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Electron kinetics and emission for metal nanoparticles exposed to intense laser pulses
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A kinetic theory for the interaction of laser radiation with metal nanoparticles embedded in a wide-band-gap
dielectric is presented. The formalism is based on the integration of the Boltzmann equation for electrons of an
open system, adapted to the description of electron losses from the nanoparticle such as thermionic and
photoelectric effects. Differential forms of the electron-electron and electron-phonon collision operators are
introduced to perform kinetic calculations beyond the nanosecond time scale. This kinetic model, which also
includes nanoparticle-matrix energy transfer, is used to calculate laser energy deposition, redistribution, and
electron ejection for nanosecond or picosecond laser-pulse durations in a model system for laser damage
investigation; gold nanoparticles embedded in SiO2 glass. Though electron-phonon relaxation times are small
compared with laser-pulse duration, an important part of the electron population is found to be driven beyond
a typical 10 eV energy. These results suggest that laser absorption by a metal nanoinclusion can create a plasma
around the particle.
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le

on
ki

he
h

cl
v

or
y
a
s

ra
l
de
lo
n
lin
u
t

e
n
ro

d
tic
re

as
ity

se

tion

o-
ell

d
ion
at
es-
fec-
ec-
the
to

he
e

c-

in
the
oun-
if-
u-

ely
-
rm-
u
-
re-
t of
nic

ent

in
I. INTRODUCTION

Hot electron relaxation dynamics in metal nanopartic
have drawn much attention in the last few years.1–5 In the
scope of femtosecond to picosecond laser-pulse durati
and for low excitation levels, both two-temperature and
netic formalisms were used to describe the electron~e! and
phonon ~p! systems of metals. The main purpose of t
above-mentioned experimental and theoretical studies
been the analysis of optical responses of metal nanoparti
both for understanding their fundamental electronic and
brational properties and for developing new materials. M
recently, another application field for nanoparticle-glass s
tems has been looked through; the study of laser dam
initiation of optical materials,6–8 using metal nanoparticles a
model nanoabsorbing centers.

In laser damage investigation, one is interested in inte
tion of a high fluence~few J/cm2) laser pulse with the meta
nanoparticles. The previous electron kinetics modeling
veloped in femtosecond or picosecond regimes and for a
fluence are then inadequate. New approaches, including
effects, have to be developed to describe this highly non
ear regime. For instance, Papernov and Schmid’s res
show that the energy deposited by the laser pulse inside
metal particle only is not sufficient to produce the observ
damage sites.6,7 In particular, the creation of an electro
plasma around the inclusions can modify the absorbing p
erties of the system~nanoparticle and glass! and be a precur-
sor mechanism to damage. The aim of this paper is to
scribe the first phase of this process, that is, nanopar
electron heating and kinetics in a very strong excitation
gime, and creation of an electron plasma in the glass,
result of gold nanoparticle interaction with a high intens
picosecond or nanosecond laser pulse.

The simplest model one can use to describe la
0163-1829/2003/68~3!/035424~12!/$20.00 68 0354
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nanoparticle interaction consists in calculating the absorp
of an inclusion through Mie’s theory,9,10 knowing the metal
dielectric function. Then, it is possible to determine the ev
lution of electron and phonon temperatures in metal, as w
as in the glass matrix.1,11 A metallic nanoparticle embedde
in glass constitutes a potential well for the metal conduct
electrons. The finite depth of this potential well implies th
electrons, with energy above a critical value, are able to
cape from the inclusion. When this process becomes ef
tive, requiring an electron temperature of order of the el
tron volt, the temperature concept itself dies out since
electron distribution function can no longer be identified
the Fermi-Dirac function. Hence, explicit calculations for t
evolution of the electron distribution function have to b
performed using the Boltzmann equation,12 including in-
creasede-p coupling due tod-states contribution for large
electron heating,13 nanoparticle-glass energy transfer by ele
tron ejection, and heat diffusion in the matrix.

Such kinetic calculations have drawn much attention
the last few years in the frame of ultrashort pulses. In
case of nanosecond pulses, a major inconvenience is enc
tered; the resolution of kinetic equations in their integrod
ferential form is very computer time consuming. The calc
lation time can be drastically reduced using a pur
differential kinetic equation, allowing implicit numerical in
tegration schemes. We show that it is possible by transfo
ing e-e and e-p collision operators by the use of Landa
diffusion approximations,14 making these calculations trac
table on a standard computer. The fully kinetic model p
sented in this paper, allows us to determine the amoun
ejected electrons from gold nanoinclusions by thermio
emission15 and photoelectric effect,16 as a function of parti-
cle’s dimension and of duration and fluence of the incid
laser pulse.

General properties of gold nanoparticles embedded
©2003 The American Physical Society24-1
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silica and processes of electron ejection from an inclus
towards the conduction band of silica are summarized in S
II. Section III is devoted to the kinetic model describing t
metal conduction electrons. In the same section, the me
of integration of the Boltzmann equation is detailed. Nume
cal calculations, modeling laser-nanoparticle interaction w
high intensity picosecond and nanosecond pulses in the
~351 nm!, are presented in Sec. IV.

II. NONTHERMAL EQUILIBRIUM PROCESSES

The system studied is a spherical inclusion of radiua
illuminated by a plane and monochromatic laser wave.
shall consider throughout this paper that laser energy de
sition is dominated by linear absorption. This constraint w
be satisfied for gold nanoparticles if the intensity of the la
pulse, in the wavelength range from 250 nm to 1mm, re-
mains approximately below 1 TW/cm2.17 Using a linear ap-
proach on the basis of Mie’s theory,9 and knowing the dielec-
tric function of gold nanoparticle, the determination of t
number of photons absorbed per unit time can be perform
through an absorption cross section.11,18The aim of Sec. II A
is to estimate the temperatures reached in glass-nanopa
systems, and point out the main characteristics of relev
processes. This is achieved on the basis of the t
temperature model1–4 used to describe the metal dynamic
In Sec. II B, the energy-band structure at the interface
tween gold nanoparticle and silica is examined, and eject
recombination process of hot electrons is discussed.

