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Abstract 

In this dissertation, the electron temperature 𝑇𝑒 dependent electron density of states 𝑔(휀), 

Fermi-Dirac distribution  𝑓(휀) , and electron-phonon spectral function 𝛼2𝐹(Ω)  are 

computed as prerequisites before achieving the electron heat capacity 𝐶𝑒 , electron thermal 

conductivity 𝑘𝑒 and effective electron-phonon coupling factor 𝐺𝑒−𝑝ℎ. On the basis of ab 

initio quantum mechanics (QM) calculation, the obtained  𝐶𝑒 , 𝑘𝑒  and  𝐺𝑒−𝑝ℎ  are 

implemented into energy equation of electron subsystem in two temperature model (TTM). 

Upon laser irradiation on metal, energy transfer from the electron subsystem to the lattice 

subsystem is modeled by including 𝐶𝑒, 𝑘𝑒 and  𝐺𝑒−𝑝ℎ in molecular dynamics (MD) and 

TTM coupled simulation.  

After successful construction of the QM-MD-TTM integrated framework, (1) this 

dissertation uses the QM-MD-TTM integrated simulation to investigate the difference of 

melting behaviors of picosecond laser irradiated copper film simulated by using ab initio 

calculated 𝐶𝑒  and experimental  𝐶𝑒 . The results show that even though significant 

difference of 𝑇𝑒 response between the QM-MD-TTM simulation and conventional MD-

TTM coupled simulation by substituting  𝐶𝑒  from experimental result, there is slight 

difference between the final melting depths of the laser irradiated films. (2) By combining 

ab initio quantum mechanics (QM) calculation and Drude model, electron temperature and 

lattice temperature dependent electron thermal conductivity is calculated and implemented 

into the QM-MD-TTM multiscale model of laser material interaction. Comparisons of the 

simulations implementing the electron thermal conductivity determined in this letter and 

utilizing an empirically determined electron thermal conductivity are carried out. The 
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results indicated that the electron thermal conductivity obtained from ab initio calculation 

leads to faster thermal diffusion than that using the electron thermal conductivity from 

empirical determination, which further induces deeper melting region, larger number of 

density waves travelling inside the copper film and more various speeds of atomic clusters 

ablated from the irradiated film surface. (3) A QM-MD-TTM integrated simulation probes 

the impacts of femtosecond laser heating by implementing the ab initio determined 𝐺𝑒−𝑝ℎ 

and phenomenologically treated 𝐺𝑒−𝑝ℎ. By monitoring temperature evolutions of electron 

and lattice subsystems, the result utilizing 𝐺𝑒−𝑝ℎ from ab initio calculation, shows a faster 

decrease of 𝑇𝑒  and increase of lattice temperature 𝑇𝑙  than those using 𝐺𝑒−𝑝ℎ  from 

phenomenological treatment. (4) A finite-temperature density functional theory 

investigation of the ultrafast material response, induced by deposition of energy of 

femtosecond laser pulse in gold, is carried out. Obtained data demonstrate structural 

variations induced by large amounts of laser-energy deposition, bond hardening of laser-

irradiated gold. (5) Laser heating with varying laser fluence is systematically studied to 

determine the thresholds of the observed melting, layer-ablation and vaporization, which 

provides a basis for interpreting the phase change process induced by laser heating, and 

facilitates the advancement of femtosecond laser pulse processing of material. (6) The 

effects of film thickness on femtosecond laser melting of silver film are studied, which 

show that when the film becomes thicker, the degree of heating becomes smaller, resulting 

in shallower the melting depth.  

As the first work studying the laser interaction with metallic materials ranging from atomic 

scale to continuum scale, the successful construction of the QM-MD-TTM integrated 

simulation provides a general way that is accessible to other metals in laser heating. The 
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simulation results highlight the promising application of the QM-MD-TTM integrated 

simulation. Obtained results from pure ab initio MD provide a better relation between 

microscopic processes and material response detected in experiments and serve for 

improved interpretation of experimental results on ultrafast laser-metal interactions. The 

results simulated and conclusion drawn will empower the multi-scale modeling of laser 

material interaction and be quite useful in helping to resolving the heat transfer and energy 

conversion problem during ultrashort laser processing of metals. 
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Chapter 1   Introduction 

During the past decades, laser material interaction has become an increasingly hot topic 

[1–6] in many engineering applications ranging from laser micromachining to surface 

treatment. Due to significant differences between the masses of electron and nucleus, the 

electron-electron scattering time ( ~10𝑓𝑠 ) is much shorter than the electron-phonon 

scattering time (~1𝑝𝑠) [7]. When a metallic system is under ultrashort laser heating, the 

electron temperature 𝑇𝑒  increases to tens of thousands of degrees Kelvin as a result of 

electron excitation. At a low lattice temperature  𝑇𝑙 , the lattice subsystem remains 

unaffected. In the subsequent tens of picoseconds, the deposited laser energy transfers from 

electron subsystem to the lattice subsystem. For a metal in the inertial confinement fusion 

context, solid to plasma phase transition induced by femtosecond laser pulse, is defined as 

warm dense matter. The large increase of 𝑇𝑒 and relative cold 𝑇𝑙 results in electron-phonon 

non-equilibrium. This strong non-equilibrium between the electron subsystem and lattice 

subsystem of a metal affects a large number of physical properties, such as the thermal 

conductivity, superconductivity and thermal stress propagation. Hence, for the purpose of 

achieving a better comprehension and understanding of the ultrashort laser interaction with 

metallic system, it is of great necessity to investigate the thermal and mechanical problems 

relating with energy transfer and conversion in the atomic scale and continuum. 

Comparing with experimental investigation, theoretical reasoning and numerical 

simulation can obtain results under extreme conditions that experiments cannot achieve. 

