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ABSTRACT: The discrimination of enantiomers is crucial in biochemistry.
However, chiral sensing faces significant limitations due to inherently weak
chiroptical signals. Nanophotonics is a promising solution to enhance
sensitivity thanks to increased optical chirality maximized by strong electric
and magnetic fields. Metallic and dielectric nanoparticles can separately
provide electric and magnetic resonances. Here we propose their synergistic
combination in hybrid metal—dielectric nanostructures to exploit their dual

Dual metasurface

Dual dimer

character for superchiral fields beyond the limits of single particles. For optimal

optical chirality, in addition to maximization of the resonance strength, the resonances must spectrally coincide. Simultaneously,
their electric and magnetic fields must be parallel and 7/2 out of phase and spatially overlap. We demonstrate that the interplay
between the strength of the resonances and these optimal conditions constrains the attainable optical chirality in resonant systems.
Starting from a simple symmetric nanodimer, we derive closed-form expressions elucidating its fundamental limits of optical chirality.
Building on the trade-offs of different classes of dimers, we then suggest an asymmetric dual dimer based on realistic materials. These
dual nanoresonators provide strong and decoupled electric and magnetic resonances together with optimal conditions for chiral
fields. Finally, we introduce more complex dual building blocks for a metasurface with a record 300-fold enhancement of local optical
chirality in nanoscale gaps, enabling circular dichroism enhancement by a factor of 20. By combining analytical insight and practical
designs, our results put forward hybrid resonators to increase chiral sensitivity, particularly for small molecular quantities.

KEYWORDS: chiral sensing, optical chirality, circular dichroism, duality, gap antennas, hybrid metal—dielectric metasurfaces

B INTRODUCTION

Chirality plays a vital role in the functionality of biomolecules
such as proteins, amino acids, and carbohydrates.l’2 It also
determines the interactions of chiral drugs within the human
body in terms of their healing potency and toxicity.”*
Furthermore, chirality could be one of the microscopic origins
of Alzheimer’s, Parkinson’s, and chronic kidney diseases.””’
Therefore, the detection and differentiation of chiral molecules
is of great interest in chemistry, biomedicine, and the food and
pharmaceutical industries.

Chiral molecules reveal their handedness through inter-
action with another chiral entity such as circularly polarized
light. Circular dichroism (CD) spectroscopy exploits the
difference in light absorption for right- and left-handed circular
polarizations.” The differential absorbed power of a small
volume of a chiral sample with respect to right and left
circularly polarized light can be expressed as’

abs

PR® — P = 4c, Im(x) CrV, (1)

where ¢y, k, and V are the speed of light, the Pasteur parameter
of the chiral sample,'® and the sample volume, respectively,
and Cp is the optical chirality under illumination with right-
handed circularly polarized light, which is assumed to be
uniform inside the sample. Optical chirality is defined as''

k
C =——2 Im(E-H*)
2c, 2)
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where k, is the free-space wavevector and E and H are the
complex electric and magnetic fields. For small volumes of
biomolecules, the differential absorbed power (eq 1) is
exceptionally weak because both the chiral sample volume
and the Pasteur parameter are extremely small (Im(x) ~
107*~1077)."” To push down the detection limit, these weak
chiroptical signals can be compensated by an increase in
optical chirality even above that of a circularly polarized plane
wave, motivating a quest to find nanophotonic platforms for
improved chiral sensitivity."*~>°

To increase optical chirality, we need both electric and
magnetic resonances to be as strong as possible. Their resonant
peaks should spectrally match to exploit the capability of such
resonances for optimal superchiral fields. Additionally, the
corresponding electric and magnetic fields in eq 2 must be
parallel and 7/2 out of phase and spatially overlap. We refer to
this set of requirements as optimal conditions for optical
chirality. As we shall demonstrate, however, the combination of
these optimal conditions with maximal strength of the
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Figure 1. Dual nanoresonators for enhanced optical chirality. (a) Dual character of the fields in individual electric and magnetic resonators. Ey;,
(red) and Hg, (blue) indicate the analogous dipolar fields associated with electric and magnetic resonators (yellow and gray spheres, respectively).
(b) A dimer of dual nanoresonators illuminated by circularly polarized light provides strong resonances with the optimal conditions for optical
chirality. Red and blue indicate electric and magnetic fields, respectively. (c) Optical chirality enhancement at the center of a symmetric dimer (eq
3) vs the magnitudes of the effective Mie coefficients, which are constrained to a maximum value of 2.2. The dimer is made of two nanospheres
with a center-to-center distance of 160 nm. The optical chirality is calculated at the wavelength 1 = 560 nm and increases along the diagonal.

resonances restricts the maximum attainable optical chirality in
nanophotonic structures.

To date, efforts have focused on exploiting either
metallic™ ™** or dielectric particles,w’m’25 for which the
magnetic or electric field enhancement is comparatively
weak. Metallic nanostructures can create intense electric dipole
fields thanks to localized surface plasmons.”®*” On the other
hand, high-refractive-index dielectric nanoparticles offer strong
magnetic dipole response through Mie resonances”® >
(Figure 1a). Dielectric nanostructures can create high optical
chirality close to the Kerker condition, where the electric and
magnetic dipoles have equal strengths.”** However, the peaks
of the two resonances do not spectrally match, thus reducing
the maximum optical chirality. On the other hand, tuned
resonant peaks destroy the phase condition, resulting again in
suboptimal optical chirality.”**

Here we exploit the complementary strengths of metal and
dielectric nanostructures to obtain strong chiral hotspots. To
understand the general mechanism of chiral field formation in
resonant structures, we first focus on simple nanodimers and
derive analytical expressions describing the optical chirality at
the center of the dimer. Through this analysis, we classify the
resonant systems into two categories: incident-dipolar and fully
dipolar. Then we find the fundamental limits of optical
chirality for each class of resonant systems, with the highest
value obtained for resonant dimers sustaining both electric and
magnetic resonances. On this basis, we introduce an idealized
dimer satisfying perfect duality symmetry.