A. Two-temperature model of the metal and energy exchange
with glass

The heating of the whole system can be divided in sev
stages. Laser energy is first deposited on metal conduc
electrons. An electron, which absorbs a photon, will red
tribute the corresponding energy on the whole electron po
lation by means ofe-e collisions, and simultaneouslye-p
collisions will contribute to the gold crystal lattice heatin
The glass matrix around the inclusion is in turn heated
thermal diffusion. The two-temperature model, extensiv
used in the literature,1–4 can be applied to nanoparticle-gla
systems as long as the heating laser pulse is not too s
~greater than a few hundred femtoseconds4,5!, and if the flu-
ence is not too high, in order to keep nonthermal proces
negligible, such as energy losses due to electron esc
Hence, the metal is described as a couple of subsystem
electron system and a phonon system. Each system is
sumed to be in local equilibrium and is characterized by
temperature, that is, the electron temperatureTe and the lat-
tice temperatureTl . In the case of nanoparticle, the ener
transfer between the metal and the glass is a very effic
process. An equation describing the evolution of the gl
temperatureTg around the nanoparticle has thus to be add
to the two-temperature model. This energy transfer will
assumed to occur through phonon-phonon coupling only

As it will be shown below, in the frame of this two
temperature approach, a very precise evaluation of the r
of energy exchange between electrons and phonons
03542
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through the metal-glass interface is unnecessary. In part
lar, the influence of the particle size on the rate ofe-p energy
exchange is neglected.5,19 The time evolutions of the tem
peratures are obtained with the following coupled heat eq
tions:

Ce~Te!
]Te

]t
52G~Te2Tl !1S~ t !, ~1!

Cl

]Tl

]t
5G~Te2Tl !1Slg , ~2!

Cg

]Tg

]t
5“•kg“Tg , ~3!

whereCe , Cl , and Cg reflect electronic, lattice, and glas
heat capacities,G is the e-p coupling constant,kg is the
glass thermal conductivity,S(t) is the direct heat input to the
electron system by the laser pulse, andSlg is the metal-glass
energy exchange. The electron and phonon temperature
assumed to be homogeneous inside the particle andTg posi-
tion dependent. The whole system is assumed to pre
spherical symmetry. As boundary conditions, the phon
temperatures and heat flux are set continuous at metal-g
interface. In this configuration,Slg is given by

Slg53
kg

a S ]Tg

]r D
r 5a

, ~4!

wherea is the particle radius. The energy deposition term
Eq. ~1! is expressed as

S~ t !5
sabs

4
3 p a3

I 0~ t !. ~5!

Here I 0 being the laser intensity andsabs the absorption
cross section of the nanoparticle given by18

sabs512p a3
v

c

n0
3«9

~«812 n0
2!21«92

, ~6!

wherev is the laser angular frequency,c is the vacuum light
velocity, andn0 is the glass index. The relative dielectr
constant of the particle«5«81 i «9 takes into account two
mechanisms of laser energy deposition in gold: intraba
absorption~in the sp band! and interband absorption (d to-
wardssp band!.20 Intraband absorption is described throu
a Drude model, including effects related to electron me
free-path limitations,21 while a Lindhard type model is use
for interband contribution.12,16 Parameters involved in thes
models are adjusted in order to match the optical proper
of the bulk metal in the limit of large particles. For gol
nanoparticles embedded in silica and for a laser wavelen
l5351 nm, sabs is roughly given by sabs/(pa2)
'0.1a nm.

For laser-pulse durationst las above 1 ps, the electron
temperature can be considered to evolve simultaneously
the intensity of the incident wave. Let us compare the ch
acteristic evolution time of electron temperature result
from energy deposition with the time of energy exchan
4-2
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ELECTRON KINETICS AND EMISSION FOR METAL . . . PHYSICAL REVIEW B 68, 035424 ~2003!
between the nanoparticle and the glass matrix. This en
exchange time is equivalent to the diffusion time of tempe
ture in glass, that is,a2 Cg /kg , which is in the picosecond
range (Cg50.1633107 J/m3/K and kg51.37 W/m/K for
fused silica22!. Since this time is very small compared wi
laser-pulse durations we are interested in, the heat flu
glass can be considered to be quasistationary in the ne
borhood of the particle. Thus, we haveTg(r )'T01(Tl
2T0) a/r (T0 is the glass temperature forr→`), and Slg
can be expressed as

Slg'23
kg

a2
~Tl2T0!. ~7!

From Eq.~7!, a characteristic time of energy exchange b
tween the nanoparticle and the glass matrix can be prop
defined as

tm5
a2 Cl

3 kg
'0.6a2~nm!2 ps. ~8!

Even for a high-electron temperature (Te;1 eV), the lattice
specific heat is large compared with electron one (Cl52.49
3106 J/m3/K,22 Ce'gTe , g563 J/m3/K2). Hence, ne-
glecting the electron specific heat term with respect to
two-temperature model, and since for nanoparticles we h
tm!t las , it is relevant to look for a stationnary solution o
the heat equations@Eqs.~1!–~3!#. One obtains

Tl~ t !'T01
a2S~ t !

3kg
, ~9!

Te~ t !'Tl~ t !1
S~ t !

G
. ~10!

