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Nonequilibrium electron distribution in metals

D. Bejan* and G. Ras¸eev
Laboratoire de Photophysique Mole´culaire du CNRS, Baˆ timent 213, 91405 Orsay, France†

~Received 15 July 1996; revised manuscript received 13 September 1996!

We present a theoretical microscopic model for the calculation of the nonequilibrium distribution function of
electrons in a metal excited by ultrashort laser pulses of moderate intensity. This model is based on a kinetic
differential equation of the nonequilibrium population of excited electrons. It includes the transport phenomena
that may be important at initial stages of the excitation. Our theoretical results compare favorably with the
experimental measurements of Fannet al. @Phys. Rev. B46, 13 592 ~1992!# obtained for a gold film.
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I. INTRODUCTION

Impact of ultrafast lasers on metallic surfaces genera
nonequilibrium conditions for excitation processes and rel
ation phenomena. These processes are directly connect
the metallic continuum. After irradiation with a short las
pulse (109 W/cm2 intensity! of a clean metallic surface hav
ing a temperature of 140 K, the temperature of the electr
can be as high as 4500 K,1 whereas the substrate temperatu
~related to phonons! rises only slightly and slowly to abou
610 K. The above temperatures only indicate the energy
tribution of particles. In such nonequilibrium conditions o
can hardly fit the measured distribution to a Fermi-Dir
statistics and obtain an unambiguous temperature. Ti
resolved measurements of the change of the reflectivity
Au and Ag submitted to a laser pulse of 1012 W/cm2 show
also a nonthermal electron distribution.2,3

Nonequilibrium excitation by femtosecond lasers has a
been shown to strongly affect the desorption kinetics of m
lecular adsorbates on metallic surfaces. For example, the
sorption of CO from Cu surfaces was observed only w
subpicosecond lasers (1010 W/cm2 intensity!.9 Thermal de-
sorption spectra of molecular oxygen absorbed on Pd~111!
excited by nanosecond lasers10 show strong similarities for
all the laser wavelengths used in the experiment (hn 5 3.9,
5.0, and 6.4 eV!. However, the relative population of adso
bate states is strongly dependent on laser doses. This m
that the excitation is weakly dependent on laser energy
relaxation generates the same states of the adsorbate. T
fore as for clean surfaces the excitation process of cove
metallic surfaces involves the quasicontinuum of the el
trons and is not directly related to the spacing between
energy levels of the adsorbate.

In experiments mentioned above the laser intensity w
lower than the intensity required to generate a plasma
metals. Experiments made on gold4 and other metals5 evi-
denced a critical intensity greater than 431011 W/cm2 for
gold4 and 1013 W/cm2 for the other metals.5 Consequently
in the discussion below we neglect the possibility of plas
generation and the appearance of processes related to it
mation, such as ionization by electron impact. Such p
cesses have been fully analyzed in intense laser-indu
damage in dielectrics6 and semiconductors.7 In the present
work we will consider only the nonequilibrium distributio
550163-1829/97/55~7!/4250~7!/$10.00
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of an electron gas at lower laser intensity where it has nei
the critical mass nor the critical temperature to becom
plasma.8

Photoemission experiments made on gold11,12 evidence
the departure of the electron distribution from the Ferm
Dirac one. In Ref. 11 a polycrystalline gold film was irrad
ated by a 1.89-eV laser pulse of 400 fs duration. The elec
energy distribution was measured with a probe laser of 5
eV of ; 700 fs duration using time-resolved photoemissi
spectroscopy. The measured distribution can be fitted b
Fermi-Dirac function at an elevated temperature exc
within ;800 fs of the heating pulse, when a clear depart
from this distribution is observed. In a second experimen12

where a film of gold is used also the thermalization of ele
trons following 180 fs was measured. Depending on the
citation intensity, thermalization times as long as;1 ps were
observed.

The standard model put forward by Anisimov, Kapeli
vici, and Perel’man13 describes the time evolution of th
electron gas using two coupled subsystems of the met
electrons and phonons. Each subsystem is in local equ
rium so the electrons can be characterized by a Fermi-D
distribution defined using a time-dependent temperat
Te(t) while the phonon distribution is a Bose-Einstein on
characterized by the temperatureTp(t). The local equilib-
rium is maintained by electron-electron (e-e) collisions and
correspondingly by phonon-phonon collisions. The above
sumptions are valid only if the electron-phonon (e-phonon)
collision time is very different from the electron-electro
one. In this case one can say that the electron thermal e
librium is realized before the energy transfer to the phono

Theoretical estimation of thee-e collision time within the
Fermi-liquid theory and recent measurements14,2,3 of the
e-e ande-phonon collision times put into question the vali
ity of the standard model of coupled equations of Anisimo
Kapeliovici, and Perel’man13 in the description of the shor
laser pulse excitation of metals.

