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Ultrafast electron relaxation via breathing vibration of gold nanocrystals embedded
in a dielectric medium
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Relaxation dynamics of electrons in gold nanocrystals with diameters of 3.0–17.5 nm embedded in SiO2 ,
Al2O3, and TiO2 matrices have been investigated by means of femtosecond pump and probe spectroscopy. The
experiments show that the energy relaxation rates depend on both the nanocrystal size and the matrix material.
A model taking account of electron-breathing mode interaction, electron-bulk phonon interaction, and thermal
diffusion through the interface can explain well the observed results. The breathing mode damping in the
medium on a time scale of a few picoseconds plays an important role in the electron-energy dissipation process
of the nanoscale composite system.
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The nonequilibrium dynamics of laser-heated conduct
electrons in metals and semiconductors with a nanom
size in composite systems is a fascinating area of inte
research because of a variety of physical properties of in
sions and environments. In metal and semiconductor na
crystals, three-dimensional confinement effects imposed
the surrounding medium lead to pronounced modification
electronic and optical properties.1–3 Lattice vibrations are
also confined, generating surface modes characteristi
shape and boundary conditions at the interface.4

Metal nanocrystal-dielectric composites have been int
sively investigated because of fast electron dynamics
high nonlinear optical susceptibilities associated with surf
plasmon~SP! resonance.5–13 As the electron heat capacity o
metal is one to two orders of magnitude smaller than
lattice heat capacity, the electron gas is easily heated
temperatureTe up to several thousand K, while keeping th
lattice temperatureTl relatively low.14–16 Most of the dy-
namical properties in the literature have been discussed
the basis of the models developed for bulk materials. Co
ing dynamics of hot electrons to the lattice system has b
interpreted in terms of the two-temperature model in wh
the electron-bulk phonon interaction plays a key role
relaxation.7–12 In contrast, Nisoliet al. have reported that in
gallium nanoparticles, the particle-size-dependent relaxa
is uniquely governed by the energy exchange with the s
face phonons of metal particles disconnected with
surrounding.16 In general, however, the acoustic ener
damping through the contact between the surrounding
dium and the particle must take a part of relaxation proces
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to form a new thermal equilibrium in the composite syste
An effect of interplay between the metal nanocrystal a
matrix on hot-electron relaxation on a subpicosecond ti
region is still an open question.

In this paper, we present a femtosecond time-resol
study of nonequilibrium electron dynamics in gold nanocry
tals with diameters of 3.0–17.5 nm embedded in SiO2 ,
Al2O3, and TiO2 matrices. We have observed diameter- a
matrix-dependent decay behaviors of SP resonance sig
and coherent acoustic mode oscillation. A model taking
count of relaxation via electron-bulk phonon interactio
damping via electron-nanocrystal breathing mode interac
and thermal diffusion through the interface can explain w
the observed diameter-dependence of the relaxation t
The results clearly demonstrate an important role of imp
sive excitation and damping of breathing modes in relaxat
of laser-heated electrons to the environment.

Gold nanocrystal-dielectric composites have been p
pared by magnetron sputtering method.17 We used three ma
trix materials. Their thermal conductivities~bulk moduli! are
1.38 W m21 K21 (3.831010 N m22) for SiO2 glass,
36 W m21 K21 (1.731011 N m22) for Al2O3, and
8.4 W m21 K21 (1.631011 N m22) for TiO2.18,19 Average
diameters were determined from analysis of the x-ray d
fraction patterns using the Scherrer formula. The diame
were 3.9, 4.9, 7.0, and 17.5 nm for SiO2 glass matrix, 3.0,
4.2, and 6.0 nm for Al2O3 matrix, and 4.6 and 7.0 nm fo
TiO2 matrix, respectively. Time evolutions of transient a
sorption spectrum have been measured by a pump and p
method with a 150 fs pulse from an amplified Ti:sapph
©2001 The American Physical Society02-1
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laser. The photon energy of the pump pulse was set to a
3.1 eV corresponding to the band-to-band transition ass
ated with 5d electrons of gold nanocrystals.3