The energy exchange rate between electrons and lattice
pends directly on thee-p coupling constantG. We takeG
52.531016 W/m3/K,5,23 more precise explanations abo
this choice are given in Sec. III E. Therefore, if the partic
size is of the order of a nanometer, energy loss from
inclusion towards the glass matrix by thermal diffusion is
process more efficient than heating of the gold crystal lat
by e-p energy exchange. The consequence is that even
nanosecond-GW/cm2 laser pulse, the phonon temperatureTl
can remain rather low, i.e., under the metal melting tempe
ture. For a gold nanoparticle of radiusa52 nm and a laser
intensity I 050.5 GW/cm2, one obtainsTe'16 000 K and
Tl'670 K.

B. Electron ejection processes

Two electron ejection processes from a metal towa
vacuum are known: the photoelectric effect and thermio
emission. At ambient electron temperature, the photoelec
effect is efficient if the photon energy of incident light
larger than the so-called work function valueW of the metal
~extraction energy from Fermi level!. For polycrystalline
gold in vacuum, we haveW55.1 eV.22 The nanoparticles
may as well be single crystalline and exhibit faces cor
sponding to low-index planes. In this case, since the w
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function is different for different planes, it may happen th
the electron emission is anisotropic. However, the wo
functions of single crystalline gold associated with low-ind
planes present slight differences with respect to the w
function of gold in polycrystalline form, below 8%.22 Hence,
in numerical calculations, we will use the work function
polycrystalline gold. For highly excited electron distribu
tions, absorption of 351-nm light~3.53-eV photons! can lead
to photoemission of hot electrons. This mechanism can oc
through the Drude absorption and inters-p band
transitions.24 The respective weights of these two proces
can be roughly estimated, first noting that for a nanoparti
because of mean-free-path limitations effects, the Drude
sorption is strongly enhanced with respect to massive m
rial. For 3.53-eV photons, it represents typically 20% of t
whole absorption in a nanoparticle~less than 1% in massive
material!. The partial joint densities of states taken in Ref.
corresponding to transitions from the two upperd bands to-
wardsp band, and fromp towardss band, can be used to
build the imaginary part of the dielectric function. A com
parison of the calculated and experimental22 dielectric func-
tions permits us to estimate the inters-p band transitions
efficiency. The results indicate that photoemission induc
by this process is negligible as compared to the one rela
with Drude absorption in gold nanoparticles.

Electrons can be ejected by thermionic effect if the oc
pation number around the energye'eF1W is significant. In
this case, the electrons close to this threshold can get en
by collision and escape from the metal.

As the metallic particle is embedded in a glass, electr
can be ejected if their energy is sufficient to reach the c
duction band of the glass. If we consider electrons at th
modynamic equilibrium, the Fermi levels are identical in t
inclusion and in the glass near the interface. In a glass,
location of the Fermi level is not well known, but it is usu
ally located approximately halfway between the top of v
lence band and the bottom of conduction band.25 Hence, en-
ergies will be referenced with respect to vacuum. As
electron affinity of silica iseA'1.2 eV,26 the effective work
function for the gold-silica interface will be reduced
We f f5W2eA'3.9 eV ~Fig. 1!. That interfacial barrier
height is in an agreement with the values used in stud
related to ballistic electron transport in thin SiO2 films.27

FIG. 1. Diagram of the energy relations at the Au-SiO2 inter-
face.
4-3
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Since for gold the Fermi energy iseF55.53 eV~with respect
to the bottom of parabolic conduction band!, we can write
the critical ejection energyec as

ec'eF1We f f'9.43 eV. ~11!

Electron ejection results in the creation of a positive
charged nanoparticle, and hence of strong electrostatic fi
which tends to preserve the system quasineutrality. As
silica band gap is'eg'8 –9 eV, under the action of th
electrostatic field, electrons from the valence band of si
can replace electrons ejected from gold~Fig. 1!. This mecha-
nism occurs only if unoccupied electron states in gold
available at the corresponding energies, as this is the cas
strong electron heating (Te.3000 K). Moreover, when the
nanoparticle becomes positively charged, the potential
ergy of the remaining electrons shifts downward, hence
top of the silica valence band can match the energy level
free electron states in gold. In this recombination sche
electrons from the valence band of glass fill in the nega
charge deficit within the metal particle without having to lo
energy. It is thus more likely than recombination with h
electrons in conduction band of glass which involve lar
energy losses. In such a process, electron emission lea
the formation of electron-hole pairs in glass, which can s
sequently form excitons and self-trapped excitons~STE! by
losing energy throughe-p collisions.28

III. KINETIC MODEL

Evaluation of thermionic emission requires the prec
knowledge of the distribution tail, at the neighborhood
critical energyec . This cannot be done using the above tw
temperature model that assumed the electron temperatu
be defined. We shall use here a description of the elec
kinetics, by its time-dependent distribution functionf (e),
assumed to be homogeneous and isotropic, mainly bec
of the randomization due to the limitation of electron me
free path to particle size. Its evolution is described with
help of the Boltzmann equation that replaces theTe evolu-
tion equation~1! in the two-temperature model. It include
e-e and e-p collisions, and laser energy deposition throu
intraband and interband absorption mechanisms:

~12!

This equation reduces to Eq.~1! in the thermal regime.
Linear interband absorption is possible only for laser p

tons having an energy greater than thesp-d band gap, that is
eF2ed52.45 eV ~Fig. 1!. As before, the metal lattice an
silica matrix will be described by their temperaturesTl and
Tg , respectively, using standard heat equations
03542
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]Tl

]t
52AE

0

ecS ] f ~e!

]t D
e-p

e3/2de1Slg ~13!

and

Cg

]Tg

]t
5“~kg“Tg!. ~14!