Plenteous approaches were proposed to model the electron thermal excitation and heat 

diffusion, and electron-phonon coupled heat transfer occurring in the metallic material 

upon femtosecond laser pulse irradiation.  
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The two-temperature model (TTM) was originally proposed by Anisimov et al. [8] to 

describe the laser energy absorption by the electron subsystem and thermal energy 

transferring from the electron subsystem to the lattice subsystem [9–12]. On the basis of 

TTM, the Boltzmann transport equation was used by Qiu and Tien in studying the thermal 

energy transport of electrons and electron-phonon interactions [16]. The lattice Boltzmann 

method (LBM) was implemented to solve the Boltzmann transport equation in laser heating 

of silicon film by Mao and Xu [17]. The dual phase lag (DPL) model was proposed by 

Tzou to describe the femtosecond laser pulse induced phase lag of heat flux in time and 

phase lag of temperature gradient in space [18]. Molecular dynamics (MD) simulation 

provides detailed information on the dynamics evolution and structural change of laser 

irradiated material [13,14]. Combined atomic and continuum studies of the femtosecond 

laser pulse processing of material were carried out by describing the electron subsystem 

via TTM and the lattice subsystem via classical MD. In the combined MD-TTM studies, 

the electron-phonon coupling was modeled either by imposing an additional energy term 

in the equation of motion of atoms [15–17], or by scaling up the atomic velocity to 

represent the thermal energy transferred from the electron subsystem to the lattice 

subsystem [18]. The combined MD-TTM simulation covered melting [15,18], spallation 

[16] and ablation [17] upon femtosecond laser pulse irradiation. Pure ab initio quantum 

mechanics (QM) MD simulation liberated the empirical description of the interatomic 

penitential in classical MD and took the role of femtosecond laser pulse excitation of 

electrons into account [13,19,20]. The quantum mechanics (QM) approach introduces the 

Fermi-Dirac distribution 𝑓 of the instantly increased the electron temperature and performs 

the electron phonon interaction subsequently [7,19].  
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Moreover, the thermophysical parameters of electron required in the energy equation, such 

as the electron heat capacity 𝐶𝑒, electron thermal conductivity 𝑘𝑒 and effective electron-

phonon coupling factor  𝐺𝑒−𝑝ℎ, are necessary in these combined MD-TTM schemes. Due 

to the strong thermal excitation of the electron subsystem, 𝐶𝑒, 𝑘𝑒 and  𝐺𝑒−𝑝ℎ vary greatly 

under ultrafast laser irradiation on material. Before the deposited laser energy transports 

from electron subsystem to lattice subsystem, 𝐶𝑒  effects the increase of 𝑇𝑒 . 𝑇𝑒  brings 

influence to 𝐶𝑒  in turn. The 𝑘𝑒  is a core factor impacting the thermal conduction and 

thermal diffusion of the electron subsystem. During the transport of the absorbed thermal 

energy from electron subsystem to lattice subsystem, the electron-phonon coupling factor 

𝐺𝑒−𝑝ℎ, plays a crucial role in influencing the relaxation time needed to reach equilibration 

state. Therefore, precise knowledge of 𝐶𝑒 , 𝑘𝑒  and 𝐺𝑒−𝑝ℎ  helps to better explain the 

measurement of material temperature upon laser irradiation, facilitates the theoretical and 

numerical investigations of melting, vaporization and sublimation. The ab initio 

calculation provides a novel way of obtaining the electron temperature-dependent 𝐶𝑒 [21–

24]. There are limited number of work performing the ab initio calculation of 𝐶𝑒  and 

plugins it directly into the MD-TTM simulation. Lin and Zhigilei carried out ab initio 

calculations to study 𝐶𝑒 for a serials of metals [24], but the variations of electron density 

of states (EDOS) were not taken into account. Whereas, the EDOS differs a lot at high 

electron temperature [22]. Bevillon et al. [21] calculated the electron behavior of metals 

under electron-phonon nonequilibrium resulting from laser irradiation, and the free-

electron properties were determined at atomic level. The electron thermal conductivity 𝑘𝑒 

in the laser heated material was derived from the Drude model [25,26]. A large number of 

research has been performed to study electron-phonon interaction and thereby 
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determine 𝐺𝑒−𝑝ℎ. The electron-phonon coupling constant 𝜆𝑐𝑜𝑛𝑠𝑡 was primarily proposed 

by Allen et al. [27,28] to characterize the strength of electron-phonon coupling and was 

subsequently measured by using the pump-probe procedure [29]. Lin and Zhigilei proposed 

a 𝑇𝑒 dependent 𝐺𝑒−𝑝ℎ and carried out related calculations by including the experimental 

𝜆〈𝜔2〉𝑐𝑜𝑛𝑠𝑡 [24]. A phenomenological approach to calculating temperature dependent 

 𝐺𝑒−𝑝ℎ was derived by Chen et al. [30], which included both the effects of electron-electron 

and electron-phonon scattering. Many ab initio calculations were also performed to 

study 𝐺𝑒−𝑝ℎ [22,23,31]. Nevertheless, there is still no work that comprehensively treats all 

𝑇𝑒  dependent parameters (Fermi-Dirac distribution  𝑓 , electron density of states 𝑔  and 

electron-phonon spectral function 𝛼2𝐹(Ω)) in obtaining  𝐺𝑒−𝑝ℎ. This dissertation paves a 

new way of pure ab initio calculation of 𝐶𝑒 , 𝑘𝑒  and  𝐺𝑒−𝑝ℎ  after derivation of all the 

essential parameters: 𝑔, 𝑓and 𝛼2𝐹(Ω). 

