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Abstract: Artificial nanostructures with large optical chiral responses have been intensively inves-
tigated recently. In this work, we propose a diffractive circular dichroism enhancement technique
using stereoscopic plasmonic molecule structures. According to the multipole expansion analysis,
the z-component of the electric dipole becomes the dominant chiral scattering mechanism during
the interaction between an individual plasmonic molecule and the plane wave at a grazing angle.
For a periodical structure with the designed plasmonic molecule, large diffractive circular dichroism
can be obtained, which can be associated with the Wood–Rayleigh anomaly. Such a diffractive
circular dichroism enhancement is verified by the good agreement between numerical simulations
and experimental results. The proposed approach can be potentially used to develop enhanced
spectroscopy techniques to measure chiral information, which is very important for fundamental
physical and chemical research and bio-sensing applications.
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1. Introduction

Chirality refers to the geometrical feature, which describes an object that cannot be
superimposed on its mirror image (enantiomer) [1]. Chiral objects are very common in
nature. Many important biomolecules have chirality, such as amino acids, carbohydrates,
and nucleic acids. For some drug molecules, the recognition and separation of the chi-
rality are essential, because the enantiomers with the opposite chirality may be toxic to
human bodies. Chiroptical spectroscopy techniques are used to evaluate the chirality of
molecules [2]. The typical one is circular dichroism (CD), which can be calculated us-
ing CD = 2(W+ − W−)/(W+ + W−), where W+ and W− are the absorption/scattering
powers under the illumination of left- and right-circularly polarized light (LCP and RCP).
However, the CD signals from natural molecules and materials are extremely weak. In
recent years, many artificial nanostructures have been designed to obtain strong optical
chiral response [3–8] for broad applications, including light circular polarizers [9], chiral
nanomotors [10], asymmetric synthesis [11], chiral nonlinear optics [12,13], chiral molecule
sensing [14–16], and so on. To enhance the chiroptical response, various structures have
been designed, such as nano helix, split-ring resonator, and chiral holes [17–20]. These
plasmonic nano- particles have exotic optical properties, which stem from the collective
oscillation of quasi- free electrons in the metal. Besides individual particles, groups of
coupled metallic nano- particles termed “plasmonic molecules” with handed arrangements
can also exhibit large chiral optical responses [3]. In addition, compared with the quasi-
planar chiral structures fabricated using the one-step lithography method, stereoscopic

Nanomaterials 2023, 13, 1175. https://doi.org/10.3390/nano13071175 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano13071175
https://doi.org/10.3390/nano13071175
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-6821-449X
https://orcid.org/0000-0002-9447-1481
https://orcid.org/0000-0001-8745-4213
https://doi.org/10.3390/nano13071175
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano13071175?type=check_update&version=1


Nanomaterials 2023, 13, 1175 2 of 9

structures can exhibit larger optical activity [21,22]. Multilayer structures have been stacked
by achiral components to realize the three-dimensional plasmonic molecules to enhance
the chiral optical response. J. Zhu et al. studied the strong light−matter interactions in gold
nanorod- based chiral plexcitonic systems assembled on DNA origami [23]. Analogous to
the Born–Kuhn model, a plasmonic molecule consisting of two orthogonal nanorods was
designed [24,25]. The chiral response originates from the symmetric and antisymmetric
modes excited by RCP and LCP, respectively. It can be found that many artificial chiral
structures investigated in these previous works are periodical ones. Chiral signals are
usually measured from the reflected and transmitted beams (i.e., zero-order beams), but
high-order diffracted beams are rarely explored. V. K. Valev et al. demonstrated the chiral
diffraction effect of meta-surface in the nonlinear regime [26]. The CD from the diffracted
beam is orders of magnitude larger than that from the zero-order beam. C. Kuppe et al.
measured the circular dichroism from the high-order diffracted beams of a chiral U-shaped
nanostructure [27]. The structures in these two works are both quasi-planar with relatively
small CDs. Therefore, the diffracted beam using a three-dimensional structure may be
explored to further enhance the CD signal. Moreover, first- order diffraction has also been
studied in numerous planar polarization gratings and the so-called Pancharatnam–Berry
metasurfaces [28,29], which are the building blocks of contemporary meta-holograms and
metalenses [30,31].

