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Ultrafast dynamics of nonequilibrium electrons in a gold nanoparticle system
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Transient absorption spectra were measured to investigate the nonlinear response of a gold nanoparticle
system by the femtosecond pump-probe method. We obtained temporal changes of electron temperatures and
effective damping constants by fitting transient absorption spectra with Mie scattering theory. In the ultrafast
region, the nonlinear response originates mainly from the hot electron system which is heated by the incident
pump pulse. It is noteworthy that the lattice temperature plays an important role even in the first step of the
nonlinear response through the change of the effective damping constant. In the long-time-scale region, over 10
ps, both the electron and the lattice temperatures contribute to the nonlinear response comparably. The origin
of the effective damping constant is also discussed with the surface scattering and thee-pscattering processes.
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I. INTRODUCTION

In a noble-metal nanoparticle system, such as gold or c
per, an absorption peak due to a surface plasmon is
quently observed in the visible region. Particularly, in a Si2
matrix, the absorption peak appears near the edge of
band-to-band transition from the valenced band to the Fermi
surface. This system has been actively investigated bot
basic and applicable research fields, because the strong
hancement of the third-order nonlinear optical susceptibi
x (3) has been observed around the peak of the surf
plasmon resonance.1–3 The mechanism of the largex (3),
however, has not yet been clarified.

The particle-size dependence and host-matrix depend
of the absorption spectrum have been discussed in co
systems with Mie scattering theory.4 The study took into
account two contributions to the dielectric function«(v), a
Drude term« intra(v) originating from free electrons and a
interband term« inter(v) reflecting the band-to-band trans
tion. As for the time response of nonlinear optical properti
the transient reflectivity measurement and the transient
sorption measurement clarified that transient changes o
flectivity and absorption recovered in a few picoseconds5,6

The time constant of the recovery strongly depended on
pump-pulse energy density.5 The origin of the time respons
was ascribed to the cooling process of nonequilibrium e
trons through the electron-phonon coupling.7

The following is the widely accepted model for the who
relaxation process in a metal nanoparticle system with
trafast light excitation. First, surface plasmons are exc
when a pump pulse strikes nanoparticles. Plasmons lose
coherence instantaneously through an electron-electron~e-e!
scattering process and change into a quasiequilibriated
electron system within 100 fs.8 As the hot electron system
loses its energy through an electron-phonon~e-p! coupling
570163-1829/98/57~18!/11334~7!/$15.00
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process, the phonon system becomes hot. After 5–10 p
quasiequilibrium state is formed between the electron sys
and the phonon system in a nanoparticle. In a long time s
over 100 ps, the heat transfer from the nanoparticle to
host matrix should be a dominant process. Recently, sev
studies have tried to justify the nonlinear response thro
this model.5–7 In these studies, electron temperatures are
culated as a function of time from the macroscopic ener
balance equation for the one-dimensional heat flow with
incident pulse energy. However, the relation between
nonlinear response and the electron temperature has not
clarified directly.

In the gold nanoparticle system, Hache and co-work
made an optical Kerr experiment in the picosecond reg
and discussed the origin of largex (3).3 They suggested tha
the largex (3) originates from the hot electron which smea
the Fermi-Dirac distribution and modifies the absorption c
efficient. Assuming that the pulse duration was much lon
than the time constant of the cooling of hot electrons, th
theoretically estimated the value of Im$x (3)% caused by the
hot electron as 1.131027 esu, which was almost as large a
the result obtained by the optical Kerr experiment (7
31028 esu!.3

Recently, Perner and co-workers reported tempo
change of the effective damping constant in a gold nanop
ticle system.9 They estimated the damping constant by fitti
the surface-plasmon resonance peak to a simple Lorent
line shape. They suggested that the nonlinear response o
nates from the broadening of the surface plasmon ba
which reflects the increase of the effective damping cons
through the rise of the electron temperature. This sugges
is quite different from the discussion by Hache and c
workers where the smearing effect of the Fermi-Dirac dis
bution plays an important role in the nonlinear response.3