Since the interatomic potential used in classical MD depends on the predefined empirical 

parameters and suffers from the problems of availability and transferability, the classical 

MD is unable to take the role of electrons in the energy transport and conversion into 

consideration [32,33]. The large amount of photon energy deposition in the metal results 

in the breaking down of traditional phenomenological laws, which cannot be considered 

by the empirical potentials. Furthermore, the temporal responses of electrons and ions of 

the laser irradiated material are different from that at the room temperature, which result in 

deviations of melting point, heat capacity, thermal conductivity, and the optical properties 

from their values at equilibrium. Ab initio QM simulation provides an accurate and reliable 

description of the energy transport in the electronic and lattice subsystems, as well as their 

thermodynamic properties. It overcomes the aforementioned shortcomings of classical MD 
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by calculating the electronic behavior from the density functional theory (DFT). With the 

self-consistently incorporation of the effect of thermalized electronic excitations and 

fractionally occupied state, the finite temperature DFT method can reasonably and 

accurately describe the electronically hot system [34]. Here we report ab initio MD 

simulation of dynamic material response during the femtosecond laser interaction with gold. 

With the self-consistently incorporation of the effect of thermalized electronic excitations 

and fractionally occupied state, the FT-DFT method can reasonably and accurately 

describe the electronically hot system [34], which has been employed to simulate the 

femtosecond laser melting of germanium, silicon, graphite [13,19,35]. For metals, there are 

still many unsolved issues regarding the ion kinetic energy, structural change of the lattice 

induced by femtosecond laser irradiation. To the best of our knowledge, no ab initio MD 

simulation has been reported to systematically study the aforementioned problems with 

femtosecond-scale temporal resolution. The concept of finite temperature version of the 

density functional theory was originally proposed by Mermin [36], when it referred to the 

thermal properties of electron gas. Detailed derivation of the FT-DFT based ab initio MD 

method can be found in [34]. Ab initio packages, such as CPMD [37], CHIVES [38,39], 

ABINIT [40] and CASTEP [41], are capable of simulating the laser material interaction 

process. Nevertheless, due to the longer development history, parallel simulation and high 

computational efficiency of the CPMD and ABINIT package, CPMD  3.15.3 [37] based 

on the plane wave peseudopotential implementation of FT-DFT and self-consistently 

incorporating the effects of thermal electronic excitations and fractionally occupied states 

was employed in the present work. This dissertation carries out ab initio MD simulation of 

femtosecond laser energy deposition in gold and the material response. 
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In the following contents of this dissertation, Chapter 2 presents the detailed modeling 

processing of the QM description of the electron subsystem and lattice subsystem, 

determination of 𝐶𝑒, 𝑘𝑒 and 𝐺𝑒−𝑝ℎ from QM calculation, the integration of QM with MD-

TTM coupled simulation. Chapter 3 investigates the QM determined 𝐶𝑒 of copper, as well 

as its comparison with experimental 𝐶𝑒. Chapter 4 shows the result of 𝑘𝑒 calculated from 

the QM approach in cooperation with the Drude model. Chapter 5 gives the factors 

affecting 𝐺𝑒−𝑝ℎ and makes comprehensive discussion and analyses of the importance of 

these factors. The MD-TTM coupled simulation results reveal the detailed difference of 𝑇𝑒 

and 𝑇𝑙  between the implementation of QM determined  𝐺𝑒−𝑝ℎ  and 

phenomenological 𝐺𝑒−𝑝ℎ  [26]. Chapter 6 studies the material response of femtosecond 

laser energy deposition in bulk gold system. The time cost for given amount of thermal 

energy transporting from the electron subsystem to the lattice subsystem is estimated from 

the ratio of 𝐶𝑒 to 𝐺𝑒−𝑝ℎ. The evolution of melting process is studied with the help of mean 

square displacement and radial distribution function. Chapter 7 performs a QM-MD-TTM 

integrated simulation of thermal melting, layer-ablation and vaporization, which are 

induced by femtosecond laser heating of silver film. Chapter 8 presents the effects of film 

thickness to the results of femtosecond laser heating. Conclusive paragraphs summarizing 

the main Ph.D. research in Chapters 2-8 are given in Chapter 9. 
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Chapter 2   Modeling of Quantum Mechanics, Molecular 

Dynamics and Two Temperature Model Integrated 

Framework  

2.1   Quantum Mechanical (Ab Initio) Calculation 

2.1.1   Born-Oppenheimer Approximation 

By considering a system composed of 𝑁 nuclei at positions {𝑹1, 𝑹2, . . , 𝑹𝑁} (denoted as 

𝑹𝑁 ) and momenta {𝑷1, 𝑷2, . . , 𝑷𝑁}  (denoted as 𝑷𝑁 ), and 𝑁𝑒  electrons at positions 

{𝒓1, 𝒓2, . . , 𝒓𝑁𝑒
} (denoted as 𝒓𝑁𝑒) and momenta {𝒑1, 𝒑2, . . , 𝒑𝑁𝑒

} (denoted as 𝒑𝑁𝑒) and spin 

variables {𝑠1, 𝑠2, . . , 𝑠𝑁𝑒
}  that described by the non-relativistic time independent 

Schrodinger equation 

ℋΨ(𝒙𝑁𝑒 , 𝑹𝑁) = 𝐸Ψ(𝒙𝑁𝑒 , 𝑹𝑁),  (1) 

where 𝒙𝑁𝑒  is denoted as the union of electronic position and spin variables. The 

Hamiltonian in the above equation is 

ℋ = ∑
𝑷𝐼

2

2𝑀𝐼

𝑁

𝐼=1

+ ∑
𝑷𝑖

2

2𝑚

𝑁𝑒

𝑖=1

+ ∑
𝑒2

|𝒓𝑖 − 𝒓𝑗|
𝑖<𝑗

+ ∑
𝑍𝐼𝑍𝐽𝑒2

|𝑹𝐼 − 𝑹𝐽|
𝐼<𝐽

− ∑
𝑍𝐼𝑒2

|𝑹𝐼 − 𝒓𝑖|
𝑖,𝐼

,  (2) 

where 𝑀𝐼 is the  mass of the 𝐼th nucleus and 𝑚 is the mass of electron. The charge of the 