In this work, we designed a corner-stacked plasmonic molecule with a chiral geometry
configuration. The multipole expansion method was employed to unveil the mechanism of
the optical chiral response from an individual plasmonic molecule. Due to the coupling
effect, the plasmonic molecule array exhibited different scattering properties from the
individual one, especially for the case when the first diffraction order became evanescent,
i.e., the condition of Wood–Rayleigh anomaly. For the plasmonic molecule array, the
optical parameters that can be directly measured were the out-put powers carried by the
reflected and diffracted beams. Both numerical and experimental results demonstrate that
the CD from the diffracted beam was much larger than that from the zeroth- order reflected
beam. The diffracted beam with enhanced CD signal can be further employed to probe the
chirality of bio- and chemical molecules combined with periodical plasmonic structures.

2. Theoretical Design

The designed plasmonic molecule consists of a dielectric strip and two identical
metallic strips. Its fabrication process is divided into four steps, as shown in Figure 1a–d.
The dielectric strip with subwavelength scale should be first prepared. Then, the template
of the resist layer is introduced to cover the dielectric strip. The two rectangular holes in
the resist layer are formed using an electron beam lithography process. A thin metallic
film is deposited on top of the resist layer. Defined by the template, two metallic strips
are corner-stacked on the two ends of the dielectric one, so both of the metallic strips have
stepped shapes. In the final step, the resist layer is removed using a lift-off process. The
two metallic strips can be interchanged with a 180-degree rotation around the center point
of the structure, so the plasmonic molecule has C2 symmetry. The geometrical parameters
(width, length, and height) of the dielectric strip and metallic strip are represented by (wd,
ld, and hd) and (wm, lm, and hm), as shown in Figure 1a,d, respectively.
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Figure 1. The schematic of the fabrication steps for the plasmonic molecule with stereo-structure. 
(a) The dielectric strip with the geometrical parameters of wd, ld and hd. (b) the resist layer with two 
rectangular holes is the template for the following step. (c) metallic film deposition. (d) the final 
plasmonic stereo-molecule after removing the resisted layer. The geometrical parameters of the me-
tallic strip are wm, lm and hm. 

The designed plasmonic molecule has geometrical chirality, so light scattering effi-
ciencies should be different for the two incident beams with opposite handedness. To un-
derstand the mechanism of optical chiral response, the multipole expansion method is 
carried out when the illumination beams are LCP and RCP. The total scattering power can 
be decomposed as the summation of the contributions from multipole moments in the 
Cartesian coordinates [32,33]. 
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where ω is the angular frequency of light. jn(x) is the spherical Bessel function. The in-
duced current density can be calculated through full-wave simulation based on the finite 
element method (FEM). In the numerical model, the material of the dielectric strip is sili-
con dioxide (nd=1.46), and the geometrical parameters of the dielectric strip are ld=200nm, 
wd=80nm and hd=50nm. The two metallic strips are made from gold with ld=140nm, 
wd=80nm and hm=50nm, and the optical dispersion property of gold material is fitted using 
the Drude model [34]. The light scattering by an individual plasmonic molecule is consid-
ered, as shown in Figure 2a. The wavelength of incident light is 633 nm, and its wavevec-
tor is in the xz plane. W+ and W− represent the total scattering powers under LCP and RCP 
plane waves, respectively. The simulation results of W+ and W−versus incident angle are 
shown with the solid dash curves in Figure 2b,c. When the incident angle increases from 
0° to 90°, the scattering power reduces dramatically. As expressed in Equation (1), the total 

Figure 1. The schematic of the fabrication steps for the plasmonic molecule with stereo-structure.
(a) The dielectric strip with the geometrical parameters of wd, ld and hd. (b) the resist layer with
two rectangular holes is the template for the following step. (c) metallic film deposition. (d) the
final plasmonic stereo-molecule after removing the resisted layer. The geometrical parameters of the
metallic strip are wm, lm and hm.

