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PLASMONIC PROPERTIES AND OPTICAL ACTIVITY OF A THREE-DIMENSIONAL
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Two exchangeable LSPR modes with different coupling field are observed in calculating magnetic field
intensity in accordance with adjusting geometrical parameters. Compared with planar nanostructures,
three-dimensional windmills show stronger optical activity, and the maximum value of the asymmetry
g-factor was 0.6. The numerical simulation results in this paper also contain the optimal geometrical pa-
rameters to achieve the best circular dichroism effect at different resonance modes. The results give a con-
tribution to the design of novel chiral optical nanostructures.
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Ilpu pacueme nanpsisiceHHOCMU MACHUMHO2O NOJA 8 3ABUCUMOCTIU OM 3A0AHHBIX 2e0MEeMPUYEcKUX na-
pamempos Hab00aIomcs 084 CMEHAEMbIX Opye Opyea pedicuma JNOKATU308AHHO20 NOBEPXHOCMHO20 NAd3-
MOHHO20 PE30OHAHCA C PA3IUYHbLIMYU C8A3bI8arOwUMY noaamu. T1o cpagnenuio ¢ NIOCKUMU HAHOCMPYKIMYpamu
HAHOCMPYKMYPbl MUNA MpPexXmMepHbIX 8eMPSHbIX MEbHUY NPOAGISIOM 601ee CUTbHYI0 ONMUYECKYI0 AKMUE-
HOCHIb, MAKCUMATbHOE 3HayeHue g-ghakmopa acummempuu oocmueaem 0.6. Hucnennoe moodenuposanue
makaice 0aem ONMUMANbHbIE 2eOMempuyecKue napamempsl Osl OOCTNUNCEHUS MAKCUMATLHO20 KPY208020
OUXpOU3MA NPU PA3TUYHBIX PE3OHAHCHBIX pedcumax. Tlonyuennvie pesyriomamosl umerom sHavenue O pas-
PabomKu HOBbIX XUPATLHLIX ONMUYECKUX HAHOCIPYKINYD.

Knrwouegvle cnoga: nosepxnocmuulii nIA3MOHHbBIU PE3OHAHC, NOBEPXHOCMHO-YCUNEHHAS CHEKMPOCKO-
nua KP, xupanbHocmy, onmu4eckas akmusHoChb.

Introduction. Chirality refers to the geometrical property that the original microscopic or macroscopic
structure cannot be brought to congruence with its mirror image [1-3]. As the illumination of circularly po-
larized electromagnetic waves, which are also chiral, between chiral structure and light, the interaction leads
to different optical response in transmittance, reflection, and absorption. Meanwhile, this is called the circu-
lar dichroism (CD) effect [4-6]. In this way, chirality can be applied to obtain essential structural informa-
tion by their specific optical response to the optical field with circular polarization. It reinvigorated the tradi-
tional field of molecular structure identification method, which requires breaking the objects detected [7-9].
Mostly, CD is identified as the difference in absorption of left circularly polarized (LCP) and right circularly
polarized (RCP) light. Artificial metal nanostructures with strong CD effects have also attracted a large
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amount of attention and is employed to characterizing organic and biological molecules in common [10-13].
The optical activity of artificial metal nanostructures can be extremely enhanced by the surface plasmons
(SPs) [14, 15] which is the collective oscillations of electrons confined to metal-dielectric interfaces [16—19].
In the course of the past decades, chiral nanostructures have been researched carefully, and the most straight-
forward image of chiral configuration is the helix [20-24], which presents broadband optical activity in the
near-IR region. Nevertheless, the study and analysis of the helix structure are regarded as a dilemma due to
its high production costs and difficultly of fabrication.

For the sake of bridging the gap between high performance optical activity and relatively easy geometry
structure, and taking into account the flexible manipulation into consideration, a three-dimensional chiral
windmill-shaped nanostructure with adjusting lift-up degree of each blade is designed. Achieving optical
activity has been proposed and discussed by utilizing the asymmetry of two-dimensional planar windmill-
shaped nanostructure [25, 26]; however, the CD results are not optimal. Optical activity is in the range of the
visible and near-infrared spectral range, where three-dimensional (3D) windmill-shaped nanostructure
clearly outperforms the planar design by almost two orders of magnitude, accompanying the flexible control
of the interaction between individual branches.

In our work, pronounced optical activity enhancement is achieved means of bringing 2D windmill into
3D by the lift-up of one vertex of each blade to different degrees. In the course of this progress, the emer-
gence of two distinct plasma resonant modes is caused by different coupling methods of normally incident
LCP and RCP light, and the optical far-field transmittance spectroscopy displays a different response. Both
LSPR modes and optical activity greatly rely on the lift-up degree of each blade.

