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Light scattering by individual Ag nanoparticles and structures have been studied spectroscopically.
Individual particles were selected and manipulated with a micromanipulator installed inside a
scanning electron microsco8EM). With typical particle dimensions of some 100 nm, the plasma
resonances of particles and the coupled modes of particle pairs were observed in the visible region.
The polarization dependence of the resonance frequencies strongly reflects the shape anisotropy; the
effect that would be averaged out for experiments on ensembles. With a simple approximation to
take the glass substrate into account, the results are in good agreement with the analytical
calculations by Mie scattering, and with numerical calculations by the finite-difference time-domain
method, both of which are performed with the morphological parameters obtained from the SEM
observation for the corresponding particle or particle pair. 2@2 American Institute of Physics.
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Nanosized particles and structures are known to exhibit der SEM. Some Ag particles and biparticles in desirable
strong interaction with light. This is the principle of opera- shape and arrangement had been selected and, with a micro-
tion in a scattering-type scanning near-field opticalmanipulator installed inside the SEMsurrounding excess
microscopé and it is believed to be the cause of the vastparticles were swept away situ, so as not to interfere with
signal enhancement in  surface-enhanced Ramathe selected particles during the optical measurements that
spectroscopd® (SERS. It is widely discussed that the size, followed.
shape, and structure of these particles determine optical Our optical setup is based on an inverted microscope
properties like resonant frequencies, field distributions, fieldZeiss Axiovert 100 equipped with an infinity-corrected
enhancements, efc! In particular, many calculations sug- x40 (NA=1.3) oil immersion objective. The sample was
gest that nanospaced particle pairs are responsible for thguminated by a 100 W halogen lamp from above. A beam
strong signal enhancement for SERSThus, it should be plock was placed at the Fourier plane of the objective to
of major interest to identify the morphologies of the indi- reject the directly transmitted light, which, in our case, ar-
vidual particle/cluster/structure and to investigate the opticatives inside the ring corresponding to NAL. Thus, only the
responses from them separately. In this work, we present thgcattered light in the range of NA between 1 and 1.3, the
results of microspectrometry of light scattered from indi- so-called forbidden light, was collectédhis scattered for-
vidual Ag particles or biparticles, structures of which werepjdden light was refocused onto a pinhole to select an area
individually identified using a scanning electron microscopecorresponding to a disk &m in diameter in the sample
(SEM). plane, which was finally sent to a spectrometer equipped

The samples are Ag particles on a cover glass. Commelgith a liquid-nitrogen-cooled charge-coupled-device camera.
cially available Ag nanosized particles were suspended ifrhe incident light was linearly polarized, and no analyzer
water and centrifuged. A droplet from the fraction, corre-yas ysed.
sponding to roughly 100 nm in diameter, was placed on an  Figure 1 shows some typical results. In Figa)l a less-
uncoated cover glass and let dry. SEM images were acquiregeformed sphere is shown which presents little anisotropy
in several progressive magnifications so that large featuregity respect to the incident polarization. On the other hand,
can serve as markers for optical microscope observation g, 5 spheroid as shown in Fig(t), a strong anisotropy was
locate each particle or particle pabiparticle identified un-  gpserved. For particles with more distortion, the spectra of-
ten had multiple peaks in different polarizations. Figu(e) 1
dElectronic mail: tamaru@myn.rcast.u-tokyo.ac.jp shows a bisphere case. Here, the coupled interaction modes
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/ \\\ considered. Taking this interaction into account properly is
><_ not a trivial task. Instead of doing elaborate numerical cal-
S~ culations, we chose to examine an extreme case in which the
0 L 1 R Ag spheres are embedded in a mediumegf 1.5=2.25.
400 500 600 700 800 This is shown in Fig. ) by the dashed line. In a real situ-

ation, where the Ag particles are sitting on the substrate, the
results are expected to fall somewhere in between the solid
FIG. 1. Typical scattered-light spectra from Ag particles. Inset shows theand dashed lines.
SEM image (300 nma 300 nm) of each particle), arrows denote the polar- Alternatively, since the lowest resonance of a sphere is a
ization of the incident light(a) spherical particle(b) spheroidal particle,  dipole-like oscillation, another simple approximation based
and(c) spherical biparticle. on the image dipole method should also be reasorfable.
Here, with a sphere geometry, and the dipole parallel to the
are observed, showing a clear distinction between the twglass substrate, the dipole momeantis expected to be re-
orthogonal polarizations. duced by some factor of 0.64, which in turn would lower the
To identify the resonances seen in each spectrum, a sescillation energy by a factor 0f0.64=0.8. The result turns
ries of calculations were performed. For single particle casegqut to be quite close to the dashed line in Figh)2
Mie’s theory of scattering is employéd Figure 2a) shows The experimentally observed dependence of the reso-
the integrated scattering cross-section spectra from Agance wavelength on the particle diameter is shown in open
spheres with various diameters. Here, only the first twccircles in Fig. Zb), and is in good agreement with the pre-
modesl =1 andl =2 are taken into account, and the dielec-diction.
tric constant of Ag is represented by the Drude dispersion For the biparticle case, a series of finite-difference time-
e(w)zex—wgl{w(w—l—i&)}, in which w,=9.6eV, 6§ domain(FDTD) calculations were performed. In this calcu-
=0.0544 eV, anct,,=5.266 were chosen to best fit the fig- lation, Ag spheres of specified size were placed in vacuum.
ures presented by Johnson and Christy. The incident light was described as a linearly polarized plane
Since surface plasma resonances are in fact polaritons,wtave. The FDTD parameterAx=Ay=Az=1.1 nm, and
is very sensitive to the dielectric consta# of the surround-  At=0.0005 fs were used. We integrated the far-zone radia-

ing media. Thus, the effect of the glass substrate must bgon intensity scattered at right angles to the incident beam
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T One of each are optically activen=0 for the odd mode,
andm=1 for the even mode Forl =2, the mode splits into

six modes, in which one odd and one even modes are opti-
cally active. This can be seen in Figlb3 where the reso-
nance peak wavelengths obtained from a series of FDTD
calculations are plotted. Using the same rationale as before,
the effect of the substrate is taken into account by multiply-
ing the resonance energy by 0.8, which is shown by the
dotted lines. The experimentally observed resonance wave-
lengths are drawn by dotted arrows. The separation of the
biparticle should be somewhere in the shaded region, corre-
300 400 500 600 700 800 sponding to the distance of 1-2 nm. This is not inconsistent
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Wavelength [nm] with the SEM observationiFig. 1(c)], because the lateral
2 resolution of our SEM is around 5 nm.
800 ' In conclusion, we have observed a one-to-one correspon-
i dence between the shape, size, and arrangement of an indi-
3 700 vidual isolated Ag particle/cluster as imaged under SEM, and
% 600 i the optical scattering caused by this particle/cluster. The in-
S dividual spectrum is strongly influenced by the morphology.
ic) 500 - The analytical and numerical calculations performed using a
o =77 given set of parameters obtained by SEM well account for
g 400 . O- the observed spectra. It is clear that the characterization of
the individual particle/cluster, instead of measurements of
300 iWgh ensembles, is essential to bring out the strong near-field in-
111 teractions.
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