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Improved Two-Temperature
Model and Its Application
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of Metal Films
The two-temperature model has been widely used to predict the electron and phonon
temperature distributions in ultrashort laser processing of metals. However, estimations
of some important thermal and optical properties in the existing two-temperature model
are limited to low laser fluences in which the electron temperatures are much lower than
the Fermi temperature. This paper extends the existing two-temperature model to high
electron temperatures by using full-run quantum treatments to calculate the significantly
varying properties, including the electron heat capacity, electron relaxation time, electron
conductivity, reflectivity, and absorption coefficient. The proposed model predicts the
damage thresholds more accurately than the existing model for gold films when compared
with published experimental results. �DOI: 10.1115/1.2035113�
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1 Introduction
In the past two decades, the ultrashort �typically �10 ps� laser

heating of metals and its nonequilibrium energy transport have
been very active research topics �1–12�. Nonequilibrium between
electrons and phonons is already significant on the picoscecond
time order, in which the electron temperature can be much higher
than that of the lattice �1,5,7�. The energy transport process in
ultrafast laser heating of thin films consists of two stages �1,5–9�.
The first stage is the absorption of the laser energy through
photon-electron interactions within the ultrashort pulse duration. It
takes a few femtoseconds for electrons to reestablish the Fermi
distribution. This characteristic time scale, the mean time for elec-
trons to restore their states, is called the electron relaxation time.
In spite of nonequilibrium states of the electrons within this char-
acteristic time, the temperature of the electrons is still numerically
valid in the limit when the pulse duration is much longer than the
electron relaxation time, which is proved by a model using the full
Boltzmann transport theory �1�. Within the duration of a single
ultrashort pulse, the change of lattice temperature is generally
negligible.

The second stage is the energy distribution to the lattice through
electron-phonon interactions, typically on the order of tens of pi-
coseconds. Although the electron-phonon collision time may be
comparable to the electron-electron collision time, it takes much
longer to transfer energy from free electrons to phonons, because
the phonon mass is much greater than the electron mass. The
characteristic time for the free electrons and the lattice to reach
thermal equilibrium is called the thermalization time. In this pro-
cess, a phonon temperature is used to characterize the Bose dis-
tribution.

This two-temperature concept described above was validated
by many experiments �3,7,10–14�. Accordingly, the two-
temperature model is widely used for the ultrashort laser process-
ing of metals �5–9,15,16�. Especially, Qiu and Tien �5–7� and Qiu
et al. �8� group has made excellent theoretical and experimental
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contributions in this area. However, in the existing two-
temperature model, the estimations of the following important
properties are limited to temperatures that are much lower than the
Fermi temperature TF that is measured to be 5.9�104K for gold
�5–8�

• Electron heat capacity Ce=�Te �7� where Te is the electron
temperature and � is the electron heat capacity constant.
This estimation is limited to 0�Te�0.1 TF �17�.

• Electron relaxation time �e=3me / ��2nekB
2Te� /k�Te� where

me is the nonrelativistic mass of a free electron; ne is the
density of the free electron, which is 5.9�1022 cm−3 for
gold; and kB is the Boltzmann constant �7�. This estimation
is based on Ce=�Te and therefore limited to 0�Te
�0.1 TF �5,17,18�.

• Electron heat conductivity ke= �Te /Tl�keq�Tl� where keq is
the electron heat conductivity when the electrons and
phonons are in thermal equilibrium; and Tl is the lattice
temperature �7�. This estimation can be derived and is lim-
ited to TD�Te�0.1 TF where TD is the Debye temperature
of the phonon �17�.

• Reflectivity �Te / ��Te�max��R / ��R�max �8� where R is the
reflectivity. This estimation is limited to 300 K�Te
�700 K �8�. Further, ��Te�max and ��R�max are unknown
before the estimation.

The aforementioned estimations are limited to low temperatures
relative to the Fermi temperature �17�. However, at a fluence near
or above the threshold fluence, the electron temperature in metals
heated by an ultrashort laser pulse can be comparable to the Fermi
temperature. Hence, the two-temperature model is suitable only
for low fluences and cannot be used to correctly predict the dam-
age threshold in which the electron temperatures are much higher
than 0.1 TF.

