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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 @aggbattering processes.
[S0163-182698)05617-3

I. INTRODUCTION process, the phonon system becomes hot. After 5-10 ps, a
quasiequilibrium state is formed between the electron system
In a noble-metal nanoparticle system, such as gold or copand the phonon system in a nanopatrticle. In a long time scale
per, an absorption peak due to a surface plasmon is fresver 100 ps, the heat transfer from the nanoparticle to the
guently observed in the visible region. Particularly, in a SiO host matrix should be a dominant process. Recently, several
matrix, the absorption peak appears near the edge of thetudies have tried to justify the nonlinear response through
band-to-band transition from the valent®and to the Fermi this modef~" In these studies, electron temperatures are cal-
surface. This system has been actively investigated both ioulated as a function of time from the macroscopic energy-
basic and applicable research fields, because the strong dmlance equation for the one-dimensional heat flow with the
hancement of the third-order nonlinear optical susceptibilityincident pulse energy. However, the relation between the
x® has been observed around the peak of the surfac&onlinear response and the electron temperature has not been
plasmon resonande® The mechanism of the largg®,  clarified directly.
however, has not yet been clarified. In the gold nanoparticle system, Hache and co-workers
The particle-size dependence and host-matrix dependengeade an optical Kerr experiment in the picosecond region
of the absorption spectrum have been discussed in coppand discussed the origin of largé®.? They suggested that
systems with Mie scattering theotyThe study took into the largex® originates from the hot electron which smears
account two contributions to the dielectric functiefw), a  the Fermi-Dirac distribution and modifies the absorption co-
Drude terme; (@) originating from free electrons and an efficient. Assuming that the pulse duration was much longer
interband terme; () reflecting the band-to-band transi- than the time constant of the cooling of hot electrons, they
tion. As for the time response of nonlinear optical propertiestheoretically estimated the value of {f®} caused by the
the transient reflectivity measurement and the transient alhwot electron as 1410 7 esu, which was almost as large as
sorption measurement clarified that transient changes of ré¢he result obtained by the optical Kerr experiment (7.5
flectivity and absorption recovered in a few picosecohtls. x 1078 esy.?
The time constant of the recovery strongly depended on the Recently, Perner and co-workers reported temporal
pump-pulse energy densityThe origin of the time response change of the effective damping constant in a gold nanopar-
was ascribed to the cooling process of nonequilibrium electicle systen? They estimated the damping constant by fitting
trons through the electron-phonon coupling. the surface-plasmon resonance peak to a simple Lorentzian
The following is the widely accepted model for the whole line shape. They suggested that the nonlinear response origi-
relaxation process in a metal nanoparticle system with ulnates from the broadening of the surface plasmon band,
trafast light excitation. First, surface plasmons are excitedvhich reflects the increase of the effective damping constant
when a pump pulse strikes nanoparticles. Plasmons lose thehrough the rise of the electron temperature. This suggestion
coherence instantaneously through an electron-ele¢ir@  is quite different from the discussion by Hache and co-
scattering process and change into a quasiequilibriated hetorkers where the smearing effect of the Fermi-Dirac distri-
electron system within 100 f5As the hot electron system bution plays an important role in the nonlinear respohse.
loses its energy through an electron-phorterp) coupling In this study, transient absorption spectra are measured by
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a white-light pump-probe method and the temporal behavior 1.6

of the electron temperature and the damping constants in the >
dielectric function are discussed with Mie scattering theory. - 12
Considering the smearing effect of the Fermi-Dirac distribu- g :

tion and changes of damping constants simultaneously, we [
demonstrate that the electron temperature is the most char-— 0.8
acteristic parameter for describing the nonlinear optical re- .2
sponse. We also discuss the temporal behaviors of the elec- 2.0 4
tron and the lattice temperatures, taking into account thermal
diffusion processes from a gold nanoparticle to the host ma- 0.0

trix. We found that the thermal diffusion process is consid- 1.8 2.0 2.2 2.4 2.6 2.8
erable even in the ultrafast region. It is suggested that the Photon Energy (eV)

transient change of the effective damping constant in

einra(@) Mainly comes not from the-e scattering but the FIG. 1. Absorption spectrurtsolid curve of the Au nanopar-
e-p scattering process. ticles in the SiQ matrix. The fitting curve(dotted curve by Mie

scattering theory is also depicted. The related band structure of gold
is depicted as an inset. The arrow corresponds to the pump photon
energy. The broken and chain curves show contributions of the