𝐼th nucleus is 𝑍𝐼𝑒. To make it convenient in derivation, we denote the five terms (nuclear 

kinetic energy, the electronic kinetic energy, the electron-electron interaction, the ion-ion 

interaction and the electron-ion interaction) in the right side of the above equation as 𝑇𝑁, 

𝑇𝑒, 𝑉𝑒𝑒, 𝑉𝑁𝑁 and 𝑉𝑒𝑁, respectively. 
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It is not possible get the exact solution of the Schrodinger equation (1), even though the 

systems are simple molecules. As is known to us, the motion of electrons is thousands of 

time faster than that of nuclei, which means the electrons can catch up any nucleus motion 

at infinitesimal small time duration. In addition, the mass of nuclus is far greater than the 

mass of electron. Therefore, we can simplify the electron nucleus many body wavefunction 

into the product of nuclear and electronic wavefunction 

Ψ(𝒙𝑁𝑒 , 𝑹𝑁) = 𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁),  (3) 

where 𝜓(𝒙𝑁𝑒 , 𝑹𝑁) is the electronic wavefunciton that depends on the electronic position, 

spin variables and the nuclear positions. The above separation of the electronic and nuclear 

wavefunction is named Born-Oppenheimer approximation. 

The nuclear wavefunction is more localized than the electronic wavefunction in the terms 

of the kinetic energy of nuclear 

𝑇𝑁[𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁)] =
ℏ2

2
∑

1

𝑀𝐼
[𝜓(𝒙𝑁𝑒 , 𝑹𝑁)∇𝐼

2𝜒(𝑹𝑁)] +𝑁
𝐼=1

𝜒(𝑹𝑁)∇𝐼
2𝜓(𝒙𝑁𝑒 , 𝑹𝑁) + 2∇𝐼𝜓(𝒙𝑁𝑒 , 𝑹𝑁)∇𝐼𝜒(𝑹𝑁). 

 (4) 

Hence, we can take ∇𝐼𝜒(𝑹𝑁) ≫ ∇𝐼𝜓(𝒙𝑁𝑒 , 𝑹𝑁) and make the simplification of equation (1) 

as 

[𝑇𝑒 + 𝑉𝑒𝑒(𝒓𝑁𝑒) + 𝑉𝑒𝑁(𝒓𝑁𝑒 , 𝑹𝑁)]𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁) +

𝑇𝑁𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁) + 𝑉𝑁𝑁(𝑹𝑁)𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁) = 𝐸𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁). 

 (5) 

Furthermore, dividing 𝜓(𝒙𝑁𝑒 , 𝑹𝑁)𝜒(𝑹𝑁) on both sides 
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[𝑇𝑒+𝑉𝑒𝑒(𝒓𝑁𝑒)+𝑉𝑒𝑁(𝒓𝑁𝑒 ,𝑹𝑁)]𝜓(𝒙𝑁𝑒 ,𝑹𝑁)

𝜓(𝒙𝑁𝑒 ,𝑹𝑁)
= 𝐸 −

[𝑇𝑁+𝑉𝑁𝑁(𝑹𝑁)]𝜒(𝑹𝑁)

𝜒(𝑹𝑁)
.  (6) 

We can find the right side can be expressed as a function of 𝑹𝑁 alone. The function is 

denoted as 휀(𝑹𝑁) 

[𝑇𝑒 + 𝑉𝑒𝑒(𝒓𝑁𝑒) + 𝑉𝑒𝑁(𝒓𝑁𝑒 , 𝑹𝑁)]𝜓(𝒙𝑁𝑒 , 𝑹𝑁) = 𝜖𝑛(𝑹𝑁)𝜓(𝒙𝑁𝑒 , 𝑹𝑁).  (7) 

Therefore, the electronic Hamiltonian can be defined as  ℋ𝑒 = 𝑇𝑒 + 𝑉𝑒𝑒 + 𝑉𝑒𝑁. For each 

solution of equation (7), there will be a corresponding nuclear eigenvalue equation 

[𝑇𝑁 + 𝑉𝑁𝑁(𝑹𝑁) + 𝜖𝑛(𝑹𝑁)]𝜒(𝑹𝑁) = 𝐸𝜒(𝑹𝑁). 
(8) 

Transforming equation (8) into time dependent Schrodinger equation,  

[𝑇𝑁 + 𝑉𝑁𝑁(𝑹𝑁) + 𝜖𝑛(𝑹𝑁)]𝑋(𝑹𝑁, 𝑡) = 𝑖
𝜕𝑡

𝜕𝑡
𝑋(𝑹𝑁, 𝑡), (9) 

which means the electrons respond instantaneously to the nuclear motion. In addition, for 

each nuclear configuration 𝑹𝑁 , the corresponding set of electronic eigenvalues and 

eigenfunctions can be obtained. In general, we only consider the ground electronic surface, 

which is 

[𝑇𝑒 + 𝑉𝑒𝑒(𝒓𝑁𝑒) + 𝑉𝑒𝑁(𝒓𝑁𝑒 , 𝑹𝑁)]𝜓(𝒙𝑁𝑒 , 𝑹𝑁) = 𝜖0(𝑹𝑁)𝜓0(𝒙𝑁𝑒 , 𝑹𝑁).  (10) 

By neglecting the quantum effects for the description of the nuclear motion, assuming 

𝑋(𝑹𝑁, 𝑡) = 𝐴(𝑹𝑁, 𝑡)𝑒𝑖𝑆(𝑹𝑁,𝑡)/ℏ  and then neglecting all terms involving ℏ (the classical 

extreme), we obtain the classical Hamolton-Jaccobi equation in terms of the classical 

nuclear Hamiltonian 
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ℋ𝑁(𝑷𝑁, 𝑹𝑁) = ∑
𝑷𝐼

2

2𝑀𝐼

𝑁
𝐼=1 + 𝑉𝑁𝑁(𝑹𝑁) + 𝜖0(𝑹𝑁).  (11) 

Therefore, we can get the potential term  

𝐸0(𝑹𝑁) = 𝑉𝑁𝑁(𝑹𝑁) + 𝜖0(𝑹𝑁).  (12) 

The classical motion of nuclei at ground state is  

�̇�𝐼 = −∇𝐼𝐸0(𝑹𝑁), 

�̇�𝐼 =
𝑷𝐼

𝑀𝐼
. 