The first term of right-hand side of Eq.~13! representse-p
energy exchange for a parabolic conduction band of go
The constantA, related to the density of states in conducti
band, is written as

A5
~2 me!

3/2

2p2\3
5

3

2

ne

eF
3/2

, ~15!

wherene is the electron density in the conduction band.
Expressions of the four operators in Eq.~12! can be found

in the literature.12,17The energy deposition operators, i.e., t
intraband and interband absorption operators (] f (e)/]t) intra
and (] f (e)/]t) inter are detailed in the Appendix. They ca
be easily numerically evaluated. On the other hand, if ene
redistribution operators are expressed in their canon
form, they involve the evaluation of single integrals fore-p
collisions and double integrals fore-e collisions, in each
point of phase space.4,12,29,30In practice, these types of ca
culations are feasible only in the case of an extremely sh
phenomena, corresponding to the ultrashort laser-pulse p
ics, in the femtosecond range. A numerical calculation p
formed using ane-e collision operator in its integral form
typically requires a computation time of 1 h/ps, that is
days/ns on a standard main frame computer~for example, an
IBM-SP2!. In order to model the phenomena of much long
duration, the use of the collision operators in their stand
forms is not always necessary. This form is fully justifie
only if distribution functions differ in a significant way from
the Fermi-Dirac function. The fact thate-e and e-p relax-
ation times are typically of the order of a few tens of femt
seconds, means that above the picosecond range, a ki
calculation consists in looking for an electron distributio
function near equilibrium. Hence, we can approximate in
gral operators to differential operators. This latter form e
dently avoids the calculation of integrals, but moreover
lows the use of implicit numerical schemes and suppres
mesh constraints inherent in integral formulations. This p
cedure saves computation time by a factor 104.

A. Electron-phonon collision operator, integral, and differential
forms

The transformation ofe-p collision operator is first de-
tailed on the basis of the operator adapted to low elect
temperatures (Te,3000 K), which leads to satisfactory re
sults in this temperature range. We give below the neces
adjustments in the case of high electron temperatures, up
eV ~Sec. III E!.
4-4
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1. Integral form

The integrale-p collision operator for acoustic phonons
written in the deformation potential approximation29 as

S ] f ~e!

]t D
e2p

5KepE
0

qD q2

Ae
dq C~ f ,N! ~16!

with

C~ f ,N!5 f ~e2u!@12 f ~e!#Nu2 f ~e!@12 f ~e2u!#~11Nu!

1 f ~e1u!@12 f ~e!#~11Nu!

2 f ~e!@12 f ~e1u!#Nu ,

where f is the electron distribution function andN is the
phonon one;e and u are electron and phonon energies,
spectively.q represents the phonon wave number andqD the
Debye wave number, expressed as a function of interato
distanced: qD5(3/4p)1/32p/d. The phonon energy is re
lated to their wave number byu5\ cs q, wherecs is the
sound velocity. TheKep constant is given by

Kep5
23/2p2\3 G

me
3/2kB TD qD

3
, ~17!

whereG is the e-p coupling constant andTD is the Debye
temperature@kB TD5u(qD)5\ cs qD#.

2. Differential form

Since the electron energy is typically large with respec
phonon one (u;10 meV, e;1 eV), it is possible to make
use of Landau approximation,14 which allows us to expres
the collision operator in a differential form. For this, we pe
form a Taylor expansion ofC( f ,N) function, up to second
order with respect to the small parameteru. Straightforward
calculations give

C~ f ,N!'u
]

]e
„f ~e!@12 f ~e!#…1~112 Nu!

u2

2

]2f ~e!

]e2
.

We consider phonons to be in thermal equilibrium, at a te
peratureTl . In this caseNu is the Bose-Einstein function
and if the crystal lattice temperature is above the Debye t
perature~that is always verified for noble metals at ambie
temperature!, one easily checks that 112 Nu'2kBTl /u.
The C( f ,N) function is then written as

C~ f ,N!'u
]

]e S f ~e!@12 f ~e!#1kBTl

] f ~e!

]e D . ~18!

Performing the explicit integration with respect tou in Eq.
~16!, we obtain thee-p collision operator in its differentia
form

S ] f ~e!

]t D
e2p

5
Cep

Ae

]

]e S f ~e!@12 f ~e!#1kBTl

] f ~e!

]e D
~19!

with Cep5p2 \3 G/A2kB me
3/2.
03542
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B. Electron-electron collision operator, integral and
differential forms

1. Integral form

The transitions which occur ine-e collisions are of the
type ee1ee1

→ee2
1ee3

, where total energy and momentu
are conserved. The transition matrix elements are calcul
using an interaction Hamiltonian related to Coulomb pote
tial energy of electrons, taking into account screen
through a Thomas-Fermi dielectric function.16 Neglecting the
exchange terms, the operator reads30 as

S ] f ~e!

]t D
e2e

5
Kee

es
3/2Ae

E de1E de2 F~e,e1 ,e2!

3F Ax

11x
1arctanAxG

xmin

xmax

, ~20!

with Kee5me e4/(4 h3 «2), « being the electrostatic ap
proximation of permittivity,16 and the energyes , defined on
the basis of Thomas-Fermi wave numberqs , is given by

es5
\2qs

2

2 me
5

e2

2p « S 3 ne

p D 1/3

.

Pauli’s exclusion principle is represented by the functionF.
With e35e1e12e2 , we have

F~e,e1 ,e2!5@12 f ~e!#@12 f ~e1!# f ~e2! f ~e3!

2 f ~e! f ~e1!@12 f ~e2!#@12 f ~e3!#,

and the integration bounds are

xmin5
max„~Ae12Ae3!2,~Ae2Ae2!2

…

es
,

xmax5
min„~Ae11Ae3!2,~Ae1Ae2!2

…

es
.

