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a b s t r a c t

The intricate mechanisms of plasmon-induced circular dichroism (CD) in a visible region are considered
based on chemical and physical influences, in which a simple model and formulations are required. Here,
we demonstrate theoretically that plasmon-induced CD is approximately contributed by the cross-
interaction between equivalent electric and magnetic dipole moments for chiral molecules and plas-
mon nanostructures. To prove electromagnetic couplings, we introduce graphene into plasmon nano-
structures and design asymmetrically inscribed graphene dual-rings arrays (IGDAs) with high-order
hybrid modes. Results show that ultrahigh-order plasmon-induced CD signals are achieved in micron
wave, which is easily detected by mature microwave technology. The maximum enhancement factor of
induced CD could reach up to four orders of magnitude. In addition, an induced CD signal could be tuned
only by varying the Fermi energy of IGDAs rather than by varying geometric dimensions. For different
molecules, the electromagnetic couplings still hold. The results could be used to dynamically design
chiral sensors in biology and chemistry.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Chiral structures cannot be made to coincide with their mirror
images. In 1969, Sherman demonstrated the optical property of
chiral chlorophyll-a, which presents different optical responses to
right circularly polarized (RCP, þ) and left circularly polarized (LCP,
-) light [1], i.e., circular dichroism (CD) [2e4]. CD spectroscopic
techniques probe the molecular conformation, but suffer from poor
sensitivity [5,6]. Meanwhile, surface plasmon-based near-field
enhancement delivered through specifically designed substrates is
highly successful for ultrasensitive optical biosensor applications
[7,8], such as surface-enhanced Raman spectroscopy (SERS) [9].
However, SERS lack conformational information about the mole-
cules, such as information about molecular chirality.

Recently, experimental [10e13] and theoretical [14e16]
research has reported on the interaction between chiral mole-
cules and metal nanostructures for inducing chiral signals of mol-
ecules from UV spectral to visible regions. The CD enhancement
factors of chiral molecules and metal nanostructures reach up to
1000 [17]. The reason for this finding is attributed to physical
reasons, such as the plasmon-generated superchiral near fields
[18e20] or induced optical activity due to near fields, both at iso-
lated plasmonic nanostructures and at hotspots between the gap of
nanostructures [21,22]. In the experiment, the reason for this
finding is attributed to chemical reasons, such as the charge
transfer to a plasmonic nanostructure through bonds formed by
chemisorbed analyses [23]. Interband-absorption-enhanced un-
usual CD band can originate from conformational changes of the
chemisorbed molecules [24].

The abovementioned phenomenon opens novel opportunities
in ultrasensitive probing of chiral molecules and for novel optical
nanomaterials based on chiral elements. However, the mechanism
of induced CD signals is complex and ambiguous. Therefore, a
simple model and formulations are required to understand the
reasons for induced CD. In addition, all the induced CD signals re-
ported above are present around visible regions. If the CD signals
were induced around micron wave regions, chiral molecules could
be detected more easily than at around visible regions. These re-
sults stem from mature microwave technologies that have been
applied in electronics systems. The graphene has successfully
applied in micron wave [25]. We can use graphene to replace
metallic material in nanophotonics. Asymmetric placed rings can
showmany high-order hybrid modes when they interact with each
other, which can be selective detected in a long region.
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Fig. 1. Schematic of electromagnetic coupling between chiral molecules (green line)
and plasmon nanostructures (magenta line): (a) the normalized intensities of equiv-
alent electric and magnetic dipole moments, the vector resultant of electric (b) and
magnetic (c) dipole moments, (d) the total electric and magnetic dipole moments. (A
colour version of this figure can be viewed online.)
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In this study, we demonstrate theoretically that plasmon-
induced CD approximately contributes to the cross-interaction
between equivalent electric and magnetic dipole moments for
chiral molecules and plasmon nanostructures. To prove the elec-
tromagnetic couplings, we introduce graphene into plasmon
nanostructures and design asymmetrical inscribed graphene dual-
ring arrays (IGDAs) with high-order hybrid modes. Results show
that ultrahigh-order plasmon-induced CD signals are achieved in
the micron wave, which is easily detected by mature microwave
technology. The maximum enhancement factor of induced CD
could reach up to four orders of magnitude. In addition, the induced
CD signal could be tuned only by varying the Fermi energy of IGDAs
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rather than by varying geometric dimensions. For different mole-
cules, the electromagnetic couplings still hold.
2. Theory