Gold nanoparticles embedded in a Siglass matrix were surface plasmon gnd the band-to-band transition in the absorption
prepared by a sputtering method. The Si&hd gold layers ~SPectrum, respectively.
were constructed alternately on the SiBase glass plate. | o ) -~
After an annealing treatment, gold nanoparticles were prelS originated from an opt_lcal transition of va_Ience _electrons
cipitated and dispersed in the Si@lass matrix. Details were N thed band to the Fermi surface as shown in the inset. The
reported elsewhereThe mean diameter of the particles was &TOW indicates the photon energy of the pump pulse used in
7.6 nm with a deviation of 2.4 nm. The sample was 480 nnthe DU_mp-p.robe experiments. ' .
thick and the volume fraction was 0.027. This high volume Typical time-resolved differential optical density spectra
fraction was a special feature of this method. (AOD) obtained by the white-light pump-probe method are
In the femtosecond pump-probe experiment, we used thehown in Fig. 2 at several delay timess. At 7=—1.0 ps,
output pulse from the optical parametric amplifi@PA) as the spectrum cIm_gs p_losely to the zero line.#t 0.4 ps, the
a pump pulse. The OPA was pumped by the Ti®} re- oD decrease; significantly around_ the peak of the surface
generative amplifier. The typical pulse energy of OPA was P!asmon and increases on both sides of the peak. As the
w J. The pulse duration was less than 200 fs. Since OPA ha@elay time increases, the whole magnitude of A@D be-
a wide tunability for a wavelength of the pump pulse, we secomes small. In any case, theOD spectrum crosses the
the wavelength to the surface-plasmon resonance. The typkero line at two points. We show dash-dotted lines to empha-
cal energy density of the excitation pulse was 1.4 mJ &m  Size the movements of the crossing points.7At0.4 ps, the
corresponding to the total energy input ok30 * pJ per
particle. To probe the change of the optical densityOD) i I '(a) ! ®) I I T
caused by the pump pulse, we used the white-light pulse I '1-0‘1_95,_
generated through the self-phase modulation process in the i [ | 0.4 s -
water flow cell by the amplified pulse. The white light cov- TR, ,/’\-««f_
ered from 450 nm to over 1.2m. We measured absorption 7
spectra of the sample by a 27.5 cm single monochromator
with dual-diode arrays. To improve the signal-to-noise ratio,
we monitored simultaneously the spectrum of the white-light
pulse itself as a reference. TAEOD spectrum was obtained
by subtracting the absorption spectrum with no pump pulse
from that with the pump pulse at each delay timevherer
is the time separating the probe pulse from the pump pulse.
The chirping effect of the probe pulse, which is caused by
the group velocity dispersion, was estimated with a cross-
correlation method andOD spectra were corrected by a
simple calculation. All experiments were executed at room
temperaturg301.5 K).

Il. EXPERIMENT

1.8 20 22 24 26 28 30
ll. RESULTS Photon Energy (eV)

Figure 1 shows an optical densitpD) spectrum of a FIG. 2. Transient differential absorption spectra for various de-
AU/SIiO, composite thin film at 301.5 Ksolid curve. One  |ay times(solid curves. Fitting curves by Mie scattering theory are
can clearly recognize an absorption peak at 2.33 eV alongiso shown by broken curves. Chain li@sand(b) are depicted to
with a slightly increasing background. The origin of the peakemphasize the movement of the crossing points as mentioned in the
is assigned to a surface-plasmon resonance. The backgroutastt.



