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Ultrafast electron dynamics in metals under laser irradiation

Andrey V. Lugovskoy* and Igor Bray
Electronic Structure of Materials Centre, The Flinders University of South Australia, G.P.O. Box 2100, Adelaide 5001, Austra

~Received 15 October 1998!

The evolution of the electron distribution in a metal irradiated by an ultrashort laser pulse is described on the
basis of numerical solution of the equation for the one-particle density matrix. The excitation mechanism is
attributed to the laser quanta absorption in electron collisions with both longitude and transverse-acoustic
phonons. It is shown that the absorption is mainly determined by the umklapp processes. The electron relax-
ation is due to electron-electron collisions taken into account using the relaxation-time approximation. The
agreement with the experiment of Fannet al. @Phys. Rev. B46, 13 592~1992!# is good.
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I. INTRODUCTION

Investigation of ultrafast electron dynamics and transp
in solids, particularly in metals, has drawn much attention
the last few years.1–5 This interest is associated with th
progress of the femtosecond laser technique. The us
modern optical methods allows a direct characteristic r
measurement of electron processes,6–10 and direct monitor-
ing of the nonequilibrium electron distribution in re
time.11,12These studies provide valuable information for te
ing and further development of the solid-state theory. In
dition, the results of these investigations are needed i
variety of technological applications, for example microele
tronics, surface photochemistry, and laser technology.

The energy transport in a metal, subjected to an ultras
laser pulse, is widely treated within the two-temperatu
model.13,14 It describes the energy exchange between
electron gas and the lattice on the basis of the coupled e
tions for the electron and lattice temperatures. This mo
assumes that electrons first thermalize among themselves
subsequently lose energy to the lattice.

It was thought for a long time, due to the successful
plication of the two-temperature model, that the laser
haved as a pure thermal source. Recently it has been sh
experimentally that thermalization of electrons and ene
transfer from the electrons to the lattice are not separate
time during irradiation8,15 and the electron distribution i
nonequilibrium12,16 ~here and further the nonequilibrium
electron distribution means the electron distribution avera
over the laser period!.

The investigations conducted over the last decade h
significantly promoted our understanding of the laser in
ated electron processes in metals. They also revealed s
problems like discrepancy in the experimental and
Fermi-liquid theory calculated electron-electron scatter
rates,17–19 and ‘‘above threshold ionization’’ spectrum o
electrons emitted from the metal under surprisingly lo
intensities.20–22 In our opinion, the key to explaining thes
phenomena lies in the understanding of the nonequilibr
dynamics of electrons in the laser irradiated metal. This a
of research has been relatively unexplored.

The physical picture of the laser action on the electron
the metal is quite simple. Optical excitation of a metal p
PRB 600163-1829/99/60~5!/3279~10!/$15.00
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duces electrons with energies far above the Fermi level.
excitation is balanced by various relaxation processes.
complexity of this problem arises through a large number
possible excitation and relaxation channels including int
band transitions, laser-stimulated collisions of electrons w
phonons, ande-e scattering. Fannet al.11,12have experimen-
tally demonstrated how the nonequilibrium electron distrib
tion evolves in time. It was shown that the laser irradiati
leads to a nearly flat energy distribution extending from
Fermi level eF to the energyeF1\v (v is the laser fre-
quency! which disappears for the characteristice-e relax-
ation time when the radiation is turned off.

In this work we will consider the case where the las
frequency is sufficiently small to excite interband transition
as in the experiments of Fannet al.11,12Then, the interaction
of the laser field with the electrons in the metal is main
mediated by phonons. To the best of our knowledge, the
theoretical treatment of electron dynamics in a metal un
laser irradiation with consideration of quantum effects h
been conducted by Gurzhi.23 In the first-order approxima-
tion, of the laser intensity, he derived the relation for t
electron-phonon (e-p) collision integral modified by the
presence of the field and applied it to the analysis of infra
absorptivity of metals.24 This e-p collision integral did not
account for electron transitions with absorption or emiss
of the field photons which are of the second order in the la
intensity. Subsequently, the field modifiede-p collision inte-
gral has been derived by several authors where these
cesses have been taken into account.25–27

In metals, formation of the nonequilibrium electron dist
bution was considered by Zinoviev and Lugovskoy28 and
Lugovskoy, Usmanov, and Zinoviev.29 The interaction of
electrons with a laser field was described phenomenol
cally via intraband transitions linking the electronic stat
separated by the value equal to some integral number of l
quanta. Recently, this approach has been generalized27 using
the formalism for one-particle density matrix. This allowe
us to relate the phenomenological photon absorption ra29

with the e-p collision rate.
The numerical solution of the Boltzmann equation for t

electrons in a metal under pulsed laser irradiation was
ported by Sunet al.30 In this work, the interaction of the
electrons with the field is also considered phenomenolo
3279 ©1999 The American Physical Society
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3280 PRB 60ANDREY V. LUGOVSKOY AND IGOR BRAY
cally while thee-e relaxation is treated exactly.
Formation of the nonequilibrium electron distribution in

metal has also been considered recently in the work by B
and Ras¸eev.31 They neglect laser quantum absorption ine-p
collisions and try to explain the production of the atherm
distribution in the experiment of Fannet al.12 as a conse-
quence of resonant dipole transitions between two levele i
and e f5e i1\v. However, we shall argue that this mech
nism is not appropriate for metals.