Fig. 1(a) shows the normalized intensities of equivalent electric
and magnetic dipole moments for chiral molecules (green line) and
plasmon nanostructures (magenta line) and are described as two
functions of u, which is the angular frequency of incident light. The
resonant absorptions of chiral molecules and plasmon nano-
structures are u0 andui, respectively. For chiral molecules atu0, the
resonant electric and magnetic dipole moments of chiral molecules
are labeled as p!0 and m!0, respectively. Given the chirality of
molecules, p!0,m

!
0s0, which do not form a right angle between p!0

and m!0. For plasmon nanostructures at ui, the resonant electric and
magnetic dipole moments of plasmon nanostructures are labeled
as p!i and m!i, respectively. As a result of the achirality of plasmon
nanostructures, p!i,m

!
i ¼ 0, which forms a right angle between p!i

and m!i.
The normalized intensities of electric and magnetic dipole mo-

ments decay from resonant angular frequencies to non-resonant
angular frequencies. The decayed coefficient is defined as

aðuÞ f 1=ðu� u0Þ2 [16]. The coefficient will reach infinity at
u ¼ u0, which is not a reality in physical systems. In this study,

decay coefficients with the form e�ðu�u0Þ2=s is proposed and proved
in the Results and Discussion section. Decayed coefficients of
electric dipole moments of chiral molecules are defined as

a1ðuÞ ¼ e�ðu�u0Þ2=s1 , a2ðuÞ ¼ e�ðu�u0Þ2=s2 for magnetic dipole mo-

ments of chiral molecules, a3ðuÞ ¼ e�ðu�u0Þ2=s3 for electric dipole

moments of plasmon nanostructures, and a4ðuÞ ¼ e�ðu�u0Þ2=s4 for
magnetic dipole moments of plasmon nanostructures. At ui, p!0

and m!0 decay into a1ðuiÞ p!0 and a2ðuiÞm!0, respectively. At u0, p
!

i

and m!i decay into a3ðu0Þ p!i and a4ðu0Þm!i, respectively.
The quantum theory of the CD effect of chiral molecules is

described as a u function [26,27].

CDmoleculesðuÞf Im ½a1ðuÞ p!0,a2ðuÞm!0�: (1)

When plasmon nanostructures are introduced into chiral mole-

cules, the total electric dipole moments P
!ðuÞ can be composited by

a1ðuÞ p!0 and a3ðuÞ p!i, as shown in Fig. 1(b). The total magnetic

dipole momentsM
!ðuÞ can be composited by a2ðuÞm!0 and a4ðuÞm!i,

as shown in Fig. 1(c). Therefore, as shown in Fig. 1(d), the CD effect
of chiral molecules and plasmon nanostructures is described as a
general equation
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Taking a1 and a2 into Eq. (2), the CD effect of chiral molecules and
plasmon nanostructures is described as
where e�ðu�uiÞ2=s3�ðu�uiÞ2=s4 p!i,m
!

i ¼ 0 because of p!i,m
!

i ¼ 0 for
achiral plasmon nanostructures. When u ¼ u0, Eq. (3) is reduced
into
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Given CD lines of chiral molecules in the UV region and plasmon
bands of nanostructures in the visible or infrared regions, then

ðui � u0Þ2>>0. Therefore, e�ðu0�uiÞ2=s4 p!0,m
!

i and

e�ðu0�uiÞ2=s3m!0, p
!

i could be ignored because they are of a higher
order infinitesimal with respect to p!0,m

!
0. Therefore, Eq. (3) could

be approximated as
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CDmoleculeþplasmonðu0Þ f Im ½ p!0,m
!

0�: (5)

Equation (5) means that in the UV region, the CD signals of chiral
molecules and plasmon nanostructures approximately equal the
CD signals of the chiral molecules alone.

When u ¼ ui, Eq. (3) is reduced as
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Equation (7) means that induced CD signals could be approxi-
mated as a cross-interaction between equivalent electric and
magnetic dipole moments for chiral molecules and plasmon
nanostructures. When ju0 � uij>>0, the induced CD signals in the
plasmon region originate from long-range electromagnetic
coupling between the chiral molecules and the plasmon nano-
structures, and are weaker than the CD signals of the chiral mole-
cules alone. The model can also help us understand
electromagnetic coupling between chiral molecules and chiral
plasmonic nanostructures, such as stacked-patch plasmonic met-
amaterial [28].
3. Structure and computational method