11 336 INOUYE, TANAKA, TANAHASHI, AND HIRAO 57

0.1 I I I I TABLE |. Fixed parameters of the gold nanoparticle sample.
Parameter Value Source
Particle diameteR, (nm) 7.6 Ref. 2
- Sample thicknesd (nm) 480 Ref. 2
o
3 (1) Number densityN 1.17x 1078 Ref. 2
1 Dielectric constant gass 2.25 Ref. 10
-0.3 % Plasma frequencfiw, (eV) 8.2 Ref. 18
' Ot ——t——t L Gap energyi o, (€V) 1.7 Ref. 3
04 . , 0 40 80 ]20 160 9
-5 0 Del 5 T 1(% ) 15 20
clay l1me (ps X~y
simexw>=Kf dx——[1-F(x,00)]
FIG. 3. Time evolution ofAOD measured at the absorption “g

peak of the surface-plasmon band. In the inset, we show a long-

2 2, .2 :
. . X“—w+v..—2iw
time-scale behavior. ( Yee Yee

><(Xz—wz-f- y§Q2+4w2'y§e’ ©
crossing point in thg Iow-energy.5|de_|s at 2.16 eV. Th'swherewp is an effective plasma frequency, is an effec-
point moves to _t_he hlgh—energy side asncreases. Afterr e plasma damping constarf(x,®.) is an energy distri-
=>17 ps, the position is unchanged to be 2.25 eV. In contrasty ijon function of conduction electrons whose energysis
the crossing point in the high-energy side hardly moves from,; temperatur® ., and v, represents the damping constant
the initial point. A close look at the movement of the points;, e band-to-bgnd trane'seition. We assume a dispersiodless

reveals that the transient change of the absorption spectrugynq and a parabolic conduction band with a gap energy
is not a simple symmetrical broadening of the absorptior,
g-

peak. By using Mie scattering theory, we can calculate the ab-

Figure 3 shows a temporal change of (@D at the peak g4 htion spectrume(w) of nanoparticles embedded in the
of the surface-plasmon band. The inset represents a longa. <o matrix as

time-scale behavior. The temporal behavior is decompose

into two decay components, the fast decay compofiess 2 7R2NZ
than 3 p$ and the slow decay componefmhore than 100 a(w)= 20 E (21+1) Re[a(xo,xi)+bi(xo.xi)],
ps. It is suggested that the fast decay constant reflects the Xo I=1
thermal equilibrium process between the electron system and (4)
lattice system in the metal nanoparticle and the slow decay R R

1 i w w
constant comes from the cooling process by a thermal diffu- XO:L Cgmes Xi= 0 Je(@). )

sion from the metal nanoparticle to the host matriX The c c
decay constants of the fast and slow components are esti-

mated as 2.8 and 120 ps by a fitting. The result of the fittinq"/her_eal andb, are Mie scattering coefficienszere,RQ is
is shown as a broken curve in Fig. 3. he diameter of the nanoparticl, is the number density of

nanoparticles in the samplejs the velocity of the light, and
€4iassiS the dielectric constant of the glass matrix. In Fig. 1,
IV. DISCUSSION we show the best fitted absorption spectrum calculated by
Eqg. (4) as a dotted curve. Fixed parameters used in the cal-
culation are listed in Table I. The electron temperafeis
It is reported that the absorption spectrum of a nanoparaso fixed as 301.5 K. Remaining parameters, two damping
ticle can be reproduced in terms of Mie scattering theédty. constants, are determined by the least-squares method as
For the analysis of optical nonlinear response of a nanopay; .= 0.450 eV andi y,.=0.158 eV. The dotted curve re-
ticle, the theory is applicable and successfully describes tenproduces the absorption spectrum excellently. In the follow-
poral behaviors of transient absorption spettra. ing analysis, we apply Eq4) to analyze the transient ab-
The dielectric function of gold can be written in the form gsorption spectra. Contributions of the Drude part and the
interband part are also depicted as a broken curve and a
£(w)=¢ginyra( @) + Eintel ), (1)  chain curve, respectively. From these curves, one can see the
following points. The Drude part mainly contributes to the

where e y(@) is the Drude part originating from the free absorption in the low-energy region. On the other hand, the

A. The origin of the nonlinear response

electron interband part is dominant in the high-energy region. It is
noteworthy that contributions of the Drude part and the in-
2 terband part are comparable at the peak of the surface-
w
Einga( @)= 1— P ) plasmon band.