In this paper our aim is to explain the experiment of Fa
et al. on the basis of the theory reported by Lugovsko
Usmanov, and Zinoviev.27 We find that much improved
agreement with the experimental data is provided by the
counting of umklappe-p collisions. Our calculations show
that, for hot electrons, the umklapp processes sufficie
dominate the normal collisions. Moreover, the calculatede-p
collision rate, not modified by the field, is generally high
than the e-e scattering rate in the energy region whe
‘‘above threshold ionization’’ electrons have been detect
This fact may explain the recent findings by Luanet al.,20

Farkas, Toth, and Kohazi-Kis,21 and Farkaset al.22

The structure of the work is as follows. In Sec. II w
generalize the model27 to include e-p umklapp collisions.
Here we derive the equation for the nonequilibrium distrib
tion function. Section III is devoted to the calculation of th
e-e scattering ande-p collision rates. The solution of the
kinetic equation in the region fromeF to eF1\v is pre-
sented in Sec. IV. Section V summarizes the results of
present work.

II. MODEL

Let an ultrashort laser pulse fall on a flat metal surfa
Some part of the radiation reflects from the surface and
other partE(t)5E0(t)sinvt is absorbed producing hot elec
trons in a thin skin layer of depth;15 nm. The absorbed
energy is then redistributed among electrons due toe-e col-
lisions and transfer to the lattice throughe-p collisions. The
energy from the skin layer can also be lost by diffusion
hot electrons out of this region.

We assume that no interband transitions fromd bands to
the sp band occur, that is, the laser frequency and inten
are sufficiently small. Here we also neglect the ballis
transport effects and consider the electron distribution to
homogeneous. Note that ballistic transport can be treate
terms of diffusion due to the randomization of the hot ele
tron momentum throughe-e and e-p collisions and easily
incorporated in the theory using the procedure described
Gusev and Wright.32

We use the nonstationary Volkov wave functions33

Ck~r ,t !5V21/2expF i S k•r2E
2`

t @\k2eA~ t8!/c#2

2m\
dt8D G

~1!

to represent electronic states of the metal in the presenc
the radiation field~hereV is the crystal volume, andk is the
wave vector of an electron!. In principle, this representatio
of electrons dressed by the field allows exact~nonperturba-
tive! consideration of the field action. Previously, it was su
cessfully applied to a variety of problems such as multip
n
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ton ionization,34 laser-stimulated electron-atom
collisions,35,36 and high-order harmonic generation.37

For the Hamiltonian of interacting electrons and phono
in the presence of the field we write

H5H01He-e1He-p , ~2!

whereH0 is the Hamiltonian for free electrons and phono
in the electromagnetic field,

H05(
k

ekak
1ak1(

j ,q
\v j ,qS cj ,q

1 cj ,q1
1

2D , ~3!

He-e represents the electron-electron interaction inside
metal,

He-e5 (
k1 ,k2 ,k18 ,k28 ;K

W~k18 ,k28;p1 ,k2 ;K !ak1

1 ak2

1 ak
18
ak

28
,

~4!

and He-p represents electron-phonon interaction inside
metal,

He-p5 (
j ,q,k,k8

M k˜k8
( j ,q)

~ t !ak8
1 ak~cj ,2q

1 1cj ,q!. ~5!

The ak
1(ak) are fermion operators of creation~annihilation!

of an electron in a quasienergy state with quasimomentuk
and quasienergyek5ek

01eosc, whereek
0 is the electron en-

ergy in the absence of the field andeosc5e2E2/4mv2 is the
averaged energy of electron oscillations. Thecq

1(cq) are bo-
son operators of creation~annihilation! of a phonon with
wave vectorq and frequencyv j ,q belonging to thej-phonon
branch. We useW(k18 ,k28 ;k1 ,k2 ;K ) for the matrix element
of the e-e transition k181k28˜k11k21K , whereK is the
reciprocal lattice vector. The matrix element of the electr
transition from the statek to the statek8 with emission or
absorption of aj-branch phonon of wave vectorq is M k˜k8

( j ,q) ,
which is defined by38

M k˜k8
( j ,q)

~ t ![(
K

Gq,K
( j ) ~ t !dk8,k1q1K

5(
K

Gq,K
( j ) exp@2 i ~q1K !•a~ t !#dk8,k1q1K

5(
K

S \

2NMv j ,q
D 1/2

3
V8~q1K !

«~q1K !
[ 2 i ~q1K !•ej~q!]