2. Differential form

In the case ofe-p collision operator, the maximum energ
exchange by an electron with phonon population was limi
to the maximum energy of phonons. This quantity could
considered as a small parameter, and the conditions of a
cability of Landau approximation were fulfilled. This is no
the case for thee-e collision operator, Landau approximatio
is not straightforwardly usable. Because of strong screen
in a metal ~the characteristic screening distance is of t
order of the crystal lattice mesh!, e-e collisions are of the
‘‘hard spheres’’ type. During a single collision, energy e
change can be of the same order as the maximum energyec .
However, considering the above process as a marginal c
we are able to build ane-e operator in differential form, the
use of which being accurate as long as the characteristic
of evolution of the distribution function is large compare
with the e-e collision time. In Sec. III C, the high reliability
of the e-e differential operator will be demonstrated on th
basis of a numerical example. Introducing a self-relaxat
4-5
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process, the action of this operator will be similar to the o
of e-p operators. In other words, electron population rela
on itself, instead of relaxing on different species. First,
operator must satisfy two constraints, the particle num
and energy conservations, evidently while this correspo
to a physical reality or if we consider the particular caseec
→`. These considerations lead to the operator

S ] f ~e!

]t D
e2e

5
f ~0!Cee

Ae

]

]e S f ~e!@12 f ~e!#1kBTe*
] f ~e!

]e D .

~21!

Cee is a parameter not explicitly dependent on electron
ergy, which remains to be evaluated, andTe* is the effective
electron temperature defined by

kB Te* 5
1

f ~0!
E

0

ec
f ~w!@12 f ~w!# dw.

This effective temperature is exactly the thermodynam
electron temperature if the distribution functionf is the
Fermi-Dirac function, and moreover having to verifyf (ec)
'0. This is verified as long asTe* remains below;5000 K.
To determine theCee parameter, we shall proceed on th
basis of the analogy with the two-temperature model.
comes as

Cee5aee

A2 ne h3

16p me
3/2f ~0!

K 1

te2e
L , ~22!

K 1

te2e
L 5

E
0

ec f ~w!@12 f ~w!#

te2e~w!
dw

E
0

ec
f ~w!@12 f ~w!#dw

,

the collision frequency being calculated using thee-e colli-
sion operator~20!, andaee is an adjusting coefficient of the
order of unity, evaluated using the identification of secon
order energy momenta.

C. Test of electron-electron collision operator

The test of thee-e collision operator in its differentia
form has a main goal; showing its applicability to the proce
of electron ejection. Physically, this test corresponds to
cooling of a hot electron population, which occurs while t
system loses high-energy electrons from the distribution
Hence, we shall calculate the electron-density change
nanoparticle, considering that emitted electrons are not
placed, without taking into account electrostatic effects. T
test is built in the following way.

~1! The initial distribution function is the Fermi-Dira
function: f (e)51/„11exp@e2m(Te)#/kBTe…, where m is the
chemical potential andTe51 eV; the function is modified
arounde5ec in order to match the conditionf (ec)50, and
having chosenec52 eF

~2! The evolution of the distribution function is controlle
only by e-e collision operator
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~3! Calculations are realized using the differential ope
tor on a 3 nsduration and the integral operator on a 8
duration.

~4! Three values of the adjusting coefficientaee are used
to perform calculations in differential forms.

We expect the system to evolve towards a stationary c
figuration having lost one part of its electrons. The amoun
lost electrons must be the same for everyaee value, which
must only have an influence on the delay to reach the e
librium state. Results obtained using the differential form
the operator are compared with those obtained using the
tegral form in the picosecond range. The evolution of t
distribution function is shown at timest50, 8 ps, and 3 ns
@Fig. 2~a!#. For t58 ps, results arising from integral and di
ferential operators withaee50.6 are practically identical@in-
set of Fig. 2~a!#. At t53 ns, the system has lost nearly 5%
its electrons@Fig. 2~b!#, the associated energy loss leads to
decrease of the effective temperature. One can verify tha

FIG. 2. Distribution function fort50, 8 ps, and 3 ns~a!, the
absolute difference between distribution functions calculated us
the differential operator (f d) with aee50.6 and the integral operato
( f i) at t58 ps is reported in the inset; evolution of the electr
density during 3 ns for three values of theaee coefficient~b!. Inset
shows the density variation during the first picoseconds, the s
line corresponding to exact calculation.
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choice ofaee coefficient has a little influence on the ejectio
rate in nanosecond range, and in every case the sy
evolves towards the same stationary state. Moreover,
main part of the electron ejection process takes place du
the first few picoseconds@inset of Fig. 2~b!#.

Fixed values of theaee coefficient were used in order t
point out their little influence on final results. Of course,
realistic calculations,aee will be adjusted by the procedur
of identification of second-order energy momenta. Therefo
we can conclude that oure-e collisions operator in differen-
tial form describes accurately the evolution of the distrib
tion function, as well as related processes.

D. Rates of electron ejection

1. Photoelectric effect

The laser energy deposition involves intraband and in
band absorption mechanisms. We shall consider that the
ton energies are below 5 eV. In this case, only the intrab
mechanism is able to contribute directly to electron ejecti
since the interband mechanism corresponds to transit
from an energy leveled towards an energyed1\v, well
below the critical ejection energyec . The change of electron
density due to photoelectric effect is written with the help
the intraband absorption operator@Eq. ~A1! in the Appendix#
as

S ]ne

]t D
ph

5AE
0

ecS ] f

]t D
intra

Aede, ~23!

that is,

S ]ne

]t D
ph

52A KintraE
ec2\v

ec
f ~e!Ae~e1\v! de. ~24!

