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Introduction

Chiral structures have opposite handedness with respect to 
their mirror images [1, 2]. As a result, radiation of different 
handedness e.g. circularly polarized (CP) light or a structured 
light with orbital angular momentum [3] have a different 
transmission and reflection in chiral materials. Due to this 
property, the measurement of circular dichroism (CD) became 
an incisive technique for the detection of chiral molecules  
[1, 4–6]. For example, optical detection of the chiral mol-
ecules of β-structured amyloid plaque has found useful 
application in the diagnosis of Alzheimer’s and Parkinson’s 
diseases [7]. Experimentally, the signal-to-noise ratio is low, 
because the molecule dipole moment is small in comparison 
with the chiral pitch of a CP wave. Despite the CD spectrum of  
the chiral molecule being located in the ultraviolet band, when 
there is interaction with plasmonic nanostructures, the chiral 
optical properties of the molecule can be brought into the vis-
ible region and enhanced through two means. First, induced 
current in achiral plasmonic structure by chiral media can lead 
to a chiroptical response in the plasmon range, namely the 
induced CD [8]. Besides, considering the chiral media as an 
effective index, when the chiral media are in the vicinity of the 

chiral plasmonic structure, redshift of CD spectra of the chiral 
plasmonic structure can occur in the plasmon range [7].

When the chiral molecule is located in the vicinity of the 
chiral plasmonic nanostructure, the relative strength of the 
chiral signal will be enhanced [7]. Superchiral fields can 
be generated in some region of space, such as the node of a 
standing wave formed by a CP wave and chiral plasmonic 
nanostructures [9–13]. When the chiral molecule is located in 
this region its relative chiral signal will be enhanced. The chiral 
near-field is the local field at each point around the nanostruc-
ture, in contrast to the far-field radiation measured via CD. The 
optical chirality C is a time-even pseudoscalar defined as [14]

C ≡ ε0

2
E · ∇ × E +

1
2µ0

B · ∇ × B, (1)

where E and B are the electric and magnetic fields, respec-
tively. ε0 and µ0 represent the vacuum permittivity and permea-
bility, respectively. A simpler type of C can be deduced as [15]

C=
ε0ω

2
Im (E∗

C · BC) . (2)

Note that EC and BC in equation (2) denote the complex elec-
tric and magnetic field, respectively, while only the real parts 
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are considered in equation (1). And ω is the angular frequency 
of EC and BC. Note that EC and BC need to have a collinear 
part and phase difference to obtain non-zero optical chirality, 
and particularly when EC and BC are collinear and have a π/2 
phase difference, the chirality reaches its maximum. For the 
plane wave, the maximum optical chirality is obtained from 
CP waves as

C±
CP=± ε0ω

2c
|E|2, (3)

where  +  and  −  denote left-handed circularly polarized (LCP) 
and right-handed circularly polarized (RCP) waves, respec-
tively, and c is the speed of light in the vacuum. The enhance-
ment of the chiral near-field had been achieved with numerous 
metallic structures under different polarizations of incident 
wave [15–19]. Recent study on local CD and thermally-
controlled chirality may open new opportunities for dynamic 
detection of the chiral molecules [20, 21].

Usually, the chirality of a chiral structure is determined by 
its CD spectrum [22], but for the enhancement of chiral signal 
the chirality is determined by the local field. According to 
equation (2), the chiral near-field is proportional to the imagi-
nary part of E∗

C · BC, which results in two different aspects that 
should be considered when optimizing the chiral near-field: on 
the one hand, the chiral near-field will increase and the included 
angle between the electric and magnetic fields decreases. On 
the other hand, enhancing complex local electric and magnetic 
fields will increase the optical chirality as well. Under the 
former condition, the maximum chiral near-field is contributed 
by parallel or anti-parallel electric and magnetic fields. Thus, 
an ideal choice is a helical plasmonic nanoantenna, which has 
parallel electric and magnetic fields [15].

In this paper, we propose a chiral dolmen nanostruc-
ture (CDN) to obtain strong C enhancement. Compared 
with conventional devices, CDN possesses strong chiral 
near-field, which is distributed mainly on the surface of 
the nanostructures and is thus more applicable. Simulation 
results reveal that the CDN reaches two orders of mag-
nitude enhancement of the chiral near-field with respect 
to CP waves. It is noteworthy that the chiral plasmonic 
bonding mode of the CDN enhances the chiral near-field 
compared to the plasmonic anti-bonding mode. Hence, the 
chiral near-field can be tailored by the geometric param-
eters of the CDN.

