged optical chirality within
the disks, where dashed lines represent RCP light and solid lines represent LCP light. (e)
Average optical chirality under LP light. (f) Field intensity enhancement within a disk when
κ = 0.1, where dashed lines represent RCP light and solid lines represent LCP light.

becomes spectrally separated from the maximum under right CPL. This phenomenon is best
observed with high κ, since this case results in the largest difference in refractive index between
the two incident polarizations. When κ = 0.1, the maxima in optical chirality are shifted by ∓16
nm under right versus left CPL. One consequence of this is diminished optical chirality under
RCP incident light compared to the system with smaller values of κ. The spectral separation and
diminished optical chirality under RCP light results in a significantly smaller average optical
chirality when κ = 0.1 (Ĉmax = 28) compared to when κ = 0.001-0.01 (Ĉmax = 56), as shown in
Fig. 4(e). This also leads to the asymmetric ∆T enhancement spectra seen in Fig. 4(a) for κ = 0.1,
where the wavelength and relative magnitude of the peak in optical chirality for LCP (RCP) light
matches that of the dip (peak) in ∆T enhancement.

Evidence that spectral shifting of the maximum in optical chirality under different incident
polarizations is a consequence of shifting Mie-like resonances is provided in Fig. 4(f), which
shows the electric and magnetic field intensity enhancement at the center of the κ = 0.1 disk.
For an array made of achiral material, the electric and magnetic field intensity enhancement
spectra are the same under left and right circularly polarized illumination [35]. When κ = 0.1
the maximum in magnetic field intensity enhancement under LCP light is larger than under
RCP light, which explains the larger optical chirality and magnitude of ∆T enhancement at the
corresponding wavelength (λ= 734 nm). The magnetic field intensity enhancement spectra in
Fig. 4(f) also show a secondary peak at λ= 760 nm for LCP light and λ= 740 nm for RCP light.
These peaks arise due to the magnetoelectric coupling that becomes significant at high κ. When
κ is real and positive, magnetoelectric coupling results in a minimum in the electric field and an
increase in the magnetic field (see Eq. (1) and Eq. (2)). We observe that electric quadrupoles
exist where these minima in electric field occur (at λ= 760 nm and λ= 740 nm), whereas electric
dipoles exist at the maxima of the electric field intensity spectra (λ= 734 nm and λ= 766 nm).
The additional peaks in the magnetic field intensity spectra are not observed for disk arrays with
smaller κ (κ ≤ 0.01).
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This analysis shows that, for a given metasurface geometry with a real-valued Pasteur
parameter, changing the magnitude of the Pasteur parameter spectrally shifts the absolute ∆T
and ∆T enhancement, in addition to changing the magnitude. One consequence of this spectral
shifting is that at certain wavelengths (e.g. λ= 748 nm), simply increasing the value of κ (for
example from κ = 0.01 to 0.1) will not increase the ∆T or ∆T enhancement (see Fig. 4(a)-(b),
inset); the geometry of the metasurface needs to be reoptimized. This spectral shifting should
be accounted for when designing metastructures comprised of media with large real Pasteur
parameters. Additionally, increasing κ (i.e. from κ = 0.01 to 0.1) diminishes both polarization-
specific optical chirality and the average optical chirality. Currently the polarization efficiency of
∆T for the disk array is low ( 2×(TLCP−TRCP)

TLCP+TRCP
∼ 4.4 × 10−4 for κ = 0.1), and increasing this efficiency,

perhaps by changing the metasurface geometry, could be a topic of future research. Increasing
κ will introduce stronger magnetoelectric coupling which alters the shape of the electric and
magnetic field intensity spectra in a nonobvious way that is not observed at smaller κ.

