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ABSTRACT 
The temperature dependences of the electron heat capacity and the electron-phonon coupling factor are 

investigated for Au based on the electron density of states obtained from ab initio electronic structure calculations.  
Thermal excitation of d band electrons leads to a significant (up to an order of magnitude) increase in the electron-
phonon coupling factor and makes a considerable contribution to the electron heat capacity in the range of electron 
temperatures typically realized in femtosecond laser material processing applications.  Simulations performed with a 
combined atomistic-continuum method demonstrate that the increase in the strength of the electron-phonon coupling at 
high electron temperatures leads to a faster lattice heating, generation of stronger thermoelastic stresses, and a 
significant decrease in the time of the onset of the melting process.  The timescale of the melting process predicted in 
the simulation accounting for the thermal excitation of d band electrons is in excellent agreement with the results of 
recent time-resolved electron diffraction experiments.  A simulation performed with commonly used approximations 
of a constant electron-phonon coupling factor and a linear temperature dependence of the electron heat capacity, on the 
other hand, significantly overpredicts the time of the beginning of the melting process, supporting the importance of the 
electron density of states effects and thermal excitation of lower band electrons for realistic modeling of femtosecond 
pulse laser processing. 
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1. INTRODUCTION 

 Irradiation of a solid target with an intense ultrashort (femtosecond) laser pulse has the ability to bring material 
to a state of strong electron-lattice nonequilibrium and trigger a cascade of coupled transient processes that include 
electron-phonon thermalization, nonequilibrium energy transport, as well as structural/phase transformations occurring 
under extreme and dynamic pressure-temperature conditions.  The transient and highly nonequilibrium character of 
laser-induced processes makes the quantitative theoretical/computational description of the laser-materials interactions 
challenging.  For metals, computational modeling of ultrashort-pulse laser interactions is commonly based on the two-
temperature model (TTM) [1], which describes the time evolution of the lattice and electron temperatures, Tl and Te, by 
two coupled non-linear differential equations: 
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where C and K are the heat capacities and thermal conductivities of the electrons and the lattice as denoted by subscripts 
e and l, G(Te) is the electron-phonon coupling factor related to the rate of the energy exchange between the electrons 
and the lattice, and ( )trS ,r  is a source term describing the local energy deposition by the laser pulse.  The model 
accounts for the laser excitation of the conduction band electrons, energy transfer to the atomic vibrations due to the 
electron–phonon coupling, and the electronic heat diffusion from the irradiated surface to the bulk of the target. 
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Despite numerous successful applications of TTM, the inherent limitation of the model is its inability to 
adequately describe the kinetics of phase transformations and changes in the microstructure occurring under highly 
nonequilibrium conditions induced in the target material by short pulse laser irradiation.  In order to overcome this 
limitation we have recently developed a combined atomistic-continuum model that incorporates the classical molecular 
dynamics (MD) method into the general framework of the TTM model [2].  In the combined TTM-MD model, MD 
substitutes the TTM equation for the lattice temperature in the region of irradiated target affected by laser-induced 
structural transformations.  The diffusion equation for the electron temperature is solved simultaneously with MD 
integration of the equations of motion of atoms and an additional coupling term is added to the conventional MD 
equations of motion in order to account for the energy exchange between the electrons and the lattice [2].  First 
applications of the combined TTM-MD model have provided insights into the microscopic mechanisms of laser melting 
and photomechanical damage in metal films and bulk targets [3,4,5,6].  Moreover, the important role of non-thermal 
channels of laser energy redistribution (energy transfer to the energy of collective atomic motions associated with the 
relaxation of laser-induced stresses and the energy of quasi-static anisotropic stresses), not accounted for in the 
conventional TTM model, has been revealed in TTM-MD modeling [7]. 

 An important aspect in the application of the TTM or TTM-MD models for quantitative descriptions of the 
material response to the ultrashort pulse laser irradiation is the choice of adequate temperature dependent thermo-
physical properties of the target material.  Due to the small heat capacity of the electrons, laser excitation can 
transiently bring the electron temperature to very high values, comparable to the Fermi temperature.  At such high 
electron temperatures, the temperature dependent thermophysical properties of the system can be directly affected by 
the thermal excitation of the lower band electrons in noble and transition metals [8,9].  A detailed analysis of the 
connections between the electron density of states (DOS) in the target material and the temperature dependence of the 
electron-phonon coupling, electron heat capacity and thermal conductivity are needed for a realistic description of laser-
material interactions. 

 In this paper, the effects of the electron DOS on thermophysical material properties are illustrated for 
femtosecond laser interactions with Au films.  In the next section, the temperature dependences of the electron heat 
capacity and the electron-phonon coupling factor are analyzed based on the electronic structure calculations performed 
within the density functional theory.  The results of the analysis of the thermophysical properties of Au at high electron 
temperatures are incorporated into TTM-MD model and applied for simulations of laser melting of thin Au films.  The 
results of the simulations are presented and related to the experimental data obtained for a similar system in recent time-
resolved electron diffraction experiments in Section 3.  A brief summary of the results is given in Section 4. 