Figure 1~a! shows an absorption spectrum of gold nan
crystals embedded in SiO2 glass (Au/SiO2) with an average
diameter of 3.9 nm. The absorption peak at;2.3 eV is as-
cribed to the SP band. The shoulder band on the high en
side of the SP peak corresponds to the band-to-band tra
tion of gold nanocrystals.3 Differential absorption spectra
were measured at various delay times between the pump
probe pulses, and the results are shown in Fig. 1~b!. After the
pump pulse excitation, differential absorptionDA decreases
around the peak energy of the SP band, whileDA increases
on both the high and low energy sides of the peak. As
delay time proceeds,DA decreases, keeping the spectral fe
ture almost constant. Similar spectral and temporal behav
were observed for all the samples studied here. As was
served for silver nanocrystals in glass, these spectral feat
are mainly ascribed to broadening the SP band due to
modification of dielectric functions induced by the creati
of nonequilibrium electrons in metal nanocrystals.7–10,12,20,21

To investigate electron dynamics, we measured time e
lutions ofDA at the peak photon energy of the SP resonan
A pump intensity was adjusted so that an absorbed pu
energy by unit volume of nanocrystals was kept constant
the measurement. The pump energies were 3.53102 and
7.03102 J cm23 for all the samples of Au/SiO2 and
Au/Al2O3, respectively. As shown in Fig. 2~a!, the observed
decay kinetics clearly indicate size-dependent behaviors.
relaxation timest1, obtained by fitting the data to an expo
nential function are 2.3, 2.8, 3.3, and 5.0 ps for the diame
of 3.9, 4.9, 7.0, and 17.5 nm, respectively. The diame
dependence oft1 is summarized in Fig. 3~a!. The relaxation
becomes fast with decreasing nanocrystal diameter. Sim
behaviors were observed for Au/Al2O3. The obtained values

FIG. 1. ~a! Absorption spectrum of Au/SiO2 with a diameter of
3.9 nm.~b! Differential absorption spectra measured at various
lay times after excitation by pump pulses.
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of t1 are plotted as a function of diameter in Fig. 3~b!. The
notable result is thatt1 is shorter for Au/Al2O3 than for
Au/SiO2. As an example, we show as a solid curve in F
2~a! the decay curve for Au/Al2O3 with a diameter of 4.2
nm. The decay is faster than for Au/SiO2 for any diameter in
the range of 3.9–17.5 nm. Consequently, these results i
cate that the cooling dynamics of nonequilibrium electrons
strongly dependent on the matrix as well as the diame
which suggest that the thermal conductivity or the bu
modulus is one of the parameters governing the relaxa
processes.

-
FIG. 2. ~a! Time evolutions of differential absorption at the S

peak energy for Au/SiO2 ~3.9, 4.9, 7.0, and 17.5 nm! and Au/Al2O3

~4.2 nm!. ~b! Time evolutions of electron temperatureTe calculated
for Au/SiO2 ~solid curves! and Au/Al2O3 ~dashed curves!. Nano-
crystal diameters are 20, 10, and 4 nm from the top curve to
bottom. The inset is the time evolutions ofTe on an enlarged scale

FIG. 3. Diameter dependence of relaxation times for~a!
Au/SiO2 and ~b! Au/Al2O3. Closed circles indicate experimenta
results. Solid curves are fitted ones withA56.0 ~a! and 3.0~b!. The
inset shows a plot of theA value versus the bulk modulusB of
matrices (SiO2 glass, TiO2, and Al2O3).
2-2
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In line with the above argument, we analyzed quant
tively relaxation dynamics of hot electrons using the exist
model. In the metal nanocrystal-dielectric composites,
energy relaxation of laser-heated electrons has been
plained by the following two-step process.22,23 The first step
is the temperature equilibrium process between electron
lattice systems via an electron-bulk phonon interaction,
pearing in the time region of several ps. The second step
thermal conduction from nanocrystals to a matrix, lasting
a few hundred ps. As the time region of the second proce
two orders of magnitude longer than that of the first proce
these processes have been separately analyzed in
literature.22,23 In this study, however, we analyze them as
parallel process taking place simultaneously. In the exten
two-temperature model, time evolutions of metal-electr
temperatureTe(t), metal-lattice temperatureTl(t), and ma-
trix temperatureTd(t,r ) are given by the following coupled
differential equations:

Ce

dTe~ t !

dt
52G$Te~ t !2Tl~ t !%1P~ t !, ~1!