In this study, transient absorption spectra are measure
11 334 © 1998 The American Physical Society
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57 11 335ULTRAFAST DYNAMICS OF NONEQUILIBRIUM . . .
a white-light pump-probe method and the temporal beha
of the electron temperature and the damping constants in
dielectric function are discussed with Mie scattering theo
Considering the smearing effect of the Fermi-Dirac distrib
tion and changes of damping constants simultaneously,
demonstrate that the electron temperature is the most c
acteristic parameter for describing the nonlinear optical
sponse. We also discuss the temporal behaviors of the e
tron and the lattice temperatures, taking into account ther
diffusion processes from a gold nanoparticle to the host
trix. We found that the thermal diffusion process is cons
erable even in the ultrafast region. It is suggested that
transient change of the effective damping constant
« intra(v) mainly comes not from thee-e scattering but the
e-p scattering process.

II. EXPERIMENT

Gold nanoparticles embedded in a SiO2 glass matrix were
prepared by a sputtering method. The SiO2 and gold layers
were constructed alternately on the SiO2 base glass plate
After an annealing treatment, gold nanoparticles were p
cipitated and dispersed in the SiO2 glass matrix. Details were
reported elsewhere.2 The mean diameter of the particles w
7.6 nm with a deviation of 2.4 nm. The sample was 480
thick and the volume fraction was 0.027. This high volum
fraction was a special feature of this method.

In the femtosecond pump-probe experiment, we used
output pulse from the optical parametric amplifier~OPA! as
a pump pulse. The OPA was pumped by the Ti:Al2O3 re-
generative amplifier. The typical pulse energy of OPA wa
m J. The pulse duration was less than 200 fs. Since OPA
a wide tunability for a wavelength of the pump pulse, we
the wavelength to the surface-plasmon resonance. The
cal energy density of the excitation pulse was 1.4 mJ cm22,
corresponding to the total energy input of 331024 pJ per
particle. To probe the change of the optical density (DOD!
caused by the pump pulse, we used the white-light pu
generated through the self-phase modulation process in
water flow cell by the amplified pulse. The white light co
ered from 450 nm to over 1.2mm. We measured absorptio
spectra of the sample by a 27.5 cm single monochrom
with dual-diode arrays. To improve the signal-to-noise ra
we monitored simultaneously the spectrum of the white-li
pulse itself as a reference. TheDOD spectrum was obtaine
by subtracting the absorption spectrum with no pump pu
from that with the pump pulse at each delay timet, wheret
is the time separating the probe pulse from the pump pu
The chirping effect of the probe pulse, which is caused
the group velocity dispersion, was estimated with a cro
correlation method andDOD spectra were corrected by
simple calculation. All experiments were executed at ro
temperature~301.5 K!.

III. RESULTS

Figure 1 shows an optical density~OD! spectrum of a
Au/SiO2 composite thin film at 301.5 K~solid curve!. One
can clearly recognize an absorption peak at 2.33 eV al
with a slightly increasing background. The origin of the pe
is assigned to a surface-plasmon resonance. The backgr
r
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is originated from an optical transition of valence electro
in thed band to the Fermi surface as shown in the inset. T
arrow indicates the photon energy of the pump pulse use
the pump-probe experiments.

Typical time-resolved differential optical density spect
(DOD! obtained by the white-light pump-probe method a
shown in Fig. 2 at several delay times,t ’s. At t521.0 ps,
the spectrum clings closely to the zero line. Att50.4 ps, the
OD decreases significantly around the peak of the surf
plasmon and increases on both sides of the peak. As
delay time increases, the whole magnitude of theDOD be-
comes small. In any case, theDOD spectrum crosses th
zero line at two points. We show dash-dotted lines to emp
size the movements of the crossing points. Att50.4 ps, the

FIG. 1. Absorption spectrum~solid curve! of the Au nanopar-
ticles in the SiO2 matrix. The fitting curve~dotted curve! by Mie
scattering theory is also depicted. The related band structure of
is depicted as an inset. The arrow corresponds to the pump ph
energy. The broken and chain curves show contributions of
surface plasmon and the band-to-band transition in the absorp
spectrum, respectively.