2. THE EFFECT OF DOS AND THERMAL EXCITATION OF ELECTRONS ON THERMOPHYSICAL PROPERTIES 
 The effect of the thermal excitation of 5d band electrons in Au on the thermophysical properties of the material 
irradiated by an intense laser pulse is discussed in this section.  In particular, the temperature dependences of the 
electron heat capacity Ce(Te) and the electron-phonon coupling factor G(Te) are analyzed in a broad range of the electron 
temperatures based on the electron DOS obtained from ab initio electronic structure calculations.  The results of the 
calculations are compared with the predictions of the free electron gas model. 

2.1  Electron DOS, chemical potential, and electron heat capacity 

 The electron heat capacity can be calculated by taking the derivative of the total electronic energy density with 
respect to the electron temperature [10]: 
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where µ is the chemical potential at Te, εF is the Fermi energy, g(ε) is the electron DOS at the energy level ε, and 
),,( eTf µε  is the Fermi distribution function defined as  -11}])/-{exp[(),,( += eBe TkTf µεµε .  When the electron 

temperature is much smaller than the Fermi temperature (TF = 64 200 K for Au [10]), only electrons at around the Fermi 
surface are excited and the electron heat capacity is known to be a linear function of the electron temperature, 

( ) eee TTC γ= , where γ is the electron heat capacity constant defined, within the free electron gas model, by the free 
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electron density ne and the Fermi energy εF, 

FBekn επγ 2/22= .  In particular, using the values of the 
free electron density and the Fermi energy from Ref. [10], 
the electron heat capacity constant for Au can be calculated 
to be γ = 62.7 Jm-3K-2.  At high electron temperatures, 
however, lower band electrons could be excited to the 
conduction band, resulting in deviations from the linear 
temperature dependence of the electron heat capacity. 

Both theoretical calculations [11,12,13] and X-ray 
photoemission spectroscopy experiments [14] have shown 
that the d band in Au, located relatively close to the Fermi 
level, has a rather complicated structure.  In the analysis 
of the temperature dependence of the thermophysical 
properties of Au performed in [9], a square function 
centered at 4.8 eV below the Fermi energy with a width of 
5.2 eV was used as an approximation of the d band.  In 
order to understand to what degree the fine structure of the 
electron DOS would affect the temperature dependent 
thermophysical properties in Au, we perform the electronic 
structure calculation using the Vienna Ab-initio Simulation 
Package (VASP) [15] and obtain the electron DOS for Au 
at Te=0 K, shown in Fig. 1.  The calculation is done for 
the equilibrium lattice parameter, 4.166 Å, using the 
Vanderbilt ultrasoft pseudopotential (US) [16] where the exchange correlation term is treated within the generalized 
gradient approximation (GGA).  It can be seen from Fig. 1 that, although the square function describes the presence of 
high density of states associated with d band electrons, accounting for the detailed structure of the d band, especially on 
the high energy side close to the Fermi level, can introduce significant corrections to the calculated number of thermally 
excited electrons. 

From examination of the electron DOS together 
with the Fermi distribution functions at various electron 
temperatures, it is clear that for electron temperatures less 
than 0.1 eV (~103 K) only electrons around the Fermi level 
are excited, while at Te ~ 1 eV (~104 K) or higher, the 
number of excited d band electrons can be significant and 
should be taken into account. 

In order to calculate the electron heat capacity 
from Eq. (3), it is necessary to evaluate the expression for 

eTf ∂∂ / , which requires the determination of the chemical 
potential µ(Te).  From the conservation of the total 
number of electrons, one can obtain the chemical potential 
by setting the result of the integration of the product of 
DOS and the Fermi distribution function at Te over all 
energy levels to be equal to the total number of electrons Ne 
[10], 
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The chemical potential obtained from Eq. (4) as a 
function of the electron temperature using three different 
approximations of DOS for Au is shown in Fig. 2. It is easy 

Figure 2.  Chemical potential of Au as a function of 
the electron temperature calculated using three different 
approximations of DOS for Au: DOS obtained with 
VASP (solid line), square function approximation for 
the 5d band (dash-dotted line), and neglecting the 
contribution of the d electrons (dashed line). 