The designed plasmonic molecule has geometrical chirality, so light scattering effi-
ciencies should be different for the two incident beams with opposite handedness. To
understand the mechanism of optical chiral response, the multipole expansion method
is carried out when the illumination beams are LCP and RCP. The total scattering power
can be decomposed as the summation of the contributions from multipole moments in the
Cartesian coordinates [32,33].
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where α, β = x, y, z. pα and mα are the electric dipole (ED) and the magnetic dipole (MD)
moments. Qe

αβ and Qm
αβ are the electric and magnetic quadrupole moments. c and k are the

speed and wavevector of light in vacuum. For particles much smaller than the incident
wavelength, the dominant terms are electric dipoles. The electric dipole moments can
be determined using the integral of the current density J inside the plasmonic molecule
as follows:
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whereω is the angular frequency of light. jn(x) is the spherical Bessel function. The induced
current density can be calculated through full-wave simulation based on the finite element
method (FEM). In the numerical model, the material of the dielectric strip is silicon dioxide
(nd = 1.46), and the geometrical parameters of the dielectric strip are ld = 200 nm, wd = 80 nm
and hd = 50 nm. The two metallic strips are made from gold with ld = 140 nm, wd = 80 nm
and hm = 50 nm, and the optical dispersion property of gold material is fitted using the
Drude model [34]. The light scattering by an individual plasmonic molecule is considered,
as shown in Figure 2a. The wavelength of incident light is 633 nm, and its wavevector is
in the xz plane. W+ and W− represent the total scattering powers under LCP and RCP
plane waves, respectively. The simulation results of W+ and W− versus incident angle are
shown with the solid dash curves in Figure 2b,c. When the incident angle increases from 0◦

to 90◦, the scattering power reduces dramatically. As expressed in Equation (1), the total
scattering power can be decomposed via the radiation power by multipole moments. The
intensity of the three ED components is calculated using Equation (2), as shown by the
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dash curves in Figure 2b,c. One can see that the scattering field is mainly radiated from the
x-component of ED (i.e., px) for the normally incident light. The intensity of px is reduced
with increasing incident angle. When the incident angle reaches 90◦, the intensity of px
drops to zero. In Figure 2b, the intensity of py is much smaller than px and pz. When θ = 90◦,
the pz componentt, which originates from the geometrical features of the stereo-structure,
is the main contributor to the scattering power W+. As shown in Figure 2c, under the
illumination of RCP light, pz is strongly suppressed, and py is excited in the plasmonic
molecule. For grazing incident light, the dominant chiral scattering mechanism is the
z-component of ED in the plasmonic molecule. In periodical structures, the grazing light
can be generated under the condition of the Wood–Rayleigh anomaly.
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Figure 2. (a) The schematic of a single plasmonic molecule illuminated using LCP and RCP light.
The wavevector is in the xz plane, and the angle between incident direction and z-axis is θ. (b,c) the
total scattering power (solid curves) and the intensities of the three components of electric dipole
(dash curves), when the incident light is LCP and RCP, respectively.