FIG. 2. Transient differential absorption spectra for various
lay times~solid curves!. Fitting curves by Mie scattering theory ar
also shown by broken curves. Chain lines~a! and~b! are depicted to
emphasize the movement of the crossing points as mentioned i
text.
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11 336 57INOUYE, TANAKA, TANAHASHI, AND HIRAO
crossing point in the low-energy side is at 2.16 eV. T
point moves to the high-energy side ast increases. Aftert
.7 ps, the position is unchanged to be 2.25 eV. In contr
the crossing point in the high-energy side hardly moves fr
the initial point. A close look at the movement of the poin
reveals that the transient change of the absorption spec
is not a simple symmetrical broadening of the absorpt
peak.

Figure 3 shows a temporal change of theDOD at the peak
of the surface-plasmon band. The inset represents a l
time-scale behavior. The temporal behavior is decompo
into two decay components, the fast decay component~less
than 3 ps! and the slow decay component~more than 100
ps!. It is suggested that the fast decay constant reflects
thermal equilibrium process between the electron system
lattice system in the metal nanoparticle and the slow de
constant comes from the cooling process by a thermal di
sion from the metal nanoparticle to the host matrix.5,13 The
decay constants of the fast and slow components are
mated as 2.8 and 120 ps by a fitting. The result of the fitt
is shown as a broken curve in Fig. 3.

IV. DISCUSSION

A. The origin of the nonlinear response

It is reported that the absorption spectrum of a nanop
ticle can be reproduced in terms of Mie scattering theory1,4

For the analysis of optical nonlinear response of a nano
ticle, the theory is applicable and successfully describes t
poral behaviors of transient absorption spectra.10

The dielectric function of gold can be written in the for

«~v!5« intra~v!1« inter~v!, ~1!

where« intra(v) is the Drude part originating from the fre
electron

« intra~v!512
vp

2

v~v2 igeff!
, ~2!

and« inter(v) is the interband part originating from the ban
to-band transition

FIG. 3. Time evolution ofDOD measured at the absorptio
peak of the surface-plasmon band. In the inset, we show a lo
time-scale behavior.
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« inter~v!5KE
vg

`

dx
Ax2vg

x
@12F~x,Qe!#

3
~x22v21gee

2 22ivgee!

~x22v21gee
2 !214v2gee

2 , ~3!

wherevp is an effective plasma frequency,geff is an effec-
tive plasma damping constant,F(x,Qe) is an energy distri-
bution function of conduction electrons whose energy is\x
at temperatureQe , andgee represents the damping consta
in the band-to-band transition. We assume a dispersionled
band and a parabolic conduction band with a gap ene
\vg .

By using Mie scattering theory, we can calculate the a
sorption spectruma(v) of nanoparticles embedded in th
glass matrix as1

a~v!5
2pR0

2N

x0
2 (

l 51

`

~2l 11! Re @al~x0 ,x i !1bl~x0 ,x i !#,

~4!

x05
R0v

c
A«glass, x i5

R0v

c
A«~v!. ~5!

whereal andbl are Mie scattering coefficients.1 Here,R0 is
the diameter of the nanoparticle,N is the number density o
nanoparticles in the sample,c is the velocity of the light, and
«glass is the dielectric constant of the glass matrix. In Fig.
we show the best fitted absorption spectrum calculated
Eq. ~4! as a dotted curve. Fixed parameters used in the
culation are listed in Table I. The electron temperatureQe is
also fixed as 301.5 K. Remaining parameters, two damp
constants, are determined by the least-squares metho
\geff50.450 eV and\gee50.158 eV. The dotted curve re
produces the absorption spectrum excellently. In the follo
ing analysis, we apply Eq.~4! to analyze the transient ab
sorption spectra. Contributions of the Drude part and
interband part are also depicted as a broken curve an
chain curve, respectively. From these curves, one can se
following points. The Drude part mainly contributes to th
absorption in the low-energy region. On the other hand,
interband part is dominant in the high-energy region. It
noteworthy that contributions of the Drude part and the
terband part are comparable at the peak of the surfa
plasmon band.

