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(1) Long-term goal of laboratory and research background

In the past, it has been believed that the electro-magnetic properties of materials are
determined by the intrinsic property of the materials itself and no one can alter them. In this
research laboratory, we are intensively investigating the breakthrough science and
technologies that can artificially control the optical properties of the materials by using
metal nano-structures. This technology 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. We collectively call these kinds of
artificial materials - "metamaterials". We will also extend the application of metamaterials to
develop novel and functional optical devices that will open a door for new photonic
technologies.

(2) Current research activities (FY2019) and plan (until Mar. 2025)

Phonons provide information on the physicochemical properties of a crystalline lattice from
the material’s vibrational spectrum. Optical phonons, in particular, can be probed at both
micrometre and nanometre scales using light-based techniques, such as, micro-Raman and
tip-enhanced Raman spectroscopy (TERS), respectively. Selection rules, however, govern the
accessibility of the phonons and, hence, the information that can be extracted about the
sample. Herein, we simultaneously observe both allowed and forbidden optical phonon modes
of defect-free areas in monolayer graphene to study nanometre scale strain variations and
plasmonic activation of the Raman peaks, respectively, using our home-built TERS system in
ambient. Through TERS imaging, strain variations and nanometer-sized domains down to 5
nm were visualized with a spatial resolution of 0.7 nm (Fig.1). Moreover, such subnanometric
confinement was found to activate not only the D and D’ forbidden phonon modes but also
their D+D’ combination mode (Fig. 2). With our TERS in ambient system, the full phonon
characterization of defect-free graphene and other 2D nanomaterials is now possible, which
will be useful for subnanometer strain analysis and exploring the inherent properties of
defect-free materials.

Fig. 1 (a) Tip-enhanced Raman spectra from defect free graphene and (b) its imaging based on
D-band (scan area: 23nm x 14nm). (c) the cross-section plot at the red line in (b) shows
sub-nanometric spatial resolution.



Fig. 2 (a) Activation of D and D+D’ bands by a defect based on vertical transitions. (b) Activation
of D and D+D’ bands without defect based on non-vertical transitions.
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