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研究成果の概要（和文）：　本研究課題では、負イオン注入法により石英ガラス中に作製した様々な粒子径のAgナノ粒
子材料について、分光エリプソメトリーとフェムト秒パルスによるポンプ・プローブ分光計測を用いて評価解析を行い
、3次光学感受率の波長分散について実験的に明らかとした。3次光学感受率は粒子径に非常に敏感で、粒子径15nm以下
では量子サイズ効果が支配的となり級数的に増大すること、波長分散は発現する離散的準位の遷移エネルギー変化に対
応することを明らかとした。さらに3次の非線形項によるナノ粒子内の局所電場強度の変調を実験的に確認することに
成功した。また局所場因子の分散は、入射光強度とともにシフトすることを明らかとした。

研究成果の概要（英文）：We have investigated on third-order optical nonlinearity of Ag nanoparticles. Ag 
nanoparticles were fabricated in silica glass by negative ion implantation. The third-order optical 
susceptibility of Ag nanoparticles with various sizes was evaluated with spectroscopic ellipsometry and 
femto-second-pulse pump-probe spectroscopy. The third-order optical susceptibility is sensitive for the 
particle size and exponentially increases with the decrease in the size smaller than 15 nm due to 
dominance of a quantum size effect. The dispersion and the amplitude reflect the change on transition 
energy between quantum discrete levels. We have experimentally demonstrated a modulation of the local 
electric field in a Ag nanoparticles with the third-order optical nonlinearity. The dispersion of the 
local field factor is also shifted with applied light intensity.

研究分野：光物性、ナノ材料、超高速分光、イオンビーム

キーワード： 金属ナノ粒子　非線形光学　3次光学感受率　フェムト秒ポンププローブ分光　分光エリプソメトリー　
プラズモニクス　フォトニックスイッチ　光双安定性
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particle size. This decrease also agrees well with the results
obtained by Scholl et al. [14] and can be attributed to the
discretization of energy levels. The behavior at higher photon
energies is attributed to interband transitions. Using optical
extinction of Ag particles in aqueous solution, a generalized
Newton-Raphson iteration method, and Kramers-Kronig data,
Quinten [29] has obtained the ε′′

m for particles with diameters
ranging from 16.6 to 32 nm. In his results, the interband
edge blueshifts about 0.3 eV with increasing particle size.
In the present case, the interband edge blueshifts as well.
Although, in general, size distribution obscures the LSPR
property size effects, the linear properties discussed above
show that these ion-implanted samples are suitable for size
effects characterization of nonlinear properties. The role of
ε′′
m and local field enhancement will be further discussed for

nonlinear properties.
A pump-and-probe technique using a white-light contin-

uum probe was used to measure the transient transmission
changes "T/T [15,16]. The chirping effect of the probe beam
was corrected by measuring the "T/T of a strontium titanate
crystal [15]. The samples were excited with a pump pulse
at 0.5 kHz with a pulse duration and a photon energy of
130 fs and 3.1 eV, respectively; its peak power density with
a focal size of 0.2 mm was 5.1 MW/mm2. Here we have
confirmed the linearity of the pump-and-probe method results
for pumping power values of up to 15 MW/mm2. Dispersion
of "T/T was measured around this power in the vicinity of
the LSPR for all Ag particles sizes and is shown in Fig. 2.
The femtosecond pump pulse creates an athermal electron
distribution inside the particles. Electron-electron scattering
redistributes the energy and attains a transient equilibrium
state. The observed modulation of transmission (Fig. 2) reflects
this stage. Subsequently, the energy is transferred to the
lattice by electron-phonon interactions within several tens of
picoseconds [30].

Using the "T/T dispersion and linear ellipsometric results,
we evaluated the effective and intrinsic χ (3). First, the results
of pump-and-probe "T/T analysis were combined with the
extracted transmission of Ag particles in silica glass (EMA
layer). By fitting the oscillators’ parameters of Ag particles
in a pump-and-probe condition (T + "T/T ) while keeping
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FIG. 2. (Color online) Dispersion of the transient transmission
changes "T/T of Ag particles embedded in SiO2 with average particle
diameters ranging from 3.0 to 16 nm as labeled. Right after pump
excitation at 3.1 eV and an applied electrical field of 5 × 107 V/m.

the other parameters fixed, we extracted εeff + "εeff and εm +
"εm for the EMA layer and Ag particles, respectively. Here,
the modulations of Ag particles "εm and EMA layer "εeff
were evaluated by considering a weak-induced modification
due to the pump excitation. Then, effective and intrinsic χ (3)’s
were evaluated from effective and intrinsic "ε’s of Ag particles
and were expressed as [16]

"εeff(ωprobe) = 3
4χ

(3)
eff (ωprobe)I, (3)

"εm(ωprobe) = 3
4χ (3)

m (ωprobe)|fl(ωpump)|2I, (4)

where I is the pump peak irradiance and 3/4 accounts for the
K factor for the intensity-dependent refractive index [31].

