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Ultrafast Kerr-type nonlinearities and relaxation dynamics of photoexcited electrons in silver
nanocrystals embedded in glass have been investigated by means of femtosecond pump and probe
spectroscopy. The transient absorption spectrum induced by the surface plasmon excitation shows
a redshift and broadening of the surface plasmon band. The additional broadening is ascribed to the
increase of surface plasmon damping and the redshift originates from a change in the real part of the
dielectric function of the silver nanocrystals due to nonequilibrium electron heating. The observed
redshift yields the nonlinear refractive index of +2.4x 10 1% esu and its time response is 1.9 ps.
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Metal nanocrystal—glass composites have attracted muatm 3, respectively. The sample thickness was 8. The
attention from the point of view of nonlinear optics for their metal nanocrystal embedded in glass can be regarded as an
large nonlinear susceptibilities and fast response tii@he  elastic sphere in which SP modes and mechanical radial
response time of copper nanocrystals is as short as 0.7 psinodes are excited. The interface property is not affected by
the weak excitation limit, and such an ultrafast nonlinear the matrix composition. For the sample used in this study,
response is interpreted in terms of generation and relaxatiowe have observed the oscillatory behavior of the transient
of hot electrons. Third-order susceptibilitigd® in noble  transmission due to coherent excitation of the breathing
metal nanocrystal—glass composites are enhanced to the anode of the silver nanocrystai$which indicates the clear
der of 107 esu around the surface plasm@P resonance interface between the nanocrystal and the glass. Transient
frequency™? The enhancement of nonlinearities of the com-absorption spectra were measured by a pump and probe
posite results from a dielectric confinement effe€f. A method using an amplified Ti:sapphire laser operating at 10
Kerr-type nonlinearity has also been investigated for coppeHz. The pulse duration, photon energy, and pulse energy are
nanocrystal system. 300 fs, 1.6 eV, and 1 mJ, respectively. Output pulses were

The SP dynamics in metal nanocrystals in the femtosecfrequency doubled3.2 eV) by a 1-mm-thick KDP crystal
ond time region has been studied by several grdi{pSThe  and used as a pump pulse. The pulse duration of the pump
large broadening of the SP band has been observed for golgulse was 500 fs. The fundamental pulse was focused onto a
silver, and copper nanocrystals under the femtosecond pulge cm cell containing KO to generate a white-light con-
excitation. As the interband transition of tlieband tosp  tinuum probe pulse by self-phase modulation.
bands lies in the same spectral region as the SP resonance in The absorption spectrum of silver nanocrystals embed-
gold and copper system, both the conduction electrons anged in glass is shown in Fig.(d). A broad SP band is ob-
the SPs contribute to the nonlinear response around the SRrved at 3.0 eV, and absorption due to interband transitions
resonancé.In silver, on the other hand, the SP resonance i¥=3.9 e) is not seen in this photon energy range. Figure
far from the interband transitichThus, we can separately 1(b) shows differential absorption spectra around the SP
investigate both contributions to the dynamical properties ohand after excitation with a photon energy of 3.2 eV. We
the nonlinear response. In this letter, we report on the femppserve a decrease of absorption at the peak and an increase
tosecond nonlinear optical response due to SPs in a silveys absorption at the low-energy side of the peak. The asym-
nanocrystal—glass composite and a nonlinear refractive indexetric feature of the differential spectrum suggests both the
n, of silver nanocrystals with a radius of 3 nm. redshift and broadening of the SP band after pulse excitation.

Silver nanocrystals embedded in BaQoP glass were  T¢ jnvestigate the time-dependent behaviors of the spectrum,
prepared by means of conventional melt and heat-treatmegje analyzed the observed spectra using a spectral fitting
procedureg. The mean crystallite radius and the standardmethod® The line shape of the SP band can be approxi-
deviation of the mean radius were 3 and 0.3 nm, respegnately fitted to a Lorentz function for small nanocrystals
tively. The volume fraction of the silver nanocrystals and the,ynere only the lowest-order absorption is domirfamile
nanocrystal concentration were x30 “ and 5<10*°  g,550se as a line shape of the SP band a Lorentz function
convoluted with a modified Gauss function which expresses
dElectronic mail: hamanaka@cirse.nagoya-u.ac.jp the inhomogeneous broadening due to the inhomogeneity in
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FIG. 1. (a) Absorption spectrum of silver nanocrystals with a radius of 3 nm within 5 ps after the ?XCItatlon’, and the slow compqnent lasts
embedded in glass. The arrow indicates the pump photon engigpif-  €ven after 40 pthe inset of Fig. &)]. The decay times of
ferential absorption specti®A for various delay times. The small dip at 3.2 the fast component are analyzed from the decay curves as-
ev is due to the scattered light of the pump pulse. Solid curves represelfyming a two-component exponential decay, and they are
fited curves. 3.3, 3.0, 2.9, and 2.0 ps for the excitation laser fluences of
2.4, 2.0, 1.2, and 0.7 mJ/émrespectively. The decay dy-

the size and shape of the nanocrystals. The best-fitted spegsamics of AW [Fig. 2(a)] exhibit similar behavior. As the
trum for the linear absorption spectrum is shown in Fi@) 1  broadening of the SP band is caused by electron damping,
by the solid curve. The full width at half maximu(@WHM)  the additional broadening indicates electron heating by exci-
of the Lorentz component is 280 meV. Taking an additionakation of SPS'"8
broadening of Lorentz functioAW, a peak shiftAP, and a We now analyze the observed redshift taking into ac-
change in absorption aresS of the SP band as adjustable count a nonlinear dielectric function of the silver nanocrys-
fitting parameters, the differential spectra for various delayals within the framework of the SP model for metal nanoc-
times are well reproduced by the solid curves as shown inystals in a dielectric medium. SP resonance occurs at the
Fig. 1(b). The fitted parameters @fW andAP are plotted as  frequencyws, for which the following relation is satisfiet:
a function of delay times in Figs.(@ and Zb). AW and AP , o o
depend on the excitation laser fluences: the redshift increases [€m(®@)+2€q(@)]"+[€en(@)]7=minimum, @)

from 14 to 52 meV, when we increase the laser fluence fro”\}vhereer’n(w) ande’ (w) are the real and imaginary parts of
the metal dielectric function ang,(w) is a dielectric func-