Figure 1.  Electron DOS obtained in electron structure 
calculations performed with VASP (solid line) and a 
square function approximation for the 5d band in Au 
used in Ref. [9] (dashed line).  The Fermi distribution
functions are also shown for three different values of the 
electron temperature.
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to verify that with only s electrons taken into account, the 
chemical potential obeys the expression derived from the 
Sommerfeld expansion in the free electron gas model [10], 
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It is clear from Fig. 2 that in both calculations 
accounting for the presence of d band electrons, the 
chemical potentials agree well with the free electron gas 
model, Eq. (5), for Te less than ~3000 K.  However, as 
discussed above for Fig. 1, as Te is increasing, the number 
of excited d band electrons becomes significant and the 
chemical potential starts to deviate from Eq. (5).  In the 
case of the DOS calculated from VASP, the sharp increase 
of the number of states at energies that are higher than the 
high-energy edge of the square function, ε = -2.2 eV, and 
the contribution of d band states at around the Fermi level, 
Fig. 1 and Ref. [17], result in the higher values of the 
chemical potential as compared to the ones obtained with 
the square function approximation of the d band. 

In Fig. 3 the temperature dependences of the 
electron heat capacity, calculated from Eq. (3), are shown 
for three approximations of DOS discussed above and used in the calculation of the chemical potential in Fig. 2.  The 
difference in the temperature dependences of the predicted electron heat capacity can be understood from the fact that at 
a sufficiently high temperature significant excitation occurs from the d band in Au, which contains a large number of 
electron states.  Calculations performed with the square function approximation of the d band give a similar 
temperature dependence for the electron heat capacity but underestimate the values of the heat capacity due to lack of a 
complete description of the d band. 

Large deviations of the electron heat capacity from the linear dependence at electron temperatures that can be 
readily achieved by ultrashort laser pulses suggest that the application of commonly used linear approximation 

( ) eee TTC γ=  could result in a significant overestimation of the transient values of the electron temperature during the 
time of the electron-lattice nonequilibrium. 

The electron thermal conductivity is also affected by the thermal excitation of lower band electrons as it is 
related to the electron heat capacity through the Drude model relationship, 3/),()(),( 2

leeeeFle TTTCvTT τκ =  [10], 
where vF is the Fermi velocity and ),( lee TTτ  is the total electron scattering time with other electrons and the lattice.  
The total electron scattering time is defined by the electron-electron scattering time, ee−τ , and the electron-phonon 
scattering time, phe−τ , and can be evaluated from the sum of the scattering rates, lepheeee BTAT +=+= −−

2/1/1/1 τττ , 
where A and B are constants [8,10].  The deviation of the electron heat capacity from the linear temperature 
dependence, Fig. 3, would also result in a faster electronic heat transfer during the initial stage of the electron-phonon 
nonequilibrium.  In the example problem considered in Section 3 (laser interaction with 20 nm free standing Au film), 
however, a uniform distribution of the electron temperature is established in the film on the timescale of the electron-
phonon thermalization and the electron thermal conductivity does not play a role in this case. 

2.2 Temperature dependence of the electron-phonon coupling factor 

While the electron-phonon coupling has been under active investigations in the field of superconductivity for 
several decades, it has also attracted a renewed interest with the fast growth of femtosecond laser applications, in which 
the rate of the energy transport between hot electrons and the lattice has direct implications on laser induced processes.  
Theoretical investigations have been focused on describing the energy exchange through electron-phonon collision 

Figure 3.  Electron heat capacity of Au as a function 
of the electron temperature calculated using Ce = γTe

with γ = 71 Jm-3K-2 [18] and with the same two 
approximations of DOS for Au as in Fig. 2. 
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equations that characterize the phonon emission and absorption processes.  The electron-phonon energy exchange 
within the free electron gas model was first addressed by Kaganov et al. [19].  It was found that the energy exchange 
rate could be expressed in terms of the electron relaxation time at Te and Tl.  At lattice and electron temperatures much 
higher than the Debye temperature and Te >> Tl, the rate of the energy transfer from the electrons to the lattice per unit 
volume is 
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where me is the effective electron mass, Cs is the speed of sound, n0 is the number density of the electrons, and τ(Te) is 
the electron relaxation time defined as the electron-phonon scattering time and evaluated under the assumption that the 
lattice temperature is equal to the electron temperature [19].  The electron-phonon scattering is proportional to the 
inverse of the phonon temperature and, under the condition of Te = Tl, τ(Te) ~ 1/Te, leading to a constant value of the 
coupling factor given by the Kaganov’s expression [1]. 

While a constant value for the electron-phonon coupling factor is used in most of current computational and 
theoretical studies of short-pulse laser interactions with metals, there is growing experimental evidence suggesting that 
the applicability of the constant electron-phonon coupling may be limited to low laser intensities (low electronic 
temperatures).  For example, the coupling constant is used as a fitting parameter in Ref. [20] to obtain an agreement 
between the calculated and experimental values of the ablation threshold in Au, whereas an empirical G(Te) dependence 
is introduced in Ref. [21] to provide a good description of electron photoemission data. 