Structure and simulation method. In Fig. 1, the shape and geometry parameters of 2D and 3D wind-
mill nanostructures with different lift-up degrees are illustrated. Each windmill structure is located on the
glass substrate and consists of six blades of identical shape and size, each of which is an equilateral triangle
with length of sides @ = 100 nm, and thickness of each blade # = 10 nm, noting that the distance between
each of the two opposite triangles is g = 20 nm. For each blade, one side of the isosceles triangle is fixed,
and the opposite vertex is lifted to different degrees 6 depicted, as shown in Fig. 1. When rotating along the z
axle, nx60° (n=1, 2, ..., n), each windmill nanostructure will coincide with itself.

2D 3D

Fig. 1. The geometric shape of 2-dimensional and 3-dimensional windmill nanostructure.

In this study, all structures are modeled with a commercial FEM package (Comsol Multiphysics) for the
numerical analysis [27]. The material of the windmills is silver, its parameters were taken from [28], and 3D
windmill nanostructures are supported by a glass substrate with 741, = 1.46 and surrounded by air 7,3~ 0.
The structure is surrounded by the perfect matching layer which simulates the far field. Ports 1 and 2 are
employed to introduce circularly polarized light. Both left (LCP) and right circularly polarized (RCP) light is
normally incident along the z axis from the port 1 into the structures and leaves according to port 2. With the
coupling between the metal nanostructure and light, the incident energy is taken up, reflected, and transmit-
ted through the structure. In this work, the optical activity of a metal windmill nanostructure is explored by
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means of analysis of its transmittance. The S-parameters of ports 1 and 2 are calculated to obtain the trans-

mittance. The S-parameters are defined as follows:
oo (B = EDE])dA, oo (BEY)dA
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where E1, E, are the electric field patterns on ports 1 and 2, and E. is the computed electric field. Here, the
1S51* and | Sy, | are used to calculate the transmittance and reflection of the system.

Under both LCP and RCP light, the optical activity is marked as the difference in transmittances. In this
paper, asymmetry of the g-factor is defined by following equation [29]:

g = (Ter — Trer)/ (T + Trep)s

which is employed to define the difference in transmittance for both LCP and RCP.

Results and discussion. In Fig, 2, the calculated optical far-field transmittance spectroscopy of 2D and
3D (with 0 = 60°) structures is depicted. Two distinct LSPR resonance modes are noted at 910 and 1105 nm
in the planar nanostructure, and 925 and 985 nm in the 3D windmill structure. Comparing the short wave-
length resonance mode of both 2D and 3D windmill nanostructure, the spectral line of the 3D nanostructure
with 60° lift-up angle shows narrower spectral width. The spectral position of resonance obviously changed
from 2D to 3D structure. All these differences suggest that the two LSPR resonance modes may arise from
different coupling pathways between individual blades of a windmill, as explained below.

Figure 2 shows the apparent difference in optical activity of the 2D and 3D nanostructures under normal
incident LCP (dark solid line) and RCP (red dot line) light. As for the planar windmill structures with the
higher symmetry, the transmittance spectral lines of LCP and RCP are totally aligned, and the different reac-
tion from different polarized light is negligible small. For the 3D structure with lift-up angle 60°, resulting
from symmetry reduction, a relatively different transmission intensity occurs for both resonance modes. As
for Fig. 2b, the short wavelength (925 nm) and long wavelength (985 nm) resonance modes are characterized
by LCP and RCP light, respectively. For the resonance at 925 nm, the resonance for LCP light is much
stronger than RCP light, and the transmission dip for LCP light is much deeper than for RCP light. At the
same time, for 985 nm the resonance for RCP light is considerably stronger than LCP light.
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Fig. 2. Transmission of (a) 2-dimensional and (b) 3-dimensional (6=60°) windmill nanostructure
under left circularly polarized (LCP) and right circularly polarized (RCP) light.

The surface current distribution and intensity of the magnetic field at the interface between windmill
and substrate at the resonance peaks for LCP and RCP light for planar and 3D (6 = 60°) windmills are dem-
onstrated and analyzed in Fig. 3 and 4 for the sake of understanding the physical mechanism of the optical
response for windmill nanostructure. In the graphs of current density, vector arrows point in the direction of
current flow, while current amplitude is indicated by the length of the arrow. As for magnetic field, the in-
tensity is indicated by the color bar beside it.
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Fig. 3. The surface current density and magnetic field for planar nanostructure at 910 and 1105 nm.
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Fig. 4. The surface current density and magnetic field for 3-dimensional
windmill nanostructure (6 = 60°) at 925 and 985 nm.

Inside mode and outside mode are used to distinguish the two coupling modes. Inside mode refers to the
strong interaction between the inside parts of the blades, as shown in Fig. 2a, which are located at the short-
wavelength (910 nm) LSPR mode of transmittance spectroscopy. As shown in Fig. 3, the surface current
distribution for a planar nanostructure exhibits collection and enhancement at center, and the intensity of the
magnetic field even more obviously points out the central enhancement position. The surface current distri-
bution of the outside mode in Fig. 3 also reveals the enhancement area. For both inside and outside modes,
the magnetic field intensity shows no difference for left and right polarized light.