To prove the electromagnetic coupling above and induce CD
signals in microwave technology, graphene is introduced into the
system of chiral molecules and plasmon nanostructures. The
particular geometries of chiral molecules are hardly controlled in
practice. Therefore, the molecules are regarded as a homogeneous
and isotropic chiral medium layer in our model that can be realized
using chiral solution. Fig. 2(a) shows the proposed monolayer
IGDAs and chiral molecules. IGDAs (gray) are immersed in the
chiral molecular solution (blue), whose thickness is fixed at
t ¼ 300 nm. IGDAs are composed of inscribed graphene dual-rings.
The diameters of the inner and outer rings are fixed at d ¼ 90 nm
and D ¼ 190 nm, respectively. The widths of the inner and outer
rings are both fixed at w ¼ 10 nm. Fig. 2(b) shows the magnified
Fig. 2. (a) Schematic of IGDAs immersed in chiral molecular solution and parameters defin
version of this figure can be viewed online.)
surface of IGDAs. Hexagon arrays (gray) and double helix (blue)
denote the monolayer graphene and chiral molecules, respectively.
The periods in the x and y directions are fixed at Px ¼ 300 nm and
Py ¼ 300 nm, respectively. The infinite array is simulated by using a
unit cell with periodic boundary conditions along the x and y di-
rections. LCP (red) and RCP lights (green) along the z-direction
excite on IGDAs and form enhanced fields on the surface of IGDAs.
Transmittance is defined as T¼ Pout/Pin, which is the ratio of output
power to incident power. The transmittance spectra of RCP light
and LCP light are represented by Tþþand T��, respectively. Here, we
use CD ¼ Tþþ � T�� to define the chiral response of IGDAs and
chiral molecules.

The finite element method (FEM) software COMSOL Multi-
physics is used to perform the simulation. The general constitutive
relations for chiral material can be written as

D
!¼ ε0ε E

!� ik
c
H
!
; (8)

B
!¼ m0mH

!þ ik
c
E
!
: (9)

Here, D
!
, H
!
, E
!
, and B

!
are complex electric displacement, magnetic

field strength, electric and magnetic fields, respectively. c is the
speed of light in vacuum. The dimensionless parameters ε and m

involved here are permittivity and permeability. Pasteur parameter
k denotes the chirality index of chiral material, because k controls
the coupling strength between electric and magnetic. The chiral
molecules are simulated by the following modeled as [29].

ε ¼ εb � g

�
1

Zu� Zu0 þ iG
� 1
Zuþ Zu0 þ iG

�
; (10)

k ¼ b

�
1

Zu� Zu0 þ iG
� 1
Zuþ Zu0 þ iG

�
; (11)

Here, εb denotes the refractive index of background, the chiral
molecules are generally dissolved in water for measurement, thus,
water is taken as background and εb ¼ 1.332. The amplitudes of
absorption and chirality of real molecules are defined as co-
efficients g z 1.4 � 10�5 and b z 3 � 10�9, respectively. For
reducing the computational time, we scale up orders of two co-
efficients as g z 7 � 10�2 and b z 6 � 10�4. When the ratio be-
tween k and ε is small, above scaled up orders are not affected the
enhancement factors, which is usually the case for realistic chiral
analytes. The absorption broadening is determined by G ¼ 0.1 eV.
When taking the right-hand circular polarized (RCP, þ) light and
ition, and (b) the zoom cell presenting grapheme layer and chiral molecules. (A colour
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left-hand circular polarized (LCP, �) light into consideration, the
effective refractive indices of chiral media are [30].

n± ¼ ffiffiffiffiffi
εm

p
±k: (12)

The conductivity of graphene is a function of the frequency of
incident light and computed within the local random phase
approximation [31e33].

sðuÞ ¼ 2ie2kBT
pZ2
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where e, -, kB, and Ef correspond to the electron charge, reduced
Planck constant, Boltzmann constant, and Fermi energy (gate

voltage), respectively. The carrier relaxation t ¼ rEf
ev2F

, vF is Fermi ve-

locity, and r is the measured DC mobility, r ¼ 10000 cm2=V [34]. In
our study, Eq. (13) is simulated at T ¼ 300 K, and kB � T refers to
temperature energy. The first term in Eq. (13) corresponds to intra-
band electronephoton scattering processes. The second term rep-
resents the inter-band transition contribution. For the second term,
the function of arctangent is a step function. The expression shows
that the inter-band contribution becomes dominant at a frequency
of u> Ef because of the absence of a gap between conduction and
valence bands. When u< Ef , the opposite case is evident; likewise,
Fig. 3. (a) Tþþ of chiral molecules, outer rings, inner rings, and IGDAs with chiral
molecules; (b) CD spectra of chiral molecules alone (green line) and with IGDAs
(magenta line); (c) the CD enhancement factor f as the ratio between the values of
magenta line and with green line. (A colour version of this figure can be viewed
online.)
the intra-band contribution is dominant [35,36].