Several approaches have been proposed in order to account for the temperature dependence of the electron-
phonon coupling factor.  Based on the Kaganov’s expression for the electron-phonon energy exchange rate, Eq. (6), 
Chen et al. [22] introduced a phenomenological model in which both electron-electron and electron-phonon scattering 
rates are included in the evaluation of the electron relaxation time, τ(Te) in Eq. (6).  The electron-electron scattering, 
indeed, starts to significantly contribute to the total electron scattering rate at high electron temperatures, above ~1 eV.  
While this contribution directly affects the electron transport properties (thermal and electrical conductivities), the 
relevance of the electron-electron scattering to the electron-phonon coupling factor is questionable.  Similarly, the 
evaluation of the electron relaxation time τ(Te) based on the temperature dependence of the electrical or thermal 
conductivity [1,23,24] includes the contribution of electron-electron scattering and is inappropriate for the calculation of 
the electron-phonon coupling at high electron temperatures. 

As discussed above, in Section 2.1, in the high electron temperature regime, a quantitative analysis of the 
electron relaxation dynamics in metals with low-laying d bands should go beyond the free electron model and should 
include the consideration of the electron DOS effects.   Thus, the discussion provided in Section 2.1 for the electron 
heat capacity and chemical potential should be extended to the electron-phonon coupling.  A general description of the 
electron-phonon energy exchange involving arbitrary electron DOS was developed by Allen [25] based on the electron-
phonon collisions equations.  The rate of the energy exchange between the electrons and the lattice can be then 
expressed as 
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where kkM ′  is the electron-phonon scattering matrix element [26], Nc is the number of unit cells in the sample, k and 
Q denote the electron and phonon quantum numbers, respectively.  )1()(),( kkQkk FFNFFkkS −−−=′ ′′  is the so-
called thermal factor that characterizes the phonon absorption and emission processes in the electron-phonon scattering, 
where Fk and NQ are the Fermi-Dirac and Bose-Einstein distribution functions, respectively.  Assuming that near room 
temperature only electron states around the Fermi energy contribute to the scattering processes, Eq. (7) can be rewritten 
in terms of the “electron-phonon spectral function” )(2 ΩFα  from the superconductivity theory [25]: 
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By defining ))((/ eleee TTTGtE −=∂∂  and 
making a Taylor expansion of Eq. (8) in terms of eBTk/Ωh  
and lBTk/Ωh , one could obtain the electron-phonon 

coupling constant: )(2
0 FB gkG εωλπh= , where λ is the 

electron-phonon coupling constant used in the 
superconductivity theory and <ω2> is the second moment 
of the phonon spectrum defined by McMillan [27].  For 
Au, with the value λ<ω2>=23±4 meV2 measured in Ref. 
[28] and DOS shown in Fig. 1, we can determine the room 
temperature electron-phonon coupling constant, G0 = 
2.5×1016 Wm-3K-1, which is consistent with the one obtained 
from reflectivity experiments: G=(2.2± 0.3)×1016 Wm-3K-1 
at low electron temperatures (a few thousand K) [18]. 

For high Te situations, it is necessary to take into 
account the electron energy dependence of the electron-
phonon spectral function, i. e. ),,(2 Ω′εεαF .  In order to 
explicitly account for the d band electrons in Au, Wang et 
al. [8] proposed an approximation of the spectral function 
based on the assumption that the magnitude of kkM ′  is 
independent of the electron states, which leads to: 

),,()](/)()([),,( 222 Ω′=Ω′ FFF FgggF εεαεεεεεα .  An expression for the temperature dependent electron-phonon 
coupling factor could be then obtained using the approach discussed in Ref. [25]: 
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It is easy to verify that at low electron temperatures, ε∂−∂ /f  reduces to a delta function and Eq. (9) gives a 
constant value, recovering the expression G0 given by Allen, whereas at high electron temperatures, ε∂−∂ /f  for ε 
away from εF can no longer be neglected, leading to a temperature dependence of the electron-phonon coupling factor. 

The results for G(Te) in Au obtained with Eq. (9) using two different descriptions of the d band electrons 
discussed in Section 2.1, are shown in Fig. 4.  In both cases the electron-phonon coupling factor remains 
approximately constant at Te below ~3000 K.  This observation is consistent with the results shown in Figs. 2 and 3 for 
the electron heat capacity and chemical potential, where the contribution from the thermal excitation of the d band 
electrons also becomes significant only when Te becomes larger than ~3000 K.  This fact also implies that at low 
excitation levels, where the electron temperature only reaches several thousand K, the assumption of the constant 
electron-phonon coupling factor provides a very good description of the rate of the electron-lattice energy exchange.  
However, as the electron temperature increases above ~3000 K, the value for the electron-phonon coupling factor with 
the full description of the electron DOS starts to significantly deviate from the constant value.  The electron-phonon 
factor calculated with the full description of DOS exceeds the room temperature value by a factor of 5.8 at Te = 1×104 K 
and by a factor of 8.9 at Te = 2×104 K.  As apparent from Fig. 4, the detailed description of electron DOS obtained in 
the electronic structure calculation gives a consistently higher value of the electron-phonon coupling than the one using 
the square function approximation for d band electrons. 