This paper extends the existing estimations of optical and ther-
mal properties to high electron temperatures by the following im-
provements: �1� using the Fermi distribution, the heat capacity of
free electrons is calculated; �2� the free electron relaxation time
and electron conductivity are determined by using a quantum

model derived from the Boltzmann transport equation for dense
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plasma; and �3� the free electron heating and interband transition
are both taken into account using a modified Drude model with
quantum adjustments to calculate the reflectivity and the absorp-
tion coefficient. The proposed two-temperature model is em-
ployed to calculate the heating process of thin gold films until
melting occurs, which is assumed to be the initiation of damage.
The predicted damage threshold fluences for 200 nm gold film
using the proposed model are in good agreement with published
experimental data. The damage threshold fluence as a function of
pulse duration is also studied.

2 Theory

2.1 Two-Temperature Model. This paper considers the laser
pulse duration in 140 fs–100 ps that are much longer than the
electron relaxation time �a few femtoseconds�. Hence, the electron
temperature, characterized by the Fermi distribution, can be em-
ployed �1�. In this study, the laser beam diameter �tens to hun-
dreds of micrometers� is much greater than the optical penetration
depth �tens to hundreds of nanometers� and electron penetration
depth �tens to hundreds of nanometers� in the nanoscale-thickness
thin films and, hence, a one-dimensional model is accurate enough
to describe the physical phenomena. The two-temperature model
is given below

Ce�Te�
�Te

�t
= ��ke�Te� � Te� − G�Te − Tl� + S�z,t� �1�

Cl�Tl�
�Tl

�t
= G�Te − Tl� �2�

where S represents the laser source term, Cl is the lattice heat
capacity, and G is the electron-lattice coupling factor estimated by
�5�

G =
�2menecs

2

6��Te�Te
�3�

where cs is the speed of sound in bulk material calculated by

cs =� B

�m
�4�

where B is the bulk modulus and �m is the density.

2.2 Free Electron Heat Capacity. In a wide range of elec-
tron temperatures, the full-run quantum treatment should be used
to calculate the free electron heat capacity. The average number of
electrons �nk� in energy state �k obeys the following Fermi distri-
bution:

�nk� =
1

e	�Te���k−
�Te�� + 1
�5�

where 	�Te�=1/kBTe�t ,z� and 
 is the chemical potential. For
free electron gas, the chemical potential can be calculated by �17�


�ne,Te� = �F�ne�	1 −
�2

12

 kBTe�t,z�

�F�ne�
�2

+
�2

80

 kBTe�t,z�

�F�ne�
�4�

�6�

where the higher order terms are neglected, z is the depth from the
thin film surface, and �F is the Fermi energy. Strictly speaking,
Eq. �6� is valid for free electrons in equilibrium states only. The
free electrons could be disturbed from the Fermi-Dirac distribu-
tion by a femtosecond laser pulse. However, when the pulse du-
ration is much longer than the free electron relaxation time, Eq.
�6� is still a good approximation, which is similar to the treatment
for the electron temperature in this condition �1�. The Fermi en-

ergy is determined by �17�
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�F = 
 �hc�2

8mec
2�
 3

�
�2/3

ne
2/3 �7�

where c is the speed of light in vacuum. The average kinetic
energy per electron in J, ���, is calculated by

��� =



k

�nk��k

Ne
=

�
0

�
1

e	�Te���−
�Te�� + 1
�����d�

�
0

�
1

e	�Te���−
�Te��+1
����d�

�8�

where � is the kinetic energy of a free electron, Ne is the total
number of free electrons, and ���� is the density of states given by

���� =
8�2�me

3/2

h3
�� �9�

where h is the Planck constant. The heat capacity can be deter-
mined by

Ce�Te� = ne
 ����
�Te

�
V

�10�

where V is the volume. In 0�Te�0.1 TF, Eqs. �5�–�10� can be
simplified to the following expression �17�:

Ce�Te� =
�2ne

2

 kBTe

�F
�kB � �Te �11�

where � is the electron heat capacity constant. Equation �11� has
been widely employed in the two-temperature model �5–9�. For
comparison purpose, the average kinetic energy and specific heat
of an ideal electron gas are given below

��� =
3

2
kBTe, Ce =

3

2
nekB �12�

2.3 Free Electron Heat Conductivity and Relaxation Time.
The free electron heat conductivity is expressed by the following
Drude theory of metals �17�:

ke�Te� =
1

3
�e

2�Te��e�Te�Ce�Te� �13�

where �e
2 is the mean square of electron speed. In this study, �e

2

and Ce are determined directly by the Fermi distribution based on
Eqs. �5�–�10�. In Eq. �13�, the scattering effects are indirectly
considered through the calculation of the free electron relaxation
time. In TD�Te�0.1 TF and using the values of �e

2 and Ce for an
ideal gas, Eq. �13� can be simplified to �e=3me / ��2nekB

2Te�k�Te�
�17� that is used in Ref. �7�.