Time-resolved differential absorption spectra are analy
by Eq.~4! with three running parameters,Qe , geff , andgee.
Best fitted curves at each delay time are depicted in Fig. 2
dotted curves. These curves excellently reproduce

g-

TABLE I. Fixed parameters of the gold nanoparticle sample

Parameter Value Source

Particle diameterR0 ~nm! 7.6 Ref. 2
Sample thicknessd ~nm! 480 Ref. 2
Number densityN 1.1731023 Ref. 2
Dielectric constant«glass 2.25 Ref. 10
Plasma frequency\vp ~eV! 8.2 Ref. 18
Gap energy\vg ~eV! 1.7 Ref. 3
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bleaching around the absorption peak of the surface plas
and the absorption increase in both sides of the absorp
peak.

Figures 4~a!–4~c! show temporal changes of fitting pa
rameters. The inset in Fig. 4~a! shows a temporal change o
Qe in a long time scale. One can recognize that the elec
system cools down with two characteristic time constants
a few picoseconds and over hundred picoseconds. After
rapid increase ofQe to 1700 K, the electron temperatur
decreases to 400 K with a decay constant of 2.8 ps.
electron temperature gradually cools down with a time c
stant of 120 ps. It is suggested that the fast decay cons
reflects the thermal equilibrium process between the elec
system and the lattice system in a metal nanoparticle and
slow decay constant comes from the cooling process b
thermal diffusion from the gold nanoparticle to the ho
matrix.5,13

In Fig. 4~b!, one can see a rapid increase of the\geff from
0.450 to 0.505 eV aroundt50 and a decrease with the d
cay constant of 1.7 ps. The temporal change of thegee is
shown in Fig. 4~c!. The magnitude of the change is almost
large as its standard deviation. Therefore, the change o

FIG. 4. ~a! Fitting results of the electron temperature at ea
delay time~closed circles!. The inset shows a temporal change
the electron temperature in the long-time-scale region.~b! Temporal
change of the damping constant\geff . ~c! Temporal change of the
\gee. The degree of errors corresponds to allow a 5% change in
mean-square error for each running parameter.
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gee barely affects the transient change of the absorpt
spectrum. In the following discussion, we ignore the chan
of the gee.

To clarify the most effective parameter in transient a
sorption spectra, we introduce normalized magnitudes
changes of parameters, defined asDQe(t)5@Qe(t)
2Q0#/dQe(t) and Dgeff(t)5@geff(t)2g0#/dgeff(t), where
Q0 is the initial temperature of the electron andg0 is the
initial effective damping constant (Q05301.5 K, \g0
50.450 eV!. dQe(t) and dgeff(t) are degrees of error to
allow a 5% change in the mean-square error for each runn
parameter. A typical value is plotted for each spectrum at
55.0 ps. The temporal change ofDQe andDgeff are shown
in Fig. 5. A dotted line indicates a value of 1 which mea
that the change in the parameter and the error are com
rable. We can reasonably conclude that the electron temp
ture Qe is the most effective parameter for the nonline
optical response so far ast,5.0 ps. The parameterQe is five
times more efficient thangeff aroundt50. Other parameters
only affect details of the transient absorption spectrum.

In the region oft.10 ps, the electron temperatureQe
contributes to the transient absorption spectrum as wel
the dampinggeff . This result means that thegeff becomes
more important in the quasiequilibrium state between
electron and phonon systems. In the time regiont.10 ps,
therefore, we should consider both contributions for the n
linear optical response. As will be discussed latter, an
crease of the phonon temperature plays an important rol
the geff in the long time scale.

In contrast with our result, Perneret al. reported that the
geff in the Drude term is most effective for the nonline
optical response in the gold nanoparticle system.9 Damping
constants were estimated by fitting the surface-plasmon
sorption band as a single Lorentzian line shape. In the an
sis, the electron temperature only affects the transient
sorption spectrum through the change of the damp
constants. Our results demonstrate that the change of
electron temperature mainly affects the transient absorp
through the smearing effects of the electron distribut
function, especially in the region oft,5 ps. This means tha
the DOD spectrum should not be considered as a sim
broadening of the spectral band shape in the gold nano
ticle system.

In the analysis by Hacheet al.,3 it is suggested that the

e

FIG. 5. Temporal changes ofDQe andDgeff , which are defined
in the text. Dotted line corresponds to the value of 1.
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large x (3) is caused by the rise of the electron temperat
which induces a change in the electron distribution functi
Our results evidently indicate that the temporal change ofQe
is the main origin of the nonlinear response and the la
x (3) in a gold nanoparticle system.