The associated energy balance yields the energy losses

S ]ne^e&
]t D

ph

52A KintraE
ec2\v

ec
e3/2Ae1\v f ~e!de.

~25!

2. Thermionic effect

The electrons from distribution tail can be ejected by
thermionic effect. Electron and energy losses associated
thermionic effect are evaluated on the basis of outw
fluxes ate5ec . According to a relation similar to the on
given by Eq.~23!, and using this time the operators~19! and
~21!, one obtains the emission rates due toe-p ande-e col-
lisions:

S ]ne

]t D
th,p

5A CepkB Tl S ] f ~e!

]e D
e5ec

, ~26!

S ]ne

]t D
th,e

5A CeekB Te* S ] f ~e!

]e D
e5ec

. ~27!

The corresponding energy losses are simply the produc
the rates by the energyec .
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E. Adjustments of physical constants

As electron temperature becomes of the order of elec
volt, processes which are negligible at low temperature
become effective, leading mainly to a change of thee-p
coupling constantG and of the electron specific heat. Fo
instance, Lugovskoy and Bray17 have made the hypothesis o
the contribution ofumklappprocesses. Taking into accoun
these effects can be done by introducing an effective c
pling constantG, which increases with the electron temper
ture. Using their model, they have performed simulations
the experiments of Fannet al.23 in thin gold films~30 nm!. A
very strong coupling constant value at room temperat
(G52.731017 W/m3/K) and the usual electron specific he
have been used. However, their estimation of absorbed l
fluence is too high by a factor about 2, leading to an over
timate of temperatures and thus necessitates an enha
cooling process in such a way to match the experime
results.

On the other hand, Wanget al.13 have included the fac
that for high temperatures, the electron density of sta
which must be considered in the low-energy range is not
one associated with a parabolic conduction band, but a d
sity of states reflecting the existence of thed band. Taking
into account electron thermal diffusion and the effect rela
to the density of states towards low energies, a good ag
ment with experimental results on electron temperature
laxation in gold films, up toTe51 eV, was obtained. Hence
in our numerical calculations, we have chosen to introdu
the determination of theG constant and of the electron sp
cific heat as functions ofTe , as given in Ref. 13. The densit
of states that we have used derives from Ref. 24 and thee-p
coupling constant at room temperature isG52.5
31016 W/m3/K. For example, theG constant atTe51 eV is
six times larger than forTe5Te05300 K and the electron
specific heat is increased by a factor about 3~Fig. 3!. It must
be noted that the use of our kinetic model to simulate Fa
et al. experiments yields a very good agreement.31

FIG. 3. Enhancement factors of electron-phonon coupling c
stant and electron specific heat for gold as a function of elec
temperature.
4-7
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IV. LASER-NANOPARTICLE INTERACTION

The above approach permits us to model las
nanoparticle interaction in nanosecond and picosecond p
ranges, situations corresponding to model systems for l
damage investigations. Such experiments were performe
Papernov and Schmid,6,7 in SiO2-thin-film doped with gold
nanoparticles. The tested samples are 180-nm-thick s
films in which gold nanoparticles were lodged at a depth
60 nm, with a mean surface density of the order of o
particle permm2. To study damage thresholds and morph
ogy, samples were irradiated with 351-nm, 0.5-ns la
pulses. The presence of gold nanoinclusions led to the
pearance of craters with the following characteristics: sub
crometric with smooth walls~diameter;0.2 mm) and ab-
sence of fracture or scaling off traces. Their formation w
ascribed to heating, melting, and vaporization of the sil
initially contained in the crater volume. Numerical estima
based on such considerations suggest that crater form
cannot proceed only through laser energy absorption c
fined within the particle. It instead starts in the particle a
then spreads out to the surrounding matrix during the la
pulse. The electron plasma generated around the inclu
may play this roˆle since it would provide a strong enhanc
ment of the absorption of the surrounding silica. The fi
step of the plasma creation initiated by laser-nanopart
interaction can be described using our kinetic model.

At this stage, several fundamental questions arise: wh
the extent of such an electron plasma and which phys
mechanisms may induce absorption coefficient change
Whereas in fused silica, the dynamics of electron-hole p
created by femtosecond laser pulses at room temperatu
quite well understood,28,32,33 the case of nongemella
electron-hole pairs34 or of silica at high temperatures up t
the melting point still require some more investigation
However, since electron-hole pairs are believed to lead
very fast (;150 fs) creation of STE’s up to very high den
sities ~approximately the SiO2 sites density of 2
31022 cm23),28,35 as a first approximation, the electron an
hole transport in silica can be neglected provided that
number of emitted electrons does not exceed the numbe
SiO2 sites contained in a few shells around the nanoparti
Hence, this critical value can be set to the number of c
duction electrons of the nanoparticle. In this frame, our c
culations will be representative of damage initiation mec
nisms.