Time-resolved differential absorption spectra are analyzed
by Eq.(4) with three running parameter®,., Yerr, andyee.
andeie{w) is the interband part originating from the band- Best fitted curves at each delay time are depicted in Fig. 2 as
to-band transition dotted curves. These curves excellently reproduce the

o(0—iYer) '
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~ 052 (b) T T T T FIG. 5. Temporal changes &f®, andA y., which are defined
% 0.50F .'.. - in the text. Dotted line corresponds to the value of 1.
_o4sfp . -
;_s Mm vee barely affects the transient change of the absorption
& 0.46 e spectrum. In the following discussion, we ignore the change
0.44 1 1 1 1 of the yee.
-5 0 5 10 15 20 To clarify the most effective parameter in transient ab-
Delay Time (ps) sorption spectra, we introduce normalized magnitudes of
0.164 ' ' ' ' changes of parameters, defined as0.(t)=[0(t)
S otk © - 1 — 00/ 60(t) and Aye(t) =[ Yer(t) — vol/ Sve(t), where
e o 0O, is the initial temperature of the electron ang is the
»0.160F * an . - initial effective damping constant ®,=301.5 K, %y,
20158 I | ° =0.450 eV. 504(t) and Sy.4(t) are degrees of error to
S -- t . . allow a 5% change in the mean-square error for each running
0.156 s parameter. A typical value is plotted for each spectrum at

0 Delas Timéo( s) 15 20 =5.0 ps. The temporal change &, and Ay are shown
y p in Fig. 5. A dotted line indicates a value of 1 which means
FIG. 4. (a) Fitting results of the electron temperature at eachthat the change in the parameter and the error are compa-
delay time(closed circles The inset shows a temporal change of rable. W? can reasonably C_onclude that the electron tempera-
the electron temperature in the long-time-scale regiorTemporal  tUré @ is the most effective parameter for the nonlinear
change of the damping constdny. (c) Temporal change of the optical response so far as<5.0 ps. The parametér, is five

fivee. The degree of errors corresponds to allow a 5% change in thémes more efficient thany; aroundr=0. Other parameters
mean-square error for each running parameter. only affect details of the transient absorption spectrum.

In the region of7>10 ps, the electron temperatuég,
contributes to the transient absorption spectrum as well as

bleaching around the absorption peak of the surface plasmcme dampingy.g. This result means that the,s becomes

and the absorption increase in both sides of the absorptiorq]ore important in the quasiequilibrium state between the

peak. electron and phonon systems. In the time regionl0 ps,
Figures 4a)—4(c) show temporal changes of fitting pa- herefore, we Fs)hould co);sider both contributio?f?or thpe non-
rameters. The inset in Fig(&) shows a temporal change of |inear optical response. As will be discussed latter, an in-
0O, in a long time scale. One can recognize that the electrogrease of the phonon temperature plays an important role in
system cools down with two characteristic time constants ofpe yer in the long time scale.
a few picoseconds and over hundred picoseconds. After the |n contrast with our result, Pernet al. reported that the
rapid increase o, to 1700 K, the electron temperature vy in the Drude term is most effective for the nonlinear
decreases to 400 K with a decay constant of 2.8 ps. Theptical response in the gold nanoparticle systeBamping
electron temperature gradually cools down with a time conconstants were estimated by fitting the surface-plasmon ab-
stant of 120 ps. It is suggested that the fast decay constarbrption band as a single Lorentzian line shape. In the analy-
reflects the thermal equilibrium process between the electrosis, the electron temperature only affects the transient ab-
system and the lattice system in a metal nanoparticle and theorption spectrum through the change of the damping
slow decay constant comes from the cooling process by eonstants. Our results demonstrate that the change of the
thermal diffusion from the gold nanoparticle to the hostelectron temperature mainly affects the transient absorption
matrix >3 through the smearing effects of the electron distribution
In Fig. 4(b), one can see a rapid increase of the; from  function, especially in the region &5 ps. This means that
0.450 to 0.505 eV around=0 and a decrease with the de- the AOD spectrum should not be considered as a simple
cay constant of 1.7 ps. The temporal change of thgis broadening of the spectral band shape in the gold nanopar-
shown in Fig. 4c). The magnitude of the change is almost asticle system.
large as its standard deviation. Therefore, the change of the In the analysis by Hachet al.? it is suggested that the
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large x® is caused by the rise of the electron temperaturavhich corresponds to 1/13 of the total energy input as men-
which induces a change in the electron distribution functiontioned in Sec. Il. In addition, from Eq$6) and(7), we can
Our results evidently indicate that the temporal chang® of ~estimate that a rise of the lattice temperature should be about

is the main origin of the nonlinear response and the largd0 K in the quasiequilibrium state, which is quite different
¥ in a gold nanoparticle system. from our experimental results. The equilibrium temperature

is about 400 K and corresponds to 100 K rise of the lattice
temperature from the room temperature. These facts strongly
suggest that the initial energy of hot electrons flows to other
pathways than the-p coupling. We should consider the

