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AFM: Atomic Force Microscopy (Jii i /] BAf%EH)

APD: Avalanche Photodiode (7 /37 > v =74 ¥ A 4 —K)

BEM: Boundary Element Method (3% 5t 2252 {%)

CCD: Charge Coupled Device (& it 1)

DDA: Discrete Dipole Approximation (BffHOA 7-1T1EL)

EELS: Electron Energy Loss Spectroscopy (& 7= /L —4H5581E)
FEM: Finite Element Method (R % %&{E)

FDTD: Finite Difference Time Domain (5 R 7277 ¢ ik k)

FIT: Finite Integration Technique (F [RF&E/r14)

GDM: Green’s Dyadic Method (Green’s Dyadic %)

IRF: Instrumental Response Function (27 B2 %K0)

LDOS: Local Density-of-State (R} TR HERE )

SEM: Scanning Electron Microscopy (=AU 78 - BAMEL)

SNOM: Scanning Near-Field Optical Microscopy (AT #2556 F-BAMKEH)
STEM: Scanning Transmission Electron Microscopy (=775 1t 75! &5 - B 55)
TEM: Transmission Electron Microscopy (175 ita 7! &5 - PAKEE)

TCSPC: Time-Correlated Single Photon Counting  (FFREJAH BE B — Y 15+ 4kik)
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Figure 1.1. Schematic diagrams of (a) Dexter electron transfer and (b) Férster resonance energy
transfer.
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Figure 2.1. Schematic illustration of SNOM.
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Figure 2.2. (a) SEM image of the gold nanoplate (side length: ~810 nm, thickness: ~30 nm).
(b) Near-field extinction spectrum taken at the red dot in (a). (c-e) Near-field transmission
images taken at near 740, 800 and 880 nm, respectively. Scale bars: 200 nm. Dotted lines:
approximate shape of the plate. (Adapted with permission from Imaeda, K.; Hasegawa, S.;
Imura, K. Imaging of Plasmonic Eigen Modes in Gold Triangular Mesoplates by Near-Field
Optical Microscopy. J. Phys. Chem. C. 2018, 122, 7399-7409. Copyright 2018 American
Chemical Society)
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Figure 2.3. (a) SEM image of the gold nanoplate (side length: ~1100 nm, thickness: ~25 nm).
(b) Near-field extinction spectra of the nanoplate taken at the apex (black) and the center (red).
(c,d) Near-field transmission images of the nanoplate taken at near 760 and 960 nm,

respectively.
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Figure 2.4. Calculated eigenfunctions of a particle confined in a 2D triangular potential well.
Categorized with their irreducible representation of Cs, point group. The pair of numbers at

the bottom of each figure indicate the mode index (p,q).
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Figure 2.5. Squared images of eigenfunctions calculated for an equilateral triangle potential
well. The corresponding irreducible representations and eigenenergies are shown for

individual eigenfunctions. Ey denotes the eigenenergy of the lowest eigenfunction.
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Figure 2.6. (a-c) Near-field transmission images of the gold nanoplate (side length: ~810 nm,
thickness: ~30 nm) taken at near 740, 800, 880 nm, respectively. Scale bars: 200 nm. (d-f)
Squared images of eigenfunctions corresponding to the near-field transmission images (a-c).
(Adapted with permission from Imaeda, K.; Hasegawa, S.; Imura, K. Imaging of Plasmonic
Eigen Modes in Gold Triangular Mesoplates by Near-Field Optical Microscopy. J. Phys.
Chem. C. 2018, 122, 7399-7409. Copyright 2018 American Chemical Society)

(d)

(e) ®

Figure 2.7. (a,b) Near-field transmission images of the gold nanoplate (side length: ~1100 nm,
thickness: ~25 nm) taken at near 760 and 900 nm, respectively. Scale bars: 200 nm. (c,d)
Squared images of eigenfunctions corresponding to the near-field transmission images (a,b).

(c) is a superposed image of (e-g).
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Figure 2.8. Coordinate system (left) and representative squared images of eigenfunctions

classified to each irreducible representation £, 41 and 4> (right).