4. Results and discussion

Fig. 3(a) shows the Tþþ of chiral molecules, outer rings, inner
rings, and IGDAs with chiral molecules. Here, chiral molecular ab-
sorption wavelength l0 ¼ 0.192 mm, and graphene Fermi energy
Ef¼ 0.50 eV. Thewavelength region is from 0.1 to 60 mm. To observe
all characteristics of Tþþ, we divide the entire spectrum into three
segments, namely, 0.1e0.3 mm, 10e17 mm, and 17e60 mm. Every
segment transmittance has different scales. The regions of
0.1e0.3 mm and 10e60 mm present the characteristics of chiral
molecule and graphene, respectively. The Tþþ of chiral molecules,
inner rings, and outer rings presents three resonant dips in
l0 ¼ 0.192 mm, lIR ¼ 22.084 mm, and lOR ¼ 41.131 mm, respectively.
We composite inner and outer rings into asymmetrical IGDAs with
chiral molecules, whose Tþþ (black line) is shown in Fig. 3(a). New
resonant dips denoted by li (i is from “1” to “9”) are observed be-
tween 10 and 60 mm as a result of the hybridization between inner
and outer rings that form high-order hybrid modes. The resonant
dip of chiral molecules is observed at l0 ¼ 0.192 mm. Tþþ above
similarly corresponds to T��, which is not shown in here.

Fig. 3(b) shows the CD spectra of chiral molecules alone (green
line) and IGDAs with chiral molecules (pink line), respectively. To
present all CD spectra clearly, induced CD signals are artificially
amplified by 100 and 10 times at 10e17 and 17e60 mm, respec-
tively. The CD spectrum of chiral molecules alone and IGDAs with
chiral molecules almost overlap at the dip at l0 ¼ 0.192 mm. How-
ever, the CD spectrum of IGDAs with chiral molecules represents
new signals around the micron wave, where resonant absorption
wavelengths li of IGDAs emerge. New CD signals at li are defined as
induced CD. As interpreted by Eqs. (5) and (7), the induced CD at
around micron wave is weaker than that of chiral molecules in the
UV region. A comparison between the results from Eq. (7) and those
in Fig. 3(b) (magenta line) is shown in the Supplementary data file
(Fig. S1).

To quantify such enhancement phenomena, we define the CD
enhancement factor f as the ratio between the values of the CD
signals of IGDAs with chiral molecules and chiral molecules alone,
Fig. 4. The charge distributions (color distributions) at resonant wavelengths for (a)
outer ring alone, (b) inner rings alone, and (c)e(l) IGDAs with chiral molecules. (A
colour version of this figure can be viewed online.)



Y. Wang et al. / Carbon 120 (2017) 203e208 207
as shown in Fig. 3(c). Correlation is positive between f and CD
signals. The maximum f at two sides of li increases to the order of
104 at l2. f is magnified by 50 times at 10e17 mm for easy obser-
vation. Given that CD lines almost overlap at 0.1e0.3 mm in Fig. 3(b),
the f approximate one at this region is shown in Fig. 3(c).

In Fig. 3, f is clearly tied with the effect of resonant absorption of
IGDAs. For different li, normalized charge distributions on the
surface of IGDAs are calculated. Fig. 4(a) and (b) show the single
outer ring and single inner ring, respectively, while Figs. 4(c)e3(l)
show the IGDAs with chiral molecules. Red indicates positive
charge, and blue indicates negative charge. We define the dipolar
mode as MN ¼ 1. The quadrupolar, octupolar, hexadedapolar, and
triakontadipolar modes correspond to MN ¼ 2, MN ¼ 3, MN ¼ 4,
and MN ¼ 5, respectively. Fig. 4(a) and (b) show that, because the
charges on the outer ring alone and the inner ring alone could be
equivalent to two dipoles along the y-direction (labeled as “y”), the
dipoles could be labeled with “1” (red for the outer ring, green for
the inner ring). To break the symmetry of the outer ring, high-order
hybrid modes of IGDAs are achieved at li. For l1, Fig. 4(c) shows a
dipole of whole IGDAs almost along the y-direction, which are
labeled as “1-y.” For l2, Fig. 4(d) shows dipoles of outer and inner
rings along the x-direction, which are labeled as “1-1-x.” For l3,
Fig. 4(e) shows dipoles of outer and inner rings along y-direction,
which are labeled as “1-1-y.” Analogously, in Fig. 4(f)e(k), l4, l5, l6,
l7, l8, and l9 are labeled as “2-1-x,” “2-1-y,” “3-1-y,” “4-1-x,” “4-2-x,”
and “5-2-x,” respectively. Detailed descriptions about these high-
order hybrid modes [37,38] are shown in Supplementary data file
(Fig. S2). Fig. 4(l) shows non-resonant charge distribution, which
results in a very small f at l0.