Structure and simulation method

CDN is a periodic nanostructure with a fixed period of 200 nm 
both at the x and y directions, as shown in figure 1. Two par-
allel nanorods have the same length of L1, and the perpend-
icular rod has a length of L2. The widths of all the nanorods 
are w. The separation between the two parallel nanorods 
and the perpendicular rod is s. The heights of the rods are 
h1, h2 and h3, respectively, and h1  <  h2  <  h3 for L-CDN, as 
shown in figure  4(b). The chiral structures are excited with 
normal incidence of LCP and RCP waves. CD is defined 

as CD  =  A−  −  A+, where A− and A+ denote the absorption 
under LCP and RCP wave illumination, respectively.

The finite element method software COMSOL Multiphysics 
is used to perform the simulation. The refractive index of 
gold is taken from experimental data in [23]. To observe the 
enhancement with respect to CP waves, the chiral near-field of 
the chiral structures is normalized by CP waves:

Ĉ ≡ C
|CCP|

= −cIm(E∗
C · BC)

|ECPL|2
. (4)

Results and discussion

The far-field response of absorption and CD spectra of the 
CDN were calculated with parameters of L1  =  110 nm, 
L2  =  120 nm, w  =  40 nm, h1  =  20 nm, h2  =  30 nm, and 
h3  =  40 nm, which are shown in figure 2(a). The absorption 
spectra show pronounced plasmonic resonance at approxi-
mately 690 and 810 nm for both LCP and RCP wave exci-
tations, respectively, which is the destructive interference 
between bright and dark modes. The resonance wavelengths 
are both blueshifted compared with recent study, due to the 
larger periodic in the CDN, and the attractive interaction 
between two CDNs can be ignored [24]. The surface charge 
distribution that corresponds to the resonance wavelength is 
presented in figure  2(b). It can be clearly observed that the 
antibonding mode and bonding mode are excited under both 
polarization excitations. All the bonding and antibonding 
modes of the CDN are located at resonance wavelengths.

The normalized chiral near-fields, namely the optical chi-
rality of the CDN at both plasmonic modes is calculated, 
as shown in figures 3(b) and (c). For the bonding mode, the 
strong chiral near-fields are mainly distributed at the gap 
region. The enhanced chiral near-field of the CDN at the 
bonding mode is approximately 90 times with respect to 
CP waves, which is comparable with those of recent study  
[16, 17]. Moreover, the sign of optical chirality at the two 
gaps is reversed under different polarization of illumination, 
which is of great application importance as the chiral signal 
will be strongly enhanced under this condition. For the antibo-
nding mode, however, the strong chiral near-fields are mainly 

Figure 1. Schematic of enhancing chiral signal with CDN and the 
parameters of CDN.
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distributed along the nanorods, which enhanced roughly 50 
times with respect to CP waves, which is weaker than the 
enhancement in the bonding mode.

The reason for different enhancement at the bonding 
mode and antibonding mode reside in two facts. First, the 
electric field of the bonding mode is stronger than the anti-
bonding mode. From figures 3(b) and (c), the electric field of 
the bonding mode is enhanced about 40 times compared to 
the antibonding one. However, the electric field of the anti-
bonding mode is only enhanced about 25 times. Second, the 
angle between the electric and magnetic fields at the two gap 
regions of the bonding mode is smaller than the antibonding 
mode, as illustrated in the right panel of figures  3(b) and 
(c). The attractive Coulomb force is formed in the bonding 
mode, because the charges of opposite signs accumulate at 
the ends of the two rods, thus orienting the electric field par-
allel to the gap [25]. A magnetic field is produced, because 
the three electric dipoles at three nanorods with phase delay 
caused by the height difference can form a magnetic dipole. 

Therefore, the included angle between the electric and magn-
etic fields is small. In the bonding mode, the different sign of 
local chirality in the two gaps is due to the direction of the 
magnetic field and is not strictly along the  −z direction, but 
has an angle with respect to the  −z direction, because of the 
height difference of the nanorods. Therefore, in the left gap, 
the angle between the electric and magnetic field is an acute 
angle, but in the right gap, the angle between the electric and 
magnetic field is an obtuse angle (figure 3) The induced cur-
rent is π out of phase with respect to the exciting field, while 
the induced magnetic field and induced current are in phase 
[26]. There is a phase shift of π/2 between the incident electric 
field and induced local electric field [27]. Therefore, the local 
magn etic and electric field are out of phase, which ensures the 
non-vanished chiral near-field. Given that the modes experi-
ence a repulsive Coulomb force in the antibonding state [28], 
the electric fields repulse each other and are perpendicular to 
the gap (z direction). However, the magnetic field around the 
electric dipole is hardly parallel to the electric field. Hence, 

Figure 2. Optical properties of CDN. (a) Circularly polarized absorption spectra. (b) Charge distribution of CDN at wavelengths of 690 
and 810 nm.