Table 2.1. Character table of Cs, point group

CSV E | 2C,| 3o,

A1 1 1 1 z

Al 1| 1] 1] R
(x.y)

E| 2 | - 0 | k)
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Figure 2.9. Squared images of eigenfunctions calculated for an equilateral triangle potential

well. The corresponding irreducible representations and eigenenergies are shown for each
eigen mode. Eo denotes the eigenenergy of the lowest eigenmode. m: mode indices for in-

plane modes. Green squares indicate in-plane modes.
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Figure 2.10. Schematic illustration of a truncated triangular plate.
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E=433E, E=434F, E = 4.45E,

Figure 2.11. Squared images of eigenfunctions calculated for an equilateral triangle
potential well (left column) and for truncated triangle wells (middle three columns)
and for an equilateral hexagon potential well (right column). s indicates the snipping

ratio. Eo denotes the eigen energy of the each lowest eigenmode.
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Figure 2.12. Potential well shape dependency of eigenenergies calculated for two-
dimensional wells. Horizontal axis: snipping ratio. Vertical axis: eigenenergies
normalized by each lowest eigenenergy. Squared images of eigenmodes calculated for an
equilateral triangle potential well an equilateral triangle potential well and for an
equilateral hexagon potential well are shown in both sides. Corresponding irreducible
representations of Csy and Cgy point groups are shown next to the eigenfunctions. (Adapted
from Imaeda, K.; Hasegawa, S.; Imura, K. Observation of the Plasmon Mode Transition from
Triangular to Hexagonal Nanoplates. J. Chem. Phys. 2022, 156, 044702, with the permission
of AIP Publishing.)
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Table 2.2. Character table of Ces, point group

Co | E | 2¢5| 2¢, | 2G5 | 304 | 30,

A 1 1 1 1 1 1 z
A, 1 1 1 1 -1 -1 (R)
B, 1 -1 1 -1 1 -1

B, 1 -1 1 -1 -1 1

E, 2 1 -1 -2 0 0 (/(?)i{?)y)
E, 2 -1 -1 -2 0 0
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Figure 3.1. Extinction spectra of gold nanorods capped with poly-diarylethene in
tetrahydrofuran solution before (red) and after stabilization (green). (b,c) TEM image of the
prepared gold nanorods. Scale bars are 50 nm. (Reprinted with permission from Noda, S.;
Hasegawa, S.; Hamada, H.; Kobatake, S.; Imura, K. Plasmon enhanced optical responses of
diarylethene molecules adsorbed on gold nanorods. Chem. Lett. 2019, 48, 537-540. Copyright
2019 Chemical Society Japan)

41



(a) Trimer

Dimer

Monomer

Extinction

400 600 800 1000
Wavelength / nm

Figure 3.2. (a) Simulated extinction spectra of gold nanorod capped with poly(DE); monomer
(black), dimer (red), and trimer (blue). (b,c) Electric field distribution near a gold nanorod
excited at 780 nm. Incident polarization: parallel (b) and perpendicular (c) to the long axis of
the nanorod. White arrows indicate the polarlization of incident light. Simulations were
carried out by the finite integration technique (FIT). Refractive index of surrounding medium
was 1.4. (Reprinted with permission from Noda, S.; Hasegawa, S.; Hamada, H.; Kobatake,
S.; Imura, K. Plasmon enhanced optical responses of diarylethene molecules adsorbed on gold

nanorods. Chem. Lett. 2019, 48, 537-540. Copyright 2019 Chemical Society Japan)
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Figure 3.3. (a) Fluorescence (FL) spectra of neat poly-diarylethene (black) and gold nanorods
assembled with poly-diarylethene (red) excite at 395 nm. (b) FL modulation spectrum obtained
by dividing FL spectrum of the assembly with that of the neat poly-diarylethene (red). Black
dotted curve indicates the extinction spectrum of the gold nanorod with poly-diarylethene.
(Reprinted with permission from Noda, S.; Hasegawa, S.; Hamada, H.; Kobatake, S.; Imura, K.
Plasmon enhanced optical responses of diarylethene molecules adsorbed on gold nanorods.

