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PL Intensity / cps

Electron-hole recombination effectively occurs between the excited
electrons near the Fermi surface and holes in the d band. The peak
energy of the emitted photons is therefore closely connected to the

Photoluminescence (PL) from noble metal films was first 60 -
reported in 1969.Similar PL was also observed in surface-enhanced |
Raman scattering (SERS) experimehtsd it renewed interest in 30+ 1
PL from the noble metals. Boyd et dinvestigated the excitation- w0 ” h
energy dependence and the effect of surface roughness on the PL ‘*
of noble metallic films and found that local field enhancement due 30 )} W ‘
to surface plasmon (SP) resonance is a prerequisite for PL. In this frf !
sense, PL from metals has strong analogies to SERS. Strong field
confinement also occurs in the vicinity of noble metal partiéles, i
and local field enhancement up to'¥@vas reported. However,
the spatial distribution of the electric field near the particle and od ... u;w\' __________________________
how plasmon modes play roles in the particle are still not fully -
understood. Very recently, two-photon-induced photoluminescence 400 500 600 700 800
(TPI-PL) of contacted gold nanoparticles (dimer) was repaofted. Wavelength / nm
However, TP+PL of individual nanoparticles has not been Figure 1. Two-photon-induced photoluminescence (PL) spectrum of a
reported. Observation of TPPL from single nanoparticles may single gold nanorod. The dotted line shows a baseline at substrate.
bring essential information for revealing the spatial distribution of
the electric field near the particle, since the two-photon process is
more sensitive to the local field strength than the single-photon
process. The electric field near thg particle should be correl_ated toenergy separation between the Fermi surface and the holes in the
the plasmqn mogies.. Therefore,. itis also expe.Cted that PRlis d band. In the gold crystal, it is expected that optical transitions
useful for |nyest|gat|on _of s_patlal characteristics of the plasmon preferentially occur near the X and L symmetry points of the first
mod_es. 'T‘ this c_ommunlcatlon, we prese_nt FPL spectroscopy . Brillouin zone, since the density of states near these symmetry
and imaging of single gold nanorods by using an apertured SCannmgpoints are higi.According to the calculated band structure of gbld
near-field optical microscope (SNOM). The results reveal charac- emission peaks are expected to be observed near 650 and 52(’) am
teristic features of plasmon modes in PL images and also enablein wavelengths for the regions of the X and L symmetry points
us to obtain knowledge of electric field distributions around the respectivelys The two peaks observed in Figure 1 are thus assignéd
nanorod. . . . . to the electror-hole recombination near the X and L symmetry
G(.)Id nanorods were syntheszed chemically in solutions by seed- points, respectively. The relative intensities of these spectral
mediated method accordlng t_o Murphy and co-workeviarphol- componentslg and |, respectively) vary for each particle. The
ogy of the sample was Ve”f_'ed by topogrgphy measurements by observed ratidx/l. ranges roughly from 0.5 to 2. The spectral
thg SNOM and/or byascgnnlng electrop microscope. Samples Werelntensity depends on the electromagnetic local density of states
spin-coated on a _cover-sllp after removing _m_ost of sur_factants from (LDOS) of the nanorod and the magnitude of transition matrix
the sample f;oluthn (I? to 10° of the .o”é;mal .Eogjt.'on)' The . _elements. As the LDOS must be strongly correlated to SP modes
present con |gl_1rat|on of measurement is described in _.Suppor_tlng (eigenfunctions) in the nanorod, variation of the relative intensities
Information. Briefly, an apertured SNOM was used. A Tl.gapphlre of the two spectral components may be related to the difference in
laser ¢ = 780 nm, <100 fs) was used to excite TPPL. Emitted the ol d ited
- . plasmon modes excited.
PL was coIIected_ by an obJe_ctlve_ and detected either by an Figures 2a,b show topographic images of gold nanorods. These
avalanche photodiode with o_ptlcal filters (34620 nm) or by a images are broadened due to convolution of a near-field probe tip.
polychromator-CCD to acquire the P.L Spec trum. .Laser POWET hstted squares indicate approximate shapes of the rods estimated
dependence measuremeqt of the PL intensity confirmed that PLfrom the topographic images, considering the broadening effect by
was due to a two-photon-induced process. . the tip. The estimated rod dimensions (diametelength) are ca.
Figure 1 shows a TPIPL spectrum measured for a single gold 40 x 230 nm for Figure 2a and ca. 35 nm 440 nm for Figure
nanorod excited at wavelength 780 nm. Two peaks are clearly See,y The uncertainty of the estimated dimensions is ake10%.
in Figure 1. As is _well-l_mown, PLin aso!id isgth_ree-step PrOCESS. 11 the shorter rod in Figure 2c, the TPPL is enhanced in both
The process_beglns W'th fe_lectrﬂhol_e pair excitation. In the next ends of the rod. This spatial distribution may be arising from electric
step, relaxation of the initially excited electron and hole to new field enhancement near the ends of the rod. In the longer rod in
energy stat_es oceurs vi_a a manifold of scattering processes in m.etalFigure 2d, on the other hand, the PL intensity shows characteristic
Finally, emission is radiated when the electron and hole recomblne.Sloatiall oscillation along the long axis. Similar oscillating patterns
*Institute for Molecular Science. were also found for the other nanorods. Typical spacing between
*The Graduate University for Advanced Studies. the bright spots ranged from 100 to 140 nm and depended on the
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excitation is coherent over the whole rod. If the nanorod is entirely
excited by a far-field incident light, the LDOS profile along the
nanorod is smeared out because of low spatial resolution and/or
the forbidden character of local-mode excitation.

