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Abstract Graphene bilayered split rings (BSRs) are proposed
to generate tunable circular dichroism (CD). BSRs with tradi-
tional materials do not elicit the CD effect because of C4
symmetry. By contrast, BSRs with graphene can achieve the
CD effect by varying the Fermi energy of each part of the split
rings. The CD signal can be reversed from positive to negative
or vice versa by exchanging the Fermi energy. CD effects can
also be tuned by varying the Fermi energies of the different
parts. This phenomenon indicates that the chirality of BSRs
gradually change as the Fermi energy varies. This concept
provides a method to change chirality and dynamically vary
the CD effect without rebuilding the structures.

Keywords Bilayered split ring - Graphene - Circular
dichroism - Plasmonics

Introduction

Chiral structures elicit different optical responses, such as
circular dichroism (CD), under left circularly polarized
(LCP) and right circularly polarized (RCP) light illumina-
tion [1, 2]. Novel structures have been designed to obtain
a CD effect or to investigate the mechanism of CD effects
because these effects of chiral structures are associated
with biological monitoring, analytical chemistry, and plas-
monic sensing [3—10].
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Planar achiral structures generate CD effects under
oblique illumination [3-5]. Under this condition, electric
dipoles in different parts of planar achiral structures are
not parallel, and phase differences are observed between
them; thus, CD effects occur. Three-dimensional (3D)
chiral structures, such as helix and layer-by-layer struc-
tures, also cause strong CD effects [6—11]. In addition to
electric dipoles, magnetic dipoles are excited by antipar-
allel current on two layers of helix [6, 7] and layer-by-
layer structures [8—10]. The CD effect of different nano-
structures can be explained by a Born—Kuhn configura-
tion [11], as a consequence, the twisted electric dipoles
in nanostructures and the phase between them induce the
CD effect.

Researchers vary structural parameters and redesign struc-
tures to tune the CD effects of various structures. However, the
CD effects of traditional structures cannot be controlled dy-
namically. With single-layer carbon atoms gathered in a hon-
eycomb lattice, graphene provides unique optical properties
beneficial for electronic, structural, and transport applications
[12—16]. Permittivity functions can be tuned by external gate
voltages (Fermi energy of graphene) [12—15]. With these ad-
vantages, graphene is considered as a promising candidate of
plasmonic materials to fabricate new-generation chiral struc-
tures. CD effects can be tuned by utilizing external gate volt-
ages rather than by rebuilding structures in traditional
materials.

In this study, a 3D array of bilayered split rings (BSRs) in
graphene is proposed to generate CD effects. The structure of
BSR is achiral. The transmissions of BSRs under circular
polarized light illumination are controlled. The CD effects
are generated by varying the Fermi energy of graphene by
constantly changing the gate voltage of graphene. The CD
effects can be inversed by exchanging the gate voltages of
split rings. The CD effects can also be dynamically tuned by
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varying the gate voltages of split rings without changing the
structural parameters.

Structure and Computational Method

Figure 1 shows the proposed 3D arrays of BSRs. The BSR is
composed of two layers of separated broken rings [Fig. 1b].
These broken rings are named TOP,, TOP,, BOTTOM,, and
BOTTOM,. The outer radius (R) and inner radius (r) of the
rings in each broken ring are 40 and 30 nm, respectively. The
distance (d) between two layers is 10 nm, the thickness of the
graphene layer is 0.5 nm, and the periodic constant L is
150 nm. In all the calculations, Vi,,; and Vi, are equal to
0.9 and 0.5 eV, respectively. The Fermi energies of the two
bottom parts can be tuned by varying the gate voltages
Viottom1 and Vioomz- The conductivity of graphene is a func-
tion of the frequency of incident light and computed within the
local random phase approximation [12—15].
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where e, A, kg, and Ey correspond to the electron charge, re-
duced Planck constant, Boltzmann constant, and Fermi energy