Chem. Lett. 2019, 48, 537-540. Copyright 2019 Chemical Society Japan)
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Figure 3.4. (a) Simulation model of relaxation rate of a dipole near a gold nanorod (length: 82
nm, diameter: 31.5 nm) (b,c) Simulated distance dependency of radiative (black) and
nonradiative (red) decay rate. (b): simulation for y,z polarized dipole. (c): simulation for x

polarized dipole.
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Figure 3.5. Electric field distribution near a gold nanorod (length: 82 nm, diameter: 32 nm)
excited at 395 nm. Incident polarization: parallel and perpendicular to the long axis of the

nanorod. Dotted lines: approximate shape of the gold nanorod.
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Figure 3.6. Electric field distribution near a gold nanorod (length: 82 nm, diameter: 32 nm)
excited at 740 nm. Incident polarization: parallel and perpendicular to the long axis of the
nanorod. Dotted lines: approximate shape of the gold nanorod.
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Figure 3.7. Spatially averaged squared electric field enhancement spectrum of the gold nanorods

(length: 82 nm, diameter: 32 nm). Average evaluations were performed around 5 nm of the

nanorod.
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(b)

Dye molecules PVA layer

= Gold nanoplate —_L

tnm

Figure 4.1. Schematic illustrations of the sample ((a) top view, (b) sideview). L: side length of
the nanoplate. (Reprinted with permission from Hasegawa, S.; Imaeda, K.; Imura, K.
Plasmon-Enhanced Fluorescence Near Single Gold Nanoplates Studied by Scanning Near-
Field Two-Photon Excitation Microscopy. J. Phys. Chem. C. 2021, 125, 21070-21076.
Copyright 2021 American Chemical Society)
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Near-field extinction
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Figure 4.2. (a) SEM image of the gold nanoplate (L: ~850 nm, thickness: ~30 nm). (b) Near-
field extinction spectra taken at the apex (black) and center (red) of the plate shown in (a). (c,d)
Near-field extinction images taken at near 820 and 940 nm, respectively. Scale bars are 200 nm.
White dashed lines indicate the approximate shape of the plate. (e,f) Calculated squared images
of eigenmodes corresponding to the plasmon modes excited at near 820 and 940 nm,
respectively. (Reprinted with permission from Hasegawa, S.; Imaeda, K.; Imura, K. Plasmon-
Enhanced Fluorescence Near Single Gold Nanoplates Studied by Scanning Near-Field Two-
Photon Excitation Microscopy. J. Phys. Chem. C. 2021, 125, 21070-21076. Copyright 2021

American Chemical Society)
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Figure 4.3. Simulated extinction (black), scattering (red), and absorption (blue) spectra of the
gold nanoplate (L: 850 nm, rounding radius of the apex: 90 nm, thickness: 30 nm).
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Figure 4.4. Spacer thickness dependence of FL enhancement.
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Figure 4.5. FL decay traces observed at various number density of the dyes. Black: 5 x 10"
molecules / cm?. Red: 3 x 10" molecules / cm?. Blue: 8 x 10" molecules / cm”. Green: 1 x 10'2

molecules / cm?.
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Figure 4.6. (a) Normalized two-photon FL spectra observed on the plate (black) and on the glass
substrate (red). (b) Time-resolved trace taken on the plate (black) and the glass substrate (red).
Blue curve: IRF. (Reprinted with permission from Hasegawa, S.; Imaeda, K.; Imura,
K. Plasmon-Enhanced Fluorescence Near Single Gold Nanoplates Studied by Scanning Near-
Field Two-Photon Excitation Microscopy. J. Phys. Chem. C. 2021, 125, 21070-21076.
Copyright 2021 American Chemical Society)
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Figure 4.7. Far-field scattering spectrum of the gold plate (L = 850 nm, rounding radius of
apexes: 100 nm, thickness: 30 nm).
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Figure 4.8. Plate size dependence of the FL enhancement. Arrows indicate the plate that m = 3

mode are resonantly excited.
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Figure 4.9. FL decay traces of the dyes observed in the near-field (black) and far-field (red).
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Figure 4.10. Simulated radiative (black) and non-radiative (red) rates of the dye near the gold

plate. Point dipole is located above the center of the plate.
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Figure 4.11. (a) Near-field two-photon FL image of the sample. Color scale: FL enhancement
with respect to that at the glass substrate. (b) Simulated near-field excitation image of the plate.
Color scale: |E|*/|Eo|*. Scale bars: 200 nm. White arrows indicate the incident polarization. White
dashed lines indicate the approximate shape of the plate. (Reprinted with permission from
Hasegawa, S.; Imaeda, K.; Imura, K. Plasmon-Enhanced Fluorescence Near Single Gold
Nanoplates Studied by Scanning Near-Field Two-Photon Excitation Microscopy. J. Phys. Chem.
C. 2021, 125, 21070-21076. Copyright 2021 American Chemical Society)