We now consider the plasmonic molecule array with stereo-structure fabricated on
the silicon substrate, as shown in Figure 3a. When LCP and RCP light beams are em-
ployed to probe the chirality of this structure, the reflected and diffracted powers can be
detected directly. The directions of diffracted beams can be determined using the phase
matching condition, i.e., kxn = kx0 − 2πn/P, where, kxn and kx0 are the x-components of
the wavevectors of nth-order diffracted beam and incident beam. To simplify the light
diffraction process, the proper period is selected to guarantee that only one diffraction order
is generated. To calculate the diffraction efficiency of this structure, numerical simulation is
carried out based on rigorous coupled wave analysis (RCWA). The normalized powers of
reflected and diffracted beams are shown in Figure 3b–g. In this simulation, the influence of
light frequency and incident angle are both investigated. The geometrical parameters of the
plasmonic molecule remain unchanged, as shown in the model in Figure 2a. The periods
of the chiral structure along the x-axis and y-axis are both 400 nm. The light frequency
varies from 300 THz to 750 THz, with the corresponding wavelength range between 400 nm
and 1000 nm. The incident beam is in the xz plane and the incident angle varies from
0◦ to 85◦. In Figure 3b,c, the reflected power under the illuminations of LCP and RCP
beams is plotted in the kx-frequency plane. The black solid line represents the light line,
i.e., ω = kc. Because the incident beam propagates in free space, the region below the light
line is not considered in this simulation. The circular dichroism from the reflected power is
shown in Figure 3d. An enhanced CD is observed with the value of 0.16 associated with
the Wood–Rayleigh anomaly, which is indicated by the dash ed line. The bandwidth of
the CD resonance peak is 20 nm at the incident angle of 35.6◦. A similar effect has also
recently been reported in the structure of periodical dielectric dimers [19]. In the region
above the dashed line, first- order diffraction is involved in the interaction between light
and the periodical structure. The diffraction spectra for LCP and RCP incident beams are
demonstrated in Figure 3e,f, respectively. There is a peak of diffracted power near the
light frequency of 500 THz, which indicates a strong interaction between light and the
plasmonic cell. In Figure 3g, a remarkable enhancement is observed in the CD from the
diffracted beam, compared with the reflected beam. This can be partially attributed to the
influence of the substrate. The reflected beam is composed of the beam directly reflected by
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the substrate and the scattered beam in the same direction. The planar substrate has no
chirality, so the reflected power contributed by the substrate remains unchanged when the
incident beam is switched between LCP and RCP beams. The nonchiral reflected power by
the substrate can reduce the CD signal. However, the diffracted beam is only produced by
the scattering light from the plasmonic cells, and the substrate reflection can be eliminated
in the CD measurement. The CD enhancement exists near the Wood–Rayleigh anomaly
condition marked by the black dashed line. There are several peaks of CD values along
the black dashed line in Figure 3g. Considering the diffraction efficiency of the first-order
beam, the CD peak with the frequency of 474 THz (i.e., λ = 633 nm) is selected for further
experimental study.
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Figure 3. (a) The chiral plasmonic molecule array on the substrate. The reflected beams (indicates
by red arrows) and the diffracted beams (indicates by blue and pink arrows) can be excited by the
illuminations of LCP and RCP beams (in the xz plane). The reflection efficiencies of the chiral stereo-
structure array by LCP beam in (b) and RCP beam in (c). The CD from the reflected beam in (d),
which is calculated using the values in (b,c). The diffraction efficiencies with the LCP beam in (e) and
RCP beam in (f), and the CD from the diffracted beam in (g) are shown. The black line represents
a light line in free space. The black dash ed line represents the position of the Wood–Rayleigh anomaly.
The white dash line in (g) indicates the frequency position with 474 THz (λ = 633 nm).