A significant increase in the electron-phonon coupling in the range of electron temperatures typically realized 
in femtosecond laser material processing applications may lead to important practical implications.  The faster energy 
transfer from the hot electrons to the lattice can result in the thermal energy confinement in a smaller surface region of 
the irradiated target, generation of stronger thermoelastic stresses, reduction of the threshold fluences for the onset of 
laser melting and ablation, and changes in the timescales of the laser induced phase transformations.  Some of the 
implications of the temperature dependence of the thermophysical parameters discussed in this section are illustrated in 
the TTM-MD simulations presented in Section 3. 

Figure 4.  Electron-phonon coupling factor as a 
function of the electron temperature calculated for DOS 
obtained with VASP (solid line) and square function 
approximation for the 5d band (dash-dotted line). 
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3. TTM-MD SIMULATIONS OF LASER MELTING OF A THIN Au FILM 
 In order to test the effect of the modified temperature dependence of the electron heat capacity and the 
electron-phonon coupling factor discussed above on the material response to the ultrashort pulse laser irradiation, we 
incorporated the results illustrated in Figs. 3 and 4 into the TTM-MD computational model [2] and performed 
simulations of laser melting of a 20 nm freestanding Au film.  The conditions of the simulations are chosen to be 
similar to the ones realized in recent time-resolved electron diffraction experiments performed in the transmission mode 
for thin freestanding films [29].  The results of the simulations obtained with and without taking into account the DOS 
effects are related to the experimental observations. 

3.1  Computational model 

Simulations of laser melting of a 20 nm freestanding Au film irradiated by a 200 fs laser pulse at an absorbed 
fluence of 92.5 J/m2 are performed with a combined TTM–MD model described in details elsewhere [2].  Briefly, the 
model is based on the TTM equations in which the classical MD method substitutes the TTM equation for the lattice 
temperature, Eq. (2).  The equation for the electron temperature, Eq. (1), is solved by a finite difference method 
simultaneously with the MD integration of equations of motion of atoms.  The electron temperature enters a coupling 
term that is added to the MD equations of motion to account for the energy exchange between the electrons and the 
lattice.  The cells in the finite difference discretization are related to the corresponding volumes of the MD system and 
the local lattice temperature is defined for each cell from the average kinetic energy of the thermal motion of atoms. 

Irradiation by a laser pulse is represented in the continuum part of the model by a source term with a Gaussian 
temporal profile.  The electron mean free path in Au is larger than the optical penetration depth and the ballistic energy 
transport defines the effective laser energy deposition depth, estimated to be on the order of 100 nm [18].  This depth 
of effective electronic excitation exceeds the thickness of the Au film considered in this work, 20 nm.  The reflection 
of the ballistic electrons from the back surface of the film results in a uniform distribution of the electronic temperature 
established on the timescale of the electron thermalization.  The effect of the ballistic energy transport and the finite 
size of the film are accounted for in the source term describing the laser irradiation [2]. 

The initial MD computational cell is an FCC crystal, consisting of 80,000 atoms with dimensions of 
8.18×8.18×20.46 nm and periodic boundary conditions imposed in the directions parallel to two (001) free surfaces.  
The periodic boundary conditions simulate the situation in which the laser spot diameter is sufficiently large so that the 
energy redistribution in the lateral directions, parallel to the free surfaces of the film, can be neglected on the time-scales 
considered in the simulations.  An additional simulation with a larger, 20.46×20.46×20.46 nm, MD computational cell 
consisting of 500,000 atoms is also performed to provide a better visual picture of the melting process.  The 
interatomic interaction in the MD part of the model is described by the embedded atom method (EAM) [30].  The 
choice of the interatomic potential defines all the thermal and elastic properties of the material.  Thermodynamic 
properties of the EAM Au relevant to the laser heating and melting processes are given in Ref. [4].  Before applying 
laser irradiation, all systems are equilibrated at 300 K and zero pressure. 

To illustrate the practical implications of effect of the electron DOS on the thermophysical parameters of the 
material discussed in Section 2, the TTM-MD simulations were performed for three sets of parameters of the TTM 
equation for the electron temperature.  One simulation was performed for the parameters that correspond to the free 
electron gas model with only s band electrons taken into account.  In this case the linear temperature dependence of the 
electronic heat capacity, Ce = γTe with γ = 71 Jm-3K-2 (Fig. 3), and a constant electron-phonon coupling constant taken 
as the room temperature value calculated from the Allen’s expression (Eq. 8), Gc = 2.5×1016 Wm-3K-1 are used.  In two 
other simulations, the temperature dependences of the electron heat capacity and the electron-phonon coupling factor 
accounting for thermal excitations of the d band electrons and calculated with the square function approximation for the 
d band in one case and with the detailed DOS obtained with VASP in another case (Figs. 3 and 4) are used. 