In the previous section, we obtained the temporal changaonequilibrium thermodynamics including an energy transfer
of the electron temperatul@,.. To discuss the cooling pro- to the lattice system through the scattering processes or a
cess of the hot electron system, we should consider nonequikermal diffusion to the glass matrix.
librium thermodynamics in a metal nanoparticle system with  To investigate the nonequilibrium thermodynamics of the
the host matrix. In this section, we try to estimate the tem-whole system, at first, we consider a thermal diffusion from
poral change of the lattice temperature with the electrona metal nanoparticle to the glass matrix by a simple diffusion
phonon €-p) coupling model, taking into account the ther- equation,
mal diffusion to the glass matrix.

It is reported that the relaxation dynamics of the electron ag'aSS:D V2@ ®)
temperature in a metal nanoparticle can be described by ot dlass” lass
usuale-p coupling modef™"*!In the model, the metal sys- whereD y,5is the diffusivity of heat in the glass matrix. For
tem is described as a couple of subsystems, an glectron S¥$ie silicate 01as5,D gjase= 8.4% 102 em? s ! at room
tem and a phonon system. The electron system is charact§kmperaturd? From Eq.(8), we obtain the thermal distribu-
ized by an electron temperatudg, and the phonon system is {jon function outside of the metal nanoparticle as a function
characterized by a lattice temperat®e, where each sub-  of the distance and timet. Thermal diffusion inside of the
system is assumed to be in local equilibrium. The energynetal nanoparticle should be neglected, because diffusivity
trz_ansfer between the sgbsystems occurs through—qhe:ou—. of gold, Dgyq, is nearly 18 times larger tharD gjase This
pling. The time evolution of the temperatures are obtainegneans that the inside of the metal nanoparticle has an uni-

B. Nonequilibrium thermodynamics in the metal
nanoparticle system

with heat equations form thermal distribution. When we assume the thermal con-
90 tinuity at the surface of the nanoparticle= Ry/2) with the
Ce(®e)_e:_G(e_®l)+p(t)r (6) glass and the uniformity of the lattice temperature in the
ot nanoparticle, we obtain the following energy-balance
equation
40,
C|W:G(®e—®|), (7)

CIVO®IO:CIV0®I(t)+CgIassf 47Tr2A®glas§tar)dra
whereG reflects thee-p coupling constantC(®,.) andC, r=Rof2 9
are electronic and lattice heat capacities, pfij represents ©)
a direct heat input to the electron system by the pump pulsavhere®, is an initial lattice temperature of the gold nano-
For gold, Co(®.) =70, with y=67.3 J m 3 K2, C, particle in the aftermath of the pump pulggy,ssis a heat
—2.49x10° J m 3 K1 in the room-temperature region. capacity of the glass taken &%, 1.63x10° I m 3 K 1,
The electron temperature is heated by the absorption of thd® gas{t,1) =0 gas{t,r) =0y (0,=301.5), and V,
pump pulse. The initial heat input can be calculated from the=4/37(R,/2)%.}? By using the analytic solution of Eq8),
initial rise of the electron temperature. A simple calculationwe can derive the temporal change of the lattice temperature
indicates that the input energy is about:2 0" ° pJ/particle  inside the metal nanoparticle from E@) as

|
0,(t)= 910~ 9o +0,. (10

C
1+ 3-8 [(2Dgash) * 2 (Ry/2)*Je %2 1405t erfe (Rof2)/ V4D gasd) + 2D gt (Rof2)%)

From Egs. (6) and (7) with G=(3.0+0.5)x10% The calculated temporal change of the lattice temperature is
W m~3 K~ reported by Fann and co-workers in a gold shown in Fig. 6 by a broken curve. The broken curve traces
film,* we can reasonably assume that the electron systethe temporal change of the electron temperature well in the
and the lattice system are enough equilibrated aftetO ps.  region of 7>7 ps, justifying the assumption of the equilib-
In the region, we can consider that the lattice temperature isum between the electron and the lattice system in the time
the same as the electron temperature. By using the electrargion.

temperature at=10 ps represented in Fig(a}, we estimate The result shows that the initial temperature of the lattice
the temporal change of the lattice temperature from(EQ). system should be nearly 950 K in the aftermath of the inci-
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2000 T I I I that the coherent strain wave is not evident in our case.
—_ ®  Electron temperature Therefore, we do not take into account the generation of the
EA/ & - Lattice temperature coherent strain wave in our discussion.