On the other hand, for the shorter rod in Figure 2a, the observed
separation between the bright spots in Figure 2c is ca. 190 nm,
while that between calculated LDOS maxima is ca.-1080 hm
for a nanorod of 220 nm in length. This serious discrepancy suggests
that the two-photon excitation probability is mainly controlled by
the field enhancement effects in both edges for the rod in Figure
2a. The situation is quite different from the longer rod in Figure
2b. Even in the longer rods with sizes similar to that in Figure 2b,
we sometimes have observed only the enhancements in the edge.
In this case, the separation between the bright spots was about 500
nm. The origin of the difference is possibly related to microscopic
structures of the rod and/or the resonance condition of the plasmon
mode at the excitation wavelength, but this is not clear yet. Further
investigations are necessary to clarify this point.

In summary, we have investigated the HPIL of gold nanorods
by an apertured SNOM. Observed PL spectra of the gold nanorods

Figure 2. (a.b) Topographic images of gold nanorods. (¢,d) Two-photon- can be explained by the radiative recombination of the eleetron

induced PL images for a and b, respectively. Image sizes are<6600 hole pair near the X and L symmetry points. A PL image for a
nm (a,c) and 700< 700 nm (b,d). short rod reveals that the strong field enhancement occurs at the

end parts of the rod. A PL image for a longer rod shows
rod diameter. Aperture diameters used for Figures 2c and 2d arecharacteristic features reflecting an eigenfunction of a specific
ca. 100 and 70 nm, respectively. Here we have shown in Figuresplasmon mode and gives good correspondence with calculated
2c and 2d two representative images, but we have measured manglectromagnetic LDOS.
other (more than 50) gold nanorods, including those with different
lengths. It has been confirmed that similar propensity is found for
other gold nanorods.

The excitation probability of PL in the particle should be a
product of a two-photon absorption probability and a field enhance-  Supporting Information Available: Details of experimental setup
ment strength (due probably to the microscopic structure of the and image contrast discussion (PDF). This material is available free of
rod edge). The two-photon absorption probability at a given position charge via the Internet at http:/pubs.acs.org.
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