3. Experimental Implementation

Following the steps in Figure 1, the dielectric strip in the designed stereoscopic struc-
ture was fabricated first. The thin film of silicon dioxide with a thickness of 50 nm was
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deposited on the silicon substrate using plasma-enhanced chemical vapor deposition (CC-
200CZ, ULVAC). Then, electron beam lithography (ELS125, Elionix) and reaction ion etching
(R150S, Haasrode) were carried out to define the shape of the silicon dioxide strip array
with a period of 400 nm. The resisted layer with a thickness of 200 nm was then introduced
on the wafer via spin coating. EBL was employed again to generate the template of metallic
strips in the resisted layer. The patterns of the template and the dielectric strip array should
be aligned to make sure the metallic strips can be corner-stacked on the dielectric strip, as
shown in Figure 1. After that, a Ti/Au film was deposited on the wafer via electron beam
evaporation. The Ti film was the adhesion layer with a thickness of 10 nm. The thickness
of the Au layer was 30 nm. The resist layer was finally removed through a lift-off process.
The area of the fabricated structure was 50 µm × 50 µm. All the geometry parameters of
the plasmonic molecule were confirmed via scanning electron microscopy (Helios G4-UX,
Thermo Fisher Scientific, Waltham, MA USA). The image of the plasmonic molecule array
from the top view is shown in the inset of Figure 4a. An experiment was set up as shown
in Figure 4a to measure the CD signal. A continuous wave (CW) semiconductor laser with
an output wavelength of 633 nm was employed as the light source, focused by a lens with
f = 50 mm. The diameter of the focused spot of the laser beam at the position of the sample
was 150 µm, measured with a CCD camera. The laser beam then passed through a polarizer
and a liquid crystal variable retarder (LCVR) (LCC1411-A, Thorlabs). These two devices’
optical axes are indicated by the white dashed line in Figure 4a, and the angle between
them was 45◦. A polarizer was used to force the light beam polarized along the vertical
direction. When the linear polarized beam passed through LCVR, the output polarization
state can be modified depending on the phase retardation φ of LCVR, as shown in Figure 4b.
The value of φ can be tuned using the electric voltage applied on LCVR. When the φ was
90◦ and 270◦, the LCP and RCP beams were generated. The sample was fixed on a rotation
stage, which could adjust the incident angle of the laser beam. A photodetector (PDA100A2,
Thorlabs) was used to measure the power of the diffraction beam.
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polarization states of incident beams versus the phase retardation introduced using an LCVR device.

In our experiments, the diffracted power was measured when the phase retardation of
LCVR was tuned from 0◦ to 300◦, which is limited by the modulation range of the device.
As a comparison, the diffracted power under differently polarized light was also calculated
under the same illumination condition. A position misalignment was observed between the
dielectric strip and metallic strips, which was caused by the small misalignment between



Nanomaterials 2023, 13, 1175 7 of 9

the template pattern and the dielectric strip in the second EBL process. To consider the
influence of this fabrication error, the dielectric strip also shifted in the numerical model.
The position shifted along the x and y axes with ∆x = −10 nm and ∆y = 10 nm. In
Figure 5a,b, the simulated and experimental results for the first-order diffracted beam are
compared. The incident beam was in the xz plane, and the incident angle wais θ = 40◦,
50◦, 60◦, and 70◦. The CD value can be extracted from the curves in Figure 5a,b. The CD
from the diffracted beam was reduced when the incident angle increased, as shown in
Figure 5c. The diffracted power for the incident angle larger than 70◦ was not measured,
because the incident light was blocked by the clamp to hold the sample in the setup. The
incident beam within the yz plane is also considered in Figure 5d–f. The experimental
results clearly demonstrate that the large CD can be produced with the diffracted beam
from the designed plasmonic molecule array. The maximum CD of 0.556 was achieved
in this work. There were some deviations in the numerical results when comparing them
with the measured values. This can be explained by the non-perfect geometric structures,
and the discrepancies between the true and the textbook values of the refractive index for
different materials.
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4. Conclusions

