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Color routing at the nanoscale

Qing-Hua Xu®'

Two types of color routing effects were observed in
silver nanorods on the single particle level as a result
of distinct far-field behaviors of different multipolar
plasmon modes, which enables tunable color sorting
with good wavelength selectivity.

Photonics technologies are important for the develop-
ment of modern information and communications tech-
nology, where light acts as a medium for carrying
information and processing signals. Photonics allows
high-speed and wide-bandwidth data handling beyond the
limitations of conventional electronics technologies. The
manipulation of light propagation is essential for photo-
nics applications. Conventional methods of manipulating
light propagation require the use of bulky optical ele-
ments. It is highly demanding and challenging to confine
or route light on a miniaturized scale, especially on the
nanoscale due to the diffraction limit of light'. The
development of optical components for light manipula-
tion on the nanoscale scale is critical for the development
of photonics technology.

Noble metal nanoparticles are known to display the
unique optical property of localized surface plasmon
resonance, which arises from the collective oscillation of
conduction band electrons induced by incident light
irradiation®. This unique optical property allows the
concentration of light into a subwavelength volume,
which enables light manipulation at the nanoscale to
overcome the diffraction limit>™* Plasmonic nanos-
tructures have been successfully demonstrated to
manipulate light propagation, leading to phenomena such
as light emission with controlled polarization and pro-
pagation direction, cloaking, and color routing”’. Color
routing, in which light of different colors is sorted into
different directions, on the nanoscale is highly desired for
all-optical communication devices and wavelength-
encoded information®”. However, nanoscale color
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routing is very challenging because it requires good
wavelength selectivity and directionality at the same time.

Thus far, nanoscale color routing based on plasmon
interference has been demonstrated in a few precisely
designed nanostructures with multiple elements®’. These
previous schemes require careful design and control of
plasmonic nanostructures with complex geometries that
are prepared by sophisticated nanofabrication techniques.
In a recent publication, Zhuo, Wang and coworkers
reported two different color routing effects based on the
high-order plasmon modes of single silver (Ag) nanorods
on the single particle level®. These Ag nanorods can be
conveniently prepared on a large scale with low cost using
wet-chemical methods.

In contrast to the designs in previous reports, this new
scheme is based on longitudinal multipolar plasmon
modes of Ag nanorods. These high-order plasmon modes
were generally overlooked in previous studies because
they are usually assumed to be “dark modes”, which are
inaccessible by conventional far-field methods. However,
as the length of Ag nanorods increases to comparable to
the wavelength of visible light, the retardation effect will
become important such that these multipolar plasmon
modes can be conveniently accessible by conventional
optical spectroscopy and imaging techniques. Conse-
quently, Ag nanorods with high aspect ratios will display
distinct far-field behaviors. The dark-field images of
individual Ag nanorods of two different aspect ratios
(390 x 64 nm and 567 x 66 nm) were found to display
red—blue-red or green-red—green patterns, a new phe-
nomenon that has never been previously reported.
Numerical simulation confirmed that the physical origins
of these patterns were the different far-field behaviors of
longitudinal multipolar plasmon resonances with odd and
even symmetries. Numerical simulations indicated that
electromagnetic waves radiate along the central plane for
modes with odd symmetry, while these waves radiate
obliquely into the far field for multipolar modes with even
symmetry (Fig. 1a). Depending on the aspect ratios of the
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Fig. 1 Color routing with a single Ag nanorod. a Different scattering directions for multipolar modes with odd and even symmetries. b Two
different color routing phenomena with different patterns (red-blue-red and green-red-green) for Ag nanorods with different aspect ratios

Ag nanorods, light of different colors associated with
multipolar modes of different symmetries will be scattered
along different directions of the nanorods, exhibiting
color routing effects. Two types of color routing phe-
nomena with different patterns were experimentally
observed at the single particle level (Fig. 1b).

The observed color routing phenomenon relies solely
on the distinct far-field behaviors of the multipolar plas-
mon modes of long Ag nanorods with different symme-
tries. It does not require special geometries with careful
size optimization, and therefore, the nanofabrication
process is significantly simplified. The bandwidths of
these multipolar plasmon modes are generally narrow,
with their central wavelengths determined by the aspect
ratio, which offers tunable color routing effects with good
color selectivity. Although Ag nanorods were utilized as
an illustrative example, this strategy can be easily exten-
ded to other plasmonic nanostructures, such as gold
nanorods with high aspect ratios. In addition to color
routing effects, carefully designed plasmonic nanos-
tructures that support multipolar plasmon modes can also
be employed for other light manipulation functions at the
nanoscale, such as nanolasers and antennas. These studies
will significantly increase the versatility of plasmonic
devices and foster the development of nanoscale photo-
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nics technology and its practical application in different
fields, such as nonlinear optics, optoelectronics, infor-
mation technology, optical communication, sensing, and
imaging.

Conflict of interest
The author declares that he has no conflict of interest.

Received: 7 May 2019 Revised: 6 June 2019 Accepted: 12 June 2019
Published online: 26 June 2019

References

1. Koenderink, A. F, Alt, A. & Polman, A. Nanophotonics: shrinking light-based
technology. Science 348, 516-521 (2015).

2. Schuller, J. A. et al. Plasmonics for extreme light concentration and manipula-
tion. Nat. Mater. 9, 193-204 (2010).

3. Novotny, L. & Van Hulst, N. Antennas for light. Nat. Photonics 5, 83-90 (2011).

4. Giannini, V. et al. Plasmonic nanoantennas: fundamentals and their use in
controlling the radiative properties of nanoemitters. Chem. Rev. 111, 3888-3912
(2011).

5. Kosako, T, Kadoya, Y. & Hofmann, H. F. Directional control of light by a nano-
optical Yagi-Uda antenna. Nat. Photonics 4, 312-315 (2010).

6. Shegai, T. et al. A bimetallic nanoantenna for directional colour routing. Nat.
Commun. 2, 481 (2011).

7. Yan, C, Yang, K Y. & Martin, O. J. F. Fano-resonance-assisted metasurface for
color routing. Light. Sci. Appl. 6, 17017 (2017).

8. Zhuo, X. L. et al. Colour routing with single silver nanorods. Light. Sci. Appl. 8, 39
(2019).