° 1500F '\ — e G=30% 10 WK T We try to discuss the cooling process of the electron sys-
‘5 A —G=60x10°WmK" tem. In the previous section, we pointed out that the fast
= \ == G290 % 10 W mPK decay constant reflects the thermal equilibrium process be-
o 1000 ' T tween the electron system and the lattice system in the metal
g" nanoparticle:*® The thermal equilibrium process between
S 500 the electron system and lattice system is usually described by
= Egs.(6) and(7). From the equations, we can see thatahg
coupling constantG governs the thermal equilibrium pro-
-5 0 5 10 15 20 cess. In Fig. 6, we show temporal changes of the electron
Delay Time (pS) temperature calculated from Eg&%) and (7) with several

G’s by using the lattice temperature obtained above. The
FIG. 6. The temporal change of the lattice temperatbreken  result withG=6.0x 10" W m 2 K ~! reproduces quite ex-
curve). Fitting curves of the electron temperature by E@.and  cellently the temporal change of the electron temperature.
(7) with threeG’s are also shown by using the lattice temperature.This value is about two times larger than the result of the
We show calculated results wits=3.0<10"* W m~3 K™* as  gold film.!! The reason is not clear at present, though a me-
dash-dot-dotted curveés=6.0x10"° W m~* K~* as solid curve, soscopic effect would play an important role in increasing
andG=9.0x10"*W m~* K" as chain curve. the e-p coupling constant of the nanoparticle system.

dence of the pump pulse. We can estimate the total input N SUmmary, we obtained the temporal change of the lat-
energy as 3.8 10" pJ/particle from the initial rises of the tice temperature tqklng into account the thermal dlffu3|qn to
electron and the lattice temperatures. This value is nearly thi€ 91ass matrix with Eq€6)—(9). The total energy flow in
same as the value estimated experimentally from the enerd{}€ Metal nanoparticle system can be understood quantita-
density of the incident laser pulse. The results mean that 4€ly, indicating that the lattice temperature should play an
large proportion of the incident energy is spent to heat up thdmportant role still in the first stage of the nonequilibrium
lattice system in the first step of the relaxation process of hottate:
carriers.

To understand the direct energy input to the lattice SyS- ¢ The origin of the damping constant in the Drude term
tem, the first point to notice is an absorption process of the _ ] ) ]
pump pulse in a gold nanoparticle system. In case of the There are still open questions on the Qamplng mechanls_m
excitation at the peak wavelength of the surface plasmoff free electrons in the metal nanoparticle system. In this
band, the incident pump pulse is absorbed by both the suf€ction, to investigate the electron dynamics in the nonequi-
face plasmon band and the band-to-band transition as débrium state, we discuss the temporal change of the damping
scribed in Sec. IV A. Itis natural to consider a heating of theconstant since it reflects the electron dynamics such as the
electron system through the excitation of surface plasmon§-€ Scattering process and tleep scattering process.
On the other hand, a generation of electron and hole pairs AS shown in Fig. 4b), % ye increases rapidly around the
through the band-to-band transition should lead to a nonradelay timer=0 from 0.450 to 0.505 eV. First, let us con-
diative surface recombination of electron and hole pairs. Théider thee-p scattering process which has a linear depen-
surface recombination will cause a heat input to the latticélence on the lattice temperature. We get
system. As discussed in the next section, a typical surface-
scattering rate estimated from an effective plasma-damping
constant is &K 10'* s~ 1. This value corresponds to the time
constant of 10 fs. Thus, it is likely that the nonradiative
surface recombination of electron-hole pairs generatewherel'g, is a constant which mainly reflects the impurity
phonons in the aftermath of the pump pulse. In a similaiscattering process, and the second term represents- fhe
way, we should take into account the possibility of heat inputscattering process. We show the calculated result of Eq.
to the lattice system through a scattering process betweeds a solid curve in Fig. 7. The best fitting parameters are
plasmons and phonons at the surface. As a result, it is cor-s,—=0.427 eV and’,_ ,=8.28X 10°% eV K~ 1. The curve
cluded that all the absorbed energies through the band-t@most reproduces the temporal changeygf.
band transition and 86% of the absorbed energies by the The result leads to the following important conclusion.
surface plasmon are spent to heat up the lattice system. Transient response of they is mainly governed by the-p