B. Nonequilibrium thermodynamics in the metal
nanoparticle system

In the previous section, we obtained the temporal cha
of the electron temperatureQe . To discuss the cooling pro
cess of the hot electron system, we should consider none
librium thermodynamics in a metal nanoparticle system w
the host matrix. In this section, we try to estimate the te
poral change of the lattice temperature with the electr
phonon (e-p) coupling model, taking into account the the
mal diffusion to the glass matrix.

It is reported that the relaxation dynamics of the elect
temperature in a metal nanoparticle can be described
usuale-p coupling model.5–7,11 In the model, the metal sys
tem is described as a couple of subsystems, an electron
tem and a phonon system. The electron system is chara
ized by an electron temperatureQe and the phonon system i
characterized by a lattice temperatureQ l , where each sub
system is assumed to be in local equilibrium. The ene
transfer between the subsystems occurs through thee-p cou-
pling. The time evolution of the temperatures are obtain
with heat equations

Ce~Qe!
]Qe

]t
52G~Qe2Q l !1p~ t !, ~6!

Cl

]Q l

]t
5G~Qe2Q l !, ~7!

whereG reflects thee-p coupling constant,Ce(Qe) andCl
are electronic and lattice heat capacities, andp(t) represents
a direct heat input to the electron system by the pump pu
For gold, Ce(Qe)5gQe with g567.3 J m23 K 22, Cl
52.493106 J m23 K 21 in the room-temperature region
The electron temperature is heated by the absorption of
pump pulse. The initial heat input can be calculated from
initial rise of the electron temperature. A simple calculati
indicates that the input energy is about 2.331025 pJ/particle
ld
te

e
tr
e
.

e

e

ui-
h
-
-

n
by

ys-
er-

y

d

e.

he
e

which corresponds to 1/13 of the total energy input as m
tioned in Sec. II. In addition, from Eqs.~6! and ~7!, we can
estimate that a rise of the lattice temperature should be a
40 K in the quasiequilibrium state, which is quite differe
from our experimental results. The equilibrium temperatu
is about 400 K and corresponds to 100 K rise of the latt
temperature from the room temperature. These facts stro
suggest that the initial energy of hot electrons flows to ot
pathways than thee-p coupling. We should consider th
nonequilibrium thermodynamics including an energy trans
to the lattice system through the scattering processes
thermal diffusion to the glass matrix.

To investigate the nonequilibrium thermodynamics of t
whole system, at first, we consider a thermal diffusion fro
a metal nanoparticle to the glass matrix by a simple diffus
equation,

]Qglass

]t
5Dglass¹

2Qglass ~8!

whereDglassis the diffusivity of heat in the glass matrix. Fo
the silicate glass,Dglass58.431023 cm2 s21 at room
temperature.12 From Eq.~8!, we obtain the thermal distribu
tion function outside of the metal nanoparticle as a funct
of the distancer and timet. Thermal diffusion inside of the
metal nanoparticle should be neglected, because diffusi
of gold, Dgold, is nearly 103 times larger thanDglass. This
means that the inside of the metal nanoparticle has an
form thermal distribution. When we assume the thermal c
tinuity at the surface of the nanoparticle (r 5R0/2) with the
glass and the uniformity of the lattice temperature in t
nanoparticle, we obtain the following energy-balan
equation:13

ClV0Q l05ClV0Q l~ t !1CglassE
r 5R0/2

`

4pr 2DQglass~ t,r !dr,

~9!

whereQ l0 is an initial lattice temperature of the gold nan
particle in the aftermath of the pump pulse,Cglass is a heat
capacity of the glass taken asCglass51.633106 J m23 K 21,
DQglass(t,r )5Qglass(t,r )2Q0 (Q05301.5), and V0

54/3p(R0/2)3.12 By using the analytic solution of Eq.~8!,
we can derive the temporal change of the lattice tempera
inside the metal nanoparticle from Eq.~9! as
Q l~ t !5
Q l02Q0

113
Cglass

Cl
$@~2Dglasst !