Let us critically comment on the validity of the standa
model of Anisimov, Kapeliovici, and Perel’man13 on the ba-
sis of a partly quantitative evaluation of thee-e and
e-phonon collision time. A partly quantitative evaluation
the properties of electrons in metals, within several eV
excitation energy above the Fermi level, is given by t
Fermi-liquid theory.15 Under the random-phase approxim
4250 © 1997 The American Physical Society
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55 4251NONEQUILIBRIUM ELECTRON DISTRIBUTION IN METALS
tion ~RPA! thee-e collision time is

te-e5t0
EF
2

dE2 , ~1!

whereEF is the Fermi energy,dE5E2EF is the electron
excess energy above theEF , andt0 is a proportionality con-
stant that can be calculated using the Linhard dielectric fu
tion:

t05
128

p2A3vp

, ~2!

wherevp is the plasma frequency. In the Fermi-liquid theo
the excited electron and the distortion of surrounding p
ticles brought by the adiabatic interaction among partic
are treated as a quasiparticle. A critical parameter in
treatment isr s , the radius of the sphere containing the effe
tive volume of an electron. It determines the validity of d
ferent approximations in the theory and is defined by
relation:

r s5
r 0
a0
, ~3!

wherer 0 is the spacing between particles anda0 is the Bohr
radius.

The e-e collision time expression~1! is deduced in the
high-density limit (r s!1! and the corresponding RPA
expression is valid in this case. As for the meta
1.8<r s<5.5, Eq.~1! cannot give an accurate account of t
metallic electron gas.

Time-resolved two-photon photoemission from Cu~100!
~Ref. 14! shows that the predicted lifetimes using Eq.~1! are
reasonably close to the observations but the energy de
dence shows a systematic deviation. This discrepancy
explained by the fact that the excited electron can move
of the region probed by the laser on a time scale faster t
their relaxation time. Also it was mentioned that neglecti
3d10 electrons for Cu~100! may introduce some errors.

To evaluate thee-phonon collision time we use an ap
proximate formula:16

te-phonon5
lphonon

v f
, ~4!

where the mean-free path given by thee-phonon collision is

lphonon.50a
Tm
Te

, ~5!

with a the lattice constant,Tm the melting temperature, an
Te the electronic temperature. This approximation is justifi
for Te much higher than the Debye temperature (TD).

If we take gold as an example, the above model gi
te-e varying from 4 to 400 fs whendE varies from 2 to 0.2
eV whereas te-phonon is about 60 fs @for gold
Te@300 K, TD5170 K, so the above formula~5! can be
applied#. Experimentally one finds a value of 700 fs fo
te-phonon.

2 We see that thee-e relaxation times strongly de
c-
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pend on energy: near the Fermi level the two times (e-e and
e-phonon) are comparable. At higher energy they are v
different.

Other estimations12,3 result in different times but the gen
eral conclusion is that the electron gas has not reache
thermal distribution before thee-phonon energy relaxation
process sets in. As a conclusion, we cannot use the mod
Anisimov, Kapeliovici, and Perel’man13 of two coupled sys-
tems of electrons and phonons to describe the time evolu
of the distribution of the electron in the nonthermal regim
because the lifetimes are too different near the Fermi le
and at high energy.

Until now there have been only two attempts to o
knowledge to construct a realistic distribution of th
nonthermal electrons. First, Fannet al.12 used an exponentia
decay to include thee-e collisions but they neglect the inter
band transitions that appear at the laser energies used i
experiments. Their distribution function does not fulfill th
initial condition

f ~E,t50!5 f FD~E! ~6!

and is completely independent of the laser energy and
ence. Moreover the equation describing the energy tran
from the nonthermal distribution into the thermal one is n
physically homogeneous. So it cannot be used, at least i
published form.