In this study, by considering metals as dense plasma
�1,17,19,21–23�, the free electron relaxation time is calculated as
follows by a quantum treatment derived from the Boltzmann
transport equation �20,21�:

�e�t,z� =
3�me�kBTe�t,z��3/2

2�2��Z*�2nee
4 ln 


�1 + exp�− 
�Te�/kBTe�t,z���F1/2

�14�

where e is the electron charge, Z* is the ionization state and is one
for gold, F1/2 is the Fermi integral, and ln 
 is the Coulomb loga-
rithm determined by

ln 
 =
1

2
ln	1 + 
bmax

bmin
�2� �15�

where the maximum �bmax� and minimum �bmin� collision param-

eters are given by
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bmax =
�kBT/me�1/2

max��,�p�
, bmin = max
Z*e2

kBT
,

�

�mekBT�1/2� �16�

where �=h /2� is the reduced Planck constant, � is the laser
frequency, and �p is the plasma frequency defined by

�p =� nee
2

me�0
�17�

where �0 is the electrical permittivity of free space.

2.4 Optical Properties. A critical task is to determine the
laser source term in Eq. �1�. A general expression for laser inten-
sity �W/cm2� I inside the bulk material for both nonlinear and
linear absorptions is �21,22�

I�t,z� =
2

��/ln 2

J

tp
�1 − R�t��exp	− �4 ln 2�
 t

tp
�2

−�
0

z

��t,z�dz�
�18�

where J is the laser fluence in J /cm2, tp is the pulse duration, R is
the reflectivity, and ��t ,z� is the absorption coefficient. If the ab-
sorption coefficient is assumed to be a constant, using the defini-
tion that optical penetration depth �=1/� the laser source term
�W/cm−3� is simplified to the following expression commonly
used in the existing model �5–8�:

S�t,z� =
0.94J

tp�
�1 − R�t��exp	− 2.77
 t

tp
�2

−
z

�
� �19�

Rethfeld et al. have demonstrated that the ultrashort laser-metal
interaction can be well described by laser-plasma interactions �1�.
According to the Drude model for free electrons � the electrical
permittivity �dielectric function� of metals modeled as a plasma, is
expressed as �23�

c�t,z� = �1�t,z� + i�2�t,z� = 1 + 
 nee
2

me�0
�
− �e

2�t,z� + i�e�t,z�/�
1 + �2�e

2�t,z�
�

= 1 + �p
2
− �e

2�t,z� + i�e�t,z�/�
1 + �2�e

2�t,z�
� �20�

Equation �20� shows how the plasma frequency in Eq. �17� is
defined.

The relationship between the complex refractive index f and the
complex electrical permittivity is given by


 c

v
� = f = �f1 + if2� = �� = ��1 + i�2 �21�

where c is the velocity of light in vacuum, v is the velocity of light
in the material, f1 is the normal refractive index, and f2 is the
extinction coefficient. Thus, the f1 and f2 functions can be derived
as

f1�t,z� =��1�t,z� + ��1
2�t,z� + �2

2�t,z�
2

,

f2�t,z� =�− �1�t,z� + ��1
2�t,z� + �2

2�t,z�
2

�22�

The reflectivity and the absorption coefficient of the metal are
determined by the following Fresnel expression:

R�t� =
�f1�t,0� − 1�2 + f2

2�t,0�
�f1�t,0� + 1�2 + f2

2�t,0�
, ��t,z� =

2�f2�t,z�
c

=
4�f2�t,z�

�

�23�

where � is the wavelength of the laser.
However, the Drude model for metals, Eq. �20�, does not con-

sider the interband transition and the Fermi distribution. For gold,

the d-band transition plays a critical role in the optical properties
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�4,14�. In d-band transition, electrons jump from the top of the d
band to the unoccupied states near the Fermi level in the conduc-
tion band �p band�. For noble metals like gold, the contribution of
interband absorption to optical properties can be directly added to
the Drude model, Eq. �20�, for electrical permittivity �25�. Experi-
ments have shown that the transient reflectivity of gold films is
directly related to the change in the occupation number of elec-
trons near the Fermi energy �14�. The change in occupied state
distributions near the Fermi level caused by electron heating is
called the Fermi distribution smearing �14�. Eesley estimated the
distribution of occupied electronic states near the Fermi energy by
�14�

�F =
1

1 + exp��h� − ��F − �d��/kBTe�
�24�

where � is the laser frequency; ��F−�d�=2.38 eV for gold �4� is
the difference between the Fermi energy and the d-band energy
�d. It is seen the absorption of photon energy h� is directly af-
fected by the d-band transition. The smearing of the electron dis-
tribution is given by

��F = �F�h�,Te� − �F�h�,T0� �25�
which is linearly proportional to the imaginary component of the
electrical permittivity in Eq. �20� �4�

��2

�2
=

��F

�F
�26�

where T0 is the room temperature �4�. After adding ��2 to �2 in
Eq. �20�, the reflectivity and the absorption coefficient with the
consideration of d-band transition can be determined by Eq. �23�.

2.5 Phonon Heat Capacity. The above discussion addresses
the temperature dependent properties of electrons. Similarly, the
phonon heat capacity in Eq. �2� is also temperature dependent
which can be calculated by the well-known quantum treatment,
the Debye model �24� in which the average kinetic energy of
phonons ��p� is calculated by �24�

��p� =�
0

�max 6�h

nacs
3

�3

eh�/kTl − 1
d� �27�

where na is the phonon number density and �max is the maximum
frequency of phonons calculated by

�max = 
 3

4�
�1/3cs

a
�28�

where a is the average interatomic spacing, a= �V /N�1/3= �na�−1/3.
The molar heat capacity of phonons can be calculated by

Cl�Tl� = 2na
 ���p�
�Tl

�
V

�29�

where NA is the Avogadro constant. The factor of 2 appears in Eq.
�29� is used to account for both the kinetic energy and potential
energy that are statistically equal in an ideal-lattice metal.

The two equations Eqs. �1� and �2� are solved by a fully im-
plicit schedule with iterations at each time step for temperature-
dependent thermal properties until convergence is achieved. Dif-
ferent grid sizes and time step sizes are employed to assure the
final results are consistent.

3 Results and Discussion

3.1 Heat Capacity. First, some general discussions are pre-
sented about the heat capacities of free electrons and phonons in
certain temperature ranges. Figure 1�a� demonstrates the signifi-
cant differences in average kinetic energy of free electrons be-
tween the quantum treatment using Eqs. �5�–�10� and the ideal gas
approximation using Eq. �12� for gold. At 300 K, the average

kinetic energies of free electrons predicted by the quantum treat-
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ment and classical approach are 3.3 and 0.039 eV, respectively,
and they are different by about two orders of magnitude. It is seen
only at temperatures much higher than the Fermi temperature
�5.9�104 K for gold�, the classical approach of Eq. �12� is valid.
Figure 1�b� shows the significant differences between the ideal gas
approach using Eq. �12�, the approximation using Eq. �11�, and
the quantum treatment using Eqs. �5�–�10� for electron specific
heat per mole. Equation �11� for Te�TF and Eq. �12� for Te
�TF have been discussed for femtosecond laser ablation of metals
�26� and yet the full-run quantum using Eq. �5�–�10� was not used
in their work. At temperatures much lower than the Fermi tem-
perature, the results by quantum treatment overlap with the ap-
proximations using Eq. �11� that is widely employed in the two-
temperature model �5–8�. This implies when Te�TF, Eqs.
�5�–�10� can be simplified to Eq. �11�. Figure 1 clearly shows the
necessity of quantum treatment for free electrons in the ultrashort
laser-metal interaction.

On the other hand, the variation of gold phonon heat capacity in
�300 K, 1337.33 K� calculated by the Debye model is insignifi-
cant, as shown in Fig. 2. In �300 K, 1337.33 K� for gold phonons,
the molar phonon heat capacity predicted by the quantum treat-
ment �the Debye model� is similar to that predicted by the classi-
cal estimation �the Law of Dulong and Petit� that states the molar
heat capacity of metals is about 3Ru, where Ru is the universal gas
constant �24�. In fact, this is expected as the Debye temperature
�the quantum characteristic temperature of phonons� of gold is

Fig. 1 The differences between different treatments for gold:
„a… average free electron kinetic energy in electronvolts and „b…
molar free electron specific heat
165 K that is low as compared to the phonon temperature. Hence,
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the lattice heat capacity of gold in the calculation can be reason-
ably considered as a constant. Note the gold heat capacity is the
sum of the free electron heat capacity and phonon heat capacity.