In conclusion, we demonstrated an enhancement in CD by measuring the diffracted
power from the designed stereoscopic plasmonic molecule array. The multipole expansion
analysis was carried out to study the mechanism of the enhanced chiral optical scattering.
When illuminated at large oblique incident angles, the chiral scattering field was mainly
attributed to the z-component of ED in the stereoscopic plasmonic molecule. To enhance
the interaction between the grazing light and the chiral structure, the optical response
of the plasmonic molecule array was investigated through both numerical analysis and
experiments. It was found that the CD measured from diffracted light can be highly
enhanced, compared with the results from zeroth- order reflected light, especially when
the condition of the Wood–Rayleigh anomaly was fulfilled. Compared with the previous
works about the diffracted beams from chiral gratings [27], we employed the stereoscopic
structure to further enhance the chiral response. The maximum CD measured in this
work was 0.556. This value is much higher than the 0.1~0.2 values reported in [27] and
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can be further improved by optimizing the design of the plasmonic chiral molecule. The
high chiroptical performance may be utilized to detect the polarization states of light
beams and recognize the chirality of bio-molecules. Moreover, considering the broadband
CD enhancement, the designed structure can be used as the dispersive element for the
development of a high-performance CD spectrometer with a compact size.
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7. Banzer, P.; Woźniak, P.; Mick, U.; De Leon, I.; Boyd, R.W. Chiral optical response of planar and symmetric nanotrimers enabled by

heteromaterial selection. Nat. Commun. 2016, 7, 13117. [CrossRef]
8. Zhu, A.Y.; Chen, W.T.; Zaidi, A.; Huang, Y.-W.; Khorasaninejad, M.; Sanjeev, V.; Qiu, C.-W.; Capasso, F. Giant intrinsic chiro-

optical activity in planar dielectric nanostructures. Light Sci. Appl. 2018, 7, 17158. [CrossRef] [PubMed]
9. Gansel, J.K.; Thiel, M.; Rill, M.S.; Decker, M.; Bade, K.; Saile, V.; Von Freymann, G.; Linden, S.; Wegener, M. Gold Helix Photonic

Metamaterial as Broadband Circular Polarizer. Science 2009, 325, 1513–1515. [CrossRef]
10. Tanaka, Y.Y.; Albella, P.; Rahmani, M.; Giannini, V.; Maier, S.A.; Shimura, T. Plasmonic linear nanomotor using lateral optical

forces. Sci. Adv. 2020, 6, eabc3726. [CrossRef] [PubMed]
11. He, C.; Yang, G.; Kuai, Y.; Shan, S.; Yang, L.; Hu, J.; Zhang, D.; Zhang, Q.; Zou, G. Dissymmetry enhancement in enantioselective

synthesis of helical polydiacetylene by application of superchiral light. Nat. Commun. 2018, 9, 5117. [CrossRef]
12. Zhang, Y.; Bai, X.; Muñoz, J.A.; Dai, Y.; Das, S.; Wang, Y.; Sun, Z. Coherent modulation of chiral nonlinear optics with crystal

symmetry. Light Sci. Appl. 2022, 11, 216. [CrossRef]
13. Guo, W.-P.; Liang, W.Y.; Cheng, C.W.; Wu, W.L.; Wang, Y.T.; Sun, Q.; Zu, S.; Misawa, H.; Cheng, P.-J.; Gwo, S. Chiral Second-

Harmonic Generation from Monolayer WS2/Aluminum Plasmonic Vortex Metalens. Nano Lett. 2020, 20, 2857–2864. [CrossRef]
[PubMed]

14. Rui, G.H.; Hu, H.; Singer, M.; Jen, Y.J.; Zhan, Q.; Gan, Q. Symmetric Meta-Absorber-Induced Superchirality. Adv. Opt. Mater. 2019,
7, 201901038. [CrossRef]

15. García-Guirado, J.; Svedendahl, M.; Puigdollers, J.; Quidant, R. Enhanced Chiral Sensing with Dielectric Nanoresonators. Nano
Lett. 2020, 20, 585–591. [CrossRef] [PubMed]

16. Zhao, Y.; Askarpour, A.N.; Sun, L.; Shi, J.; Li, X.; Alù, A. Chirality detection of enantiomers using twisted optical metamaterials.
Nat. Commun. 2017, 8, 14180. [CrossRef]