III. RESULTS AND DISCUSSION

The dispersion of real and imaginary components of χ
(3)
eff of

the Ag particles composite layer is shown around the LSPR as
a function of photon energy (Fig. 3). Here, χ

(3)
eff was obtained

from ellipsometric results of EMA "εeff and (3). As shown in
Fig. 3(a), the real component of the χ

(3)′

eff minimum increases
for particle sizes increasing from 3.0 to 16 nm from −0.6 ×
10−17 to −7.9 × 10−17 m2/V2 around 3.0 eV. The maximum
value also increases from 0.2 × 10−17 to 2.7 × 10−17 m2/V2

around 3.1 eV. In Fig. 3(b), the imaginary component of the
χ

(3)′′

eff maximum increases for particle sizes increasing from
3.0 to 16 nm from 0.8 × 10−18 to 2.8 × 10−17 m2/V2 around
2.9 eV. The minimum value also increases from −0.8 × 10−17

to −7.9 × 10−17 m2/V2 around 3.1 eV.
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FIG. 3. (Color online) Dispersion of (a) real and (b) imaginary
components of the χ

(3)
eff of Ag particles embedded in SiO2 with particle

diameters ranging from 3.0 to 16 nm as labeled.
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FIG. 4. (Color online) (a) Dispersion of |χ (3)
eff | of Ag particles embedded in SiO2 with particle diameters ranging from 3.0 to 16 nm as

labeled. (b) Normalized |χ (3)
eff |/α (!) and |p|fl(ωpump)|2 fl(ωprobe)2|/α (") as a function of particle size, and NP represents a nanoparticle.

Figure 4(a) shows |χ (3)
eff | as a function of photon energy.

The spectral shapes are sharper than the linear LSPR peak
(Fig. 1) because of the higher-order process. The observed
|χ (3)

eff | peak exhibits a redshift from 3.14 to 2.99 eV with
increasing particle size. At all particle sizes the peak position
is slightly shifted compared to the linear absorption coefficient
(i.e., 0.05 eV for particle sizes of 3.0 nm). As discussed above,
the size dependence of the linear optical properties of the Ag
particle’s composite is dictated not only by |f 2

l |, but also by
ε′′
m. From ellipsometric results of χ (3), the size dependence

of |χ (3)
eff /α| is dictated by f 2

l |fl|2 and χ (3)
m . To illustrate

this dependence, Fig. 4(b) shows |χ (3)
eff /α| and |pf 2

l |fl|2|/α,
eliminating the Ag volume fraction influence. One can observe
that the intensity trend of |χ (3)

eff /α| with respect to the particle
size cannot be reproduced by |pf 2

l |fl|2|/α [see Eq. (1)]. This
result indicates a strong size dependence of χ (3)

m . Magruder
III et al. [32] performed measurements on Cu particles with
diameters ranging from 5.2 to 13 nm by using two different
lasers with pulse durations of 6 and 100 ps. By fitting the
Z-scan data using different apertures, these authors concluded
that the nonlinear response of 6- and 100-ps pulse durations
is predominantly determined by electronic Kerr effect and
thermo-optic effects, respectively. Uchida et al. [21] used a
degenerate four-wave mixing technique with a pump pulse
duration of 7 ns to show that the χ (3)

m is roughly independent
of the Ag particle size for particle diameters ranging from 4.2
to 31 nm. We posit that the χ (3)

m results obtained by Uchida
et al. [21] primarily reflect the thermo-optic contribution owing
to the nanosecond pulse width of the excitation pulses. As
mentioned above, we have tested the linearity of %T/T with
respect to pumping power for power values up to threefold
higher than the power used in present evaluations. Therefore,
the size dependence of χ (3)

m may importantly determine χ
(3)
eff

(Fig. 4).
The overall |χ (3)

m | intensity strongly increases with decreas-
ing particle size as shown in Fig. 5(a). Here, |χ (3)

m | was obtained
from ellipsometric results of Ag particles %εm and Eq. (4).
A theory of quantum finite-size effects in metallic particles
was developed by Rautian [23]. Rautian’s model of metallic
particles [23] omits the interband transitions and considers the

(a)

(b)

(c) ″

′

FIG. 5. (Color online) (a) Absolute, (b) real, and (c) imaginary
components of the χ (3)

m of Ag particles with particle diameters ranging
from 3.0 to 16 nm as labeled. Logarithmic scale is used on the y axis.
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