3exp@2 i ~q1K !•a~ t !#dk8,k1q1K , ~6!

where N is the number of atoms of the crystal,M is the
atomic mass,ej (q) is the phonon polarization vector,a(t)
5eE(t)/mev

2 is the electron displacement due to the fie
In Eq. ~6! V8(k) is the Fourier transform of the ionic pseud
potentialV8(r ),

V8~k!5V0
21E V8~r !e2 ikrdr , ~7!
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normalized to the volumeV0 of the primitive cell of the
crystal, and«(q1K ) is the dielectric function which ac
counts for the screening of the pseudopotential by cond
tion electrons.

The equation for the one-particle electron distributi
f (k,t)5Tr$rak

1ak%, wherer is the statistical operator, ca
be derived from the Heizenberg equation with the use of
HamiltonianH ~2!. For isotropic distributions it reduces to

] f ~k,t !

]t
5Se-p1Se-e , ~8!

whereSe-p and Se-e are thee-e and e-p collision integrals,
respectively. Thee-p collision integralSe-p is nonlocal in
time,

Se-p5\22 (
j ,q,K

Gq,K
( j ) ~ t !

3E
2`

t

dtG2q,2K
( j ) ~t!@2Nj ,q~t!11#

3H @ f ~k1q1K ,t!2 f ~k,t!#

3expS i ~ek2ek1q1K !~t2t !

\ D
1@ f ~k2q2K ,t!2 f ~k,t!#

3expS i ~ek2ek2q2K !~ t2t!

\ D J , ~9!

whereNj ,q(t) is the distribution function of phonons in thej
branch. Deriving Eq.~9! we assumed thate-p collisions are
quasielastic. This approximation may be justified by the f
that the energy relaxation of the electron gas in metal
determined by electron-electron collisions rather th
electron-phonon collisions.

We are interested in calculating the value of the elect
distribution averaged over the laser period. We denote
time-averagedf (k,t) by f̄ (k,t), and similarly for other quan-
tities. If vte-e@1 andvte-p@1 ~herete-e

21 and te-p
21 are the

characteristice-e and e-p collision rates, respectively! the
mean integral ofe-p collision can be reduced to the form

S̄e-p5
2p

\ (
n

(
j ,q,K

uGq,K
( j ) u2~2N̄j ,q11!Jn

2S eE0~ t !•~q1K !

mv2 D
3@ f̄ ~k1q1K ,t !2 f̄ ~k,t !#d~ek1n\v2ek1q1K !,

~10!

whereJn(x) is a Bessel function of ordern. The e-p colli-
sion integral~10! includes contributions of all possible lase
stimulated normal and umklapp processes with participa
of acoustic phonons.

The phonon distributionN̄j ,q(t) satisfies a kinetic equa
tion similar to Eq.~8! and may be nonequilibrium in the tim
domain of interest. Nevertheless, here we will neglect
time dependence and use the equilibrium

N̄j ,q~ t !5$exp@\V j •q /kTl~ t !#21%21, ~11!
c-

e

t
is
n

n
e

n

s

whereTl is the temperature of the lattice.
The e-e collision integral we approximate with the form

S̄e-e5
f 0„ek ,Te~ t !…2 f̄ ~k,t !

te-e~k!
, ~12!

where te-e(k) is the e-e relaxation time, f 0„ek ,Te(t)…
5$exp@(ek2eF)/kTe(t)#11%21 is the equilibrium distribu-
tion. We define the effective electron temperatureTe(t) in
Eq. ~12! by the relation

W~ t !5W01
gTe

2~ t !

2
5

1

4p3E ek f̄ ~k,t !dk, ~13!

whereW(t) is the energy density of the electron gas av
aged over laser period,W053neF/5 is the energy density o
the Fermi electron gas in the ground state (Te50 K!, g
5p2nkB

2/2eF , andn is the electron density. This definitio
of the temperatureTe reflects the fact that electron collision
result in the energy redistribution among the electrons w
out changing their total energy.

III. COLLISION RATES

Before proceeding to analysis of Eq.~8! we consider the
energy dependence of thee-e and e-p collision rateste-e

21

andte-p
21 , which to a large extent determine the ultrafast

laxation dynamics.

A. Electron-electron collisions

Thee-e scattering rate in noble metals is currently a m
ter of intensive discussion. This is connected with the rec
findings of quantitative and qualitative disagreement
tween the experimental rates and the predictions given by
Fermi-liquid theory.17–19 This deviation manifests itsel
when the laser can excited-band electrons of the nobl
metal.18 Much better agreement between the experimen
and theoretical rates is observed when no transitions from
d bands tosp band are possible.19,39 In our case this condi-
tion is well fulfilled since the laser frequency is sufficient
small. For thee-e collisions rate 1/te-e we write38

te-e
21~k1!5

8p4

\V (
k2 ,k18 ,k28

ug~k1 ,k2 ,k18 ,k28!u2

3d~k11k22k182k28! f ~k2!@12 f ~k18!#

3@12 f ~k28!#d~ek1
1ek2

2ek
18
2ek

28
!, ~14!

whereV is the volume of the crystal,f (k) is the distribution
function of electrons, andug(k1 ,k2 ,k18 ,k28)u

2 is the square of
the transition matrix element summed over spin coordina
given by

ug~k1 ,k2 ,k18 ,k28!u252@Vee
2 ~k182k1!1Vee

2 ~k182k2!

