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We study theoretically the propagation of heat in a metal, due to irradiation with an ultrashort laser pulse.
The target is treated in an extended two-fluid model for electrons and phonons, which accounts for a finite
speed of heat propagation in the electron gas. As a result, the absorbed laser energy is more localized in the
electronic system yielding an enhanced peak electron temperature.@S0163-1829~96!01431-2#

Laser radiation is absorbed in a metal in three steps:~a!
the electrons are accelerated in the electromagnetic field,~b!
the electron gas thermalizes via Coulomb collisions on a
time scale of about a picosecond. In the last step,~c! the hot
electron gas releases its energy to the lattice via electron-
phonon collisions on a time scale of a few picoseconds. The
time scale for internal thermalization of the electron gas is
somewhat shorter than the one for equilibration with the lat-
tice.

The internal electronic relaxation time in a metal has been
measured by many authors, see, e.g., Refs. 1–6. In a typical
experiment,5 an optically thin gold film of 200 Å thickness
was irradiated by an infrared laser pulse of 120 fs duration. A
laser fluence of the pump pulse of 2.5 . . . 200mJ/cm22 was
used. Transient reflection and transmission characteristics
were monitored with a probe laser pulse. In their experi-
ments, Sunet al.5 found an internal electronic relaxation
time of 500 fs, independent of the laser fluence.

As already pointed out by Fannet al.1,2 the electron en-
ergy distribution may be decomposed into a thermal and a
nonthermal part. Sunet al.5 calculated the energy dependent
relaxation dynamics of the electron distribution. To do so, a
simulation based on a numerical solution of the Boltzmann
equation was carried out. The transient behavior of reflectiv-
ity, transmittivity, and electron occupation number were ob-
tained in good agreement with experimental values.

More recently, Groeneveldet al.6 set up similar experi-
ments on silver and gold films. In addition to Sunet al., they
varied the lattice temperature from 300 K down to 10 K and
found a slight decrease in the electron relaxation time.

Besides the temporal aspect, which has been the main
focus in these investigations, there is also a spatial aspect to
the phenomenon: energy is initially absorbed within a thin
surface layer, only to be carried away by electrons in the next
instant and spread out over a larger volume. Thus, the inter-
action of laser pulses with surfaces must be viewed as an
interplay between thermalization energy exchange, and
transport.

In this paper, we extend Anisimov’s7 two-fluid model for
the electron and phonon systems in a metal by Cattaneo’s
law for the heat flux to account for a finite propagation speed
of heat. A comprehensive review on heat waves was given
by Joseph and Preziosi.8 The present extension gives some
insight into the temporalandspatial behavior of electron and
phonon temperature; in this respect, the model goes beyond

the kinetic treatment of energy relaxation performed by Sun
et al., which is independent of space.

Cattaneo’s law9 for the heat fluxq in the electron gas
reads
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wheret is the common electron relaxation time andke is the
electronic thermal conductivity. Together with energy con-
servation,
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where e is the internal energy density of the system, we
obtain for the electron temperatureTe(x,t) and the phonon
temperatureTp(x,t) in the usual one-dimensional descrip-
tion,
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Equation ~3! is a partial differential equation of hyper-
bolic type.Ce andCp are the specific heats of electron gas
and phonon gas, respectively, andG is the coupling constant
between the two systems. The second term of the left-hand
side of Eq.~3!, tee]/]t(Ce]Te /]t), provides a finite propa-
gation speedv5Ake /(Cetee) of a heat wave into the mate-
rial. The magnitude ofv is related to the Fermi velocity. The
term tee]/]t@G(Te2Tp)# accounts for a relaxed energy
transfer to phonons, a term which is required from energy
conservation. The usual model with parabolic heat conduc-
tion in the electronic subsystem is recovered by setting
tee50, i.e.,v→`, and will be treated here for comparison.

The material parametersCe , Cp , G, ke , andt ee in Eqs.
~3! and~4! are, in general, functions of temperature. We seek
analytical solutions and restrict the analysis to small tem-
perature variations, i.e., low pulse energies. Hence the mate-
rial parameters will be treated as constants.
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The penetration depth of UV laser light in metals is of the
order of a few nanometers, but will be neglected in the
present model. Accordingly, all laser energy is absorbed at
the surface (x50) by the electron gas and is converted to a
heat fluxq. We use a Gaussian pulse,

q5Q exp@2~ t2t0!
2/th

2# for x50, t>0, ~5!

wheret0 is an offset time,th denotes the half width, andQ
stands for the peak laser intensity. Deep inside (x→`) we
assume ambient temperature which, due to linearity, may be
chosen as zero.

The system will be solved for an initially (t50) cold
target,

Te5Tp50,
]Te
]t

50 for x>0, t50. ~6!