A second nonequilibrium distribution function is pro
posed by Lugovskoy, Usmanov, and Zinoviev.17 They de-
scribe the interaction of an electron with the electromagn
field as a process of an inelastic photon-electron collision.
account for the energy transfer between the electron and
photon they introduce a phenomenological absorption r
The time variation of the nonequilibrium distribution
given by a differential equation of first order in time th
depends linearly on the absorbed laser irradiance. The s
tion fulfills the initial condition~6! and has a Gaussian tim
dependence~for a Gaussian temporal profile of the las
pulse!. However, the maximum is reached att50, a result
that is not physically correct because for that time the la
almost began to transfer energy. The resulting step struc
of the electronic distribution function was not observed
the experiment12 and step magnitude strongly depends
e-e collision time, which is not given by Lugovskoy, Us
manov, and Zinoviev.17

In the present paper we develop a microscopic model
the calculation of the nonequilibrium distribution of the ele
trons excited by short time laser pulses. We suppose
electron and phonon subsystems are weakly coupled.
results of this model are compared to the experiments
Fannet al.12 Our model involves two steps: first we calcula
the excitation neglecting the transport of the electrons; s
ond, we introduce this transport of electrons by including
pump laser oscillating electric field but neglecting the spa
variation of the distribution function. In the Appendix w
will briefly discuss the spatial distribution of hot electrons

II. THE MODEL

Let a laser pulse be incident on a metal. The pulse du
tion is less than 300 fs and the quantum energy less than
work function of the metal. As a result a distribution of ele
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4252 55D. BEJAN AND G. RAŞEEV
trons with kinetic energyEF< Ecin<EF1hn is formed. The
excited electrons can collide with other electrons of the m
and with phonons. To calculate time and energy variation
the nonequilibrium distribution of photoelectrons, we pr
pose a simple model that describes the interaction with
electromagnetic radiation as a resonant dipole transition
tween two levelsE→E1hn. The energy loss of the excite
electrons is described by an average relaxation timet given
by the Fermi-liquid theory~1!. This approximation is valid
for electrons in thesp band considered here. In this work w
neglect completely thed bands, the surface states, andsp
band structures. Also we do not take into consideration
Fermi-level smearing. At present the electron-phonon in
action is neglected. As mentioned above, we start by de
ing a model discarding the transport phenomena then inc
them.

A. Excited electrons without transport

The kinetic equation for the distribution functionf (E,t) is

d f

dt
5Pex2Pdesex ~7!

where

Pex5p0t@12 f ~E,t !#. ~8!

Here Pex is the probability of electron transition, in th
time unit, from the energyEi5E2hn(<EF) to E(>EF)
and p0 is the initial transition probability of the electro
defined by the following equation:

p05
e2E0

2

8p2h2
f FD~Ei !uME,Ei

u2, ~9!

wheree is the charge of the electron,h is Planck’s constant
E0 is the modulus of the electric field intensity,f FD(Ei) is
the Fermi-Dirac distribution of the initial level having th
energyEi(<EF), @12 f (E,t)# is the probability that the en
ergy levelE where the electron is excited is unoccupied, a
ME,Ei

is the transition probability. Equation~8! was deduced
in the approximation of a dipolar electromagnetic transit
between two resonant levels~see, for example, Refs. 18 an
16!.

Pdesexis the probability of electron energy loss in the tim
unit caused bye-e collisions. It is given by

Pdesex5
f ~E,t !

t
, ~10!

wheret is the collision time given by Eq.~1!. We are omit-
ting the indexe-e in Eq. ~10! and in the following formulas.

Using Eqs.~8!, ~9!, and ~10!, we can write the kinetic
equation~7! explicitly in terms of f (E,t):

d f

dt
5p0t2S p0t1 1

t D f ~E,t !. ~11!

This differential equation has the following analytical i
tegral solution:
al
f
-
e
e-

e
r-
v-
de

d

f ~E,t !512expF2S p0t22 1
t

t D G
3F12 f FD~E!

1

tE0
t

dt1expS p0t122 1
t1
t D G , ~12!

which verify the following initial conditions:~i! For t50,

f ~E,t50!5 f FD~E!; ~13!

~ii ! if the laser is not operating thenE0 andp0 are zero, and

f ~E,t !. f FD~E!expS 2
t

t D , ~14!

which for E 5 EF gives

f ~EF ,t !5 f FD~EF!. ~15!