17. Gibbs, J.G.; Mark, A.G.; Eslami, S.; Fischer, P. Plasmonic nanohelix metamaterials with tailorable giant circular dichroism. Appl.
Phys. Lett. 2013, 103, 213101. [CrossRef]

18. Gorkunov, M.V.; Ezhov, A.A.; Artemov, V.V.; Rogov, O.Y.; Yudin, S.G. Extreme optical activity and circular dichroism of chiral
metal hole arrays. Appl. Phys. Lett. 2014, 104, 221102. [CrossRef]

19. Hu, J.; Xiao, Y.; Zhou, L.-M.; Jiang, X.; Qiu, W.; Fei, W.; Chen, Y.; Zhan, Q. Ultra-narrow-band circular dichroism by surface lattice
resonances in an asymmetric dimer-on-mirror metasurface. Opt. Express 2022, 30, 16020–16030. [CrossRef]

20. Decker, M.; Zhao, R.; Soukoulis, C.M.; Linden, S.; Wegener, M. Twisted split-ring-resonator photonic metamaterial with huge
optical activity. Opt. Lett. 2010, 35, 1593–1595. [CrossRef] [PubMed]

21. Dietrich, K.; Lehr, D.; Helgert, C.; Tünnermann, A.; Kley, E.-B. Circular Dichroism from Chiral Nanomaterial Fabricated by On-
Edge Lithography. Adv. Opt. Mater. 2012, 24, OP321–OP325. [CrossRef]

22. Dietrich, K.; Menzel, C.; Lehr, D.; Puffky, O.; Hübner, U.; Pertsch, T.; Tunnermann, A.; Kley, E.-B. Elevating optical activity:
Efficient on-edge lithography of three-dimensional starfish metamaterial. Appl. Phys. Lett. 2014, 104, 193107. [CrossRef]

http://doi.org/10.1126/sciadv.1602735
http://www.ncbi.nlm.nih.gov/pubmed/28560336
http://doi.org/10.1021/acs.nanolett.8b00083
http://www.ncbi.nlm.nih.gov/pubmed/29533637
http://doi.org/10.1103/PhysRevB.105.245412
http://doi.org/10.1021/nl9021623
http://doi.org/10.1038/ncomms13117
http://doi.org/10.1038/lsa.2017.158
http://www.ncbi.nlm.nih.gov/pubmed/30839535
http://doi.org/10.1126/science.1177031
http://doi.org/10.1126/sciadv.abc3726
http://www.ncbi.nlm.nih.gov/pubmed/33148646
http://doi.org/10.1038/s41467-018-07533-y
http://doi.org/10.1038/s41377-022-00915-4
http://doi.org/10.1021/acs.nanolett.0c00645
http://www.ncbi.nlm.nih.gov/pubmed/32163291
http://doi.org/10.1002/adom.201901038
http://doi.org/10.1021/acs.nanolett.9b04334
http://www.ncbi.nlm.nih.gov/pubmed/31851826
http://doi.org/10.1038/ncomms14180
http://doi.org/10.1063/1.4829740
http://doi.org/10.1063/1.4880798
http://doi.org/10.1364/OE.457661
http://doi.org/10.1364/OL.35.001593
http://www.ncbi.nlm.nih.gov/pubmed/20479819
http://doi.org/10.1002/adma.201203424
http://doi.org/10.1063/1.4876964


Nanomaterials 2023, 13, 1175 9 of 9

23. Zhu, J.; Wu, F.; Han, Z.; Shang, Y.; Liu, F.; Yu, H.; Yu, L.; Li, N.; Ding, B. Strong Light–Matter Interactions in Chiral Plasmonic–
Excitonic Systems Assembled on DNA Origami. Nano Lett. 2021, 21, 3573–3580. [CrossRef] [PubMed]