Collection area

10 nm £

Gold mesoplate

| Beam waist

Gaussian beam

Figure 4.12. Schematic illustration of two-photon excitation image simulation.

65



E*1|E,f* E[*1|E,[*

Figure 4.13. Simulated two-photon excitation images of triangular gold nanoplates. (a) L = 660

nm, thickness: 30 nm, (b) L = 850 nm, thickness: 30 nm. White arrows: incident polarization.
White dashed lines: approximate shape of the plate. Scale bar: 200 nm.
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Transmission intensity

Figure 4.14. (a) Decay constant map of the sample. (b) Near-field transmission image taken at
the wavelength from 530 to 570 nm. Scale bars: 200 nm. White dashed lines indicate the
approximate shape of the plate. (Reprinted with permission from Hasegawa, S.; Imaeda, K.;
Imura, K. Plasmon-Enhanced Fluorescence Near Single Gold Nanoplates Studied by Scanning
Near-Field Two-Photon Excitation Microscopy. J. Phys. Chem. C. 2021, 125, 21070-21076.
Copyright 2021 American Chemical Society)
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Figure 4.15. (a) SEM image of the large gold triangular nanoplate (L: ~1050 nm, rounding radius
of the apexes: ~50 nm, thickness: ~30 nm). (b) Near-field two-photon excitation image of the
plate White arrow represents the incident polarization. White dashed lines indicate the

approximate shape of the plate. Scale bars: 200 nm
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Figure 5.1. Schematic illustrations of hybrid structure between (a) gold nanorod, (b) silver
nanoplate and TPPS J-aggregate.
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Figure 5.2. (a) TEM image of the chemically synthesized gold nanorods. Scale bar: 20 nm. (b)

SEM image of chemically synthesized silver nanoplates. Scale bar: 200 nm.
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Figure 5.3. Absorption spectra of TPPS monomer (black) and J-aggregate (red).
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Figure 5.4. Dark-field scattering spectra of (a) gold nanorod and (b) hybrid structure. Dotted
lines indicate exciton resonance energy. (c) The relationship between higher and lower
resonance energies of split scattering spectra shown in (b) and plasmon resonance energy. Higher
and lower resonance energies compared to that of exciton represent upper branch (UB) and
lower branch (LB). Dot-dash line: exciton resonance energy. Dotted line: plasmon resonance

energy. Solid line: resonance energies of UB and LB simulated by coupled oscillator model.
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Figure 5.5. Near-field transmission images of hybrid structures taken at near exciton resonance

energy (704 nm). White arrows: detection polarization. Dotted circle: position of nanorods.
Scale bar: 200 nm.
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PL intensity

Figure 5.6. PL image of the hybrid structures taken from wavelength from 720 to 760 nm.

Excitation wavelength: 532 nm. Scale bar: 200 nm.
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Figure 5.7. (a-c) Near-field PL spectra of hybrid structures (black) of A, B, C in Fig. 5.6 and
TPPS J-aggregate (red), respectively. (d-f) PL enhancement spectra of hybrid structures of (a-

c).
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Figure 5.8. The relationship between peak energies and PL enhancement. The vertical dotted

line: the exciton resonance energy (704 nm). The horizontal dotted line: 1.
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Figure 5.9. FL enhancement spectrum shown in Fig. 5.7 (c) fitted by three Lorentz curves. Green
line: base line. Black lines: fitted Lorentz curves. Blue line: result of the multipeak analysis.

Numbers above the Lorentz curves: indices of the Lorentz curves.
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Figure 5.10. Near-field PL spectra of a hybrid structure of a silver nanoplate (side length: 540
nm) and TPPS J-aggregate(black) and TPPS J-aggregate (red). (b) Near-field PL enhancement

spectrum of (a).
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