The initial temperature of the lattice system seems to be acattering term. We also recognize from Fig. 5 that the lattice
very high temperature. If the surface scattering processdsmperature is a considerable parameter for describing the
heat up the lattice system, it is natural to consider a thermaionlinear response through the temporal change gfas
distribution in the metal nanoparticle at the initial stage ofwell as the temporal change @f; in the long time scale over
the excitation. Such a thermal distribution has the possibilitylO ps. If we consider ae-e scattering process, it is expected
of the generation of a coherent strain wave. Strain wave gerthat the damping constant shows a quadratic dependence of
eration is reported in the case of gallium and tin nanoparticlé® . .>*® From the temporal behavior @, one can easily
systems? In our experimentah OD data, however, no os- imagine a more drastic change gf; in the first step of the
cillation due to the strain waves is observed, indicatingexcitation. Such behavior, however, cannot be extracted in

h?’eff(@I):rsur"'Fefp@I ) (1)
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0.52 T T I obtained experimentally. This means that the surface of the
nanoparticle plays an important role in the damping process

0.50 of electrons through the collision at the metal-glass interface.
< Zhouet al. and Yanget al. also used a similar expression to
% 0.48 explain the effective damping constdfit’ To confirm this
~ point, the size dependence Bf,,, should be studied quanti-
;5 0.46 tatively.
= 0.44 V. CONCLUSION

042k 4 Nonlinear optical response of gold nanoparticles was in-

1 1 1 vestigated by the white-light pump-probe method. We ana-

-5 0 5 10 15 lyzed transient absorption spectra by Mie scattering theory.
) The temporal changes of the electron temperature and the

Delay Time (ps) effective damping constant in the Drude term were obtained

from the analysis. The nonlinear response was found to
originate mainly from the hot electron which was heated by
the incidence of the pump pulse in the subpicosecond region.
By taking into account the thermal diffusion process from
metal nanoparticle to the host matrix, the total energy flow in
the temporal change af;. Thus, we can conclude that only the metal nanoparticle system was explained quantitatively.
the e-p scattering process should contribute considerably inwe found that the lattice temperature is also raised even in
the temporal change Ofes- the first stage of the nonequilibrium state. We also estimated
Comparing the magnitudes of each term in Effl), we  thee-p coupling constan® as 6.0< 10" W m 2 K ~*. This
found that even around=0, the ratio ofl's,,andl'e_,0,is  value is about two times larger than the result of the gold
about 6. The value df s, (0.427 eV} is much larger than the  film.!! The reason is not clear at present, though a mesos-
value reported in bulkI(p,=0.170 eV.* In our case, itis copic effect would play an important role in increasing the
suggested that scattering by a structural fluctuation on th@-p coupling constant of the nanoparticle system.
metal-glass interface induces the dephasing process of plas- The effective damping constants in the Drude term
mons. If we assume that the electron dephases within a roungbuld be described by the surface scattering process and the
trip from one point to another point on the surface, the dampe-p scattering process. It should be noted that the lattice
ing energy due to the process is describet s/ (2R). For  temperature is a considerable parameter to describe the tran-
our gO'd nanoparticle, the value is estimated as 0.272 eV. |§ient absorption spectrum through the Change Ofﬂ;}ein
we calculate the 'y =I'p,+hVe/(2Ry), we obtain  the quasiequilibrium state between the electron and the lat-
I',=0.442 eV. This value is nearly the same as thg, tice systems.

FIG. 7. Damping constant y.; at each delay timgclosed
circles with fitting curves; solid curve is a fitting result by Ed.1).
Dash-dotted line indicates the valueldf, in Eq. (11) .
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