24. Yin, X.; Schäferling, M.; Metzger, B.; Giessen, H. Interpreting Chiral Nanophotonic Spectra: The Plasmonic Born–Kuhn Model.
Nano Lett. 2013, 13, 6238–6243. [CrossRef]

25. Gui, L.; Hentschel, M.; Defrance, J.; Krauth, J.; Weiss, T.; Giessen, H. Nonlinear Born-Kuhn Analog for Chiral Plasmonics. ACS
Photonics 2019, 6, 3306–3314. [CrossRef]

26. Valev, V.K.; Baumberg, J.J.; De Clercq, B.; Braz, N.; Zheng, X.; Osley, E.J.; VandenDriessche, S.; Hojeij, M.; Blejean, C.;
Mertens, J.; et al. Nonlinear Superchiral Meta-Surfaces: Tuning Chirality and Disentangling Non-Reciprocity at the Nanoscale.
Adv. Mater. 2014, 26, 4074–4081. [CrossRef] [PubMed]

27. Kuppe, C.; Williams, C.; You, J.; Collins, J.T.; Gordeev, S.N.; Wilkinson, T.D.; Panoiu, N.C.; Valev, V.K. Circular Dichroism in
Higher-Order Diffraction Beams from Chiral Quasiplanar Nanostructures. Adv. Opt. Mater. 2018, 6, 1800098. [CrossRef]

28. Bomzon, Z.; Biener, G.; Kleiner, V.; Hasman, E. Space-variant Pancharatnam–Berry phase optical elements with computer-gen-
erated subwavelength gratings. Opt. Lett. 2002, 27, 1141. [CrossRef]

29. Yu, N.; Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 2014, 13, 139–150. [CrossRef]
30. Ke, Y.; Liu, Y.; Zhou, J.; Liu, Y.; Luo, H.; Wen, S. Optical integration of Pancharatnam-Berry phase lens and dynamical phase lens.

Appl. Phys. Lett. 2016, 108, 101102. [CrossRef]
31. Choudhury, S.; Guler, U.; Shaltout, A.; Shalaev, V.M.; Kildishev, A.V.; Boltasseva, A. Pancharatnam–Berry Phase Manipulating

Metasurface for Visible Color Hologram Based on Low Loss Silver Thin Film. Adv. Opt. Mater. 2017, 5, 1700196. [CrossRef]
32. Miroshnichenko, A.E.; Evlyukhin, A.B.; Yu, Y.F.; Bakker, R.M.; Chipouline, A.; Kuznetsov, A.I.; Luk’Yanchuk, B.; Chichkov, B.N.;

Kivshar, Y.S. Nonradiating anapole modes in dielectric nanoparticles. Nat. Commun. 2015, 6, 8069. [CrossRef] [PubMed]
33. Alaee, R.; Rockstuhl, C.; Fernandez-Corbaton, I. An electromagnetic multipole expansion beyond the long-wavelength approx-

imation. Opt. Commun. 2018, 407, 17–21. [CrossRef]
34. Palik, E.D. Handbook of Optical Constants of Solids; Academic Press: Cambridge, MA, USA, 1998.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acs.nanolett.1c00596
http://www.ncbi.nlm.nih.gov/pubmed/33830773
http://doi.org/10.1021/nl403705k
http://doi.org/10.1021/acsphotonics.9b01400
http://doi.org/10.1002/adma.201401021
http://www.ncbi.nlm.nih.gov/pubmed/24740481
http://doi.org/10.1002/adom.201800098
http://doi.org/10.1364/OL.27.001141
http://doi.org/10.1038/nmat3839
http://doi.org/10.1063/1.4943403
http://doi.org/10.1002/adom.201700196
http://doi.org/10.1038/ncomms9069
http://www.ncbi.nlm.nih.gov/pubmed/26311109
http://doi.org/10.1016/j.optcom.2017.08.064

	Introduction 
	Theoretical Design 
	Experimental Implementation 
	Conclusions 
	References