To harness this insight with realistic materials, we propose a
hybrid dimer consisting of a metallic particle next to a high-
refractive-index dielectric particle (Figure 1b). In such a
system, our theoretical results reveal strong and decoupled
electric and magnetic resonances, which are separately tunable
while meeting all of the other requirements to maximize optical
chirality. Finally, on the basis of the mechanisms identified in
simple nanodimers, we introduce a metal—dielectric metasur-
face for practical chiral detection. The proposed structure
creates optical chirality hotspots 300 times stronger than the
incident field, which is a significant enhancement compared
with state-of-the-art dielectric nanostructures. These chiral
hotspots are also able to enhance the average value of optical

chirality, resulting in an enhancement of CD signals by a factor
of 20.

B NANODIMERS IN THE ELECTRIC-MAGNETIC
DIPOLE APPROXIMATION

To recognize the different mechanisms governing the
formation of chiral fields in resonant systems, we first analyze
a typical dimer composed of two identical spheres of diameter
D separated by a center-to-center distance [ along the y axis
(Figure 2). The dimer is illuminated by circularly polarized
light propagating along the z axis. For practical applications,
the spherical particles could be replaced by disks on top of a
substrate.*>*® The optical response of this system can be
described by replacing each particle by an electric dipole and a
magnetic dipole.”” This electric—magnetic dipole approxima-
tion is valid as long as the particle dimensions are much smaller
than the wavelength (k,D < 1) and the interparticle distance [
is larger than the particle dimensions.”® * The electro-
magnetic interaction of these dipoles is then given by a self-
consistent system of coupled equations. Solving this system
yields the dipole moments induced in each particle
(Supporting Section S1).

The dominant dipole components producing chiral fields are
those along the dimer axis. Therefore, we consider only the y
components of the dipoles in our analysis (Supporting Section
S2). Similarly to conventional gap antennas for electric field
enhancement alone, such parallel dipoles ensure the existence
of parallel field components in the gap as well as their spatial
overlap. The optimal conditions for chiral fields then reduce to
achieving spectral overlap of the resonances and 7/2 dephasing
of the electric and magnetic fields. As shown in Supporting
Section S1, the optical chirality at the center of the nanodimer
normalized to that of the incident field is

c k.l kyl
center _ % + 37 Im{C(TO}al,eE - C*(_O)blﬂjeff}

Cinc 2
{3
2 3)
where C,. = ko/cofp, in which 7, is the free-space wave

impedance; {(x) = exp(—ix)(ix™> + x7*) /27 is related to the yy
component of the dyadic Green’s function of dipole radiation

2

+ 187° Re[al,effbfeff]
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Figure 2. The optical chirality at the gap of symmetric dimers is controlled by the strength and phase of the effective Mie coefficients. We compare
metallic (gold), dielectric (silicon), and ideal dual dimers with the same particle diameters of 130 nm and interparticle distance of 160 nm,
corresponding to a gap of 30 nm. (a—c) Magnitudes of the effective electric (red) and magnetic (blue) dipolar Mie coefficients and the phase
coefficient (green). (d—f) Optical chirality enhancement calculated using eq 3 (black) and full-wave numerical simulations (orange) along with the

fundamental limit for each dimer (red).

in free space; and the effective electric and magnetic dipolar
Mie coeflicients for the nanodimer are

2a,
a =
YT 4 i6nt(kyl)a (4)
2b,
bl,eff = T o .
1 + i67¢ (kyl)b, ()

where a; and b, are the electric and magnetic dipolar Mie
coefficients of the individual particles, respectively."'

The optical chirality enhancement at the center of a general
nanodimer is given analytically by eq 3 in the electric—
magnetic dipole approximation. We represent it as a function
of the effective Mie coefficients in Figure Ic. First, we consider
purely real values for the effective Mie coeflicients and later
investigate the effect of a phase difference between them. The
diagonal increase in the optical chirality confirms the capability
of dual electric and magnetic resonances to achieve strong
superchiral fields. To understand how such resonances give rise
to optical chirality, we return to eq 3 to find the origin of its
different terms (Supporting Section S3). The first constant
term comes from the y components of the incident fields. The
second term corresponds to the interaction of incident and
dipolar fields, for which {(kol/2)a, ¢ and {*(kol/2) b ¢ express
the interaction of the incident magnetic field with the dipolar
electric field and the incident electric field with the dipolar
magnetic field, respectively. Finally, the last term provides the
optical chirality due to the interaction of the dipolar electric
and magnetic fields.

On this foundation, we can classify dimer resonators on the
basis of the origin of optical chirality from incident-dipolar
fields or fully dipolar fields (Supporting Section S3). This
classification helps us to find a fundamental upper limit of
optical chirality for different types of resonant systems. For
resonators supporting only electric resonances, such as metallic
dimers, the dominant part of optical chirality in eq 3 is
3”|€(k01/2)|la1,eff I COS(Aéinc—dip)) Where A¢inc—dip = A[C(kol/
2)a, 5] — 7/2. The phase coefficient cos(Ad)inc_diP) indicates
the dephasing of the dipolar electric and incident magnetic
fields, where cos(Aq)mc_diP) = +1 is the perfect phase
condition. On the other hand, for resonators with both
electric and magnetic resonances, such as dielectric dimers, the

dominant term is
3]
2 (6)

where ADy, g, = £a;5 — £by g A unity phase coefficient
(e, cos(Adgy, g,) = 1) guarantees /2 out of phase dipolar
electric and magnetic fields.