 (13) 

The right side in equation (13) implies the force acting on nucleus contains a term from the 

ion-ion interaction 𝑉𝑁𝑁(𝑹𝑁)  and a term from the derivative of the electronic 

eigenvalue  𝜖0(𝑹𝑁) . The quantum molecular dynamics that employs the Born-

Oppenheimer approximation is called Born-Oppenheimer molecular dynamics (BOMD). 

Recall the Hellmann Feynman theorem, ∇𝐼𝜖0(𝑹𝑁) in equation (13) can be expressed as 

∇𝐼𝜖0(𝑹𝑁) = ⟨Ψ0(𝑹𝑁)|∇𝐼ℋ𝑒(𝑹𝑁)|Ψ0(𝑹𝑁)⟩.  (14) 

Equations (13) and (14) are the fundamental theory in ab initio molecular dynamics 

simulation. In ab initio molecular dynamics calculation, we have to get the numerical 

solution of equation (13) by computing the forces of from equation (14) at each time step. 

In each BOMD time step, the minimization of ℋ𝑒(𝑹𝑁) has to be calculated. 
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2.1.2   Finite Temperature Density Functional Theory 

Let’s introduce density functional theory firstly. According to the Kohn-Sham method of 

density functional theory [42], the difficult many-body system can be replaced with an 

independent particular system, which leads to the ground state energy of the interacting 

system of electrons with classical nuclei at position {𝑹𝑛,𝐼} into a set of orthonormal one 

particle functions.  

𝑚𝑖𝑛⏟
Ψ0

{⟨Ψ0|ℋ𝑒|Ψ0⟩} = 𝑚𝑖𝑛⏟
{𝛗𝑖}

𝐸𝐾𝑆{𝛗𝑖(𝒓)}, 
 (15) 

where 𝛗𝑖(𝒓) is known as the Kohn-Sham orbital. 

The minimized Kohn-Sham energy [43] can be expressed as: 

𝐸𝑚𝑖𝑛
𝐾𝑆 [{𝛗𝑖}] = 𝑇𝑠[{𝛗𝑖}] + 𝐸𝑒𝑥𝑡 + 𝐸𝐻 + 𝐸𝑥𝑐[𝑛] + 𝐸𝑖𝑜𝑛𝑠(𝑹𝑁),  (16) 

where 𝑇𝑠, 𝐸𝑒𝑥𝑡, 𝐸𝐻, 𝐸𝑥𝑐 and 𝐸𝑖𝑜𝑛𝑠(𝑹𝑁) denote the kinetic energy ∑ 𝑓𝑖 ⟨𝛗𝑖|−
ℏ2

2𝑚
∇2|𝛗𝑖⟩𝑜𝑐𝑐

𝑖 , 

the electron-ion energy − ∑
𝑍𝐼𝑒2

|𝑹𝑰−𝒓|𝐼  (which characterizes the energy due to the interaction 

with an external potential), the classical Hartree energy 
𝑒2

2
∫(∫

𝜌(𝒓′)

|𝒓−𝒓′|
′𝑑𝒓′)𝜌(𝒓)𝑑𝒓 (which 

refers the classical electrostatic energy of two charge clouds), the exchange and correlation 

energy and the ion-ion Coulombic interaction ∑
𝑍𝐼𝑍𝐽𝑒2

|𝑹𝑰−𝑹𝑱|𝐼<𝐽  among the nuclei, respectively. 

The electronic charge density is 𝜌(𝒓) = ∑ 𝑓𝑖|𝛗𝑖(𝒓)|2𝑜𝑐𝑐
𝑖 . Considering the orthonormality 

of electronic orbitals, we denote the extended KS energy 𝐸𝐾𝑆 − ∑ Λ𝑖𝑗(⟨𝛗𝑖|𝛗𝑗⟩ − 𝛿𝑖𝑗)𝑖𝑗  as 

휀𝐾𝑆 for simplicity. The matrix Λ𝑖𝑗 here refers a set of multipliers introduced for the purpose 

of ensuring the condition ⟨𝛗𝑖|𝛗𝑗⟩ = 𝛿𝑖𝑗. 
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When it comes to ultrashort laser interaction with metals, the finite temperature density 

functional theory (FT-DFT) is introduced to represent the states of excited electrons. The 

concept of finite temperature version of the density functional theory was originally 

proposed by Mermin [44] when it referred to the thermal properties of electron gas. The 

functional introducing the finite electron temperature of effects into the DFT is 

Ω[𝛗𝑖(𝒓)] = 𝐸𝐾𝑆[𝛗𝑖(𝒓)] − 𝑇𝑒𝑆,  (17) 

where 𝐸𝐾𝑆[𝛗𝑖(𝒓)] is the Kohn-Sham energy functional at 𝑇𝑒 = 0. 𝑆 is the entropy which 

can be expressed as 

𝑆 = −𝑘𝐵 ∑ [𝑓𝑖𝑙𝑛𝑓𝑖 + (1 − 𝑓𝑖) ln(1 − 𝑓𝑖)]𝑖 .  (18) 

For the specific case of non-interacting Fermions, the grand potential expression is 

Ω𝑔𝑟(𝜇𝑉𝑇) = −𝑘𝐵𝑇𝑒𝑙𝑛[𝑑𝑒𝑡2(1 + 𝑒−𝛽(ℋ−𝜇))],  (19) 

where 𝜇 refers to the chemical potential acting on the electrons and ℋ is the one electron 

Hamiltonian ℋ = −
ℏ2

2𝑚
∇2 + 𝑉(𝒓). The power of two is because of the spin multiplicity. 