2Vee~k182k1!Vee~k182k2!#, ~15!

whereVee(k) is the Fourier transform of the screened Co
lomb potential
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Vee~k!5
e2

V«0
•

1

k21qs
2

. ~16!

The first term on the right-hand side of Eq.~15! accounts for
the directe-e interaction, while the second and third term
are responsible for the exchange interaction. The valueqs in
Eq. ~16! is the screening wave number which, in th
Thomas-Fermi treatment, is

qs5A3ne2/2«0eF, ~17!

where n is the conduction electron density and«0 is the
dielectric constant.

We calculated the scattering rate 1/te-e using Eq. ~14!
with the use of Monte Carlo integration. To do this we tran
form Eq. ~14! to

te-e
21~k1!5

e4

8~2p!5\«0
2E dk2dVqq

3S 1

@~k182k1!21qs
2#2

1
1

@~k182k2!21qs
2#2

2
1

@~k182k1!21qs
2#@~k182k2!21qs

2#
D

3 f ~k2!@12 f ~k18!#@12 f ~k28!# ~18!

with accounting of Eqs.~15! and~16! and using the equality

d~k11k22k182k28!5821E dS k182
1

2
~k11k21q! D

3dS k282
1

2
~k11k22q! Ddq.

In Eq. ~18! dVq5sinuqduqdwq , uq andwq are the tangen-
tial and polar angles of the vectorq of lengthq5uk12k2u,
k185 1

2 (k11k21q) andk285 1
2 (k11k22q).

Figure 1 shows the dependence of thee-e scattering rate
in gold on the hot-electron energyek2eF . Here we take
f (k) to be the Fermi distribution at the electron temperat

FIG. 1. Thee-e scattering ratete-e
21 in gold versus hot-electron

energye. The solid line corresponds to the scattering rate calcula
with the use of Monte Carlo integration of Eq.~18! and the dashed
lines correspond toe-e scattering rates calculated by formula~19!.
The Fermi energy is denoted byeF . The electron temperatureTe is
350 K.
-

e

Te5350 K. The solid line corresponds to the rate calcula
by Eq. ~18!. Also shown in Fig. 1, as dashed line, thee-e
scattering rates obtained with the often-used formula38,40

te-e
21~k!5

e4~kBTe!
2

16p\4«0
2v3k

•F11S ek2eF

pkBTe
D 2G•g~2k/qs!,

~19!

wherev is the electron velocity (v5\k/m), and

g~x!5
x3

4 S arctanx1
x

11x2
2

arctan~xAx212!

Ax212
D ,

~20!

which is valid forek2eF!eF .
The behavior of thee-e scattering rate is mainly deter

mined by two factors. The first factor is Pauli’s exclusio
principle which is responsible for the (ek2eF)2 increase in
thee-e scattering rate when 0,ek2eF,eF . Outside of this
region, thee-e scattering rate tends to thee-e scattering rate
in plasma which falls asek

23/2 due to the decay in thee-e
cross-section with increasing relative electron velocity.
Fig. 1 we see how thee-e scattering rate calculated by for
mula ~18! saturates to its maximum value which does n
exceed 1 fs21, thereby improving on the range of validity o
Eq. ~19!. The energy range where thee-e scattering rate
decays is not shown in Fig. 1 as it is outside of the domain
interest.

To avoid expensive calculations, in what follows, we e
ploy the relaxation rate calculated by Eq.~18! assuming that
f (k) is the equilibrium distribution. This is due to the fa
that the difference between the relaxation rates calcula
with or without accounting of the nonequilibrium part of th
electron distribution is not significant for hot electrons.41

B. Electron-phonon collisions

As follows from Eq.~10! the rate ofe-p collisions with
simultaneous absorption or emission ofn photons is41

1

te-p
(n)~k!

5
2p

\ (
j ,q,K

uGq,K
( j ) u2@2N~v j ,q!11#

3Jn
2S eE0•~q1K !

mv2 D d~ek1n\v2ek1q1K !,

~21!

where k is the electron wave vector. To calculate thee-p
collision rate 1/te-p

(n) we will apply the Debye model which
prescribes the same dispersion relations for differenj
branches

v j ,q5vq5sq ~22!

and restricts the possible phonon states with wave vectorq to
the sphere of radiusqD5(2/Z)1/3kF , whereZ is the number
of conduction electrons per ion.42 Here s is the speed of
sound in the metal. The expression for 1/te-p

(n) may be simpli-
fied by elementary summing overj in Eq. ~21!, and with the
use of Eq.~6! can be reduced to

d
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1

te-p
(n)~k!

