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A chiral plasmonic nanoparticle oligomer, consisting of four symmetrically
arranged nanodisks of different heights and having different optical absorp-
tion responses to left and right-handed circularly polarized light illumination,
has been experimentally reported in the literature. The resulting circular
dichroism (CD) signal was detectable with state of the art CD spectrometers
but was much weaker than those of existing chiral nanostructures, i.e., three-
dimensional (3-D) chiral metamaterials. In this letter, via symmetry breaking
in such an oligomer, the author demonstrates that the CD can be enhanced up
to six times compared to that of a symmetric oligomer, and is in the range of a
relevant 3-D chiral metamolecule. Through investigation of geometrical
parameters including particle size, asymmetric and symmetric gaps, the CD
evolution was reported, which provides a useful guideline for design of two-
dimensional chiral oligomers adopted as efficient probes for CD spectroscopic
applications.
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INTRODUCTION

Chiral molecules exhibiting circular dichroism
(CD) properties are able to absorb different amounts
of left-handed circularly polarized (LCP) and right-
handed circularly polarized (RCP) incident light.
They have been used in various applications asso-
ciated with pharmaceuticals,’ biochemistry,? and
electromagnetics.® Natural chiral molecules usually
exhibit weak optical CD signals. Research in optical
chirality attempts to design molecules with stronger
CD properties, and has led to the realization of
artificial chiral nanostructures.* Numerous chiral
nanostructures, including chiral nanoantennas,’
metamaterials,® colloidal chiral nanoparticles,’
and many others,® have been reported theoretically
and experimentally. Closely packed chiral plas-
monic nanoparticle assemblies such as clusters
and oligomers can induce optical chirality. The
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induced chiral optical (known as chiroptical) effect
that can be significantly enhanced by plasmonic
resonances related to electric and magnetic fields,
and resonances associated with the spatial geome-
try of the nanostructures such as Fano-type reso-
nances,” are of emerging interest in various fields
including the chirality detection of biomolecules.
The chirality detection sensitivity of biomolecules
when interacting with planar chiral plasmonic

nanostructures can be significantly improved
thanks to such chiroptical effects.'’
Planar chiral metamaterials have recently

attracted interest for on-chip molecular chirality
detection applications owing to their nonbulky
geometry. Chiral plasmonic metamaterials consist-
ing of four symmetrically arranged nanoparticles
have been recently reported in Ref. 11. Thanks to
the colloidal lithography technique, engineered
metal nanodisks of different heights could be pre-
cisely positioned in a chiral nanoparticle oligomer.
However, its CD is relatively weak due to its in-
plane symmetric geometry. In this work, the author
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Oligomer

proposes symmetry breaking in such a symmetric
oligomer as a route towards enhancement of the CD.
Symmetry breaking increases the degree of spatial
geometry of the nanostructure that may, in turn,
improve the chiroptical effect. The resulting CD
(16058 nm?) is approximately six times stronger
than that of the symmetric oligomer (2798 nm?),
and is even a bit higher than that of three dimen-
sional (3-D) chiral metamolecules (14,500 nm?).°

CHIRAL PLASMONIC NANOSTRUCTURES
AND MODELLING METHOD

A schematic of two chiral nanoparticle oligomers
with opposite handedness labeled as LH and RH is
depicted in Fig. 1. Each oligomer consists of four
closely packed gold nanodisks of the same diameter
d but different heights and separated by interpar-
ticle gaps. When the asymmetric gap (ag) between
two particles (numbers 3 and 4 in Fig. 1) is equal to
the gap (g) between the other two neighboring
particles (numbers 1 and 4 in Fig. 1), we obtain a
symmetric oligomer. In contrast, when ag is larger
than g, an asymmetric oligomer is obtained. All the
nanoparticle oligomers were deposited on a glass
substrate with refractive index n = 1.5.

In this work, CD is defined as the difference
between the extinction cross-sections (ECS) of an
oligomer under LCP and RCP light illumination. In
order to compute the ECS of an oligomer, the author
has numerically solved the chiral light-mater inter-
action problem via the full-wave Maxwell’s equa-
tions solver based on the boundary element method
that is implemented in the MATLAB-based toolbox
MNPBEM.'? The complex refractive index of Au
with realistic material losses was extracted from
experimental data.'®

RESULTS AND DISCUSSION

The calculated ECSs of the symmetric oligomers
for both left and right handedness under LCP and
RCP light incidence are shown in Fig. 2a and b. The
symmetric oligomer consists of four nanodisks of the
same diameter d = 80 nm. The interparticle gaps
are identical with ag = g = 10 nm. The heights of
the designated particles (numbers 1, 2, 3, and 4) are
40 nm, 60 nm, 30 nm, and 10 nm, respectively.
Such differences in height of the individual
nanoparticles induce optical activities in the whole
oligomer. As a consequence, the symmetric chiral
oligomers exhibit different extinction responses to
the handedness of the incident chiral light.