The effective density dependent potential term in Hamiltonian is expressed as 

𝑉(𝒓) = − ∑
𝑍𝐼𝑒2

|𝑹𝐼−𝒓|𝐼 + 𝑉𝐻 +
𝛿Ω𝑥𝑐

𝛿𝜌(𝒓)
.  (20) 

The free energy ℱ is a functional of the electron density 𝜌(𝒓), the Fermi-Dirac occupation 

number 𝑓𝑖  of the one-electron eigenstates 𝛗𝑖(𝒓) and the chemical potential 𝜇. Recalling 

the mathematical relationship (
𝜕Ω

𝜕𝜇
)

𝜌(𝒓)
= −𝑁 in thermodynamics, we can get the average 



13 
 

electron number. Therefore, the sum of the Helmholtz free energy [34] of one electron of 

density 𝜌(𝒓) and the ion-ion Coulomb energy 𝐸𝑖𝑜𝑛𝑠(𝑹𝑁) 

ℱ = Ω𝑔𝑟 + 𝜇𝑁𝑒 + 𝐸𝑖𝑜𝑛𝑠(𝑹𝑁),  (21) 

where Ω𝑔𝑟 denotes the grand potential for an interacting spin Fermi gas within DFT. In 

order to obtain the correct total electronic free energy of the interacting electrons, the extra 

terms have to be included in Ω𝐾𝑆, namely 

Ω𝑔𝑟 = −
2

𝛽
ln det(1 + 𝑒−𝛽(ℋ−𝜇)) −

1

2
∫ 𝑉𝐻𝜌(𝒓)𝑑𝒓 − ∫ 𝜌(𝒓) (

𝛿Ω𝑥𝑐

𝛿𝜌(𝒓)
) 𝑑𝒓 + Ω𝑥𝑐,  (22) 

where 𝛽 =
1

𝑘𝐵𝑇𝑒
 refers to the electron temperature parameter and Ω𝑥𝑐  is the finite 

temperature exchange correlation grand potential functional.  

The density 

𝜌(𝒓) = ∑ 𝑓𝑖(𝑇)|𝛗𝑖(𝒓)|2𝑜𝑐𝑐
𝑖 ,  (23) 

and 

𝑓𝑖(𝑇) =
𝑓𝑖(0)

1+𝑒

1
𝑘𝐵𝑇𝑒

(𝜖𝑖
𝐾𝑆−𝜇)

,  (24) 

where 𝜖𝑖
𝐾𝑆  is the Kohn-Sham energenvalues and 𝑓𝑖(𝑇)  is the Fermi-Dirac occupation 

number in the grand canonical ensemble. 

The optimization for the specific atomic configuration can be realized by adopting the 

Lanczos algorithm [45]. After the computed electron density 𝜌(𝒓) is obtained, the dynamic 

simulation is performed based on the optimization of the electronic density at every time 
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step. Then, the Hellmann-Feynman forces acting on the nuclear can be calculated via the 

differentiation of ℱ with respect to the ionic coordinates.  

𝑭𝐼 = −∇𝐼ℱ.  (25) 

Eventually, we can perform ab initio calculation and molecular dynamics simulation for 

the system with various temperatures of electrons.  
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2.1.3   Determination of Electron Temperature Dependent Electron Heat 

Capacity 

The electron heat capacity 𝐶𝑒 is computed by taking derivative of the internal energy of the 

electron subsystem 𝐸𝑒  with respect to 𝑇𝑒 , namely  𝜕𝐸𝑒 𝜕𝑇𝑒⁄ . Since the EDOS 𝑔  is 𝑇𝑒 -

dependent, the electron heat capacity [24] can be rewritten as 

𝐶𝑒|𝑇𝑒
=

1

𝑉𝑐
∫ (

𝜕𝑔|𝑇𝑒

𝜕𝑇𝑒
𝑓|𝑇𝑒

+ 𝑔|𝑇𝑒

𝜕𝑓|𝑇𝑒

𝜕𝑇𝑒
)휀𝑑휀

∞

−∞
,,  (26) 

where 𝑓  is the Fermi-Dirac distribution function 1 (𝑒
𝜀−𝜇

𝑘𝐵𝑇𝑒 + 1)⁄ , which is a function of 𝑇𝑒  and 

energy level 휀. 𝜇 is the chemical potential at given 𝑇𝑒. When 𝑇𝑒 ≪ 𝑇𝐹 [46], the excited electron is 

around the Fermi surface. Then 𝐶𝑒 can be expressed as a linear function of 𝑇𝑒, namely, 𝐶𝑒 = 𝛾𝑇𝑒. 