3.2 Fermi Distribution Smearing. Figure 3 shows the
smearing of electron distributions as a function of temperature at

Fig. 2 Molar phonon specific heat predicted by different
approaches

Fig. 3 Distribution of occupied electronic states near the
Fermi energy: „a… electronic occupy and „b… change in elec-

tronic occupancy
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different laser wavelengths in which T0 is assumed to be 300 K.
When the photon energy for a given wavelength, for example,
1.18 eV �1053 nm�, is smaller than the difference between the
Fermi energy and the d-band energy, ��F−�d�=2.38 eV for gold,
Fig. 3�a�. This is true for all lasers with wavelengths above about
522 nm. On the other hand, when the photon energy, for example,
3.18 eV �390 nm�, is higher than ��F−�d�, the Fermi distribution
of occupied states increases in the heating process, which in turn
increases the electron-phonon coupling. For both cases, as the
electron temperature increases, the Fermi distribution of occupied
states approaches a constant 0.5. Figure 3�b� shows the change in
electronic occupancy as a function of laser wavelength. The merge
of different curves near the 2.38 eV photon energy confirms the
discussion given above.

3.3 Damage Threshold Fluence. This study calculates a 140
fs, 1053 nm laser heating of 200 nm gold film by using both the
existing two-temperature model �5–8� and our proposed model.
For this condition, the experimental threshold fluence is
0.43±0.04 J /cm2 �27�. By assuming the damage starts when the
maximum lattice temperature reaches the melting temperature,
1337.33 K for gold, our model gives 0.45 J /cm2 for the threshold
fluence, while the existing two-temperature model gives
0.75 J /cm2.

At 0.45 J /cm2, the temperature distributions of the electrons
and the lattice predicted by the proposed model are shown in Fig.
4. As shown in the figure, the electron temperature can reach as
high as 2.12�104 K which is well beyond the electron tempera-
ture range �0�Te�0.1 TF�. Thus, in the existing model �5–8�, the
simplified estimations of electron heat capacity, electron heat con-
ductivity, electron relaxation time, and reflectivity, as mentioned
earlier, may not be adequate.

3.4 Comparisons Between the Existing Model and the Pro-
posed Model. At 0.05 J /cm2, a low laser fluence with respect to
the threshold fluence, the calculated results for a 200 nm gold film
by the existing model and the proposed model are very similar in
both the electron temperatures and phonon temperatures, as
shown in Fig. 5. It is seen the highest electron temperature 3347 K
predicted by the proposed model, is within the low electron tem-
perature range for free electrons. In low fluences, the similarities
between results from the existing model and the proposed models
are expected, because the full-run quantum treatment can be sim-
plified to the existing model for low electron temperatures. The
slight difference between the predictions of the two models is
mainly caused by the different treatments in reflectivity. In the
existing model, reflectivity estimation �Te / ��Te�max
��R / ��R�max is limited to 300 K�Te�700 K that is much
lower than the highest electron temperature 3347 K, under
0.05 J /cm2.

On the other hand, at 0.2 J /cm2, a fluence comparable to the
threshold fluence, significant differences between the two models
are observed in Fig. 6. This confirms the need to estimate the
thermal and optical properties with quantum treatments for the
ultrashort laser heating of metals at fluences comparable to the
threshold fluence.

3.5 Effect of Pulse Duration. This study also investigates the
effect of pulse duration on the damage threshold. As shown in Fig.
7, the proposed model significantly increases the prediction accu-
racy of the damage thresholds compared with the existing model.
At the wavelength of 1053 nm, the damage thresholds of 200 nm
film predicted by the proposed model are almost independent of
the pulse duration in 140 fs–100 ps, which is confirmed by the
experimental data �27�. As shown in Fig. 7, the predicted trend of
the damage thresholds by our proposed model can be roughly
divided into two ranges: 140 fs–10 ps and 10 ps–100 ps with the
turning point around 10 ps. It is expected for the threshold fluence
to increase with the increase of the pulse duration in 10 ps–100 ps.