5
1

8p2r
(
K

E dq
~q1K !2

vq
S V8~q1K !

«~q1K ! D 2

3@2N~\vq!11#Jn
2S eE0•~q1K !

mv2 D
3d~ek1n\v2ek1q1K !, ~23!

wherer is the density of the metal. For the Fourier transfo
of the ion pseudopotentialV8(k) we use the Harrison form

V8~k!5
e2

4pe0V0
S 2

4pZ

k2
1

b

~11k2r c
2!2D , ~24!

where the parametersb and r c are taken from Ref. 43. Fo
the dielectric function «(k) in Eq. ~23! we use the
Lindhard’s form.42 Then, one integration in Eq.~23! can be
performed with the use of thed function and the substitution
k85k1q1K . The resultant two-dimensional integral h
been calculated numerically. The summation in Eq.~23! has
been carried out over those vectorsK for which the phonon
states lie within the Debye sphere.

The e-p collision rate 1/te-p
(0) calculated for gold by using

Eq. ~23! is presented in Fig. 2~a!. The solid line was calcu-
lated with accounting of umklapp processes while the do
line was calculated with them being ignored. The steady
cay of the dashed line is connected with the cutoff of
phonon spectrum atq5qD . Taking into account that the
maximum change in the electron wave vector 2k cannot ex-
ceedqD one can see that the cutoff restricts the phase sp
of the electron final states whenek.\2qD

2 /4m ~in our case
\2qD

2 /4m52.7 eV). Figure 2~b! shows the same depende
cies calculated for three different directions of the elect
wave vectorsk̂, namely, k̂5k/k5 ẑ for solid line, k̂5( x̂

FIG. 2. ~a! The energy dependencies of thee-p collision rate
1/te-p

(0) calculated by formula~23! with ~solid line! and without~dot-
ted line! accounting of umklapp processes for the orientation of

electron wave vectork̂5 ẑ. ~b! The rate, with umklapp processe
for three different directions of the electron wave vector, solid l

k̂5 ẑ, dashed line k̂5( x̂1 ẑ)/A2, and dotted line k̂5( x̂1 ŷ
1 ẑ)/A3.
d
e-
e

ce

n

1 ẑ)/A2 for dashed line andk̂5( x̂1 ŷ1 ẑ)/A3 for dotted
line. Note that in the chosen orthogonal basis determined
vectors x̂, ŷ, and ẑ the primitive vectors of the reciproca
lattice are b152p( ŷ1 ẑ2 x̂)/a, b252p( x̂1 ẑ2 ŷ)/a, and
b352p( x̂1 ŷ2 ẑ)/a.

Figure 2 reveals the anisotropy and the resonant struc
of the e-p collision rate. The resonant structure of thee-p
collision rate is associated with electron scattering on Bra
planes. In our calculations we used one-plane-wave mo
which is not applicable in the vicinity of Bragg planes.38

However, the characteristic size of these regions is v
small ;0.0432p/a in comparison with the characteristi
scale of an electron wave vectorkF;2p/a, where a is a
length of a side of a conventional cubic cell.38 Figure 2 also
reveals dramatic difference between the normal and umkl
components of thee-p collision rate whenek.\2qD

2 /4m.
This difference results from the fact that the phase spac
the possible final electron states diminishes for normal p
cesses and rises for umklapp collisions with increasing
ergy.

The rates ofe-p collisions in gold accompanied by emis
sion or absorption of one photon for two different orient
tions of the electric field vectorE0 of the wave are shown in
Fig. 3. As in Fig. 2, these rates were calculated for th
different directions of the electron wave vectork. The orien-
tation of the vectorE0 is z for Figs. 3~a! and 3~c! and (x̂
1 ŷ1 ẑ)/A3 for Figs. 3~b! and 3~d!. Since the electric field of
the waveE0 appears in combination (E0•q1K )/mv2 @see
Eq. ~21!#, we characterize the field magnitude by the mu
photon parameterX5eE0kF /mv2. In the low-field limit
(X!1) this parameter is equal to the number of photo
absorbed in ane-p collision event.44 In these calculations we
usedX50.019 and\v51.84 eV.

