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Near-Field Studies of Plasmon Wavefunctions and Optical Fields in Gold Nanopatrticles

HRET

Kohei Imura

We studied single gold nanoparticles and aggregates by linear and non-linear optical methods combined with
near-field optical microscopy. Near-field images of gold nanorods obtained show peculiar spatial patterns, and are
strongly dependent on wavelength observed. The images are attributed to spatial characteristics of plasmon modes
(wavefunctions), and are consistent with theoretical simulations. We also studied spatial distributions of optical fields
by using near-field two-photon-induced photoluminescence and Raman imaging techniques. We revealed that optical
fields are highly confined at interstitial sites in dimers of spherical gold nanospheres, and such an amplified
electromagnetic field is one of the most important origins in single molecular sensitivity surface enhanced Raman
scattering.
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Figure 1. Scanning electron micrograph of an aperture of a
gold-coated near-field (glass fiber) probe. The aperture is visible as a
dark spot at the tip.
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Figure 2. Schematic illustration of experimental set-up. TSL:
mode-locked Ti:sapphire laser, GP: grating pair, CWL: continuous
wave laser, XL: Xe discharge lamp, FC: fiber coupler, OF: optical
fiber, NFP: apertured near-field probe, S: sample substrate, PST:
Piezo driven xyz stage, OB: objective lens, MC: monochromator,
CCD: charge coupled device detector.
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Figure 3.  (a) Near-field transmission spectrum of a single gold

nanorod (diameter 20 nm, length 510 nm) observed at the end-edge
part. (b) Calculated density-of-states spectrum of a single gold
nanorod (diameter 20 nm, length 520 nm). Dotted lines indicate
resonance wavelengths of plasmon modes.
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Figure 4.  Longitudinal plasmon modes of metal nanorods.
Arrows and dotted lines represent directions and amplitudes of
collective electronic oscillations, respectively. A mode index of the
plasmon mode is denoted as m.

Figure 5. (a-d) Near-field transmission images of a single gold
nanorod (diameter 20 nm, length 510 nm). The images were obtained
at (a) 647-666 nm, (b) 666-686 nm, (c) 705-725 nm, and (d)
822-842nm. (e-f) Simulated LDOS images of a nanorod (diameter
20 nm, length 520 nm). The images were calculated at (e) 636 nm, (f)
679 nm, (g) 722nm, and (h) 829 nm. An image size of each panel is
ca. 180 nm x 700 nm.
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Figure 6.  Two-photon induced photoluminescence (TPI-PL)
spectrum of a single gold nanorod. (Reproduced with permission
from ref. 18. Copyright 2004, American Chemical Society.)
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Figure 7. Incident light polarization dependence of the PL
intensity of a single gold nanorod, where @ denotes the angle
between the incident light field and the long axis of the nanorod. The
sold curve shows a cos?@ function.
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Figure 8. TPI-PL images for single gold nanorods: (a) 20+5 nm x
330+30 nm, (b) 20+5 nm x 540+40 nm. (c,d) Calculated LDOS maps
for corresponding gold nanorods (a,b), respectively. Scale bars are
100 nm. (Reproduced with permission from ref. 20. Copyright
2005, American Chemical Society.)
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Figure 9.  Calculated electromagnetic field distributions for a
dimer of spherical gold nanoparticles (diameter 100 nm, brown
circles) excited at 780 nm incidence photons. The gap distance
between the particles is 5 nm. Incident polarization indicated by
arrows is perpendicular (a) and parallel (b) to the interparticle axis of
the dimer. In the calculation, the finite difference time domain
method was used.* Electromagnetic field is stronger as the color
appears brighter.
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Figure 10. (a) Topography of dimeric aggregates and isolated gold
nanoparticles. (b,c) TPI-PL images taken at different incident
polarization directions (arrows). (Reproduced with permission from
ref. 23. Copyright 2005, Chemical Society of Japan.
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Figure 11. (a) Schematic image of a prepared sample for Raman
measurements. Gold spherical nanoparticles (diameter 100 nm,
yellow) are self-assembled on a glass substrate (blue). Then dyes
(pink) are spin-coated (several tens dye molecules/0.01 pm?). (b)
Topography of aggregated and isolated gold nanoparticles. (c)
Near-field Raman spectra at dimer 1 and a monomer. (d) Near-field
Raman images at dimer 1 and dimer 2 obtained for the bands near
1600 cm™. The images were measured at different incident
polarizations indicated by the arrows. White lines indicate
approximate shapes of the dimers. Image sizes are 540 nm x 540 nm.
(Reproduced with permission from ref. 10. Copyright 2006,
American Chemical Society.)
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