However, the properties of the 200 nm thin film are quite different
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with its bulk material when the thin film thickness is comparable
to the optical penetration depth. In 140 fs–10 ps, for the 200 nm
thin film, the shorter pulse duration leads to�1� the higher electron
temperature and hence higher heat conductivity, causing a more
uniform temperature distribution in the thin film after the thermal-
ization time at which the maximum lattice temperature is ex-
pected. This factor tends to increase the threshold fluence; and �2�
the stronger transient changes in the reflectivity of gold film dur-
ing the 1053 nm pulse irradiation that tends to decrease threshold
fluence �16�. Hence, roughly speaking, these two factors balance
each other, which makes the threshold fluence in 140 fs–10 ps
almost independent of pulse duration.

4 Conclusions
This study introduces full-run quantum treatments to the two-

temperature model for several critical optical and thermal proper-
ties, including the electron heat capacity, electron relaxation time,
electron conductivity, reflectivity and absorption coefficient. The
proposed model releases the low temperature limitation of the
existing estimations on optical and thermal properties and effec-
tively extends the application range to high laser fluences. On the

Fig. 4 „a… electron temperature distribution and „b… lattice tem-
perature distribution at different times predicted by the pro-
posed model for a 200 nm gold film irradiated by a 140 fs, 1053
nm pulse at 0.45 J/cm2
other hand, at low temperature ranges, the proposed full-run quan-
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tum treatments can be simplified to those employed by the exist-
ing two-temperature model, which is proved by either mathemati-
cal derivations or simulation results. The proposed model is
employed to calculate the heating process of thin gold films until
melting occurs, which is assumed to be the initiation of damage.
The predicted damage threshold fluences for 200 nm gold film by
the proposed model are in good agreement with published experi-
mental data. The predicted damage thresholds of thin films are
almost independent of pulse duration in the ultrashort ��10 ps
pulse range, as confirmed by experiments.
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Nomenclature
a � average interatomic spacing
B � bulk modulus

bmax � maximum collision parameter in Eq. �15�
bmin � minimum collision parameter in Eq. �15�

c � speed of light in vacuum
c � velocity of light in vacuum

Ce � electron heat capacity
Cl � lattice heat capacity
cs � speed of sound

Fig. 5 Surface temperature as a function of time for 200 nm
gold film irradiated by a 140 fs, 1053 nm pulse at 0.05 J/cm2: „a…
the existing model and „b… the proposed model
e � electron charge
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Fig. 6 Surface temperature as a function of time for 200 nm
gold film irradiated by a 140 fs, 1053 nm pulse at 0.2 J/cm2: „a…
Fig. 7 Damage threshold fluences of 200 nm gold film pro-

cessed by a 1053 nm laser at different pulse durations
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kB � Boltzmann constant
f � complex refractive index

f1 � normal refractive index
f2 � extinction coefficient
G � electron-lattice coupling factor
h � Planck constant
� � reduced Planck constant
I � laser intensity
J � laser fluence in J /cm2

kB � Boltzmann’s constant
ke � electron conductivity

keq � electron heat conductivity in the electron-
phonon thermal equilibrium

me � nonrelativistic mass of a free electron
na � phonon number density
ne � density of the free electrons

�nk� � average number of electrons in energy state �k
NA � Avogadro constant
Ne � Total number of free electrons
R � reflectivity

Ru � universal gas constant
S � laser source term
t � time

tp � pulse duration
TD � Debye temperature
Te � electron temperature
TF � Fermi temperature
Tl � lattice temperature
T0 � room temperature
V � volume

ve
2 � mean square of electron speed

vs � sound speed in the metal
Z* � ionization state

Greek Symbols
� � absorption coefficient
� � optical penetration depth
� � complex dielectric function

�0 � electrical permittivity of free space
�1 � real part of the dielectric function
�2 � imaginary part of the dielectric function

��� � average electron kinetic energy
��p� � average phonon kinetic energy

�d � d-band energy
�F � Fermi energy
�k � electron energy state

ln 
 � Coulomb logarithm in Eq. �14�
� � electron heat capacity constant in Eq. �11�
� � wavelength of the laser

 � chemical potential
� � laser frequency

vmax � maximum frequency of phonons
� � density of states

�F � distribution of occupied electronic states
�m � density

� � electron relaxation time
� � laser frequency

� � plasma frequency
p
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