Figure 3 demonstrates the same features we discu
considering thee-p collision rate without absorption o
emission of photons. These features are the anisotropy

e

FIG. 3. Electron-phonon collision rates~a! and~b! 1/te-p
(1) and~c!

and~d! 1/te-p
(21) versus electron energy. The solid, dashed, and d

ted lines correspond to the rates calculated for three different di

tions of the electron wave vectork̂5 ẑ, k̂5( x̂1 ẑ)/A2, andk̂5( x̂
1 ŷ1 ẑ)/A3, respectively. The orientation of the electric field of th

wave are chosen to be~a! and ~c! ẑ and ~b! and ~d! ( x̂1 ŷ1 ẑ)/A3.
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the resonant structure of the collision rates and also dom
tion of the umklapp collisions over the normal collision
when electron energies are higher than the Fermi energy
addition, we see that the laser stimulatede-p collision rates
depend on the orientation of the electric strength vector w
respect to the crystal axis.

IV. NUMERICAL SOLUTION OF THE KINETIC
EQUATION

In this section we look for the solution of Eq.~8! with e-p
and e-e collision integrals determined respectively by re
tions ~10! and ~12!. To compare with the experiment12 we
are particularly interested in the behavior of this solution
the energy region fromeF to eF1\v. Also, we consider
here only the low-field (X!1) limit which applies to the
experimental conditions.

In the limit X!1 production of electrons in the region o
interest is mainly determined by the one-photon indir
transitions. The contributions of multiphoton and casca
processes are of higher order in the multiphoton parameteX,
and can be neglected. Here we determine a multiphoton t
sition as a transition from the initial stateeki

to the final state

ek f
5eki

1n\v with absorption~or emission! of some inte-

ger n (unu.1) of photons in a singlee-p collision. A mul-
tiphoton transition is not a unique way for an electron
come to the final stateek f

from the initial stateeki
. Any other

transition fromeki
to ek f

with two or more successivee-p
collisions we call a cascade transition. We also specif
one-photon cascade where eache-p collision is accompanied
by only one-photon emission~or absorption!.

Outside the regioneF,ek,eF1\v, the electron distri-
bution can depend on both multiphoton and cascade
cesses. Comparing their contributions to the distribut
function one can see that the relative weight of these p
cesses is determined by the ratio of thee-e ande-p collision
rates 1/te-e and 1/te-p

(0) .27 It follows from the following esti-
mations for the contribution ofn-photon transitions,

d f n;
te-e~e!

te-p
(n)~e!

, ~25!

and the corresponding contribution of one-photon casc
processes that

d f 1; )
k50

n21
te-e~e2k\v!

te-p
(1)~e2k\v!

, ~26!

and the estimate 1/te-p
(n) (e)'Jn

2(X)/te-p
(0)(e2\v).27 The ex-

pressions on the right-hand side of Eqs.~25! and ~26! are
nothing more than the probability of the corresponding p
cesses. Thus when 1/te-e!1/te-p

(0) one-photon cascade pro
cesses dominate, and conversely the distribution is gove
by multiphoton processes if 1/te-e@1/te-p

(0) . Both multiphoton
and cascade mechanisms give rise to a similar structur
the distribution function. The difference between these t
limiting cases is in the fact that the electron distribution
isotropic when 1/te-e!1/te-p

(0) and anisotropic when 1/te-e

@1/te-p
(0) .27

Figure 4 depicts thee-e ande-p collision rates 1/te-e and
a-

In

h

t
e

n-

a

o-
n
-

e

-

ed

of
o

1/te-p
(0) versus energy which were found by numerical integ

tion of Eqs.~18! and~23!, respectively. One can see that th
e-p collision rate 1/te-p

(0) is significantly larger than thee-e
scattering rate 1/te-e for all consideredek . Thus here we dea
with the case where the distribution is mainly determined
one-photon cascade processes. That allows us to simplify
problem by neglecting all multiphoton terms in thee-p col-
lision integral~10!, and assuming that the electron distrib
tion is isotropic. Then the equation governing the electr
distribution ~8! is reduced to

] f̄ ~ek ,t !

]t
5

f 0„ek ,Te~ t !…2 f̄ ~ek ,t !

te-e~ek!

1Se-p
(1)~ek ,t !1Se-p

(21)~ek ,t !, ~27!

where now

Se-p
(61)~ek ,t !5

f̄ „ek6\v,Te~ t !…2 f̄ „ek ,Te~ t !…

te-p
(61)~ek!

~28!

and

1

te-p
(61)~ek!

5
1

4pE 1

te-p
(61)~k!

dV. ~29!

The distributionf̄ (ek ,t) satisfies the initial condition

f̄ ~ek ,t0!5 f 0„ek ,Te~ t0!…, ~30!

wheret0 corresponds to the beginning of the laser pulse a
Te(t0) is the initial electron temperature.

To find the distribution functionf̄ (ek) from Eq.~27!, with
the initial condition~30!, we need the time-dependent ele
tron temperatureTe(t) which is a functional of the distribu-
tion function~13!. However, we cannot use directly relatio
~13! together with Eq.~27! in our calculations. The reason i
that the quasielastic approximation which we used to de
the expression for thee-p collision integral ~9! does not
allow consideration of energy transfer from the electrons
the lattice.