For particles without gain, there is an upper limit of unity to
the Mie coefficients of the individual resonators,”* which sets a
limit of 2.2 on the effective Mie coefficients of dimers (Figure
lc and Supporting Section S4). Accordingly, the fundamental
limit of optical chirality is 6.671{(k,l/2)! for a metallic dimer
and the significantly higher value of 87.122%1¢(kol/2)I* for a
dielectric dimer. These strikingly different limits prove the
promise of electric—magnetic resonant systems for strong

chiral fields, for which la; .4llb; ool cos(A‘I)diP_dip) should be

c 2

center __ 2
— =18x lay ogellby ol cos(Ad)diP_diP)

inc
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Figure 3. Hybrid metal—dielectric dimers. (a) A dimer consisting of a metallic sphere and a dielectric sphere separated by a distance I = I, + I is
illuminated with a circularly polarized plane wave propagating along the z axis. (b, c) Investigation of resonance strength and optimal conditions for
optical chirality by comparison of the magnitudes (red and blue) and the phase coefficient (green) of the effective electric and magnetic dipolar
Mie coefficients in eqs 7 and 8. We fix the diameter of the dielectric particle at 130 nm and sweep the size of the metallic sphere to maximize
layedlby oid cos(AD) for the highest optical chirality. (d) Simulated electric and magnetic field enhancements (purple and blue), (e) phase factor,
and (f) optical chirality enhancement at the center of the hybrid dimer for different diameters of the metallic particle. The vertical dashed line
indicates the magnetic resonance of the dimer. The thickest line in each panel highlights the diameter with the highest optical chirality.

maximized. Analogously, we can classify the individual
nanoresonators and find the fundamental limits in each class
(Supporting Section SS). Our analysis shows that the
fundamental limits are 2.2 and 2.2> times higher for the
dimers compared with individual nanoparticles for the
incident-dipolar and fully dipolar classes, respectively. We
note that the fundamental limits derived above using the
dipolar approximation for dimers could be generalized to
multipolar resonators and higher numbers of nanoparticles.
To investigate the interplay between the resonance strength
and the optimal conditions for optical chirality, we compare
metallic and dielectric dimers with a hypothetical dimer
fulfilling dipolar duality symmetry (Figure 2).*** Such an
ideal dual dimer consists of particles with equal electric and
magnetic dipolar responses (a, = b;). In all three cases, the
diameter of the spherical particles is D = 130 nm and the gap is
g = 30 nm (interparticle distance ! = 160 nm). For a fair
comparison, we set the resonance wavelengths of the three
systems to the same spectral range to take into account the
increase in the fundamental limit of optical chirality at longer
wavelengths (see eq 6 and red lines in Figures 2d—f). Hence,
for the ideal dual dimer, we choose the permittivity and the
permeability as € = u = 4.75 — 0.01j, resulting in a resonance at
around A = 560 nm. It should be noted that we use the time-
harmonic convention exp(iwt) throughout this article, which
determines the sign of the imaginary part of the permittivity.
First, we calculate the magnitude of the effective dipolar Mie
coefficients and the phase coefficients for metallic, dielectric,
and dual dimers (Figure 2a—c). The negligible effective
magnetic Mie coefficient (blue) in the metallic dimer results in
an electric-resonant system. Consequently, it has a much lower
fundamental limit of optical chirality than the dielectric and
dual dimers (red curves in Figure 2d—f). Furthermore, the
small phase coefficient around the peak of its effective electric
Mie coefficient (vertical dashed line) prevents using the full

strength of the electric resonance for chirality. In contrast, the
dielectric dimer provides a larger value of 4, .4 close to the
resonance peak of b, .4 Nevertheless, the phase coefficient is
still suboptimal, with cos(A®g;,_g;,) = 0.5.

The ideal dual symmetric dimer removes the main
drawbacks of the metallic dimer (small fundamental limit)
and the dielectric dimer (imperfect phase coefficient). Duality
symmetry provides spectrally matched effective Mie coef-
ficients higher than 1. The phase coefficient is also perfect as a
consequence of preserving the helicity of the incident field,
which ensures that the scattered light has a /2 phase
difference between the electric and magnetic field components.
The dual symmetric dimer thus offers stronger chiral fields
than the dielectric and plasmonic dimers as a result of optimal
utilization of the fundamental limit. To conclude the study of
eq 3, we calculate the optical chirality for the three cases both
analytically and through full-wave numerical simulations
(Figures 2d—f, black and orange curves). The good agreement
proves the validity of the approximations.

B HYBRID METAL-DIELECTRIC NANODIMERS

To tap into the insight gained so far from symmetric dimers,
we propose asymmetric metal—dielectric dimers with realistic
materials as a new type of electric—magnetic resonator. Such
systems offer a fundamental limit of optical chirality that is as
high as that of the dielectric and dual dimers while leveraging
the stronger effective electric Mie coeflicients of plasmonic
dimers. Furthermore, this hybrid route allows a simple
approach to obtain decoupled electric and magnetic
resonances with controllable spectral matching and a perfect
phase condition.

To understand the physical origin of these unique
opportunities, we study a hybrid dimer composed of gold
and silicon nanospheres (Figure 3a). They have diameters D,
and Dy, and are placed at y = —l,, = —(g+ D,,)/2 and y = Ig; =
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Figure 4. Basic building block for a realistic metasurface exploiting dual resonators. (a) A gold nanorod next to a silicon disk. The diameter D and
height h of the silicon disk are both 160 nm. The width and the thickness of the nanorod are w = 30 and ¢ = 15 nm, respectively, and its length [ is
varied to tune the electric resonance independently of the magnetic resonance of the silicon disk. (b) Electric and magnetic field enhancements and
(c) optical chirality enhancement at the center of the gap under illumination with circularly polarized light propagating along the disk axis. The

inset in (c) shows the corresponding phase factors.

(g + Dg;)/2, respectively, where g is the gap. The resulting self-
consistent system is similar to that of the symmetric dimer, but
now the metal particle sustains only an electric dipole. Solving
this system of equations yields the effective electric and
magnetic dipolar Mie coeflicients of the hybrid dimer
(Supporting Section S6):

al,eff = {C(kOIAu)[l - iéﬂc(kol)alsi]alAu
+ {(kols)[1 — 678 (kol)ay™]ay”
J{(kl/2)[1 + 367 (kol)a a1} )

by = by (8)

where [ = I, + Iy, a* and a;' are the electric dipolar Mie
coefficients of the single plasmonic and dielectric particles,
respectively, and b is the magnetic dipolar Mie coefficient of
the dielectric particle.

The electric resonances of the metallic and dielectric
particles are thus coupled and form an effective electric
resonance (eq 7). Remarkably, the effective magnetic
resonance of the system is determined only by the dielectric
particle and is decoupled from the effective electric resonance
(eq 8). As a result, we can maximize the product la, b, .4l by
tailoring the effective electric dipolar Mie coefficient to be as
strong as possible while spectrally matching the magnetic
resonance. However, the phase coefficient should also be taken
into account for optimal optical chirality.