3.2 Transient evolution of electron and lattice temperatures 

 The evolution of the lattice and electron temperatures, predicted in TTM-MD simulations, is shown for three 
different treatments of the electron DOS for Au in Fig. 5.  The maximum electron temperature achieved by the end of 
the laser pulse is significantly, by ~35%, overestimated in the model where the conventional linear dependence of the 
heat capacity on electron temperature is used.  As discussed in Section 2.1 and illustrated in Fig. 3, the contribution of 
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Figure 6.  Evolution of the electron energy in the same 
three simulations illustrated in Fig. 5.  The electron 
energies are normalized to the total laser energy
absorbed by the film, Etot = Fabs S, where S is the surface 
area of the TTM-MD computational cell, and Fabs is the 
absorbed laser fluence. 

the 5d band electrons to the electron heat capacity becomes significant at high electron temperatures and results in 
smaller values of the electron temperature during the time of the initial electron-lattice equilibration, Fig. 5a. 

 The rate of the initial increase of the lattice 
temperature, shown in Fig. 5b, is also significantly affected 
by the choice of the approximation used in the model.  In 
the simulations that account for the temperature 
dependence of the electron-phonon coupling (Fig. 4), the 
lattice temperature rise is much faster, the time when the 
onset of the fast homogeneous melting of the film is 
observed shifts from ~16 ps to ~6 ps, and the time of the 
saturation of the lattice temperature decreases from ~35 ps 
to ~20 ps. 

 While the evolution of the electron and lattice 
temperatures reflects the rate of the energy exchange 
between the electrons and the lattice, the electron energy 
profiles shown in Fig. 6 provide more direct information on 
the electron-phonon energy transfer rate and the time of the 
electron-lattice equilibration.  It is apparent from Fig. 6 
that the energy transfer is much faster when the thermal 
excitation of the d band electrons is taken into account and 
the temperature dependent electron-phonon coupling factor 
is used in the TTM-MD simulations.  Based on the 
electron energy plots, the electron-phonon equilibration 
time can be estimated to be 33 ps, 35 ps, and 50 ps for the 
three plots shown in Fig. 6. 

(a)  (b)

Figure 5.  Evolution of the electron (a) and lattice (b) temperatures in 20 nm Au film irradiated with a 200 fs laser 
pulse at an absorbed fluence of 92.5 J/m2.  The lattice temperature in (b) is normalized to the equilibrium melting 
temperature of EAM Au.  The temperatures are averaged over the thickness of the film.  The arrows show the time of 
the onset of melting.  The parameters used in the simulations are calculated using three different approximations of 
DOS for Au: DOS obtained with VASP (solid line), square function approximation for the 5d band (dash-dotted line), 
and neglecting the contribution of the d electrons (dashed line), as shown in Figs. 3 and 4. 
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 Although the initial electron-phonon equilibration of the deposited laser energy is completed by 33-50 ps after 
the laser pulse, the insets in Fig. 5 show long-term oscillations of the lattice and electron temperatures.  The 
oscillations are stronger in the simulations where d band electrons are taken into account and a temperature dependent 
electron phonon coupling factor is used.  The temperature oscillations can be related to the relaxation of the laser-
induced thermoelastic stresses.  The pressure contour plot in Fig. 7 shows that the fast lattice heating results in the 
build up of a compressive stresses inside the film within the first ~5 ps.  For a 20 nm freestanding Au film, 5 ps 
corresponds to the time of the mechanical relaxation, i. e. the time needed for two unloading waves to cross a half of the 
depth of the film.  During the first several picoseconds the lattice heating takes place under conditions of the inertial 
stress confinement [5], leading to the buildup of compressive stresses in the central part of the film, Fig. 7.  The initial 
compressive pressure drives the expansion of the film, with tensile stresses concentrating in the central part of the film.  
The following gradually dissipating oscillations of the film continue beyond the time of the simulation.  The oscillation 
of the lattice and electron temperatures shown in the insets in Fig. 5, are directly related to the pressure oscillations in 
Fig. 7.  Compression leads to the increase of the lattice temperature whereas expansion corresponds to cooling.  The 
electronic temperature lags behind the lattice temperature oscillations, inset in Fig. 5b, with the delay defined by the 
strength of the electron-phonon coupling.  Quantitative thermodynamic analysis performed in Refs. [2,3] confirms that 
the temperature variations with pressure can be attributed to the adiabatic/isentropic expansion of the film. 