To account for this process we transform Eq.~13! with
the use of Eq.~27! to the differential form

FIG. 4. Electron-electron~solid line! and electron-phonon
~dashed line! collision rates 1/te-e and 1/te-p

(0) versus hot-electron
energye.
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Ce~Te!
dTe

dt
5(

n

1

4p3E ekSe-p
(n)dk, ~31!

whereCe(Te)5gTe is the specific-heat capacity of the ele
tron gas. Deriving Eq.~31! we took into account thate-e
collisions do not change the total energy of the electron g

The zeroth term of the expansion on the right-hand side
Eq. ~31! is the electron-lattice energy transfer rate. In t
quasielastic approximation this term drops out. Here, ho
ever, we use the relation for the energy transfer rate der
by Allen:45

1

4p3E ekSe-p
(0)dk5g~Tl2Te!, ~32!

whereTl is the lattice temperature. In Eq.~32! the thermal
relaxation rateg is

g5
3\gl̄^V2&

pkB
2

, ~33!

l̄ is thee-p coupling constant and̂V2& is the second mo-
ment of the phonon spectrum defined by McMillan.46

The remaining terms of the expansion~31! compose the
total rate of laser energy absorption by the electrons

S~ t !5 (
nÞ0

1

4p3E ekSe-p
(n)dk. ~34!

We will treat these terms in the quasielastic approximati
In the low-field limit only linear terms of the laser intensi
can survive in the expansion of the right-hand side of E
~34!. So, one can see that the source term depends func
ally on the laser intensity as

S~ t !5mI ~ t !, ~35!

where coefficientm characterizes the absorptivity of th
metal.

Finally, we have the following differential equation fo
the electron temperatureTe :

Ce~Te!
dTe

dt
52g~Te2Tl !1S~ t ! ~36!

which, together with the equation for the lattice temperat
Tl ,

Cl

dTl

dt
5g~Te2Tl !, ~37!

forms the set of equations of the two-temperature model
Eq. ~37! the constantCl is the lattice specific-heat capacity

Here we report the results of the numerical solution
the set of Eqs.~27! and ~36!. The absorbed laser inten
sity I (t) was assumed to be of the Gaussian formI (t)
5I 0 exp@2t2/tL

2#, whereI 0 is the maximum value of the in
tensity andtL is the laser pulse duration. When calculati
the electron temperatureTe we assumed that the lattice tem
peratureTl is constant (Tl5300 K!. The optical source term
S(t) was calculated by using Eq.~34!. We used the lase
radiation parameters similar to those of the experiment:12 the
s.
f

-
d

.

.
n-

e

In

f

absorbed laser intensityI 05(0.6760.22)3109 W cm22 or
I 05(1.6760.5)3109 W cm22, the photon energy\v
51.84 eV, and the laser pulse durationtL5180 fs. For the
gold target we used: the Fermi energyeF55.53 eV, the
thermal relaxation rateg52.731017 W m21 K21,47 and
the coefficient in the electron specific-heat capacityg
562.64 J m23 K22.

Note that Fannet al.,11 in trying to explain their measure
ments, used a different value for the thermal relaxation r
g, namelyg5431016 W m21 K21.11,12 This is an order of
magnitude lower than the value arising from Allen’s formu
~33!. To determine their value, Fannet al. first found the
electron temperatureTe8 for different instants of time by fit-
ting the experimental distributions with the Fermi-Dirac d
tribution. Then the thermal relaxation rateg is extracted by
fitting Te8 with the solution of the two-temperature mod
equations. However, the temperatureTe8 can be used as a
measure of the energy of the electron system provided
the distortiond f (ek) of the electron distribution is smal
compared with the equilibrium distributionf 0(ek ,Te8). The
experiment12 shows that this is not the case. The significa
amount of the absorbed energy is stored in the ‘‘nonequi
rium’’ electrons during the irradiation. That means that in t
considered case the two-temperature model is not applic
for the description of the time behavior of the temperatu
Te8 . We saw that a straightforward generalization of the tw
temperature model to the ultrashort laser pulse case ca
provided by a different definition~13! of the electron tem-
perature.

This situation is illustrated in Fig. 5. It shows the tim
dependence of the electron temperatureTe calculated with
the use of Eq.~36!. The solid squares represent the electr
temperaturesTe8 estimated from the experimental data b
Fannet al.12 We see that the electron temperatureTe is sev-
eral times larger thanTe8 during the laser action. This is du

FIG. 5. Time dependence of the electron temperatureTe calcu-
lated at the absorbed laser intensity~a! I 050.673109 W cm22 and
~b! I 051.673109 W cm22. The points correspond to the temper
turesTe8 estimated by Fannet al.12 ~see text!. Also shown, by the
dashed line, is the laser pulse Gaussian envelope~arbitrary units!.
The pulse duration is denoted bytL5180 fs.
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to the fact that a substantial portion of the absorbed energ
in the nonequilibrium part of the distribution. We see that t
temperatureTe reaches its maximum att'tL . At this mo-
ment the energy absorption rate from the laser field is eq
to the rate of energy transfer from the electrons to the latt
The two methods for evaluating the temperature of the e
trons become in good agreement once the electrons have
sufficient time to return to the equilibrium. This occurs f
t.2tL .