According to the free electron gas model, 𝛾 is defined as 𝜋2𝑛𝑒𝑘𝐵
2/(2휀𝐹). When 𝑇𝑒 becomes higher, 

the lower 𝑑-band electrons will be excited, which leads to breakdown of  𝐶𝑒 = 𝛾𝑇𝑒.  
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2.1.4   Determination of Electron/Lattice Temperature Dependent 

Electron Thermal Conductivity 

To illustrate the Drude model in a one–dimensional (𝑥-direction) system [25], the energy 

of an electron at position 𝑥 is 𝐸𝑥. Before the collision of two electrons, their positions are 

at 𝑥 − 𝜏𝑒𝑣𝑥 and 𝑥 + 𝜏𝑒𝑣𝑥, respectively; here 𝜏𝑒 is the total scattering time of electron and 

𝑣𝑥 is the velocity of electron in 𝑥- direction. The heat flux transport to 𝑥 is 

𝑞𝑥 =
1

2
𝑛𝑒[𝑣𝑥𝐸𝑥−𝜏𝑒𝑣𝑥

+ (−𝑣𝑥)𝐸𝑥+𝜏𝑒𝑣𝑥
],  (27) 

where 𝑛𝑒  is the number of electrons per unit volume. By employing the chain rule to 

include electron temperature 𝑇𝑒, Equation (27) is rewritten as 

𝑞𝑥 = −𝑛𝑒𝑣𝑥
2𝜏𝑒

𝑑𝐸

𝑑𝑇𝑒

𝑑𝑇𝑒

𝑑𝑥
.  (28) 

 

Recalling Fourier’s law  𝑞𝑥 = −𝑘𝑒(𝑑𝑇𝑒 𝑑𝑥⁄ ) , the electron thermal conductivity 𝑘𝑒 

becomes 

𝑘𝑒 = 𝑛𝑒𝑣𝑥
2𝜏𝑒

𝑑𝐸

𝑑𝑇𝑒
.  (29) 

 For a three-dimensional metallic electron subsystem, when 𝑇𝑒  is lower than the Fermi 

temperature 𝑇𝐹 [46],  Eq. (29) becomes  

𝑘𝑒 =
1

3
𝑣𝐹

2𝜏𝑒
𝑑𝐸

𝑑𝑇𝑒
,  (30) 

where 𝑣𝐹 is the Fermi velocity [46]. The total scattering rate of electron 𝜏𝑒
−1 is computed 

from the summation of electron-electron scattering rate 𝜏𝑒−𝑒
−1 = 𝐴𝑇𝑒

2 and electron-phonon 
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scattering rate 𝜏𝑒−𝑝ℎ
−1 = 𝐵𝑇𝑙 , i.e., 𝜏𝑒

−1  = 𝐴𝑇𝑒
2 + 𝐵𝑇𝑙 , where the parameters 𝐴 and 𝐵  are 

two material constants. The internal energy 𝐸 of electron subsystem is ∫ 𝑔𝑓휀/𝑉𝑐𝑑휀
∞

−∞
 [47], 

where 𝑓 = {exp [(휀 − 𝜇) 𝑘𝐵𝑇𝑒⁄ ] + 1}−1 is the Fermi-Dirac distribution function. 휀 and 𝜇 

are the energy level and chemical potential of electron, respectively. 𝜇 varies with 𝑇𝑒 under 

electron excitation. 𝑘𝐵  is the Boltzmann constant. 𝑔  is the electron density of states 

(EDOS), which is a function of 𝑇𝑒  and 휀 . 𝑉𝑐  is the volume of the copper unit cell. 

Considering both 𝑔  and 𝑓  are electron temperature 𝑇𝑒  dependent variables, 𝑑𝐸 𝑑𝑇𝑒⁄  

becomes 

𝑑𝐸

𝑑𝑇𝑒
=

1

𝑉𝑐
∫ (

𝜕𝑓

𝜕𝑇𝑒
𝑔 + 𝑓

𝜕𝑔

𝜕𝑇𝑒
)휀𝑑휀

∞

−∞
,  (31) 

Combing Eqs. (30) and (31), the 𝑇𝑒 and 𝑇𝑙 dependent 𝑘𝑒 is derived as  

𝑘𝑒|𝑇𝑒
=

1

3𝑉𝑐
𝑣𝐹

2 1

𝐴𝑇𝑒
2+𝐵𝑇𝑙

∫ (
𝜕𝑔|𝑇𝑒

𝜕𝑇𝑒
𝑓|𝑇𝑒

+ 𝑔|𝑇𝑒

𝜕𝑓|𝑇𝑒

𝜕𝑇𝑒
)휀𝑑휀

∞

−∞
.  (32) 

Since 𝑘𝑒 in Eq. (32) is calculated with the combination of QM and Drude model, it will be 

represented by 𝑘𝑒,𝑄𝑀 in the present work. 
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2.1.5   Determination of Electron Temperature Dependent Effective 

Electron-Phonon Coupling Factor 

When it comes to the effective electron-phonon coupling factor 𝐺𝑒−𝑝ℎ, a considerable number of 

studies were conducted [8,30,48]. Deriving from the expression of thermal energy transport in 

electron-phonon collision equations, a free electron gas model was established and described 𝐺𝑒−𝑝ℎ 

as  𝜋2𝑚𝑒𝑛𝑒𝑣𝑠
2/(6𝜏𝑒𝑇𝑒) by Kaganov et al. [48], where 𝑚𝑒 denotes the effective mass of electrons 

and 𝑣𝑠 is the speed of sound. In addition, as pointed out by Anisimov et al. [8], the expression of 

𝜋2𝑚𝑒𝑛𝑒𝑣𝑠
2/(6𝜏𝑒𝑇𝑒) becomes a constant when 𝑇𝑒 ≈ 𝑇𝑙 ≫ 𝑇𝐷 (Debye temperature of silver 221 𝐾). 

Chen et al. [30] deduced a phenomenological model by evaluating 𝜏𝑒 and including both 𝑇𝑒 and 𝑇𝑙 

in calculating 𝐺𝑒−𝑝ℎ  as 𝐺𝑅𝑇[𝐴/𝐵(𝑇𝑒 + 𝑇𝑙) + 1] , where 𝐺𝑅𝑇  was coupling factor at room 

temperature. Nevertheless, all the aforementioned derivation approaches of are from empirical 

estimation, a full QM modeling of 𝐺𝑒−𝑝ℎ is to be developed in this dissertation. 