3.2.2. Purely imaginary-valued Pasteur parameter

Although Re(κ) ≫ Im(κ) for most realistic chiral systems, the Pasteur parameter can be purely
imaginary at the center wavelength of a Lorentzian medium, where κ is highly dispersive
[42]. The impact of the magnitude of the imaginary part of the Pasteur parameter on the CD
enhancement of a disk array with d= 468 nm and n= 2–0.1i is investigated in Fig. 5. Figure 5(a)
shows that the magnitude of the CD enhancement stays consistent (6-fold enhancement) as the
magnitude of the purely imaginary Pasteur parameter increases. This is different from the case of
a purely real Pasteur parameter and occurs because the CD of the film increases proportionally to
the CD of the disk when |κ | is increased (Fig. 5(b)-(c)). Furthermore, when κ is purely imaginary,
the system only supports one CD spectral feature, and this occurs at the resonant wavelength.

Fig 5. Effect of different values of a purely imaginary Pasteur parameter for a resonant disk array with p = 650 nm, 
𝑛Fig. 5. Effect of different values of a purely imaginary Pasteur parameter for a resonant

disk array with p= 650 nm, h= 200 nm, d = 468 nm, and n= 2 - 0.1i. (a) CD enhancement
compared to a uniform film. CD of (b) the disk array and (c) the uniform film only. (d)
Volume-averaged optical chirality within the disks, where dashed lines represent RCP light
and solid lines represent LCP light. (e) Average optical chirality under LP light. (f) Field
intensity enhancement within a disk when κ = − 0.05i, where dashed lines represent RCP
light and solid lines represent LCP light.
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The CD enhancement does not spectrally shift like it does for the case of purely real κ because
increasing the magnitude of the purely imaginary κ changes only the magnitude of the optical
chirality under right versus left CPL. This is shown in Fig. 5(d) and is especially apparent in
the medium where κ = -0.05i, which demonstrates over 3 times more optical chirality when
illuminated with LCP light (solid line) compared to RCP light (dashed line) at the resonant
wavelength of 760 nm. This is consistent with Fig. 5(f), which shows that the electric and
magnetic field intensity spectra increase in magnitude under LCP light (compared to RCP light),
but mostly retain the same spectral shape and position. Since the ED and MD maxima occur at
the same wavelength for both RCP and LCP light, the effect of increasing |κ | on optical chirality
is additive. Therefore, the average optical chirality increases as |κ | is increased from -0.005i
to -0.05i (Ĉmax increases from roughly 6 to roughly 8), unlike the analogous result for purely
real Pasteur parameter (Fig. 5(e)). This means that both optical chirality and CD at a particular
wavelength can be increased by increasing the magnitude of the imaginary part of the Pasteur
parameter, without the need to reoptimize the array geometry.

Taken together, the results in Fig. 4 and Fig. 5 show that Mie-like disk arrays with a purely
real Pasteur parameter and a physically relevant refractive index (n= 2) show large differential
transmission of left versus right CPL compared to a uniform film. Further, the spectral shifting
with increasing Pasteur parameter adds an additional layer of complexity to increasing the optical
chirality and differential transmission of left versus right CPL. By comparison, Mie-like disk
arrays with a purely imaginary Pasteur parameter and refractive index n= 2–0.1i have more
moderate CD enhancements that don’t increase with |κ | and optical chirality that does not
spectrally shift with |κ |.

3.2.3. Effect of a complex and dispersive chiral medium

At most wavelengths, the Pasteur parameters of real chiral materials are not purely real
or imaginary, but complex and dispersive. We considered the effects of dispersion by
modeling a chiral, Lorentzian medium. The dispersion equations for the chiral medium’s
permittivity and Pasteur parameter are given by ε = 4 − 10−3 × ω̄ and κ = −10−5 × ω̄,
respectively, where ω̄ = ω2

0/(ω
2 − ω2

0 − iγω) and the center frequency, ω0 = 2πc/λ0,
was tuned on and off the Kerker-like condition of λ= 760 nm while the damping constant,
γ = πc(1/(λ0 − FWHM) − 1/(λ0 + FWHM)), was set to give the Lorentzian a full width at half
maximum of approximately 20 nm [43,44]. Fig. 6(a)-(b) show the spectral dependence of the real
and imaginary Pasteur parameter, respectively. Figure 6(c) compares the CD of a d = 468 nm disk
array to that of a uniform film at several different center frequencies. These frequencies represent
the wavelength where the Kerker-like condition occurs for a d = 468 nm disk (λ= 760 nm), and
wavelengths ±40 nm of this condition. For both cases away from the Kerker-like condition, the
disk arrays show two CD minima, one at the center frequency and the other at the wavelength
where the Kerker-like condition occurs (λ= 760 nm). The local minimum in CD at the center
frequency is due to the Lorentzian transition. The local minimum in CD at λ= 760 nm is due to
the Mie-like resonance. This is further supported by the fact that the uniform film only shows a
single CD minimum at the center frequency.