To demonstrate such tunability, we consider a hybrid
metal—dielectric system with a fixed diameter of the dielectric
particle providing a magnetic resonance at 4 = 550 nm (Figure
3b, blue). We sweep the diameter of the metallic particle to
control the effective electric dipolar Mie coefficient of the
hybrid dimer (red). The metal—dielectric system can be
engineered to provide high values of la, .4, comparable to that
of metallic dimers (Figure 2a), and spectrally coincide with the
magnetic resonance. The phase coeflicient cos(A(I)dip_diP) is
also close to unity around the magnetic resonance of the dimer
(Figure 3c).

We examine next the electromagnetic fields, the phase
condition, and the optical chirality enhancement at the center
of the hybrid dimer using numerical simulations (Figure 3d—
f). To evaluate the phase condition, we define the phase factor

F; = sin(A¢), where A¢p = LE, — £H, is the phase difference
between dominant field components. The strongest electric
field that overlaps with the magnetic resonance occurs for D,
= 110 nm (Figure 3d, thicker purple line). For this diameter,
the phase factor F, vanishes 10 nm away from the magnetic
resonance (Figure 3e inset). This perfect phase condition
cannot be found in metallic or dielectric dimers, but it is
realized by a hybrid nanodimer. The optical chirality is thus
maximized at the wavelength 4 = 560 nm, yielding a 14-fold
enhancement (Figure 3f). For smaller gaps, the attainable
optical chirality can be even higher as a result of enhanced
electric hotspots (Supporting Section S7).

B HYBRID METASURFACE FOR CHIRAL SENSING

In nanophotonics-enhanced chiral sensing, the sample is
usually uniformly dispersed over the nanostructures. The CD
signal is then proportional to the optical chirality averaged over
the volume of the chiral sample.”'* It is therefore highly
desirable to increase the average value of the optical chirality,
which is restricted by the small volume of the chiral hotspots.
To remedy this limitation of simple nanodimers, we propose a
hybrid metal—dielectric metasurface for practical chiral sensing
by leveraging multiple chiral hotspots.

The basic constituent element of the proposed metasurface
is a metallic nanorod next to a silicon disk (Figure 4a). Similar
to our analysis above for spherical dimers, the strategy is to
realize a strong electric hotspot with perfect phase close to a
fixed magnetic resonance of the silicon disk (1 = 710 nm in
Figure 4b). We vary the nanorod length to control the electric
resonances and to achieve a phase factor of unity. Under
illumination with circularly polarized light, we calculate the
electric and magnetic field enhancements at the center of the
gap (Figure 4b). The magnetic field enhancement is constant
for different nanorod lengths (Figure 4b, all shown by a single
blue curve), which confirms the decoupling of the magnetic
resonance from the electric resonance. Furthermore, there is a
strong electric hotspot that spectrally overlaps with the
magnetic resonance for an optimal length of 80 nm. In this
case, the phase factor is close to perfect around the magnetic
resonance (Figure 4c inset, orange), resulting in a 375-fold
enhancement of the optical chirality. To the best of our
knowledge, this is the highest enhancement of local optical
chirality in the visible and near-infrared reported to date.*
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Figure S. Hybrid metal—dielectric metasurface for enhanced chiral molecular detection. (a) Unit cell with a silicon disk surrounded by gold
nanorods. Above the substrate, there is a buffer solution with a refractive index of 1.33. A planar chiral layer with a thickness of 20 nm covers the
metasurface. The refractive index and the Pasteur parameter of the chiral sample are 1.46 — 0.01i and k = 0 + 0.001i, respectively. (b) Transmission
spectra for right and left circularly polarized light. The inset shows the difference in transmission around the resonance. (c—e) Electric field,
magnetic field, and optical chirality enhancements at resonance (4 = 720 nm) on a plane at the center of the nanorods. (f) Enhanced circular
dichroism signals for positive (red) and negative (blue) Pasteur parameters as retrieved from the transmission spectra in (b), compared with the
theoretical prediction obtained using eq 9. The inset shows the CD of the chiral layer alone.

To increase the total volume of the chiral hotspots, we use
multiple nanorods arranged as a hybrid oligomer. This
approach is suitable as long as the coupling between nanorods
does not disturb the main mechanism of chiral field formation.
We surround a central silicon disk by eight identical gold
nanorods equally spaced around the disk equator (see the
metasurface unit cell in Figure Sa). The metasurface is covered
by a chiral thin film with a thickness of 20 nm that coats the
substrate and the outer surfaces of the structures. Because of
the presence of a glass substrate and a buffer superstrate, we
adjust the dimensions of the nanorods to an optimal length of
60 nm. The chiral sample on the metasurface displays a small
difference in the transmission spectra for illumination with
right- and left-handed circularly polarized light, Iy and I
(Figure Sb, including a close-up around the resonance). The
coupled electric resonances in the nanorods and the disk
provide strong electric hotspots at the magnetic resonance
wavelength of the disk (Figure Sc,d). These spectrally
overlapping resonances provide electric and magnetic fields
that are dephased by 7/2, leading to a 300-fold enhancement
in optical chirality in every nanogap (Figure Se).

From the transmission spectra, we calculate the CD as a
function of differential transmittance as tan™'[ (TR — T;)/(Tx

+ Ty)] (Figure 5f).* The CD enhancement'* can be expressed
as

CD _ Car/Cine
CD, T )

Cav/ G

nc

where CD, is the CD of the chiral film without nanostructures
and T and C,, denote the transmittance and the average optical
chirality over the sample, respectively, when the system is
illuminated with either right- or left-handed circularly polarized
light (Supporting Section S8). Apart from the average optical
chirality, the CD depends on the transmission in a similar way
as the dissymmetry factor for chiral molecules, which is
inversely proportional to the electric energy density."" In most
relevant studies exploiting transmission (absorption), the
circular dichroism (dissymmetry factor) enhancement is
achieved by suppressing the transmittance (electric energy
density), which degrades the signal-to-noise ratio. In contrast,
our hybrid metasurface retains 40% of the transmission near
the resonance. The CD enhancement predicted by eq 9 shows
good agreement with numerical simulations (Figure Sf pink
and red). The hybrid metasurface creates a 20-fold enhance-
ment of CD compared with the chiral layer without
nanostructures. The enhanced CD is due to the higher average
value of chiral fields over the volume of the chiral sample aided

https://doi.org/10.1021/acsphotonics.1c00311
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00311/suppl_file/ph1c00311_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00311?rel=cite-as&ref=PDF&jav=VoR

ACS Photonics

pubs.acs.org/journal/apchd5

by the stronger local optical chirality in the hotspots (Figure
Se). Reversing the handedness of the chiral molecules reverses
the CD as well, confirming that the structure does not
introduce any chiroptical background.