 As discussed above, the characteristic time of the mechanical relaxation of the film is ~5 ps and, therefore, the 
amount of energy transferred from the hot electrons to the lattice during this time defines the magnitude of the initial 
compressive pressure and the amplitude of the pressure oscillations.  The fraction of the laser energy transferred from 
the electrons to the lattice during the first 5 ps can be obtained from the electron energy plots shown in Fig. 6 and is 
54% in the simulation performed with parameters that account for the DOS effects and 23% in the simulation performed 
with a constant electron-phonon coupling factor and a linear temperature dependence of the electron heat capacity.  As 
a result, in the former simulation the fast transfer of more than a half of the deposited laser energy to the thermal energy 
of atomic motions during the first 5 ps takes place under conditions of the inertial stress confinement and leads to the 
buildup of strong compressive stresses, Fig. 7a, whereas in the latter simulation the film expands during the lattice 
heating, the initial pressure is weak and the oscillations can be hardly observed in Fig. 7b. 

(a)  (b)

Figure 7.  Contour plots showing the spatial and temporal evolution of pressure in simulations of laser melting of a 20 
nm Au film irradiated with a 200 fs laser pulse at an absorbed fluence of 92.5 J/m2.  The simulations are performed 
with two sets of parameters: (a) Ce(Te) and G(Te) calculated with DOS from VASP and shown by solid lines in Figs. 3 
and 4;  (b) Ce = γTe with γ = 71 Jm-3K-2 and Gc = 2.5×1016 Wm-3K-1.  Solid and dashed lines show the beginning (90% 
of the crystal phase, as defined by the local order parameter [2]) and the end (10% of the crystal phase) of the melting 
process.  Laser pulse is directed along the Y-axes, from the top of the contour plots.  The stepwise shape of the 
contour plot boundaries is related to the discretization of the mesh over which the average temperature and pressure 
values are calculated. 
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 The difference in the pressure oscillations in Fig. 7 is reflected in the difference in the temperature oscillations 
in Fig. 5, where much weaker temperature oscillations are observed in the simulation performed with parameters that do 
not account for the effect of the d band electrons.  Note that at lower laser fluences, below the threshold for laser 
melting, the laser-induced elastic oscillations of the film would result in periodic oscillations of the diffraction peak 
positions – the effect that has been recently predicted in simulations [31] and observed in time-resolved electron 
diffraction experiments [32]. 

3.3 Ultrafast melting process 

The atomic-level picture of the melting process predicted in a TTM-MD simulation using Ce(Te) and G(Te) 
calculated with DOS from VASP is presented in Fig. 8.  The visual analysis of the snapshots taken during the melting 
process shows that at ~6 ps the growth of liquid regions first occurs at two free surfaces of the film, where the kinetic 
energy barrier is absent for liquid nucleation.  However, due to the fast rate of the lattice heating, the propagation of 
melting fronts from the free surfaces of the film does not make any significant contribution to the overall melting 
process.  By the time of 6 ps, the lattice temperature exceeds the overheating that corresponds to the limit of the crystal 
stability of the EAM Au, α=T/Tm ~1.25 [2], leading to a spontaneous homogeneous nucleation of a large number of 
small liquid regions throughout the film and a rapid collapse of the crystalline structure within the subsequent 3-4 ps. 

As discussed in Refs. [2,4], the relative contribution of the homogeneous and heterogeneous melting 
mechanisms in laser melting is controlled by the rate of the lattice heating and the temperature dependent velocity of the 
propagation of the melting fronts from the free surfaces of the film.  The value of laser fluence used in the simulations 
presented in this paper significantly, by ~75%, exceeds the fluence needed for the complete melting of a 20 nm Au film 
[4].  At this level of laser excitation, the fast homogeneous melting within 3-4 ps, similar to the one illustrated in Fig. 
8, is also observed in the simulation performed with a smaller constant value of the electron-phonon coupling factor.  
A large difference between the simulations performed with and without taking into account the effect of the thermal 
excitation of d band electrons, however, is found in the time of the onset of the melting process. 

The difference in the time of the beginning of the melting process is apparent from Figs. 5b and 7, where the 
onsets of melting are marked by arrows and solid lines, respectively.  A more clear representation of the timescales of 
the melting process is given in Fig. 9, where the evolution of the fraction of the crystal phase is shown for simulations 
performed with two sets of Ce(Te) and G(Te) parameters.  In the case of constant G and γ, the melting starts at ~13 ps, 
the fraction of atoms in the liquid phase reaches 10% by 15 ps, 90% by 18 ps, and the crystalline regions completely 
disappear by 19 ps.  In the simulation performed with Ce(Te) and G(Te) predicted using the electron DOS obtained in 
electronic structure calculation, the melting starts at ~6 ps, the fraction of atoms in the liquid phase reaches 10% by 7 
ps, 90% by 9 ps, and the crystalline regions completely disappear by 10 ps. 

