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Transcend conventional light theory

Control the light as we want

Observe the nano-world by the light

Confine the photons in the nana-scale space

Create nano-scale 3D structure by light

Create extremely large capacity optical data storage
Rewrite the conventional textbook of optics and photonics
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Outline

In this research laboratory, we are intensively investigating the breakthrough science and techniques
that can artificially control the electro-magnetic properties of the materials by using metal
nano-structures. We collectively call these artificial materials "metamaterials". In the past, it has
been believed that the electro-magnetic properties of materials such as permittivity and permeability
are determined by the intrinsic property of the materials itself and no one can alter them. This
suggests that the propagation of the light inside the material is uniquely determined by the material
itself and it can only be controlled by modifying the shapes/structures of the materials. Metamaterial
technology can control the permittivity and permeability of the materials and can create
unprecedented optical materials such that it can interact directly with the magnetic components of the
light, in which the refractive index can be zero, negative or tremendously giant values. These kinds of
materials can create the extraordinary optical phenomena such that it can eliminate the light
reflection at the materials boundary, can confine the photons in the nano-scale space. We also
intensively extend the application of metamaterials to develop novel and functional photonic devices
that can manipulate the photons with complete control. In addition, other active studies for the
development of peta-byte optical data storage system, the development of novel laser fabrication
technology of nano-scale three-dimensional structures, and the development large-scale
electro-magnetic simulation software are running concurrently.

1. Magnetic self-assembly of 3D metamaterials (Aoki, Tanaka)

Metamaterial has a potential to revolutionize conventional perception onoptics. For example,
metamaterial lens can confine light in a region smaller than a wavelength of light, whereas, near-field
light spot is limited to the same range of wavelength. Metamaterial's controllability of magnetic
permeability originates from numerous numbers of unit resonators embedded in a medium, which
feature sizes ranges from 1/2 to 1/10 of working wavelengths. We have developed magnetic
self-assembly technique for bulk fabrication of such unit resonators with high structural precision level.
We applied external magnetic field to paramagnetic beads and gold particles dispersed in ferrofluid.
Gold particles gathered around an equator of a paramagnetic bead to form a ring structure around a
paramagnetic bead. Such ring structure can work as an unit resonator for a metamaterial. We have
succeeded in assembling a 2.7 jm ring structure with with 250 nm gold particles.

2. Self-assembly for fabrication of metamaterials. (Tamaki, Tanaka)

We applied self-assembled nanostructures for fabrication of a nanoring structure of metal, which can
act as a metamaterial element. Self-assembly is advantageous with respect to mass-productivity.
Bioengineering Laboratory developed a facile method to prepare gold nanoparticles circularly binding
with DNA templates. We employed this method and prepared colloid solutions of trimer rings
consisting of gold nanoparticles with a 20-nm diameter. To investigate the optical properties of the
gold timer ring depending on the polarization and the incident angle, we tried to immobilize the trimer



rings on quartz substrates. However, the DNA-templates had a problem on the stability of the
structure. By introducing cross-linkages between DNA templates and optimizing the immobilization
procedure, we finally succeeded to obtain the gold trimer ring immobilized on a quartz surface without
a serious destruction of the structure. The transmission spectrum of the gold trimer rings indicated
absorptions at around 520 nm and 590 nm. The spectral differences caused by the structures were
discussed by comparing monomers, dimers, and trimers.

3. Quantum Electrodynamics in Metamaterials. (Ishikawa, Tanaka)

We have theoretically investigated quantum electrodynamics of an emitter, such as quantum dot or
fluorescence molecule, embedded in metamaterials with unique dispersions in their permittivity and
permeability. Specifically, to study spontaneous emission (SE) rate change of electric dipole transition
in metamaterials, we re-described Fermi’s golden rule by accurately considering the dispersion in its
photon density of state (PDOS) and vacuum field fluctuation. Since any propagation and localized
modes with desired dispersion and PDOS can be designed in metamaterials, we found that the
resulting SE rate can be engineered freely. We also found that the ratio of the electric to magnetic
energy density in metamaterials is very different from that in vacuum and its vacuum field fluctuation
is dramatically modulated, and thereby SE rate can be considerably changed. Additionally, we planed
the newly development of a nano-scale light-emitting devices based on the aforementioned physical
phenomena and investigated PbS quantum dot and nano-carbon materials for their gain medium.

4. Fabrication of double nanopillars with gap and its application to functional optical materials (Kubo,
Tanaka)

Metal nanostructure has the plasmon resonance, which sharply responses to the environmental
refractive index changes. In this study, we fabricated the double nanopillar arrays with nanogaps,
and developed them to the plasmonic sensor. Introducing the gap configuration generated stronger
electromagnetic fields, resulting in the increase of the sensor sensitivity. We tried to fabricate the gap
electrode arrays for the purpose of effective use of the plasmon properties. We also measured the
plasmon resonance of the structure, and discussed the photon confinement effect resulting from the
plasmon resonances.

5. Basic Properties of VO2 for Strongly Correlated Electron Metamaterials (Shimazaki, Tamaki,
Tanaka)

When the metamaterials are functionally composed with other materials, application field should
expand, prospecting active resonance control and so on. Here we select strongly correlated electron
materials (SCEM) as such material so that they exhibit dramatic optical property change accompanied
by the insulator-to-metal transition (MITs). At this moment, we selected VO2 as a candidate and
investigated basic properties. At first, we confirmed the MITs within temperature variation. The
electric resistance showed rapid change around 60-70 °C which corresponds to the MITs. The electric
current showed steep variation by applying some voltage at the room temperature, which also directs it.
We have observed photon-induced phenomena with this material. The electric resistance showed very
sensitive variation by irradiating small amount of laser beam. For the change was steeper than the
case of a light bulb irradiation, which is assumed to be heating effect by Infrared absorption, some kind
of photon-induced effect would exist. It would be attractive for devise application if such
photon-induced phenomena could be controlled by the metamaterials.

6 Development of three-dimensional high-capacity optical storage technology (Tanaka)

We developed multilayered optical disk that has 10 recording layers stacked on the glass substrate and
examined the fatigue resistance of the memory material for light irradiations. As the recording
material, rhodamine-B and Au(l11)-ions doped PMMA material was used. Using the recording system
with femto-second Ti:Sapphire laser as a light source, we recorded monotonic mark length signal
bit-data onto the multi-layered 3D disk. Recorded data were retrieved using by confocal readout
pick-up with green CW laser and we measured the decay properties of the intensity of read-out signals
as a function of reading cycles. From the result, the intensity of the read-out signal decreases as
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increasing the read-out cycles, but even after 0.1 million times read-out, more than 80% signal
intensity was preserved. The multilayered optical disk was also found to be stable at room
temperature and does not show any noticeable changes in the reading signal intensity for over a year..
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