B CONCLUSIONS

We have presented metal—dielectric nanostructures as dual
electric—magnetic resonators for achieving strong chiral fields.
We derived closed-form expressions for the optical chirality in
a symmetric nanodimer. On the basis of the dominant term,
we classified the resonant systems into distinct incident-dipolar
and fully dipolar categories. We then extracted the
fundamental upper limits of optical chirality for each class,
demonstrating values for dimers beyond those of single
nanoparticles. Through our analytical treatment, we merged
different requirements for the optical chirality into only two
conditions: the magnitude and the phase retardation of the
effective Mie coeflicients of the dimers. On the basis of these
observations for symmetric dimers, we exploited a combination
of the electric and magnetic resonances found in metallic and
high-index dielectric nanoparticles. We showed that hybrid
nanosphere dimers can provide larger values of the effective
Mie coeflicients. Together with spectral overlap of the
resonances and a perfect phase, the asymmetric dual dimers
result in superchiral light in nanoscale gaps.

To obtain a practical metasurface for chiral sensing, we
adapted the spherical nanodimers into an array of disk—rod
oligomers sustaining two strong but decoupled electric and
magnetic resonances. The decoupling of the resonances
provides design flexibility and enables a straightforward
realization of maximal electric hotspots at the same wavelength
as the magnetic resonance of the dielectric particle. We
demonstrated that the proposed metasurface improves the CD
by a factor of 20 relative to a chiral thin film thanks to the
formation of hotspots with extreme local optical chirality. The
possibility of obtaining strong fields for enhanced circular
dichroism in metal—dielectric nanogap antennas will push the
sensitivity of chiral molecular detection to the few- and single-
molecule regimes.

B METHODS

We perform full-wave numerical simulations using the finite
element method in COMSOL Multiphysics S.5. To incorpo-
rate the Pasteur parameter into the simulations, we modified
the built-in default wave equations in COMSOL according to
the constitutive relations for a chiral medium.'* In Figures 4
and 5, the width and height of the nanorods are 30 and 15 nm,
respectively. The diameter and the height of the silicon disk are
both 160 nm. The ends of the nanorods are rounded with a
radius of 15 nm for a realistic geometry and to avoid numerical
errors.”” For maximum access to the magnetic fields outside of
the dielectric particle, the nanorods should be aligned around
the equator of the silicon disk. The gap between the each
nanorod and the disk is 5 nm. The metallic and dielectric
nanostructures are made of gold and silicon with realistic
permittivities.***” In Figure S, the length of the nanorods is 45
nm. The lattice constant of the metasurface is 440 nm, and the
refractive index of the glass substrate is 1.5.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311.

Symmetric nanodimers in the electric—magnetic dipole
approximation; dominant dipole moments affecting
chiral field formation in a nanodimer; contribution
from the incident and dipolar fields to the optical
chirality in a nanodimer; upper limit of effective Mie
coeflicients in a nanodimer; fundamental limit of optical
chirality in individual nanoresonators; asymmetric
metal—dielectric nanodimer in the electric—magnetic
dipole approximation; optical chirality in metal—
dielectric nanodimers for small gap distances; CD
enhancement for a chiral sample placed on top of a
nanophotonic substrate (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Ershad Mohammadi — Department of Applied Physics and
Institute for Photonic Integration, Eindhoven University of
Technology, 5600 MB Eindhoven, The Netherlands;
orcid.org/0000-0001-6029-2672;
Email: E.Mohammadi@T Ue.nl
Alberto G. Curto — Department of Applied Physics and
Institute for Photonic Integration, Eindhoven University of
Technology, 5600 MB Eindhoven, The Netherlands;
orcid.org/0000-0003-3628-5311; Email: A.G.Curto@
TUe.nl

Authors

Andreas Tittl — Chair in Hybrid Nanosystems, Nanoinstitute
Munich, Faculty of Physics, Ludwig-Maximilians-Universitit
Miinchen, 80539 Munich, Germany; ® orcid.org/0000-
0003-3191-7164

Kosmas L. Tsakmakidis — Section of Condensed Matter
Physics, Department of Physics, National and Kapodistrian
University of Athens, Panepistimioupolis, GR-157 84 Athens,
Greece; 0rcid.0rg/0000—0003—2141—1338

T. V. Raziman — Department of Applied Physics and Institute
for Photonic Integration, Eindhoven University of Technology,
5600 MB Eindhoven, The Netherlands; ® orcid.org/0000-
0002-7085-6934

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.1c00311

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was financially supported by The Netherlands
Organisation for Scientific Research (NWO) through an NWO
START-UP Grant (740.018.009) and Gravitation Grant
“Research Center for Integrated Nanophotonics”
(024.002.033) and received funding by the European Research
Council (ERC) under the European Union’s Horizon 2020
Research and Innovation Program (Grant Agreement 948804,
CHANSON). A.T. acknowledges support by the Deutsche
Forschungsgemeinschaft (DFG, German Research Founda-
tion) under Germany’s Excellence Strategy (EXC 2089/1-
390776260) and the Bavarian Solar Energies Go Hybrid
(SolTech)Programme. K.L.T. was supported by the General

https://doi.org/10.1021/acsphotonics.1c00311
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c00311/suppl_file/ph1c00311_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ershad+Mohammadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6029-2672
https://orcid.org/0000-0001-6029-2672
mailto:E.Mohammadi@TUe.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+G.+Curto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3628-5311
https://orcid.org/0000-0003-3628-5311
mailto:A.G.Curto@TUe.nl
mailto:A.G.Curto@TUe.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Tittl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3191-7164
https://orcid.org/0000-0003-3191-7164
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kosmas+L.+Tsakmakidis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2141-1338
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="T.+V.+Raziman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7085-6934
https://orcid.org/0000-0002-7085-6934
https://pubs.acs.org/doi/10.1021/acsphotonics.1c00311?ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00311?rel=cite-as&ref=PDF&jav=VoR

ACS Photonics

pubs.acs.org/journal/apchd5

Secretariat for Research and Technology (GSRT) and the
Hellenic Foundation for Research and Innovation (HFRI)
under Grant 1819.