Applying the Laplace transform with respect to time to
the system~3, 4!, we obtain solutions in terms ofx and the
transformed coordinates,
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In Eq. ~7!, erfc(x) denotes the complementary error function,
and r (s) is given by

r ~s!5FCe1Cp

ke

s~11st !~11step!

11Cps/G
G1/2, ~9!

where

tep5
CeCp

~Ce1Cp!G
~10!

is the electron-phonon energy relaxation time. Inversion of
the above expressions is accomplished numerically using the
method by Honig and Hirdes.10

We present a typical result for gold as target material and
use a pulse of 2th530 fs duration,t0545 fs, with a maxi-
mum intensity ofQ51.2531011 Wm 22. The following pa-
rameters for gold were used:11 electronic specific heat
Ce52.13104Jm23 K 21, corresponding to the value at 300
K, electronic thermal conductivityke5315 Wm21 K 21,
lattice specific heatCp52.53106 Jm23 K 21, and coupling
constantG53.531016 Wm23 K 21. For the electronic re-
laxation time, we tookt530 fs from Ref. 12.

Due to the finite propagation speed, heat penetrates in
form of temperature waves into the material. In Fig. 1~a!, the
transient behavior of the electron temperature at a depth
x550 nm is shown~full curve! in comparison to the usual
model~dotted curve! with t50 in Eq.~3!. Clearly, the usual
and the extended model give quite different results. The elec-
tron temperature rises more rapidly and attains a maximum
value that is 2.5 times as high as compared to the case with

infinite propagation speed. The heating rate of the phonon
gas, see Fig. 1~b! rises by about the same.

The spatial behavior of the electronic temperature wave at
a time t5118 fs is illustrated in Fig. 2. In the extended
model ~full line!, the energy is peaked in a small region of
approximately 30 nm. This is drastically different from the
model with infinite propagation speed~dotted line!, which
predicts a much shallower and essentially structureless tem-
perature profile.

We will now give a critical discussion of the model and
the physical input used. The value of the coupling constant
G is not accurately known. Experimental results for gold
reach from 3.531016 Wm23 K 21 ~Ref. 11! to 2.731017

FIG. 1. Transient behavior of electron temperature~a! and pho-
non temperature~b!. The solid curve and the dotted curve refer to a
model with finite and infinite heat propagation speed, respectively.
The laser pulse centered at 180 fs is displayed as a point of refer-
ence.
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Wm23 K 21.13 Usually,G is fitted to experimental data on
the basis of the common two-fluid model, even when femto-
second laser pulses are used, see, e.g., Orlande.14 The exact
dependence ofG on electron temperature is unknown;
Allen15 gives an expression}Te

n , with 1,n,3, while
Girardeau-Montaut and Girardeau-Montaut13 propose G
}Te

1/2.
The temperature dependence of material parameters re-

sults, in principle, in a nonlinear system~3,4!. When higher
laser intensities are applied, e.g., for ablation16,17 of metals,

the linear approximation used here breaks down, and the full
temperature dependencies of electronic heat capacity and
electron-phonon coupling have to be taken into account.
Qualitatively, this will lead to a sublinear increase of elec-
tron temperature with laser intensity.

A finite skin depth was neglected in the present model.
For UV lasers irradiating gold, its value is of the order of a
few nanometers, the results given here refer to a depth of 50
nm, where this simplification is justified. Inclusion of a finite
skin depth is straightforward in the present scheme and could
be carried out when shallower depths are of concern, e.g., in
the context of ablation.

The value for the speed of heat propagationv573105

m/s used in our calculation is by and large consistent with
measurements of heat transport velocity in thin gold films by
Brorsonet al.18 They found heat propagating at speeds of the
order of Fermi velocity 106 m/s.

The concept of an electron temperature needs careful in-
spection in situations when the electron gas is not in thermal
equilibrium. More detailed studies2,5 suggest that the electron
energy distribution could be decomposed into a thermal and
a nonthermal, energetic part. Whether or not the system may
be described by a singleeffectivetemperature depends on the
quantity considered. Such a simplified picture appears ad-
equate for energy deposition dynamics as such. Caution is
indicated, however, when threshold effects come into play.
Electron emission, for instance, is sensitive only to the high-
energy part of the spectrum.

To conclude, we extended the two-fluid model for elec-
trons and phonons in a metal by introducing a finite speed of
heat propagation. When a metallic surface is exposed to a
laser pulse, peak electron temperatures may attain values
considerably higher compared to the usual model. Likewise,
the lattice heating rate may be much higher.

We thank S. I. Anisimov and B. Rethfeld for clarifying
discussions.
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FIG. 2. Spatial behavior of the electronic temperature wave at a
time t5750 fs. Full curve: present model with finite propagation
speed. Dotted curve: conventional model with infinite propagation
speed.
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