Matching the Mie-like resonances to the chiral material’s Lorentzian transitions maximizes the
CD and results in a nearly 22-fold CD enhancement (3.4-fold g-factor enhancement) compared
to the film, as shown in Fig. 6(d). At wavelengths on either side of the center wavelength, the CD
of the disk is greater than that of the film, but the difference is negligible. Therefore, spectrally
overlapping the Mie-like resonances with the center frequency of the Pasteur parameter enhances
the chiroptical response. In this case, the energy states of the Lorentz oscillator and the optical
ED and MD modes are coupled together, leading to a hybrid light-matter resonance. This is
consistent with previous work studying the CD of a chiral, dielectric nanosphere with a shell of
excitonic material given by the Lorentz model [45]. The resulting CD magnitude of the matched
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Fig. 6. Spectral dependence of the (a) real Pasteur parameter and (b) imaginary Pasteur
parameter for a chiral, Lorentzian disk array. (c) CD of the chiral disk array with d= 468 nm
and p= 650 nm (solid lines) compared to CD of a uniform chiral film (dashed lines). (d) CD
enhancement of the chiral disk array compared to the chiral film when λ0 = 760 nm.

system is greater than the sum of the individual excitonic or Mie-like resonance effects. This
highlights the significant improvement that Mie-like resonances provide to the CD of chiral
materials with Lorentzian transitions. By matching the Mie-like resonances to the excitonic
transitions, we can tune the chiral response, either by adding new features to the CD spectrum, or
by increasing the CD signal.

3.3. Combining geometric and material chirality

Several studies have shown that it is possible to have local optical chirality around achiral
dielectric nanostructures made of achiral material [13,14,46]. Here, we consider the case where
both the shape of the object and the material comprising it are chiral. To investigate this, we
modified our disk geometry by adding a short tail. We arranged the structures with C4 rotation
symmetry, as shown in Fig. 7(a), to avoid the linear birefringence that arises from the asymmetry
between the x and y directions of a single chiral shape [47]. For comparison to an achiral shape,
we simulated a C4 symmetric unit cell made of disks with the same refractive index (n= 2–0.1i),
height (h= 200 nm), and pitch (p= 1300 nm). To match the CD and g-factor magnitude of the
disk array to that of the new chiral meta-atom array, we set the Pasteur parameter of both to κ = -5
× 10−6i. The dimensions of the chiral shape (d, s, o, w, 1) were chosen so that the CD and g-factor
of the resulting meta-atom would have a local maximum at approximately the same wavelength
as the disk array. Figure 7 demonstrates that although chiral patterning is not strictly necessary
for achieving a chiral response from dielectric metasurfaces, combining material chirality with
geometric chirality is a way to tune both the wavelength and magnitude of the chiral response.
Compared to the disk array, structures that have both intrinsic chirality (κ ≠ 0) and a chiral shape
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exhibit a 20% enhancement in CD (Fig. 7(a)) and g-factor (Fig. 7(b)) at the resonant wavelength
for the disk array (λ= 760 nm). Furthermore, these structures (with κ ≠ 0 and a chiral shape)
exhibit a 9-fold CD enhancement at λ= 760 nm compared to metasurfaces where the meta-atom
shape is chiral but the comprising material is not (κ = 0). This demonstrates that for the chiral
arrangement in Fig. 7(a), chiral nanopatterning of chiral materials increases both the CD and
g-factor at λ= 760 nm. Figure 7(a) also shows that at some wavelengths smaller than the resonant
wavelength (e.g. λ= 740 nm), the CD and g-factor magnitudes are larger for the disk metasurface
compared to the chiral arrangement. At λ= 740 nm, the CD of the chiral arrangement comprised
of chiral material (black line) is nearly zero (0.3 mdeg), while the CD of the disk geometry
is over 4-fold larger. This is because the sign of the CD generated by the chiral material is
opposite that generated from the chiral geometry at λ= 740 nm. These counteracting effects
prevent the CD enhancement that one might expect from chiral patterning of chiral media. This
becomes apparent when the geometry of the chiral arrangement is reversed, as shown in Fig. 7(c).
When the enantiomeric structure is considered, the CD of the chiral arrangement at λ= 740 nm
surpasses that of the disk array comprised of chiral material by 170%. This demonstrates how
geometric and material chirality can sometimes compete, leading to nonobvious design choices
that heavily depend on the wavelength of interest.