As revealed by far-field transmittance spectroscopy in Fig. 2b, the 3D windmills with 60° lift-up angle
presents a different response to LCP and RCP light at the LSPR region. For resonance at 925 nm, the inten-
sity of the magnetic field at the interface of a windmill and a substrate reveals stronger response for LCP
light than for RCP light, corresponding to the deeper dip in Fig. 2b at 925 nm, while for the resonance at
985 nm, a windmill at 6=60° shows stronger intensity of the magnetic field for RCP light compared with
LCP light excitation. Comparing the intensity of the magnetic field in Fig. 4 with the optical far-field trans-
mittance in Fig. 2b provides an explanation of the difference in optical activity.

It is noteworthy that for a 3D windmill nanostructure, both inside and outside modes still exist although
they change the location in the spectra. Outside mode shifts to the blue side of the inside mode, as showed in
Fig. 4, and the LSPR mode of 925 nm exhibits enhancement at the outside edge of each blade for both sur-
face current distribution and magnetic field intensity. Meanwhile, for the internal resonance mode, the sur-
face current from a single blade encounter with each other in the field is located close to the center of the



494-5 ABSTRACTS ENGLISH-LANGUAGE ARTICLES

particle, hence the magnetic field is strengthened in the same region. Optical far-field transmittance spec-
troscopy accompanied by magnetic field intensity at LSPR peaks with gradually growing lift-up angle
(6=0, 15, 30, 45, and 60°) for LCP light illumination is calculated in order to further investigating the origin
of mode-exchanging phenomenon of the exploited plasmonic nanostructure.

As demonstrated Fig. 3, the field of coupling is located close to the central part of the windmill nanos-
tructure, when the lift-up angle is equal to 0°, and the resonance peak is located at the short-wavelength side
of the outside mode. When the lift-up angle is improved to 15°, both inside and outside resonance modes
expand their enhancement area, which even makes it hard to distinguish them. With further elevating each
blade of the windmill nanostructure to 30, 45, and 60°, in contrast to 0°, the outside mode is located at a sho-
rter wavelength than the inside mode, and the two modes are clearly shown by the magnetic field intensity.
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Fig. 5. Transmission and magnetic field for windmill nanostructure with different lift-up angles ().
The magnetic fields located at left (right) side represents the short (long) wavelength mode
of transmission spectra in the same row.
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Fig. 6. g-Factor of windmill nanostructure with different lift-up angles 6.
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The asymmetry g-factor is calculated following the equation mentioned before to obtain and manipulate
the chiral optical properties of the 3D windmill nanostructures. The dark dot line in Fig. 6 refers to the g-
factor of a planar windmill nanostructure, which is almost equal to zero for 800-1200 nm. It reveals the ab-
sence of optical activity. For a 3D windmill with 6 = 30, 45, and 60° (Fig. 6), the two g-factor peaks exist
around the wavelength of 925 and 985 nm, which is the location of the outside and inside mode. The adjust-
ing of the lift-up angle from ~30-60°, mainly changes the value of the g-factor of the two resonance modes
with no influence on the resonance wavelength.

The g-factor of the corresponding 3D windmill reaches up to 0.58 for the outside mode at 925 nm and
—0.6 for the privileged mode of 985 nm. It should be pointed out that the typical g-factor order of magnitude
is below 10~ in the majority of cases [20]. Additionally, the spectra of the g-factor reveal different signs at
two resonances. The value reaches its maximum with the lift-up angle ~60°, hence, the outside edges of the
proposed windmill structure exhibits maximum difference for the different polarized light when 6 = 60°.
In the mode of inside resonance, the field is close to the central part of the windmill, which is susceptible to
structural asymmetry and the chirality leads to the changes in the g-factor. When 6 = 45°, the absolute value
of the g-factor reaches the maximal value of 0.6 at the inside resonance mode.

Conclusion. A windmill nanostructure is proposed with an adjustable lift-up angle, making it trans-
formable from a planar to a 3D nanostructure. In accordance with detailed analysis associated with transmis-
sion, surface current distribution, and magnetic field intensity at the interface, two distinct resonance modes
arising from the coupling of the central area and the external boundary of the windmill are observed. Nota-
bly, the inside and outside modes exchange their locations by increasing lift-up angle from 0 to 30°. The re-
sult of LSPR mode shows strong dependence on geometrical parameters and can be adjusted flexibly. In ad-
dition, the optical activity for the 3D windmill (6 = 30-60°) can be tailored to obtain the maximum g-factor
1.58 at the outside resonance mode and —1.60 at the inside resonance mode. The windmill nanostructure real-
izing the maximum g-factor at the two modes feature 6 = 60 and 45°. The optical activity is highly sensitive
to the lift-up degree, so the nanostructure proposed may have strong potential in the fields of biosensors, sur-
face enhanced spectroscopy, and refractive index detection.
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