The numerical calculations, which are presented,
based on two assumptions: energy is deposited in the
nanoinclusion only and the emission-recombination proc
described in section II B has been adopted; that is, each e
ted electron at critical pointec is instantaneously replaced b
an electron from valence band of SiO2 . For the nanosecond
pulses, the simulations of laser interaction with gold na
particles of 1.3 and 2.6 nm radii have beeen performed
were tested in Papernov and Schmid experiments. In ord
show the influence of laser-pulse duration and laser inten
the calculations corresponding to the same nanoparticles
posed to a 50-ps pulse are also presented. In both case
laser wavelength is 351 nm.
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Results of simulations for nanosecond pulses are show
Figs. 4 and 5, the pulse duration is 0.5 ns and the fluenc
0.3 J/cm2, yielding a maximum laser intensity o
'0.6 GW/cm2. The effective electron temperatures in th
metal saturates well below 1 eV, while the gold crystal latt
temperature reaches 620 K fora52.6 nm and 390 K only
for a51.3 nm @Fig. 4~a!#, the heat transfer from metal to
wards glass being more efficient for the smaller particle
very important remark must be made; the levels of elect
temperature in gold nanoinclusions, calculated with a cla
cal two-temperature model, would be more than twice h
as the levels obtained with the kinetic model. For examp
using Eq. ~9! for the 2.6-nm particle, one findsTe
'15 000 K~5600 K read in Fig. 4!. The strong difference is
due to the changes of thermodynamic properties of the

FIG. 4. Gold nanoparticles having 1.3- and 2.6-nm radii, illum
nated by a 0.5-ns laser pulse, for a fluence of 0.3 J/cm2: ~a! evolu-
tion of effective electron temperature and phonon temperature~b!
ratio of the number of ejected electrons by the number of cond
tion electrons inside the particle (Ne05540 for a51.3 nm and
Ne054300 fora52.6 nm).
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tem with electron temperature, mainly thee-p coupling con-
stant, and due to the saturation of the electron energy in
inclusion, related to electron ejection processes. The num
of ejected electrons is shown in Fig. 4~b!. The thermionic
effect is strongly dominant with respect to photoelectric
fect. The reason is that for gold at 351 nm, the interd-sp
absorption is much more efficient than intraband absorpt
which is the dominant mechanism able to induce photoe
tric effect for such a photon energy~3.53 eV!. One can ob-
serve that the ratio of ejected electrons is higher for
2.6-nm particle. This is due to slightly higher effective ele
tron temperature reached in the larger particle, and to
significant phonon temperature difference sincee-p colli-
sions act on electron ejection rate@Eq. ~26!#. One can note
that the major part of the energy, which is deposited in
nanoparticle, has been transferred to glass by thermal
duction ~Fig. 5!. Another part of the deposited energy

FIG. 5. Energy balance for 1.3- and 2.6-nm particles, relative
configurations of Fig. 4: deposited energy, energy that is taken a
by ejected electrons, energy that has been transferred to glas
thermal conduction, and energy stored inside the particle.
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taken away by ejected electrons, and the energy part rem
ing inside the particle is negligible with respect to other on

For the high peak power regime attained with picoseco
pulses, we used a pulse duration of 50 ps and a fluenc
0.15 J/cm2 ~Figs. 6 and 7!; in this case, the maximum lase
intensity reaches 3 GW/cm2. This higher intensity leads to a
larger transient energy of the electrons and modifies th
kinetics as compared to the nanosecond range. It show
by more pronounced saturation of effective electron tempe
ture as the laser intensity approaches its maximum va
@Fig. 6~a!#, while the highest ejection rate of electrons
obtained@Fig. 6~b!#. This indicates that electron ejection
the dominant energy loss mechanism in the high peak po
regime. It is confirmed by energy balance calculation:
major part of the energy, which is deposited in the nanop
ticle, is taken away by ejected electrons rather than tra
ferred to glass by thermal conduction~Fig. 7!. Energetic
spectrum of the ejected electrons whenTe* is maximum has
been calculated using the integrale-e collision operator~Fig.

o
ay
by

FIG. 6. Same as Fig. 4, but in the picosecond regime: the la
pulse duration is 50 ps and the fluence is 0.15 J/cm2.
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8!. The maximum kinetic energy of emitted electrons is
the order of the gold Fermi energy, and the spectrum is w
fitted by a Maxwellian distribution with an effective tem
perature of about 1 eV. The knowledge of such an energ
spectrum is necessary to introduce electron transport in s
in further theoretical modeling.

V. CONCLUSIONS

A kinetic model has been developed to describe the in
action of a strong nanosecond or picosecond laser pulse
a metallic nanoparticle embedded in a glass matrix. Electr
lattice energy exchanges in the metal, energy transfer to
surrounding glass, and electron emission by photoemis
and thermionic effects were taken into account. For a str
excitation, electron energy can be larger than the ioniza
threshold and an electron temperature cannot be defined,

FIG. 7. Energy balance relative to configurations of Fig. 6
picosecond regime: the energy that is taken away by ejected
trons becomes dominant with respect to the energy transferre
glass by thermal conduction.
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cluding modeling by the two-temperature model. The a
proach is thus based on a detailed description of the en
distribution function kinetics of the metal electrons by t
Boltzmann equation, including electron excitation by intr
band and interband laser pulse absorption, electron-elec
scattering, and electron excitation dependent electr
phonon coupling. The metal lattice and surrounding glass
described by their temperatures, taking into account heat
fusion in the glass.

This description required numerical integration of t
electron Boltzmann equation over a nanosecond time sc
As it is too computer time consuming to be performed us
the usual integral form of thee-e ande-p collision operators,
differential forms have been introduced strongly reducing
computation time. Calculations were performed in the c
of gold nanoparticles of 1.3 and 2.6 nm radii in a SiO2 ma-
trix for 0.5-ns pulse at 351 nm and a pump fluence
0.3 J/cm2, and for 50 ps pulse and 0.15 J/cm2 fluence. In
these regimes, we show that a significant number of e
trons can be ejected from the nanoinclusion, mainly by th
mionic emission. In both cases, the effective electron te
perature in a nanoinclusion saturates below typically 1
due to heat transfer to the surrounding glass and ejectio
the higher-energy electrons. The latter process dominate
high peak power intensity pulses that create higher none
librium electron distributions.