For the left-handed (LH) oligomer, the LCP-ECS
spectrum exhibits two resonant peaks with maxima
at approximately 663 nm and 727 nm, as seen in
Fig. 2a. The RCP-ECS spectrum exhibits resonant
peaks at the same wavelengths but of different
magnitudes. While the resonant peak at 663 nm in
the LCP-ECS spectrum has a larger magnitude
than that of the corresponding peak in the RCP-
ECS spectrum, the resonant peak at 727 nm in the
LCP-ECS spectrum has a smaller magnitude than
that of the corresponding peak in the RCP-ECS
spectrum. The slight discrepancy of these ECS
spectra results in the CD activity of the symmetric
chiral oligomer as shown in Fig. 2c. These optical
extinction responses are reversed for the opposite
handedness of the oligomer, as seen in Fig. 2b.
Thus, the CD of the right-handed (RH) oligomer is a
mirror image of that of the LH oligomer, as seen in
Fig. 2c.

However, the CD of the symmetric chiral oligomer
is relatively weak. Symmetry breaking in such a
symmetric oligomer by increasing the asymmetric
gap ag leads to a significant enhancement of the CD
of the symmetry-broken oligomer. Symmetry
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Fig. 1. Chiral plasmonic nanoparticle oligomers. Schematic of chiral plasmonic nanoparticle oligomers with opposite handedness. All the
nanoparticles have the same diameter but are of different heights.
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Fig. 2. Symmetric versus asymmetric chiral oligomers’ spectral responses. Extinction cross-sections (a—e) of symmetric and asymmetric chiral
oligomers with opposite handedness under LCP and RCP light illumination. (c and f) CD of symmetric and asymmetric chiral oligomers with LH

and RH handedness.

breaking in nanoparticle oligomers or clusters was
reported to induce plasmonic resonances related to
electric and magnetic fields, and resonances associ-
ated with the spatial geometry of the oligomer, i.e.,
Fano resonances.”'* This study reveals clear differ-
ences between the ECSs of the symmetry-broken
oligomers for both left and right-handedness under
LCP and RCP light illumination, as seen in Fig. 2d
and e. Such differences result in a strong CD of the
asymmetric oligomer as seen in Fig. 2f. A compar-
ison of the CD of the symmetric oligomer shown in
Fig. 2c and that of the asymmetric oligomer shown
in Fig. 2f reveals that the latter (16,058 nm?) is
approximately six times stronger that the former
(2798 nm?), and is in the range of relevant 3-D
chiral metamolecules (14,500 nm?).° Symmetry
breaking in the oligomer increases the degree of

its spatial geometry that, in turn, results in an
enhancement of the CD. It appears that the 2-D
asymmetric oligomer provides a relevant or even
higher CD than that of the 3-D chiral meta-
molecules. Furthermore, the fabrication of such a
2-D oligomer is much easier than the 3-D meta-
molecules, especially for large scale productions,
which offers an alternative nanomaterial as an
efficient probe for CD spectrometer.

Figure 3 shows the CD spectra of asymmetric
oligomers for different asymmetric gaps ag. It is
evident that the CD increases with an increase in
the asymmetric gap. When the asymmetric gap
(ag =5 nm) is less than the symmetric gap
(g = 10 nm), the CD decreases since the symmetry
breaking is small. In contrast, when the gap
between the other two neighboring nanoparticles
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Fig. 3. CD signal of asymmetric chiral oligomers for various asym-
metric gaps. CD spectra of two LH and RH chiral oligomers for
various asymmetric gaps (ag). The heights of the designated parti-
cles (numbers 1, 2, 3, and 4) are 40 nm, 60 nm, 30 nm, and 10 nm,
respectively. All the particles have the same diameter d = 80 nm.
The interparticle gap of the other two neighboring nanoparticles g
was fixed at 10 nm.
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Fig. 4. CD spectra of asymmetric chiral oligomers for various sym-
metric gaps. CD spectra of symmetry-broken oligomers for both left
and right-handedness for different symmetric gaps (g). The geo-
metrical parameters of the oligomers are the same as those in Fig. 3
with the asymmetric gap ag = 30 nm.

increases, the CD decreases, since the mutual
coupling of the neighboring nanoparticles is
decreased, as seen in Fig. 4.

Figure 5 shows the CD spectra of asymmetric
oligomers for different particle diameters d. An
increase in the size of the nanoparticle results in a
redshift of the plasmonic resonances in the extinc-
tion and CD spectra. As the nanoparticle size
increases, the oscillation path of the electric charges
in the particle increases, leading to a decrease of the
free electron relaxation rate. It results in the free
electron energy decrease in resonance with the
frequency of the incident light.'® In addition, the
magnitude of the CD also increases as the particle
diameter is increased. The strong CD properties of
the symmetry-broken oligomer may induce strong
chiroptical effects that have potential for many
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Fig. 5. Asymmetric chiral oligomers with respect to nanoparticle
diameters. CD spectra of symmetry-broken oligomers for both left-
and right-handedness for different particle diameters (d). The geo-
metrical parameters of the oligomers are the same as those in Fig. 3
with the gaps ag = 30 nm and g = 10 nm.

applications, especially in the chirality detection of
biomolecules.

CONCLUSIONS

A chiral plasmonic nanoparticle oligomer consist-
ing of four asymmetrically arranged Au nanodisks,
and exhibiting stronger CD than that of the sym-
metric counterpart, has been introduced in this
paper. Symmetry breaking causes an increase in the
degree of spatial geometry of the oligomer thereby
resulting in an enhancement of the CD. The ampli-
fication of the CD signal definitely benefits applica-
tions related to the chiral light matter interaction.
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