The dependence in the laser intensity is contained inp0.
For times short enough,p0t

2 and t/t are much smaller than
1 and the development of the exponential in power se
gives

f ~E,t !;p0
2;I 2 ~16!

but this quadratic dependence is not valid for long times.
see that the electronic distribution is strongly influenced
the adsorbed power. This dependence may explain why
the subpicosecond experiments, the relaxation probab
and the desorption yield depend nonlinearly on the la
intensity.9,10,19,20Equations~7! or ~11! and~12! are effective
only during the laser action. After laser extinction at tim
t f , Eq. ~11! simplifies to

d f~E,t !

dt
52

f ~E,t !

t
, ~17!

which can be integrated to give the equivalent of Eq.~12!:

f ~E,t !5expS 2
~ t2t f !

t D f ~E,t f !. ~18!

The electronic distribution goes exponentially to the eq
librium distribution f FD(E) corresponding to an electroni
temperature greater than the initial one and characterizing
mean energy of the electronic population excited abo
EF . The first step of thermalization occurs very rapidly b
slows down as more energy has been shared and the av
electron energy gets closer to the Fermi level. Also,
e-phonon energy relaxation process sets in and accele
the dissipation of energy.

B. Excited electrons including electric field transport

The electromagnetic field excites electrons but can a
produce their transport in the band of the metal. To introdu
the transport we use the classical Boltzmann equation21

S ] f

]t D
transp

5
] f

]t
1vW

] f

]rW
1
FW

\

] f

]kW
, ~19!

where f is the distribution function obtained either withou
transport ~right-hand side of the equation! or including it
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FIG. 1. Energy dependence o
the electron distribution function
for a laser adsorbed intensity o
0.63109 W/cm2 at six instants.
For the first line~a! the laser is on
whereas for the second line~b! the
laser is off. The full line corre-
sponds to electronic distribution
f given by Eq. ~12!, the dotted
line corresponds to the distribu
tion f transp given by Eq. ~24! in-
cluding the transport by the field
and the dashed line is the Ferm
Dirac fit established by Fann
et al.,12 Fig. 1, corresponding to
the displayed temperatures.
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~left-hand side of the equation; subscript transp!, vW is the
electron speed in the band, andFW is the driving force. Now
this equation takes into account the intraband collisions d
ing the transport. The laser electric field is oscillating a
can be written asEW (rW,t)5EW 0cos(kr2vt). It induces a varia-
tion in space and time of the local population of electron

dn~rW,t !5dn0cos~kr2vt !. ~20!

This variation gives rise to a changedm of the chemical
potential:

m~rW,t !5m01dmcos~kr2vt !. ~21!

It was demonstrated in Ref. 21 that, for the electrons
the valence band not having interband transitions, the m
mal spatial variation induced in the distribution function by
variation of the local population of electrons ofDn51 is

D f5
EF

6kBTn
, ~22!

wherekB is the Boltzmann constant. For gold Eq.~22! gives
D f FD5@1.7910219#/T, which is very small compared with
the value of our distribution function having a typical valu
of 1023. So one can neglect the induced space variation
the electron distribution function~see the Appendix for a
more careful consideration of this approximation! and calcu-
late, as we did in the present work, only the temporal o
So, we neglect below] f /]rW and simplify Eq.~19! as follows:

S ] f

]t D
transp

5
] f

]t
2evWEW ~ t !

] f

]E
. ~23!
r-
d

f
i-

of

.

In the relaxation time approximation,21 one integrates Eq
~23! to obtain

f transp~E,t !5 f ~E,t !2expS 2
t

t1
D

3E
0

tS ] f

]t1
2evWEW 0sinvt1

] f

]EDexpS t1t1Ddt1 ,
~24!

wheret1 is the intraband collision time. Making the approx
mation thatt1.t @wheret is given by Eq.~1!#, the expres-
sion ~24! demonstrates thatf transp(E,t), the distribution in-
cluding transport, is smaller than or equal tof (E,t), the
distribution discarding transport. The difference between
two distributions is rather small. We will see that only fo
very short times after the beginning of the excitation is t
difference significant because exponential multiplying of t
integral in Eq.~24! decays rapidly in time.