To probe induced CD signals conveniently in different micro-
wave regions, we can only change Ef by holding on the power on
Fig. 5. (a) CD spectra; (b) f spectra; (c) numerical (black squares) and exponential
fitting (red lines) CDmoleculeþplasmonðuiÞ (i ¼ 1, 2, 3, and 4) of IGDAs with chiral mole-
cules for different Ef . (A colour version of this figure can be viewed online.)
IGDAs, which is immersed in a chiral molecular solution, as shown
in Fig. 5. To reprepare IGDAs with different geometric parameters is
unnecessary for tuning induced CD signals. Fig. 5(a) and (b) show
the CD and CD enhancement factor spectra for IGDAs with chiral
molecules with different Efs from 0.45 to 0.55 eV, respectively. The
spectrum in the UV region does not shift with the increase in Ef
because l0 is decided by chiral molecules. The spectra in the mi-
crowave region blue shifts with the increase in Ef. The behavior of
the blue shift can be clarified as the resonance condition of surface
plasmons. Resonant frequency fi of IGDAs could be approximately
described as a function of Fermi energy

ffiffiffiffiffi
Ef

p
because the wave

vector of the surface plasmons along the graphene layer is
expressed as [39].

ki ¼
2p
li
f

Z2f 2i
2e2Ef

: (14)

Taking li ¼ c
fi
into Eq. (14), we obtain the function as

lif
Z2c2

4pe2Ef
: (15)

According to Eq. (15), li decreases with an increase in Ef, as shown
in Fig. 5(a) and (b). The magnitudes of spectra in the induced region
increase with the decrease in li. This effect is due to the decreased

li that lessens ðu0 � uiÞ2, which then increases a2. According to Eq.
(7), the electromagnetic coupling between IGDAs and chiral mol-
ecules would then increase. In addition, numerical (black squares)
and exponential fitting (red lines) CDmoleculeþplasmonðuiÞ (i ¼ 1, 2, 3,
and 4) of IGDAs with chiral molecules indicate different Ef that
range from 0.40 eV to 0.70 eV, as shown in Fig. 5(c). Results show
that CDmoleculeþplasmonðuiÞ is an exponential decay function of

ðu0 � uiÞ2, which indicates reasonable rationality exponential
decay approximation in Eq. (7).

To analyze the effects of different chiral molecules on electro-
magnetic coupling between IGDAs and chiral molecules, we
sequentially vary l0 from 0.162 mm to 222 mm with fixed
Ef ¼ 0.50 eV. Fig. 6(a) and (b) show the CD spectra and corre-
sponding f spectra of IGDAs with chiral molecules with different l0,
respectively. In Fig. 6(a), the zoom shows the CD spectra at
49e51 mm to represent the small change. The CD spectra in the UV
region red shift shows an increase in l0, which is decided by chiral
molecules. The CD spectra and corresponding f spectra in the
induced region hardly shift with the increase in l0 because induced
chirality is mainly decided by li. The magnitudes of CD spectra in
Fig. 6. (a) CD and (b) f spectra of IGDAs with chiral molecules for different l0. (A colour
version of this figure can be viewed online.)
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the induced region increase with an increase in l0. The increase in
l0 increases a1 according to Eq. (7), and thus, electromagnetic
coupling between IGDAs and chiral molecules increases as well.
Similar results occur when graphene is replaced by silver, as shown
in Supplementary data file (Figs. S3 and S4).

5. Conclusions

We proposed a theoretical model of plasmon-induced CD and
demonstrated that the model approximately contributes to the
cross interaction between equivalent electric and magnetic dipole
moments for chiral molecules and plasmon nanostructures. To
prove the proposed theory, we introduced graphene into plasmon
nanostructures and designed asymmetrical IGDAs with high-order
hybrid modes. Results showed that ultrahigh-order plasmon-
induced CD signals are achieved in the broadband microwave re-
gion, which is easily detected by mature microwave technology.
Themaximum enhancement factor of induced CD could reach up to
four orders of magnitude. In addition, the induced CD signal could
be tuned only by varying the Fermi energy of IGDAs rather than by
varying geometric dimensions. For different molecules, the elec-
tromagnetic couplings still hold. The results could elucidate the
induced CD mechanism and be used to design dynamically chiral
sensors with the power of graphene in biology and chemistry.
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