Electron emission from the metal nanoparticles accom
nied by recombination to preserve quasineutrality has b
assumed here. It leads to ‘‘pumping’’ of the electrons fro
the valence band of the glass, creating electron-hole p
and, subsequently, self-trapped excitons. These can mo
the material optical properties, and in particular its abso
tion, and contribute to laser damage initiation in these mo
systems. Here electron transport in the glass is a key pro
for further modeling the laser-nanoparticle-glass interactio
Furthermore, electron emission without or with only part
recombination could also take place especially in poro
silica samples, for which the metal-glass contact can be p
Electrostatic effects then become relevant and can eventu
induce electrostatic explosion of the inclusions as obser
for metal clusters irradiated by an intense laser pulse
vacuum.36 This aspect of laser-nanoparticle interaction,

c-
to

FIG. 8. Energy spectrum of ejected electrons, whileTe is at its
maximum ~electron kinetic energyek expressed in Fermi energ
units eF55.53 eV).
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gether with electron transport in the glass, will be conside
in future works.

APPENDIX: ENERGY DEPOSITION OPERATORS

The energy deposition operators appearing in Eq.~12!
make use of transition matrix elements between elec
states, which necessitate drastic approximations to be ev
ated. As specified above, only linear absorption mechani
are considered. In this case, operators can be adjusted
cording to experimental measurements of energy depos
in the gold bulk or in gold nanoinclusions, energy deposit
being directly related to the dielectric function of materia
After the determination of functional dependences of ope
tors, it remains a multiplicative constant, which is fixe
through energy balance.

1. Intraband absorption

Consider first the energy deposition resulting from int
band absorption assisted by phonons. Basically, the fac
that a three-body process requires a virtual state for the e
tron of the conduction band, which absorbs a photon,
must absorb or emit a phonon in order to reach an allow
state. However, the photon momentum being negligible w
respect to the phonon one, and the photon energy being
with respect to phonon energy, the principles of energy
momentum conservation will be expressed in a simplifi
form, involving explicitly the photon and electron energi
only. The occupation numberf (e) can be modified by four
mechanisms, the emission/absorption of a photon by e
trons leading to transitions between states whose energie
e ande6\v, \v being the photon energy. The operator
then written as

S ] f ~e!

]t D
intra

5Kintra~Fa
11Fe

11Fa
21Fe

2!. ~A1!

Fa
1 is related to the transition probability per unit time co

responding to the absorption of a photon of energy\v by an
electron of energye2\v. This term is written as

Fa
15Ae2\v f ~e2\v!@12 f ~e!#,

the square root comes from the density of states aroune
2\v and 12 f from Pauli’s exclusion principle. Similarly
we have Fe

15Ae1\v f (e1\v)@12 f (e)#, Fa
25

2Ae1\v f (e)@12 f (e1\v)#, andFe
252Ae2\v f (e)@1

2 f (e2\v)#. The whole energy deposition per unit volum
is given by Eq.~5!. The dielectric function of gold is relate
to intraband and interband absorption processes:«5« intra
1« inter . The Drude term« intra takes into account electro
mean-free-path limitation effects, and the interband contri
tion « inter is of Lindhard type. Energy deposition can also
written S(t)5Sintra(t)1Sinter(t), with

Sintra~ t !5
« intra9

«9
S~ t !, ~A2!
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Sinter~ t !5
« inter9

«9
S~ t !, ~A3!

with «95« intra9 1« inter9 . Hence, the energy balance for intr
band absorption reads as

]

]t
^nee& intra5Sintra~ t !5AE

0

ecS ] f ~e!

]t D
intra

e3/2de,

~A4!

allowing to deduce theKintra parameter

Kintra5
Sintra

A \v~ I 11I 2!
, ~A5!

with

I 15E
0

ec2\v
Ae~e1\v!@ f ~e!2 f ~e1\v!#de, ~A6!

I 25E
ec2\v

ec Ae~e1\v! f ~e!de. ~A7!

2. Interband absorption

Let us split the interband absorption operator in two pa
each of these parts increasing or reducing the occupa
number for a given energy:

S ] f ~e!

]t D
inter

5S ] f ~e!

]t D
inter

1

1S ] f ~e!

]t D
inter

2

.

Neglecting thed-band dispersion~Fig. 1!, the first part of the
operator takes the form

S ] f ~e!

]t D
inter

1

5Kinter
1 @12 f ~e!#d~e2e f !, ~A8!

wheree f5eF1\(v2vg), d is the Dirac distribution, and
\vg is the energy gap betweend band and Fermi level.
Assuming that the electron transition probability fromsp
band towardsd band is proportional to the occupation num
ber in sp band, the second part of the operator is written

S ] f ~e!

]t D
inter

2

5Kinter
2 f ~e!@12H~e2e f !#,

whereH is the Heaviside distribution. Each part of the o
erator gives rise to an electron density change insp band
given by

S ]ne

]t D
inter

6

5AE
0

ecS ] f ~e!

]t D
inter

6

Ae de,

which permits to obtain the following relation betweenKinter
1

andKinter
2 parameters:
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Kinter
2 5Kinter

1
Ae f@12 f ~e f !#

E
0

e fAe f ~e!de

. ~A9!

As before, the energy balance is written as

]

]t
^nee& inter5Sinter~ t !5AE

0

ecS ] f ~e!

]t D
inter

e3/2de,

~A10!
. B

et

,

lin
L.
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whereSinter is given by Eqs.~A3!. Accordingly, theKinter
1

parameter is expressed as

Kinter
1 5

Sinter /A

e f
3/2@12 f ~e f !#S 12

E
0

e f
e3/2f ~e! de

e fE
0

e fAe f ~e! de
D ,

~A11!

and the operator describing interband absorption is co
pletely defined.
ev.

J.
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J.P.
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ds
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