100 Ty tion of glass. Assuming that/,(w) and e/ (w) are changed
@ pump fluence | but e4(w) remains constant=1.75 by the femtosecond
80 — . . 24 maent? 3 pulse pumping, the changeséfj(w) ande,,(w) give rise to
- E e o 20mlem’ ] a resonance frequency shift. The above assumption is reason-
2 60L e ¢ (113 m:};gﬁ: 3 able in our experiments because the pump photon energy is
g SN ’ away below the absorption edge of the glass. The change
2 40F be E Ael(w) of e/ (w) is related to the chang&y of the peak
S Ao&%o%:, s height y by the following equatiof:
20 ET e E Aellem=—Ayly. 2
0: 3o :fffo;ﬁg:%} i:,e The ratioAy/y at each delay time can be obtained from the
. L G spectral fitting analysis of the SP bane[(w) of silver
g 20} fw@‘;ﬁ' R I E nanocrystals strongly depends on the crystallite size, while
= b ¢ st Ty 1] the value of €/ (w) is almost the same as that of bulk
408 & 5y 13 silver*'*We estimated a/,(w) value of 1.4 for the average
-:.’ R S TR TR T radius of 3 nm from the measured détidsing Egs.(1) and
-60 b) ° pELAYTIMEQ S (2) and the measured data, we calculates, values. The
0 5 10 15 obtained values are plotted as a function of delay time in Fig.
DELAY TIME (ps) 3. The maximum redshift of 52 meV for the excitation flu-

ence of 2.4 mJ/cfiyields A€/ (w)=+0.44:/ (») changes

FIG. 2. Time evolutions of the additional broadenif@®y and peak shiftb) _ _ : ; ’ ;
of the SP band for the excitation photon fluences of 2.4, 2.0, 1.2, and 0.;r0m 6.29 10—-5.85. The tlme_ evol_utl_on Ozﬁem(w) exhib-
mJ/cn?. The inset shows the decay behavior in the long delay time regiontS @ two-component decay being similar to the decay behav-
for the fluence of 2.4 mJ/ch iors of the redshift and broadening. Defining the decay time
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as the time interval at which ¢, (w) decreases to @ébfthe  culated time evolutions of ¢ by using coupled differential

maximum value, the decay times are estimated to be 3.5, 3.§’quations for electron and lattice temperatdfeBhe highest

2.8, and 1.9 ps for excitation fluences of 2.4, 2.0, 1.2, and 0.¥alué Of Te in this study was obtained as 2750 K for the
md/cn?, respectively. The change in the real part of the di-PUmPp fluence of 2.4 mJ/cnDefining the decay time df .

electric function by optical pulses is nothing but a nonlinearin the same way as in the case/,, the decay times are

refractive index associated with the third-order polarization#-0: 3.6, 3.0, and 2.6 ps for the pump fluences of 2.4, 2.0,

The silver nanocrystal—glass composite shows plasmont-2: and 0.7 mJ/cfprespectively. The decay times Bf and

mediated Kerr-type nonlinearity with response time on a IOi_their dependence on pump fluences are almost in agreement

cosecond time scale. The optical nonlinearity of the matrixVith those ofAe,. Therefore, we attribute the change in the
glass does not contribute to the observed nonlinearity pedielectric function to the generation of nonequilibrium hot
cause they® value of the matrix glass is three orders of electrons. The decay behavior reflects the cooling dynamics

magnitude smaller than that of the silver nanocrystal—glas8f Not electrons, byt_a slight discrepz,in_cy between the decay
composite. times of T, and A ¢/, indicates thatA e/, is not exactly pro-

portional toT,.
In summary, we have measured time evolutions of the
SP resonance band in silver nanocrystals embedded in glass
by femtosecond pump and probe spectroscopy. The SP band
is broadened substantially after the excitation by femtosec-
ond optical pulses, and shows the redshift. The additional
broadening reflects the increase of the electron damping
which is mainly determined by the collision with electrons
wheref; is the local field factol.A €}, is related to Ry’ as  and nanocrystal surfaces. The time evolution of the broaden-
A€l =37 Re X(rr?)l E|2 4) ing on the picoseqond ti.mg scale is interpreted in terms of the
hot electron cooling within the electron—phonon coupling
Using the f; value of 6.674 for the sample used in this model. The redshift is attributed to the increase in the real
study? Re Xﬁn‘?’) is estimated as+ 1.1x 10" esu. The ob- dielectric constant of silver nanocrystals by the femtosecond
tained value of Re(?) gives then, value of +2.4x1071°  optical pulse. The measured redshift yields they&8 value
esu. We note that the R value is smaller than the abso- of +1.1x 10~ esu and then, value of +2.4x 10~ '° esu.
lute value ofxﬁﬁ) measured at the resonance peak by degenfhe response time of, is 1.9—3.5 ps depending on the laser
erate four-wave mixindDFWM) using a nanosecond pulse fluence.
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