In Fig. 6 we show the calculated electron distributio
~thick solid lines! produced in gold at I 050.67
3109 W cm22 (X50.019). The thick dashed lines indica
the distributions calculated at the absorbed laser inten
I 05(0.6760.22)3109 W cm22 to see the effect of the ex
perimental uncertainty inI 0 on the results. The thin solid
lines are the experimentally found distributions.12 Agreement
with experiment is found whenever the thin solid line
within the two thick dashed lines. For comparison, we a
give the distributions calculated by Bejan and Ras¸eev31 as
thin dashed lines. Unfortunately, the numerical calculatio
of the distribution function presented in Ref. 30 were co
ducted for a different set of laser parameters and do
allow for comparison here.

In the experiment the pulse duration is 180 fs with t
individual parts of Fig. 6 showing snapshots of the elect
distribution functions. The caset50 fs @Fig. 6~b!# corre-
sponds to the case when the pulse maximum is inciden
the surface, and is when the measurements begin. We
generally very good agreement with experiment, which

FIG. 6. Electron distribution functionf̄ (ek) versus energy a
different time instants. The thick solid and dashed~see text! lines
represent our calculations, the thin solid lines are the experime
distributions12 and the thin dashed lines are the calculations
Bejan and Ras¸eev.31 The mean absorbed laser intensity is 0.
3109 W cm22.
is
e

al
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c-
ad
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much better than with the calculation of Bejan and Ras¸eev.31

Figure 6~a! shows an almost flat energy distribution in th
region from 0.5–1.84 eV at the momentt52130 fs. The
next picture@Fig. 6~b!# demonstrates that this flat distributio
is significantly deformed at the maximum of the laser pul
This deformation is due to thee-e collisions. Note the excel-
lent agreement between the experimental data and our ca
lations in this particular case. This agreement is not as g
for the following time instants@Figs. 6~c! and 6~d!#. The
calculations show that the deviation in the absorbed la
intensity I 0 cannot explain the significant number or dist
bution structure of hot electrons between 1 and 1.84
With increasingt our results converge to the Fermi distrib
tion as expected, unlike the calculations of Bejan a
Raşeev.31

Figure 7 presents similar experimental and theoretical
pendencies for the electron distributions produced by the
ser pulse at the laser absorbed intensityI 05(1.6760.5)
3109 W cm22. Comparison of our calculations with th
experiment12 also shows generally good agreement. The b
fit for the experiment is provided by the distributions calc
lated at the lowest value of the intensityI 051.17
3109 W cm22. However, this distribution gives a lowe
number of hot electrons above 1 eV than that observed in
experiment. As in the previous figure the present calculati
give a much better account of the experimental data than
calculations of Bejan and Ras¸eev.31 We suspect that this is
because the mechanism suggested by Bejan and Ras¸eev for
production of hot electrons in metals is incorrect. They
sume that this process is due to direct resonant dipole t
sitions between two levels in the conduction band. Howev

tal
f

FIG. 7. Same as for Fig. 6 except for laser absorbed intensit
1.673109 W.
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in the dipole approximation such transitions cannot ta
place. This follows from the energy and quasimoment
conservation.42,48

V. CONCLUSIONS

In this work we considered the problem of the electr
distribution evolving in a metal during ultrashort laser pu
action. We have shown that interplay between electr
electron scattering and laser-stimulated electron phonon
lisions allows near-quantitative description of the ultraf
hot-electron dynamics in a metal. Our calculations reveal
dominant role of the umklapp electron-phonon collision
This is due to the fact that the phase space of the poss
final electron states diminishes for normal processes
rises for umklapp collisions with increasing energy. T
comparison of our results with the experimental results
e

e

.

o

n

P

e

-
l-

t
e
.
le
d

y

Fannet al.12 shows generally very good agreement. The
casional discrepancies are probably associated with the
ited applicability of the relation~10! for the collision inte-
gral. This formula is valid ifvte-e@1 andvte-p

(0)@1. In our
case,vte-e'36 andvte-p

(0)'3 atek5eF1\v. Figures 6 and
7 show better agreement with experiment for lower h
electron energies wherevte-p

(0) is higher.

We find most interesting the result that the calcula
electron-phonon collision rate is higher than the electr
electron scattering rate in the energy region where ‘‘ab
threshold ionization electrons’’ have been detected~Fig. 4!.
This means that in this energy region the hot-electron e
tation in e-p collisions cannot be balanced by thee-e relax-
ation if the laser field is sufficiently high. Detailed study
this energy regime is currently under investigation.
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