(gate voltage), respectively. The carrier relaxation 7 = %, Vi

is Fermi velocity, and p is the measured DC mobility,
© = 10,000 cm?/V [12, 16]. In our study, Eq. 1 is simulated
at T=300 K, and kg x Trefers to temperature energy. The first
term in Eq. 1 corresponds to intraband electron—photon scat-
tering processes. The second term represents the interband
transition contribution. For the second term, the function of
arctangent is a step function. The expression shows that the
interband contribution becomes dominant at a frequency of

Fig. 1 a Schematic model of a
three-dimensional array of chiral
bilayered spilt rings in graphene
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w> E; because of the absence of a gap between conduction
and valence bands. At w < Ey, the opposite case is evident;
likewise, the intraband contribution is dominant [13, 14].

We performed numerical simulations by using the com-
mercial finite element method software COMSOL
Multiphysics. In the simulations, LCP and RCP normally
illuminated the structure. Two perfectly matched layers
were located at both ends of the whole model, and the
absorbing boundary conditions were applied to the z-direc-
tion. Periodic boundary conditions were applied to the x-
and y-directions. Transmittance is defined as 7' = P,/ P,
which is the ratio of output power to incident power. If
we use a “+” (“=”) subscript of RCP (LCP) light, 7, .
(T- ) represents the transmittance of RCP (LCP) light.
Then, the CD effect is defined as AT = T, , — T- _
[17, 18].

Numerical Results and Discussions

Figure 2a shows the transmission spectra of BSRs under LCP
and RCP illumination. The Fermi energies of the bottom
layers Viottomt and Viouomz are 0.9 and 0.5 eV, respectively.
Five evident resonant modes, namely, A\; = 8.20 um,
A = 7.12 um, Ap = 6.16 pm, Ay = 5.13 pum, and
Ay = 4.84 um, are observed in the transmission spectra from
4.0 t0 9.0 um. These modes are labeled as I, II, III, IV, and 'V,
respectively. The CD effects are also observed in these five
resonant modes [Fig. 2b].

We examined the distributions of the surface current den-
sity of BSRs at resonant modes to understand the CD mech-
anism of BSRs in graphene. Figure 3 shows the distributions
of'the surface current density of BSRs under RCP illumination
at the resonant wavelengths. Figure 3a, d, g, j, m shows the
surface current density of the top layer of BSRs at the five
resonant wavelengths. The pink dotted arrows represent the
equivalent electric dipole moments of TOP; or TOP,.

BOTTOM, '\



Plasmonics (2017) 12:829-833

831

Fig. 2 a Simulated transmission 1.00
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Figure 3b, e, h, k, n reveals the surface current density of the
bottom layer of the BSR at five resonant wavelengths. The
blue-dotted arrows represent the equivalent electric dipole
moments of BOTTOM; or BOTTOM,.

At A\ = 8.20 um, the main currents are detected in
TOP, and BOTTOM, [Fig. 3a, b]. In TOP,, the currents
flow from the middle part to the two ends, which form
the effective dipole electron oscillation Pyr. In
BOTTOM,, the currents also flow from the middle part
to the two ends, which form Pig. Pit in TOP, and Pig in
BOTTOM, constitute a bonding mode [Fig. 3c]. At
An = 7.12 pum, the main currents also appear in TOP,
and BOTTOM, [Figs. 3d, e]. In TOP,, the currents flow
from the middle part to the two ends, which form Pyr. In
BOTTOM,, the currents flow from the two ends to the
middle part, which form Pyg. Py and P form an an-
tibonding mode [Fig. 3f]. At Ay = 6.16 um, Pyyr in
TOP; and Py in BOTTOM; constitute a bonding mode

6 7 8 9 4 5 6 7 8 9
Wavelength 4 (um)

[Fig. 3i]. At Ay = 4.84 um, Pyt in TOP; and Pyp in
BOTTOM, form an antibonding mode [Fig. 30]. In
TOP, and BOTTOM,, a strong current is associated with
the coupling with TOP; and BOTTOM,, respectively. At
Arv = 5.13 um, three kinds of currents are observed in
TOP, and BOTTOM, [Fig. 3j, k]. Pyt in TOP, and
Py in BOTTOM, also constitute a bonding mode
[Fig. 31].