III. RESULTS

In the experiment of Fannet al.12 a gold film of 300 Å
was excited with a laser having an energy of 1.89 eV an
duration of 180 fs. The nonequilibrium electron distributio
was probed with a laser of 5.52 eV and a 270-fs durat
time, using delayed time-resolved photoemission spect
copy. In the model presented above, we neglect the sp
variation of the electron distribution function. Does the th
film of gold of 300-Å depth behave like a metallic bulk i
the present experimental conditions? In the Appendix
show that under the present experimental conditions the
tial transport phenomena can be neglected and therefore
300-Å film behaves like a metallic solid. Another phenom
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FIG. 2. Energy dependence o
the electron distribution function
for a laser adsorbed intensity o
1.63109 W/cm2 at six instants.
For the first line~a! the laser is on
whereas for the second line~b! the
laser is off. Same caption as Fig.
except that the figures should b
compared with Fig. 2 of Fann
et al.12
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enon that is neglected here is the electron thermal diffus
that can be inhomogeneous in thin films. Under the pres
experimental conditions the thermal diffusion length can
estimated to be of the order of 2 nm. Therefore the thin fi
behaves again like a solid. Also the time scales considere
the model are short compared to the thermal diffusion tim

We have calculated the nonequilibrium distribution fun
tion using the expressions~12! discarding transport phenom
ena and~24! including it. In our calculations we have use
the following constants~close to the one used by Fan
et al.12!: E056.73107 V/m ~for Fig. 1! andE053.33108

V/m ~for Fig. 2!, EF55.53 eV, t f5180 fs, t055 fs. For
uME,Ei

u2 we used a value<10219 m2. This value is justified

by the fact that in atomic golduME,Ei
u2 is about 10221 m2

for the 6s-6p transition.22 The electronic configuration fo
gold is @Xe#4f 145d106s1. So we suppose that the electron
transition from a level close toEF to another aboveEF at
almost 1.84 eV can be approximated by a 6s-6p transition.
In a metal the levels are completely displaced and form
continuum. The electron moves freely and consequently
expect a transition moment in the metal to be greater than
one in the single atom.

The electronic distribution functions displayed in Fig.
are obtained using the expressions~12! or ~24! where we
used a rectangular form of the laser pulse and an initial pr
ability of p05531024 s22 independent of time. In this fig
ure the full curve represents the distribution function cal
lated without transport using Eq.~12!. One can see that th
electronic population excited above the Fermi level fi
grows in time until the laser extinction then diminishes e
ponentially. The full thermalization is not established un
;1.3 ps. The energy dependence shows that the excited
trons are concentrated at low energy. The departure from
Fermi-Dirac distribution~long-dashed curve! calculated for
n
nt
e

in
s.
-

a
e
he

b-

-

t
-
l
ec-
he

the temperatures indicated in the figures of Fannet al.12 ap-
pears very clearly because one cannot find a tempera
fitting the shape of the nonequilibrium electron distributi
function. Consequently in the present case the tempera
displayed on the figures is not reliable.

The dotted curve represents the distribution function
cluding the transport by the oscillating electric field of th
photon. The difference between the two curves~without and
with transport! is significant only at short probe times~20 fs!
and it is strongly attenuated for larger ones. This behav
can easily be inferred from Eq.~24! because the coefficien
multiplying the integral is exponentially decaying in time.

Comparing Fig. 1 with the experimental curves of Fa
et al.12 displayed in their Fig. 1 one observes the strong sim
larities between the two figures. Discarding the small os
lations ~they could be artifacts!, the time evolution and en
ergy dependence are nearly the same. As mentioned a
the comparison with the Fermi-Dirac distribution can
used only as a rough indication of the temperature of
electrons.

In Fig. 2 we represented the results corresponding to
second laser fluence used in the experiment of Fannet al.12

One can see that now the distribution function reaches va
greater than above during laser action and the decay to
equilibrium Fermi-Dirac function, calculated by Fannet al.12

is faster. The comparison with the experimental values~see
Fannet al.,12 Fig. 2! shows again a good coincidence in th
time and energy evolution of the distribution function. W
see also that the plateau from 0.25 to 2 eV has the s
shape for the two fluences as can be seen in the experim
graphics. In the two figures we observe that the levels s
ated at an energy above 1.84 eV have a significant pop
tion. This can be explained by the excitation of few pop
lated levels above the Fermi energy.
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55 4255NONEQUILIBRIUM ELECTRON DISTRIBUTION IN METALS
The above calculations were performed using a rectan
lar laser pulse because our tests demonstrated that the e
dependence is not significantly influenced by the form of
laser pulse. However, time dependence is strongly modi
by the form of this pulse. This time variation fordE51.0 eV
is illustrated in Fig. 3 for Gaussian and rectangular la
pulses. The distribution function has a Gaussian form dur
laser action for the first and a rising exponential form for t
latter. After 180 fs the laser is switched off and the decay
always exponential.