Cl

dTl~ t !

dt
5G$Te~ t !2Tl~ t !%

2

]

]t FCdE
R

`

4pr 2$Td~ t,r !2T0%drG
V

, ~2!

]Td~ t,r !

]t
5Dd

1

r 2

]

]r F r 2
]Td~ t,r !

]r G , ~3!

whereCe andCl are the electronic and lattice specific he
capacities, respectively, andG is the electron-phonon cou
pling constant of metal nanocrystals.P(t) is the excitation
laser energy deposited by a unit volume of nanocrystals
unit time.R andV are the radius and the volume of a nan
crystal, respectively.Cd andDd are the specific heat capaci
and thermal diffusivity of the matrix, respectively, andT0 is
the initial temperature of the metal nanocrystal-dielec
composite.

Time evolutions ofTe(t), Tl(t), and Td(t,r ) were ana-
lyzed by numerical calculations of the differential equatio
~1!–~3!. Since the observed relaxation behaviors depend
both the size and the matrix material, it is reasonable
assume that the size dependence does not result from
electron-bulk phonon interaction in gold nanocrystals, a
thus the electron-phonon coupling strength remains cons
We take the coupling constant of gold asG53.0
31016 W m23 K21 and useCe5663Te J m23 K21 and
Cl52.493106 J m23 K21.15 Cd and Dd are 1.84
3106 J m23 K21 and 7.4931027 m2 s21 for SiO2 glass
and 3.103106 J m23 K21 and 1.16131025 m2 s21 for
Al2O3, respectively.18 Calculated time evolutions ofTe(t)
for diameters of 4, 10, and 20 nm embedded in SiO2 glass
~solid curves! and Al2O3 ~dashed curves! are shown in Fig.
2~b!. Electrons in initial equilibrium with the lattice at 300 K
are heated up to 1000 K by photoexcitations with a pu
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intensity of 0.33102 J cm23, and then cooled down to 30
K. The calculated behaviors ofTe(t) for different sizes and
matrix materials are almost the same, though a small dif
ence is noticed after 4 ps. In the inset of Fig. 2~b! illustrated
with the expanded scale, we see thatTe(t) decreases more
rapidly for smaller nanocrystals and for Al2O3 in which the
thermal conductivity is larger. Such behaviors do not chan
even when electrons are heated up to 1500 and 2000 K
photoexcitations. Therefore, it is found that the calcula
dependence ofTe(t) on size and matrix is much smaller tha
the observed dependence, and the extended two-temper
model cannot reproduce the experimental results. These
sults suggest that there exists another relaxation path
giving rise to the size and matrix dependence, which is
involved in the two-step process.

Here, we consider a breathing vibration of nanocryst
that is characteristic of nanoscale particles. Excitation a
damping of coherent acoustic vibrations of metal nanocr
tals by the femtosecond pulses have been observed for
lium, tin, gold, and silver nanocrystals embedded
dielectrics.24–26In our sample of Au/SiO2 with a diameter of
17.5 nm, we could observe a similar oscillatory behavior
the decay curve ofDA, when the pump intensity was de
creased to 0.43102 J cm23. The oscillation is due to modu
lation of the SP resonance frequency by the breath
mode.25 As the broadening of the SP band due to electr
electron and electron-surface collisions dominates over
spectral change in the case of the high pump intensity, the
peak change giving rise to an oscillation behavior is o
scured. Figure 4 indicates the decay curve modulated with
oscillation period of;5 ps. Assuming a boundary cond
tion of a free sphere, the period of the fundamental~breath-
ing! mode is given by

Tosc5
2pR

2.93v l
, ~4!

wherev l is the longitudinal sound velocity.26 Using the value
of v l as the bulk parameter of gold crystals,Tosc is obtained
to be 5.8 ps, which is in good agreement with our obser
tion. The small peak seen at;4.3 ps~indicated by asterisk!
is ascribed to the modulation due to the second-order mo
The oscillation period due to this mode is calculated to