𝑔
𝜅 × 𝜅Fig. 7. (a) CD and (b) g-factor of the intrinsically chiral disk array (red line) compared to

the C4 symmetric chiral shape array when κ = -5 × 10−6i (black line) and when κ = 0 (blue
line). Insets in (a) show pictorial representations of the C4 symmetric chiral unit cell. Each
chiral shape has d = 464 nm, l= 150 nm, w= 50 nm, o= 100 nm, and s= 159 nm. (c) CD of
the intrinsically chiral disk array (red line) compared to the enantiomeric chiral arrangement
when κ = -5 × 10−6i (black line). Inset shows the enantiomeric chiral arrangement.

4. Discussion and conclusions

Materials that selectively interact with circularly polarized light have wide-ranging applications
from 3-D displays to optical communications. In this work, we modeled arrays of nanostructures
consisting of chiral media to elucidate the design principles governing chiroptical activity. Future
work could investigate these factors in 3-D chiral structures, such as those described in Gorkunov
et al [48]. In this work, we were inspired by chiral patterning of light-emitting nanocrystals
comprising the meta-atoms and motivated by applications like circularly polarized light sources,
so we considered the optical chirality inside the nanostructures as opposed to only around the
structures. By investigating percent of light transmitted, the optical chirality enhancement, and
the electric and magnetic fields inside the nanostructures, we uncovered design factors that
specifically influence the circular dichroism, g-factor, and relative transmission of LCP versus
RCP light in chiral metasurfaces. We showed that disk arrays supporting overlapping electric and
magnetic dipolar Mie-like resonances show significant CD enhancement compared to a uniform
chiral film. We considered metasurfaces with real, imaginary, and complex Pasteur parameters
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with varying magnitude and sign. When Mie-like disk arrays have a purely imaginary Pasteur
parameter (-0.0005i ≤ κ ≤ -0.05i) the CD enhancement is 6-fold, and if the arrays have a purely
real and physically relevant Pasteur parameter (κ = 0.01), the ∆T enhancement is over 750-fold.
For Mie-like arrays with purely real Pasteur parameters, increasing the Pasteur parameter of the
medium causes spectral shifts in the ED and MD resonances, diminishing the average optical
chirality. By contrast, Mie-like arrays with purely imaginary Pasteur parameters do not exhibit
spectral shifting of the ED and MD resonances and instead exhibit changes in the intensity of the
electric and magnetic fields inside the meta-atoms depending on the magnitude of κ. Therefore,
the average optical chirality increases with |κ | when the Pasteur parameter is purely imaginary.
Matching the Mie-like resonance to a chiral material’s Lorentzian transition resulted in a hybrid
light-matter resonance that led to a nearly 22-fold enhancement in CD compared to a chiral film.
Further, constructing a geometrically chiral meta-atom out of chiral media led to over 9-fold
enhancements in both CD and g-factor relative to an identical metasurface made from achiral
material. These results expose several different design approaches for tailoring a chiral response
from metasurfaces constructed from chiral media. Each of these design choices: nanopatterning,
employing overlapping ED and MD resonances, increasing or decreasing the chirality of the
medium, choosing a dispersive or non-dispersive medium, and selecting a chiral geometry, have
different effects on the shape and magnitude of the CD and g-factor. This study provides a
framework for understanding how these individual factors shape the chiroptical response, so that
they may be employed in other chiral metastructures to satisfy specific design needs.
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