The large difference in the starting time of the melting process observed between the two simulations discussed 
above provides a good opportunity for experimental verification of theoretical models discussed in Section 3.  In 
particular, the results of the simulations discussed in this section can be directly related to recent time-resolved electron 
diffraction measurements performed for a 20 nm Au film irradiated by a 200 fs laser pulse at an absorbed laser fluence 
of 119 J/m2 [29].  In order to quantitatively relate the simulation conditions to the experimental ones, we use the same 
overheating parameter α=T/Tm=1.9 as in the experiment.  The overheating parameter is defined as a ratio of the 
maximum achievable lattice temperature (obtained under the assumption that no melting occurs) to the equilibrium 
melting temperature, Tm [33].  Using the thermodynamic parameters of the EAM Au material [4], the value of the 
absorbed fluence corresponding to α=1.9 is found to be 92.5 J/m2 [34].  The experimental results show the presence of 
the long-range correlations in the diffraction profiles up to ~7 ps and the fast disappearance of the diffraction peaks 
corresponding to the crystal ordering during the time between 7 ps and 10 ps [29].  These experimental observations 
are in excellent agreement with the simulation results accounting for the thermal excitation of d band electrons.  We 
can conclude, therefore, that the commonly used approximations of the constant electron-phonon coupling factor and 
the linear temperature dependence of the electron heat capacity are not appropriate for a realistic description of 
ultrashort pulse laser-material interactions in the high-fluence regime, where electron DOS effects start to play an 
important role in defining the timescales and other parameters of laser-induced processes. 
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Figure 8.  Snapshots of atomic configurations during the melting process in a 20 nm Au film irradiated with a 200 fs 
laser pulse at an absorbed fluence of 92.5 J/m2.  Atoms are colored according to the local order parameter - blue atoms 
have local crystalline surroundings, red atoms belong to the liquid phase.  The laser pulse is directed from the right to 
the left sides of the snapshots.  The simulation is performed with Ce(Te) and G(Te) calculated with DOS from VASP. 
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 In this study no attempt has been made to account 
for the change in the electron DOS due to the modification 
of the electronic structure at high electron temperatures.  
The modifications of the electron structure would not affect 
the essential physics responsible for the change of the 
electron heat capacity and electron-phonon coupling 
caused by the thermal excitation of lower band electrons.  
Moreover, in the irradiation regime considered in this work 
the effect of the variations of the electron DOS on the 
calculated physical properties is small.  Recent 
investigation of the modification of the electronic structure 
at much higher electron temperatures (~6 eV) [35] shows 
that the d band shifts towards lower energies while the 
width of the d band decreases.  As a result, the 
contribution from the thermal excitation of d band 
electrons to the electron heat capacity and the electron-
phonon coupling factor can be expected to be reduced at 
these extreme electron temperatures.  In the case of 
transition metals, such as Ni or Pt, due to the unfilled d 
states in the electronic configurations, the Fermi level cuts 
through the d band [10].  Thus, the effect of the thermal 
excitation of electrons at high electron temperatures could 
affect the electron heat capacity and electron-phonon 
coupling in a very different way as compared to what is 
discussed in Section 3 for Au.  In particular, the electron 
heat capacity would be smaller than the values given by the 
linear dependence on the electron temperature, as shown 
for Pt in Ref. [12], while the thermal excitation of electrons may lead to the decrease of the electron-phonon coupling 
with increasing electron temperature [36]. 

4. SUMMARY 
The temperature dependences of the electron-phonon coupling factor and the electron heat capacity are 

investigated for Au based on the electronic structure calculation performed within the density functional theory.  
Thermal excitation of d band electrons leads to a significant (up to an order of magnitude) increase in the electron-
phonon coupling factor and makes a considerable contribution to the electron heat capacity in the range of electron 
temperatures typically realized in femtosecond laser material processing applications.  The results of the analysis of the 
thermophysical properties of Au at high electron temperatures are incorporated into TTM-MD model and applied for 
simulations of laser melting of thin Au films.  The increase in the strength of the electron-phonon coupling at high 
electron temperatures leads to a faster lattice heating, generation of stronger thermoelastic stresses and a higher 
amplitude of long-term oscillations of the film thickness, as well as significant changes in the time of the onset of the 
melting process.  The latter can be directly related to the results of recent time-resolved electron diffraction 
experiments.  The experimental time of the melting onset and the duration of the melting process are in excellent 
agreement with the results of the simulations in which the thermal excitation of d band electrons is accounted for.  A 
simulation performed with commonly used approximations of a constant electron-phonon coupling factor and a linear 
temperature dependence of the electron heat capacity, on the other hand, is found to significantly (by a factor of 2) 
overpredict the time of the beginning of the melting process, supporting the importance of the electron DOS effects and 
thermal excitation of lower band electrons for realistic modeling of femtosecond pulse laser processing. 
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Figure 9.  The evolution of the fraction of the crystal 
phase as a function of time in simulations performed 
with two sets of parameters: (Solid line) Ce(Te) and 
G(Te) calculated with DOS from VASP;  (Dashed line)
Ce=γTe with γ = 71 Jm-3K-2 and Gc = 2.5×1016 Wm-3K-1. 
The atoms in the crystal phase are distinguished from 
the ones in the liquid phase based on the local order 
parameter.
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