Above, we have presented the results for two laser pul
In Fig. 4 we display the behavior of the distribution functio
for a rectangular laser pulse as a function of time and la
intensity. One sees that the dependence of the distribu
function of the electrons on the laser intensity changes fr
a quadratic to a clearly exponential form. For larger inten
ties of the laser pulse~about 1011 W/cm2) the distribution
function reaches a saturation plateau above which the e
tron plasma can be generated.4–7

IV. CONCLUSION

In summary, we have proposed a microscopic model
the nonequilibrium or ‘‘hot’’ electron distribution that ac
counts for the processes taking place in a metal submitte
a laser pulse of moderate intensity. This model does not
ply to interaction of lasers with intense lasers pulses~inten-
sity greater than 1013 W/cm2) where plasma is created an
other microscopical processes take place. The mode
physically coherent and gives microscopic insight conce
ing the excitation and relaxation of these hot electrons. T
obtained results are in good agreement with the experime
data for a film of gold of 300-Å depth and show nonline
behavior of this population with the laser intensity. T
model can be used to describe the behavior of the elect
in a desorption mechanism in the femtosecond regime wh
the same nonlinear dependence was observed. In the Ap
dix, we show that the spatial transport phenomena can
neglected for a studied case of a thin film of 300-Å dep
Also the electron thermal diffusion length is short compa
to the film thickness. Other effects, such as the influence
the band structure, the laser light polarization on the spa

FIG. 3. Time dependence of the electron distribution funct
f ~without transport! calculated forE2EF51.0 eV. The full curve
corresponds to a Gaussian laser pulse with FWHM of 105.96 fs
the dotted curve to a rectangular one.
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distribution, and full three-dimensional distribution of ele
trons, are now studied and will be presented in a future
per. The model can be successfully applied to other me
~Cu, Pt, etc.!.
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APPENDIX: INCLUDING THE SPATIAL DISTRIBUTION

In this appendix we briefly discuss the spatial distributi
of electrons neglected in the main body of the paper. Li
absorption determines a finite photon path ande-e collisions
determine an electron mean-free path dependent on its
ergy. The laser field produces also an electron drift para
or perpendicular on the surface according to light polari
tion. These facts contribute to an anisotropic spatial distri
tion of the electrons.

In a first approximation, we consider only the variation
the distribution function with az coordinate~perpendicular
on the surface! and neglect the other coordinates. Extincti
of the photon when it penetrates the metal introduces a
tial factor dependent on its mean-free pathlphoton.

10 The
probability of finding a photon at depthz is given by
f photon(z)5(1/lphoton)exp(2z/lphoton). Another spatial factor
arises from electron scattering: the electrons created atz8 can
arrive at pointz after a scattering at pointz8 according to the
integral

f e~z!5E
0

`

dz8
1

le
expS 2

uz2z8u
le

D 1

lphoton
expS 2

z

lphoton
D .

Herele is the electron mean-free path. The total spatial f
tor reads

f ~z!5 f photon~z!1 f e~z!

5
1

lphoton
expS 2

z

lphoton
D1E

0

`

dz8
1

le

3expS 2
uz2z8u

le
D 1

lphoton
expS 2

z

lphoton
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FIG. 4. Time and laser intensity dependence of the elect
distribution function f ~without transport! calculated for
E2EF51.0 eV.
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The complete distribution function now read
f (E,t,z)5 f (E,t) f (z). Our calculus is simpler than the on
done by Weik, de Meijere, and Haselbrink10 because here we
are interested mainly in obtaining the electron distributio
function at each point in the solid, not in calculating th
number of surface electrons.

Strictly speaking the present distribution function cann
be compared with Fann’s experimental curves because th
the pump laser of 2 eV excites electrons that are later
tracted by the probe laser of 5.52 eV. The extraction is mo
efficient closer to the surface. Our model include only th
effect of the pump laser.
t
re
x-
re
e

We calculated the modification of the distribution func
tion by introducing the spatial factor described above. F
the pump laser wavelength used in Refs. 11 and 12,
photon mean-free pathf photon(z) ~Ref. 23! is about 150
Å and the variation of the spatial factorf (z) is rather small
within the 300-Å gold film thickness. One should also intro
duce the electron thermal diffusion mean-free path but it w
estimated to be small~about 20 Å! and should contribute for
much longer times. Moreover, introducing the spatial fact
in the Boltzmann transport equation for the experiment
Fannet al.12 does not result in a significant change of th
electron distribution in the metal.
B
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