B REFERENCES

(1) Atta-ur-Rahman; Shah, Z. Stereoselective Synthesis in Organic
Chemistry; Springer Science & Business Media, 2012.

(2) Meierhenrich, U. Amino Acids and the Asymmetry of Life: Caught
in the Act of Formation; Springer Science & Business Media, 2008.

(3) Nguyen, L. A;; He, H.; Pham-Huy, C. Chiral drugs: an overview.
Int. J. Biomed. Sci. 2006, 2, 85—100.

(4) Smith, S. W. Chiral toxicology: it’s the same thing- only
different. Toxicol. Sci. 2009, 110, 4—30.

(5) Warner, C. J.; Dutta, S.; Foley, A. R; Raskatov, J. A. Introduction
of d-glutamate at a critical residue of Af42 stabilizes a prefibrillary
aggregate with enhanced toxicity. Chem. - Eur. J. 2016, 22, 11967—
11970.

(6) Li, S;; Yu, Q; Lu, X.; Zhao, S. Determination of D, L-serine in
midbrain of Parkinson’s disease mouse by capillary electrophoresis
with in-column light-emitting diode induced fluorescence detection. J.
Sep. Sci. 2009, 32, 282—287.

(7) Kimura, T.; Hamase, K.; Miyoshi, Y.; Yamamoto, R.; Yasuda, K;
Mita, M.; Rakugi, H.; Hayashi, T.; Isaka, Y. Chiral amino acid
metabolomics for novel biomarker screening in the prognosis of
chronic kidney disease. Sci. Rep. 2016, 6, No. 26137.

(8) Fasman, G. D. Circular Dichroism and the Conformational
Analysis of Biomolecules; Springer Science & Business Media, 2013.

(9) Mohammadi, E.; Tavakoli A.; Dehkhoda, P.; Jahani, Y.
Tsakmakidis, K. L.; Tittl, A,; Altug, H. Accessible superchiral near-
fields driven by tailored electric and magnetic resonances in all-
dielectric nanostructures. ACS Photonics 2019, 6, 1939—1946.

(10) Lindell, I. V; Sihvola, A; Tretyakov, S.; Viitanen, A.
Electromagnetic Waves in Chiral and Bi-isotropic Media; Artech
House: Boston, 1994.

(11) Tang, Y.; Cohen, A. E. Optical chirality and its interaction with
matter. Phys. Rev. Lett. 2010, 104, 163901.

(12) Fan, Z.; Govorov, A. O. Chiral nanocrystals: plasmonic spectra
and circular dichroism. Nano Lett. 2012, 12, 3283—3289.

(13) Hendry, E,; Mikhaylovskiy, R.; Barron, L; Kadodwala, M,;
Davis, T. Chiral electromagnetic fields generated by arrays of
nanoslits. Nano Lett. 2012, 12, 3640—3644.

(14) Mohammadi, E.; Tsakmakidis, K; Askarpour, A.; Dehkhoda,
P.; Tavakoli, A,; Altug, H. Nanophotonic platforms for enhanced
chiral sensing. ACS Photonics 2018, S, 2669—2675.

(15) Garcia-Guirado, J.; Svedendahl, M.; Puigdollers, J.; Quidant, R.
Enhanced chiral sensing with dielectric nanoresonators. Nano Lett.
2020, 20, 585—591.

(16) Droulias, S.; Bougas, L. Absolute chiral sensing in dielectric
metasurfaces using signal reversals. Nano Lett. 2020, 20, 5960—5966.

(17) Droulias, S.; Bougas, L. Surface plasmon platform for angle-
resolved chiral sensing. ACS Photonics 2019, 6, 1485—1492.

(18) Nesterov, M. L.; Yin, X.; Schaferling, M.; Giessen, H.; Weiss, T.
The role of plasmon-generated near fields for enhanced circular
dichroism spectroscopy. ACS Photonics 2016, 3, 578—583.

(19) Hentschel, M.; Schiferling, M.; Weiss, T.; Liu, N.; Giessen, H.
Three-dimensional chiral plasmonic oligomers. Nano Lett. 2012, 12,
2542—2547.

(20) Valev, V. K; Baumberg, J. J.; Sibilia, C.; Verbiest, T. Chirality
and chiroptical effects in plasmonic nanostructures: fundamentals,
recent progress, and outlook. Adv. Mater. 2013, 25, 2517—2534.

(21) Hendry, E.; Carpy, T.; Johnston, J.; Popland, M.;
Mikhaylovskiy, R.; Lapthorn, A.; Kelly, S.; Barron, L; Gadegaard,
N.; Kadodwala, M. Ultrasensitive detection and characterization of
biomolecules using superchiral fields. Nat. Nanotechnol. 2010, S, 783—
787.

(22) Garcia-Guirado, J.; Svedendahl, M.; Puigdollers, J.; Quidant, R.
Enantiomer-selective molecular sensing using racemic nanoplasmonic
arrays. Nano Lett. 2018, 18, 6279—628S.

(23) Paiva-Marques, W. A.; Reyes Gomez, F.; Oliveira, O. N.; Mejia-
Salazar, J. R. Chiral Plasmonics and Their Potential for Point-of-Care
Biosensing Applications. Sensors 2020, 20, 944.

(24) Ho, C.-S;; Garcia-Etxarri, A,; Zhao, Y.; Dionne, J. Enhancing
enantioselective absorption using dielectric nanospheres. ACS
Photonics 2017, 4, 197—203.

(25) Garcia-Etxarri, A.; Dionne, J. A. Surface-enhanced circular
dichroism spectroscopy mediated by nonchiral nanoantennas. Phys.
Rev. B: Condens. Matter Mater. Phys. 2013, 87, 235409.