Figure 3. Chiral near-field and electric field enhancement of left-handed CDN. (a) Sketch of local field distribution plane. (b) Local chiral 
near-field and electric field enhancement at the bonding mode. (c) Local chiral near-field and electric field enhancement at the anti-bonding 
mode. Right panel shows the diagram of optical chirality at both bonding mode and antibonding mode.

J. Phys. D: Appl. Phys. 50 (2017) 474004



T Fu et al

4

the included angle between the electric and magnetic fields is 
larger than that of the bonding mode. Note that the sketches 
depict the optical chirality around the gap regions. Both the 
direction and strength of the local fields support the achieve-
ment of the strong chiral near-field in the bonding mode, but 
hinder it in the antibonding mode. This result is different from 
the intuition, as the CDN possesses a stronger CD signal at the 
antibonding mode (about 30%), but the maximum optical chi-
rality resides in the bonding mode. Therefore, when detecting 
chiral molecules, the bonding mode should be considered 
rather than the antibonding mode, despite the antibonding 
mode’s stronger CD signal.

According to equation  (2), the near-field amplitude can 
be enhanced by manipulation of the local fields. Figure  4 
shows the chiral near-field together with electric fields at 
the bonding mode, tailored with the change of s. Figure 4(a) 
gives the schematic of the illumination and the simulated 
parameter. Only the bonding mode was exhibited, because 
of its stronger field than the antibonding mode, and only 
one polarization of illumination was shown for another 
share the same condition. The chiral near-field was accord-
ingly shown in figure  4(b). The chiral near-field increased 
with the decreasing of s, and was enhanced about 100 
times with respect to the CP waves when s  =  5 nm. The 
local electric field enhancement was simulated accord-
ingly, as shown in figure  4(c). The same as for the chiral 
near-fields, the electric fields increased with decreasing the 
separation of s. The electric fields were enhanced by about  
50 times when s  =  5 nm, as shown in figure 4(c).

To investigate the influence of height difference on the 
chiral near-fields, the chiral near-field was simulated in figure 5 
along with electric field enhancement. Figure 5(a) shows the 
schematic of the illumination and the parameter of the height 
difference Δh. When increasing the height difference, the 
chiral near-fields were decreased, as shown in figure 5(b). The 
electric fields decreased as well with the increasing height 
(figure 5(c)). The reason resides in the fact that the effective 
area (the cross-section with two nanorods face to face) ratios 
were decreased, and the accumulated electrons decreased, 
when increasing the height difference despite the chirality of 
the CDN being increased. The detection of the handedness 
of the chiral molecules in the CDN is based on the CD spec-
trum. Hence, the height difference should be chosen properly 
to achieve a large chiral near-field and one should also make 
sure that the CD of the CDN is large enough for measurement, 
and that the optimized height difference is about 10 nm.

Chiral molecules exist in most medicines, and chiral mol-
ecules with one handedness are useful, while chiral molecules 
with the other handedness are harmful. For example, etham-
butol can fight tuberculosis, while its enantiomer causes blind-
ness. The chiral signal of the chiral molecules is intrinsically 
weak and the CDN with enhanced local chirality can be used 
to distinguish the handedness of the chiral molecules. The 
enhanced chiral signal of the chiral medium can be detected 
through the CDN by taking the chiral molecules as an effec-
tive index [7]. Specifically, when it comes to experiment, one 
can fabricate both handedness of the CDN, and measure the 
CD spectra of L- and R-handed CDN in water. Then, one can 

Figure 4. Local chiral near-field and local electric field enhancement under LCP excitation with different separation s at the bonding mode. 
(a) Sketch of dependent parameter s. (b) Chiral near-field enhancement with LCP wave excitation at the bonding mode with different s. 
(c) Local electric field enhancement at the bonding mode with different s.
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measure the L- and R-handed CDN in the chiral molecules 
solution. The CD spectra of the L- and R-handed CDN will 
redshift differently due to the chiral molecules having a dif-
ferent effective index when around the CDN. By calculating 
the redshift difference, the enhanced dissymmetry factor of 
the chiral molecule can be calculated.

Conclusion

The near-fields of CDNs have been calculated for different 
plasmonic modes. Simulation results reveal that the chiral 
near-field is favored at the bonding mode but hindered at the 
antibonding mode. Two orders of magnitude of chiral near-
field enhancement have been achieved at the bonding mode. 
By properly adjusting the plasmonic structure and polarization 
state of excitation, stronger chiral near-field and large contin-
uous regions may be achieved. These results open new exper-
imental opportunities for the detection of chiral molecules.
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