The chirality of BSR can be tuned by the exchange in
the gate voltages of the different parts of BSR because the
dielectric functions of graphene depend on their gate volt-
ages. Figure 4 shows the CD spectra of BSRs with
Viottomt = 0.5 €V, Vigitom2 = 0.9 eV, and
Viottom1 = 0.9 eV, Vioiom2 = 0.5 eV. The CD effects evi-
dently occur at the resonant wavelengths. A negative CD
signal occurs when the gate voltages are exchanged at the
wavelength with a positive CD signal. Thus, the BSR
changes to its enantiomer when the gate voltage is
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Fig. 3 The effective dipole electron oscillation of surface current of the BSR and the resonant mode at resonant modes
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effect is evident at the five resonant wavelengths. As
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ous blue shift. By contrast, mode III manifests a slight <
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Viottomi = Vbottom2 = 0.9 €V. Figure 5b shows the simu- : T bottomz= 06 ¢V
lated CD effect of BSRs with Vioomz = 0.5, 0.6, 0.7, 0.8,  "bottom2™ 07 €V
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obvious blue shift and mode II shows a slight blue shift
when Vioomt < Vbottom2- The CD signal disappears when
Viottom1 = Vbottomz = 0.7 eV. Figure 5(c) illustrates the
simulated CD effect of BSRs with Vy,iom2 = 0.5, 0.6,
0.7, 0.8, and 0.9 eV, at a fixed Vioitom1 = 0.5 eV. As
Viottom2 1ncreases, modes I, III, IV, and V manifest an
obvious blue shift, and mode II displays a slight blue
shift. The CD signal disappears when
Viottomi = Vbottomz = 0.5 €V. The behavior of the blue
shift in Fig. 5a—c can be clarified as the resonance condi-
tion of surface plasmons. The resonant frequency f; of the
surface plasmons can be approximately described as a
function of Fermi energy +/E; because the wave vector
of the surface plasmons along the graphene layer is
_ &

= is the fine

Af
expressed as kgppe 57— [19], where ayg
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Fig. 5 Simulated difference of transmittance of the BSR with different
Fermi energy on bottom layer

structure constant, f; is the resonant frequency, and c is
the speed of light in a vacuum. We obtained the function

of A = fircx jE—f In Fig. 5a, the changes in Vyouomo affect

modes I, II, IV, and V because these modes are attributed
to the electron oscillation in BOTTOM,. Conversely,
mode III is attributed to the electron oscillation in
BOTTOM;,. Minor changes in the surrounding environ-
ment lead to the slight shift of mode III. The evident blue
shift in Fig. 5b, c is also caused by the electron oscillation
in BOTTOM, and the slight blue shift is due to the elec-
tron oscillation in BOTTOM;_
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Conclusion

The CD effects are not observed under circular polarized light
illumination of the symmetric structure in traditional mate-
rials. In this study, symmetric BSRs are proposed. By contrast,
BSRs can induce a CD effect when these rings are composed
of graphene, and different parts of BSRs are formed by differ-
ent Fermi energies. Furthermore, a positive (negative) CD
signal can be reversed to a negative (positive) signal as
Fermi energies of the different parts vary. CD signals can also
be dynamically tuned by varying the Fermi energies of differ-
ent parts of the BSRs. The dynamic tuning of the CD signal
indicates that the chirality of BSRs is altered when the CD
signal changes from positive to negative or vice versa. Thus,
enantiomers can be obtained without rebuilding structures.
Moreover, the mode of the required CD signal can be conve-
niently tuned.
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