(26) Pelton, M; Aizpurua, J.; Bryant, G. Metal-nanoparticle
plasmonics. Laser Photonics Rev. 2008, 2, 136—159.

(27) Ray, D.; Raziman, T. V.; Santschi, C.; Etezadi, D.; Altug, H,;
Martin, O. J. F. Hybrid Metal—Dielectric Metasurfaces for Refractive
Index Sensing. Nano Lett. 2020, 20, 8752—8759. PMID: 33206533.

(28) Schuller, J. A; Zia, R; Taubner, T.; Brongersma, M. L.
Dielectric metamaterials based on electric and magnetic resonances of
silicon carbide particles. Phys. Rev. Lett. 2007, 99, 107401.

(29) Cihan, A. F.; Curto, A. G; Raza, S.; Kik, P. G.; Brongersma, M.
L. Silicon Mie resonators for highly directional light emission from
monolayer MoS,. Nat. Photonics 2018, 12, 284—290.

(30) Garcia-Etxarri, A.; Gémez-Medina, R.; Froufe-Pérez, L. S.;
Lépez, C.; Chantada, L.; Scheffold, F.; Aizpurua, J.; Nieto-Vesperinas,
M.,; Sdenz, J. J. Strong magnetic response of submicron silicon
particles in the infrared. Opt. Express 2011, 19, 4815—4826.

(31) Yesilkoy, F.; Arvelo, E. R; Jahani, Y.; Liu, M; Tittl, A.; Cevher,
V.; Kivshar, Y.; Altug, H. Ultrasensitive hyperspectral imaging and
biodetection enabled by dielectric metasurfaces. Nat. Photonics 2019,
13, 390—396.

(32) Tittl, A.; John-Herpin, A.; Leitis, A.; Arvelo, E. R; Altug, H.
Metasurface-based molecular biosensing aided by artificial intelli-
gence. Angew. Chem., Int. Ed. 2019, 58, 14810—14822.

(33) Solomon, M. L,; Hu, J.; Lawrence, M,; Garcia-Etxarri, A.;
Dionne, J. A. Enantiospecific optical enhancement of chiral sensing
and separation with dielectric metasurfaces. ACS Photonics 2019, 6,
43—49.

(34) Raziman, T. V.; Godiksen, R. H.; Muller, M. A,; Curto, A. G.
Conditions for enhancing chiral nanophotonics near achiral nano-
particles. ACS Photonics 2019, 6, 2583—2589.

(35) Staude, L; Miroshnichenko, A. E.; Decker, M.; Fofang, N. T;
Liu, S.;; Gonzales, E; Dominguez, J.; Luk, T. S.; Neshev, D. N,;
Brener, L; et al. Tailoring directional scattering through magnetic and
electric resonances in subwavelength silicon nanodisks. ACS Nano
2013, 7, 7824—7832.

(36) Shibanuma, T.; Matsui, T.; Roschuk, T.; Wojcik, J.; Mascher,
P.; Albella, P.; Maier, S. A. Experimental demonstration of tunable
directional scattering of visible light from all-dielectric asymmetric
dimers. ACS Photonics 2017, 4, 489—494.

(37) Campione, S.; Capolino, F. Ewald method for 3D periodic
dyadic Green’s functions and complex modes in composite materials
made of spherical particles under the dual dipole approximation.
Radio Sci. 2012, 47, No. RSONO06.

(38) Maier, S. A; Kik, P. G; Atwater, H. A. Optical pulse
propagation in metal nanoparticle chain waveguides. Phys. Rev. B:
Condens. Matter Mater. Phys. 2003, 67, 205402.

(39) Mazor, Y.; Steinberg, B. Z. Metaweaves: sector-way non-
reciprocal metasurfaces. Phys. Rev. Lett. 2014, 112, 153901.

(40) Albella, P.; Poyli, M. A.; Schmidt, M. K.; Maier, S. A.; Moreno,
F.; Sdenz, J. J.; Aizpurua, J. Low-Loss electric and magnetic field-
enhanced spectroscopy with subwavelength silicon dimers. J. Phys.
Chem. C 2013, 117, 13573—13584.

(41) Bohren, C. F.; Huffman, D. R. Absorption and Scattering of Light
by Small Particles; John Wiley & Sons, 2008.

(42) Rahimzadegan, A.; Alaee, R; Rockstuhl, C.; Boyd, R. W.
Minimalist Mie coefficient model. Opt. Express 2020, 28, 16511—
16525.

(43) Fernandez-Corbaton, 1; Zambrana-Puyalto, X.; Tischler, N.;
Vidal, X,; Juan, M. L.; Molina-Terriza, G. Electromagnetic duality
symmetry and helicity conservation for the macroscopic Maxwell’s
equations. Phys. Rev. Lett. 2013, 111, 060401.