FIG. 4. Time evolutions of differential absorption for Au/SiO2

with a diameter of 17.5 nm measured at 2.10~upper curve! and 2.25
eV ~lower curve! with the pump intensity of 0.43102 J cm23. The
oscillatory structures due to the breathing mode and the sec
order mode are marked by the arrows and asterisks, respective
2-3
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2.7 ps, thus the first and second peaks are expected to a
at 1.35 and 4.05 ps, respectively. Although the first pe
cannot be observed because of the large modulation du
the breathing mode, the second peak is observed at;4.3 ps.

The breathing mode coherently excited by the opti
pulse is damped by the damping process due to expansio
spherical waves, which was observed for silv
nanocrystals.25 Assuming a homogeneous elastic sphere
an infinite medium, the damping timetb is given by

tb'
AR

v l
, ~5!

whereA is a constant defined by elastic constants of me
nanocrystals and a matrix, and a degree of the nanocry
matrix contact at the interface.25 Mechanical vibrations of
the breathing mode result in deformation potential coupl
between an electron and the lattice, and modulation of
electron density via a volume change. Therefore, the da
ing process of the breathing mode can take a part of
energy transfer of laser-heated electrons to the surroun
medium. As the frequency of the breathing mode is as low
231011 Hz, the lattice system can be divided into two i
dependent subsystems: bulk phonons and breathing mo
Therefore, the total relaxation ratet r

21 is given by the fol-
lowing equation:

1

t r
5

1

tb
1

1

t22T
, ~6!

wheretb
21 andt22T

21 are relaxation rates via breathing mod
and bulk phonon modes, respectively.

Let us analyze the observed diameter dependence ot1
using Eqs.~1!–~3!, ~5!, and ~6!. t22T is given by the ex-
tended two-temperature model with the parameters for
experimental conditions used in this study. The coefficienA
is taken as an adjustable parameter, becauseA is dependent
on the degree of the matrix-nanocrystal contact as well as
elastic constants of nanocrystals and matrix. The used va
of P(t) in Eq. ~1! are 2.331015 and 4.731015 W cm23 for
Au/SiO2 and Au/Al2O3 in our experimental conditions, re
.

.

.
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spectively. We show the fitted curves in Figs. 3~a! and 3~b!
by solid curves. Taking theA values as 6.0 and 3.0 fo
Au/SiO2 and Au/Al2O3, respectively, the observed depe
dence of the energy relaxation time can be well reproduc
The strong dependence of theA value on the surrounding
material can be explained by the difference in bulk modu
between Al2O3 and SiO2. The inset in Fig. 3~a! shows the
dependence of theA value on the bulk moduli of SiO2 ,
TiO2, and Al2O3. The A value is inversely proportional to
the bulk modulus. This result indicates that the relaxat
time (A value! is shorter~smaller! for gold nanocrystals em
bedded in a matrix with a larger bulk modulus. As the elas
energy is proportional to the bulk modulus, the energy tha
transferred from the nanocrystals is larger for the matrix w
the large bulk modulus when the same amount of the ra
displacement is given by a breathing vibration. The ene
transfer via breathing vibrations is much faster than the th
mal conduction governed by thermal diffusion constant,
cause the oscillation period is as short as;5 ps.

In summary, relaxation processes of laser-heated e
trons have been investigated for gold nanocrystals with
ameters of 3.0–17.5 nm embedded in SiO2 and Al2O3 ma-
trices. The experimental results have shown that
relaxation timest1 are size and matrix dependent. The mod
taking into account the relaxation via electron-bulk phon
interaction, damping via electron-breathing mode interacti
and thermal diffusion through the interface has explain
well the experimental results. This study allowed us to fi
that impulsive excitation of coherent breathing modes
femtosecond pulses leads to a rapid energy transfer of
electron system to a surrounding medium on a ps time sc
Such a process is a new class of the electron-energy dis
tion process that may be seen in a variety of nano-compo
systems with optical and mechanical properties.
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