3/2/A2p~R0/2!3#e~R0/2!2/4Dglasst erfc ~R0/2!/A4Dglasst !12Dglasst/~R0/2!2%

1Q0 . ~10!
e is
ces
the
-

ime

ice
ci-
From Eqs. ~6! and ~7! with G5(3.060.5)31016

W m23 K 21 reported by Fann and co-workers in a go
film,11 we can reasonably assume that the electron sys
and the lattice system are enough equilibrated aftert>10 ps.
In the region, we can consider that the lattice temperatur
the same as the electron temperature. By using the elec
temperature att510 ps represented in Fig. 4~a!, we estimate
the temporal change of the lattice temperature from Eq.~10!.
m

is
on

The calculated temporal change of the lattice temperatur
shown in Fig. 6 by a broken curve. The broken curve tra
the temporal change of the electron temperature well in
region of t.7 ps, justifying the assumption of the equilib
rium between the electron and the lattice system in the t
region.

The result shows that the initial temperature of the latt
system should be nearly 950 K in the aftermath of the in
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dence of the pump pulse. We can estimate the total in
energy as 3.931024 pJ/particle from the initial rises of the
electron and the lattice temperatures. This value is nearly
same as the value estimated experimentally from the en
density of the incident laser pulse. The results mean th
large proportion of the incident energy is spent to heat up
lattice system in the first step of the relaxation process of
carriers.

To understand the direct energy input to the lattice s
tem, the first point to notice is an absorption process of
pump pulse in a gold nanoparticle system. In case of
excitation at the peak wavelength of the surface plasm
band, the incident pump pulse is absorbed by both the
face plasmon band and the band-to-band transition as
scribed in Sec. IV A. It is natural to consider a heating of t
electron system through the excitation of surface plasmo
On the other hand, a generation of electron and hole p
through the band-to-band transition should lead to a no
diative surface recombination of electron and hole pairs. T
surface recombination will cause a heat input to the lat
system. As discussed in the next section, a typical surfa
scattering rate estimated from an effective plasma-damp
constant is 131014 s21. This value corresponds to the tim
constant of 10 fs. Thus, it is likely that the nonradiati
surface recombination of electron-hole pairs genera
phonons in the aftermath of the pump pulse. In a sim
way, we should take into account the possibility of heat in
to the lattice system through a scattering process betw
plasmons and phonons at the surface. As a result, it is
cluded that all the absorbed energies through the band
band transition and 86% of the absorbed energies by
surface plasmon are spent to heat up the lattice system.

The initial temperature of the lattice system seems to b
very high temperature. If the surface scattering proces
heat up the lattice system, it is natural to consider a ther
distribution in the metal nanoparticle at the initial stage
the excitation. Such a thermal distribution has the possib
of the generation of a coherent strain wave. Strain wave g
eration is reported in the case of gallium and tin nanopart
systems.14 In our experimentalDOD data, however, no os
cillation due to the strain waves is observed, indicat

FIG. 6. The temporal change of the lattice temperature~broken
curve!. Fitting curves of the electron temperature by Eqs.~6! and
~7! with threeG’s are also shown by using the lattice temperatu
We show calculated results withG53.031016 W m23 K 21 as
dash-dot-dotted curve,G56.031016 W m23 K 21 as solid curve,
andG59.031016 W m23 K 21 as chain curve.
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that the coherent strain wave is not evident in our ca
Therefore, we do not take into account the generation of
coherent strain wave in our discussion.

We try to discuss the cooling process of the electron s
tem. In the previous section, we pointed out that the f
decay constant reflects the thermal equilibrium process
tween the electron system and the lattice system in the m
nanoparticle.5,13 The thermal equilibrium process betwee
the electron system and lattice system is usually describe
Eqs.~6! and~7!. From the equations, we can see that thee-p
coupling constantG governs the thermal equilibrium pro
cess. In Fig. 6, we show temporal changes of the elec
temperature calculated from Eqs.~6! and ~7! with several
G’s by using the lattice temperature obtained above. T
result withG56.031016 W m23 K 21 reproduces quite ex
cellently the temporal change of the electron temperatu
This value is about two times larger than the result of
gold film.11 The reason is not clear at present, though a m
soscopic effect would play an important role in increasi
the e-p coupling constant of the nanoparticle system.