https://doi.org/10.1021/acsphotonics.1c00311
ACS Photonics XXXX, XXX, XXX—XXX


https://doi.org/10.1093/toxsci/kfp097
https://doi.org/10.1093/toxsci/kfp097
https://doi.org/10.1002/chem.201601763
https://doi.org/10.1002/chem.201601763
https://doi.org/10.1002/chem.201601763
https://doi.org/10.1002/jssc.200800459
https://doi.org/10.1002/jssc.200800459
https://doi.org/10.1002/jssc.200800459
https://doi.org/10.1038/srep26137
https://doi.org/10.1038/srep26137
https://doi.org/10.1038/srep26137
https://doi.org/10.1021/acsphotonics.8b01767?ref=pdf
https://doi.org/10.1021/acsphotonics.8b01767?ref=pdf
https://doi.org/10.1021/acsphotonics.8b01767?ref=pdf
https://doi.org/10.1103/PhysRevLett.104.163901
https://doi.org/10.1103/PhysRevLett.104.163901
https://doi.org/10.1021/nl3013715?ref=pdf
https://doi.org/10.1021/nl3013715?ref=pdf
https://doi.org/10.1021/nl3012787?ref=pdf
https://doi.org/10.1021/nl3012787?ref=pdf
https://doi.org/10.1021/acsphotonics.8b00270?ref=pdf
https://doi.org/10.1021/acsphotonics.8b00270?ref=pdf
https://doi.org/10.1021/acs.nanolett.9b04334?ref=pdf
https://doi.org/10.1021/acs.nanolett.0c01938?ref=pdf
https://doi.org/10.1021/acs.nanolett.0c01938?ref=pdf
https://doi.org/10.1021/acsphotonics.9b00137?ref=pdf
https://doi.org/10.1021/acsphotonics.9b00137?ref=pdf
https://doi.org/10.1021/acsphotonics.5b00637?ref=pdf
https://doi.org/10.1021/acsphotonics.5b00637?ref=pdf
https://doi.org/10.1021/nl300769x?ref=pdf
https://doi.org/10.1002/adma.201205178
https://doi.org/10.1002/adma.201205178
https://doi.org/10.1002/adma.201205178
https://doi.org/10.1038/nnano.2010.209
https://doi.org/10.1038/nnano.2010.209
https://doi.org/10.1021/acs.nanolett.8b02433?ref=pdf
https://doi.org/10.1021/acs.nanolett.8b02433?ref=pdf
https://doi.org/10.3390/s20030944
https://doi.org/10.3390/s20030944
https://doi.org/10.1021/acsphotonics.6b00701?ref=pdf
https://doi.org/10.1021/acsphotonics.6b00701?ref=pdf
https://doi.org/10.1103/PhysRevB.87.235409
https://doi.org/10.1103/PhysRevB.87.235409
https://doi.org/10.1002/lpor.200810003
https://doi.org/10.1002/lpor.200810003
https://doi.org/10.1021/acs.nanolett.0c03613?ref=pdf
https://doi.org/10.1021/acs.nanolett.0c03613?ref=pdf
https://doi.org/10.1103/PhysRevLett.99.107401
https://doi.org/10.1103/PhysRevLett.99.107401
https://doi.org/10.1038/s41566-018-0155-y
https://doi.org/10.1038/s41566-018-0155-y
https://doi.org/10.1364/OE.19.004815
https://doi.org/10.1364/OE.19.004815
https://doi.org/10.1038/s41566-019-0394-6
https://doi.org/10.1038/s41566-019-0394-6
https://doi.org/10.1002/anie.201901443
https://doi.org/10.1002/anie.201901443
https://doi.org/10.1021/acsphotonics.8b01365?ref=pdf
https://doi.org/10.1021/acsphotonics.8b01365?ref=pdf
https://doi.org/10.1021/acsphotonics.9b01200?ref=pdf
https://doi.org/10.1021/acsphotonics.9b01200?ref=pdf
https://doi.org/10.1021/nn402736f?ref=pdf
https://doi.org/10.1021/nn402736f?ref=pdf
https://doi.org/10.1021/acsphotonics.6b00979?ref=pdf
https://doi.org/10.1021/acsphotonics.6b00979?ref=pdf
https://doi.org/10.1021/acsphotonics.6b00979?ref=pdf
https://doi.org/10.1029/2012RS005031
https://doi.org/10.1029/2012RS005031
https://doi.org/10.1029/2012RS005031
https://doi.org/10.1103/PhysRevB.67.205402
https://doi.org/10.1103/PhysRevB.67.205402
https://doi.org/10.1103/PhysRevLett.112.153901
https://doi.org/10.1103/PhysRevLett.112.153901
https://doi.org/10.1021/jp4027018?ref=pdf
https://doi.org/10.1021/jp4027018?ref=pdf
https://doi.org/10.1364/OE.390331
https://doi.org/10.1103/PhysRevLett.111.060401
https://doi.org/10.1103/PhysRevLett.111.060401
https://doi.org/10.1103/PhysRevLett.111.060401
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00311?rel=cite-as&ref=PDF&jav=VoR

ACS Photonics pubs.acs.org/journal/apchd5

(44) Graf, F.; Feis, ].; Garcia-Santiago, X.; Wegener, M.; Rockstuhl,
C.; Fernandez-Corbaton, I. Achiral, helicity preserving, and resonant
structures for enhanced sensing of chiral molecules. ACS Photonics
2019, 6, 482—491.

(45) Hu, J; Lawrence, M.; Dionne, ]J. A. High quality factor
dielectric metasurfaces for ultraviolet circular dichroism spectroscopy.
ACS Photonics 2020, 7, 36—42.

(46) Zhao, Y.; Askarpour, A. N.; Sun, L.; Shi, J.; Li, X; Aly, A.
Chirality detection of enantiomers using twisted optical metamate-
rials. Nat. Commun. 2017, 8, No. 14180.

(47) Raziman, T. V.; Martin, O. J. F. Polarisation charges and
scattering behaviour of realistically rounded plasmonic nanostruc-
tures. Opt. Express 2013, 21, 21500—21507.

(48) Johnson, P. B.; Christy, R. W. Optical constants of the noble
metals. Phys. Rev. B 1972, 6, 4370.

(49) Aspnes, D. E.; Studna, A. A. Dielectric functions and optical
parameters of Si, Ge, GaP, GaAs, GaSb, InP, InAs, and InSb from 1.5
to 6.0 eV. Phys. Rev. B: Condens. Matter Mater. Phys. 1983, 27, 985.

https://doi.org/10.1021/acsphotonics.1c00311
ACS Photonics XXXX, XXX, XXX—XXX


https://doi.org/10.1021/acsphotonics.8b01454?ref=pdf
https://doi.org/10.1021/acsphotonics.8b01454?ref=pdf
https://doi.org/10.1021/acsphotonics.9b01352?ref=pdf
https://doi.org/10.1021/acsphotonics.9b01352?ref=pdf
https://doi.org/10.1038/ncomms14180
https://doi.org/10.1038/ncomms14180
https://doi.org/10.1364/OE.21.021500
https://doi.org/10.1364/OE.21.021500
https://doi.org/10.1364/OE.21.021500
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1103/PhysRevB.6.4370
https://doi.org/10.1103/PhysRevB.27.985
https://doi.org/10.1103/PhysRevB.27.985
https://doi.org/10.1103/PhysRevB.27.985
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c00311?rel=cite-as&ref=PDF&jav=VoR