In summary, we obtained the temporal change of the
tice temperature taking into account the thermal diffusion
the glass matrix with Eqs.~6!–~9!. The total energy flow in
the metal nanoparticle system can be understood quan
tively, indicating that the lattice temperature should play
important role still in the first stage of the nonequilibriu
state.

C. The origin of the damping constant in the Drude term

There are still open questions on the damping mechan
of free electrons in the metal nanoparticle system. In t
section, to investigate the electron dynamics in the none
librium state, we discuss the temporal change of the damp
constant since it reflects the electron dynamics such as
e-e scattering process and thee-p scattering process.

As shown in Fig. 4~b!, \geff increases rapidly around th
delay timet50 from 0.450 to 0.505 eV. First, let us con
sider thee-p scattering process which has a linear dep
dence on the lattice temperature. We get

\geff~Q l !5Gsur1Ge2pQ l , ~11!

whereGsur is a constant which mainly reflects the impuri
scattering process, and the second term represents thee-p
scattering process. We show the calculated result of Eq.~11!
as a solid curve in Fig. 7. The best fitting parameters
Gsur50.427 eV andGe2p58.2831025 eV K 21. The curve
almost reproduces the temporal change ofgeff .

The result leads to the following important conclusio
Transient response of thegeff is mainly governed by thee-p
scattering term. We also recognize from Fig. 5 that the lat
temperature is a considerable parameter for describing
nonlinear response through the temporal change ofgeff as
well as the temporal change ofQe in the long time scale ove
10 ps. If we consider ane-e scattering process, it is expecte
that the damping constant shows a quadratic dependenc
Qe .9,15 From the temporal behavior ofQe , one can easily
imagine a more drastic change ofgeff in the first step of the
excitation. Such behavior, however, cannot be extracted
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the temporal change ofgeff . Thus, we can conclude that onl
the e-p scattering process should contribute considerably
the temporal change ofgeff .

Comparing the magnitudes of each term in Eq.~11!, we
found that even aroundt50, the ratio ofGsur andGe2pQ l is
about 6. The value ofGsur ~0.427 eV! is much larger than the
value reported in bulk (Gbulk50.170 eV!.16 In our case, it is
suggested that scattering by a structural fluctuation on
metal-glass interface induces the dephasing process of p
mons. If we assume that the electron dephases within a ro
trip from one point to another point on the surface, the dam
ing energy due to the process is described ashVF/(2R0). For
our gold nanoparticle, the value is estimated as 0.272 eV
we calculate the Gsur8 5Gbulk1hVF/(2R0), we obtain
Gsur8 50.442 eV. This value is nearly the same as theGsur

FIG. 7. Damping constant\geff at each delay time~closed
circles! with fitting curves; solid curve is a fitting result by Eq.~11!.
Dash-dotted line indicates the value ofGsur in Eq. ~11! .
in

the
las-
und
p-

. If

obtained experimentally. This means that the surface of
nanoparticle plays an important role in the damping proc
of electrons through the collision at the metal-glass interfa
Zhouet al. and Yanget al. also used a similar expression t
explain the effective damping constant.16,17 To confirm this
point, the size dependence ofGsur should be studied quanti
tatively.

V. CONCLUSION

Nonlinear optical response of gold nanoparticles was
vestigated by the white-light pump-probe method. We an
lyzed transient absorption spectra by Mie scattering theo
The temporal changes of the electron temperature and
effective damping constant in the Drude term were obtain
from the analysis. The nonlinear response was found
originate mainly from the hot electron which was heated
the incidence of the pump pulse in the subpicosecond reg
By taking into account the thermal diffusion process fro
metal nanoparticle to the host matrix, the total energy flow
the metal nanoparticle system was explained quantitativ
We found that the lattice temperature is also raised even
the first stage of the nonequilibrium state. We also estima
thee-p coupling constantG as 6.031016 W m23 K 21. This
value is about two times larger than the result of the go
film.11 The reason is not clear at present, though a mes
copic effect would play an important role in increasing th
e-p coupling constant of the nanoparticle system.

The effective damping constantgeff in the Drude term
could be described by the surface scattering process and
e-p scattering process. It should be noted that the latt
temperature is a considerable parameter to describe the
sient absorption spectrum through the change of thegeff in
the quasiequilibrium state between the electron and the
tice systems.
S
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