Recalling the definition of  𝐺𝑒−𝑝ℎ , the effective electron-phonon coupling can be 

mathematically expressed by means of the rate of energy transportation 𝜕𝐸 𝜕𝑡⁄  per unit 

cell volume 𝑉𝑐 at the temperature difference between 𝑇𝑒 and 𝑇𝑙 [28]  

𝐺𝑒−𝑝ℎ =
𝜕𝐸

𝜕𝑡

1

𝑇𝑒 −  𝑇𝑙

1

𝑉𝑐
  (33) 

When electrons are excited, the variations of 𝑔(휀) , 𝑓(휀)  and 𝛼2𝐹(Ω)  from the room 

temperature contribute to 𝜕𝐸 𝜕𝑡⁄  between electron and lattice subsystems. By taking the 

electron-phonon collision into account, 𝜕𝐸 𝜕𝑡⁄  can be obtained as [28] 

𝜕𝐸

𝜕𝑡
=

4𝜋

ℏ
∑ ℏ𝜔𝑄|𝑀𝑘, 𝑘′|

2
𝑆(𝑘,  𝑘′)𝛿(휀𝑘 − 휀𝑘′ + ℏ𝜔𝑄)

𝑘, 𝑘′

  (34) 
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where ℏ is the reduced Planck constant 1.054 × 10−34. 𝑘 and 𝑘′ are the electron quantum 

number at initial and final states, respectively. 𝜔𝑄 denotes the phonon frequency at the 

phonon quantum number 𝑄. The scattering probabilities of electrons at initial energy 휀𝑘 

and final energy 휀𝑘′ are described by the matrix 𝑀𝑘, 𝑘′. 𝑆(𝑘,  𝑘′) equals [(𝑓𝑘 −  𝑓𝑘′)𝑛𝑄 −

𝑓𝑘′(1 − 𝑓𝑘)], which is named as the thermal factor. 𝑓𝑘 is the Fermi distribution function 

for electron, 1 [exp (
−𝜇

𝑘𝐵𝑇𝑒
) + 1]⁄ . 𝑛𝑄  is the Bose distribution for phonon, 

1 [exp (
ℏ𝜔𝑄

𝑘𝐵𝑇𝑙
) − 1]⁄ . 

By introducing electron-phonon spectral function at a specified 𝑇𝑒 

𝛼2𝐹(휀, 휀′, 𝛺)|𝑇𝑒
=

2

ℏ𝑔(휀𝐹)|𝑇𝑒

∑|𝑀𝑘, 𝑘′||𝑇𝑒

2
𝛿(𝜔𝑄 − 𝛺)𝛿(휀𝑘 − 휀)𝛿(휀𝑘′ − 휀′)

𝑘, 𝑘′

  (35) 

and combining with Eq. (33) and (34), 𝐺𝑒−𝑝ℎ at specified 𝑇𝑒 becomes 

𝐺𝑒−𝑝ℎ|𝑇𝑒
=

1

𝑉𝑐

2𝜋𝑔(휀𝐹)|𝑇𝑒

𝑇𝑒 −  𝑇𝑙

{∫ [∫ (∫ 𝛼2𝐹(휀, 휀′, 𝛺)|𝑇𝑒
𝑆(휀, 휀′)|𝑇𝑒

𝛿(휀 − 휀′ + ℏ𝛺)𝑑휀
∞

−∞

)
∞

−∞

𝑑휀′]
∞

0

ℏ𝛺𝑑𝛺}  (36) 

The energy conservation requires that 휀′ − 휀 = ℏΩ , and the electron-phonon spectral 

function is approximated as [49] 

𝛼2𝐹(휀, 휀′, 𝛺)|𝑇𝑒
= 𝑔(휀)|𝑇𝑒

𝑔(휀 + ℏ𝛺)|𝑇𝑒
𝛼2𝐹(휀𝐹 , 휀𝐹 , 𝛺)|𝑇𝑒

/[𝑔(휀𝐹)|𝑇𝑒
]2  (37) 

Moreover, at the limit of 𝑘𝐵𝑇𝑒 ≫ ℏΩ and 𝑘𝐵𝑇𝑙 ≫ ℏΩ, the thermal factor becomes 

𝑆(휀, 휀′)|𝑇𝑒
= [𝑓(휀) − 𝑓(휀 + ℏ𝛺)](𝑇𝑒 − 𝑇𝑙)𝑘𝐵/(ℏ𝛺)  (38) 

Because the energy range of electrons is much wider than that of phonons, 𝑔(휀)  is 

approximately equal to 𝑔(휀 + ℏ𝛺) and [𝑓(휀) − 𝑓(휀 + ℏ𝛺)]/(ℏ𝛺) in Eq. (37), which can 
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be rewritten as − 𝜕𝑓 𝜕휀⁄ . In addition, at the high 𝑇𝑒 limit, the second moment of 𝛼2𝐹(𝛺)|𝑇𝑒
 

is simplified as λ〈ω2〉|Te
= 2 ∫ 𝛼2𝐹(𝛺)|𝑇𝑒

𝛺𝑑𝛺
∞

0
 [28]. Therefore, Eq. (36) becomes 

𝐺𝑒−𝑝ℎ|𝑇𝑒
=

𝜋ℏ𝑘𝐵𝜆〈𝜔2〉|𝑇𝑒

𝑔(휀𝐹)|𝑇𝑒

1

𝑉𝑐
∫ [𝑔(휀)|𝑇𝑒

]2(−
𝜕𝑓|𝑇𝑒

𝜕휀
)𝑑휀

∞

−∞

  (39) 

In Eqs. (26), (32) and (39), 𝑔|𝑇𝑒
, 𝑓|𝑇𝑒

, 𝑔(휀𝐹)|𝑇𝑒
 and 𝜆〈𝜔2〉|𝑇𝑒

 are all 𝑇𝑒  dependent 

variables, which can be calculated by ab initio QM approach. At low 𝑇𝑒, because 𝜕𝑓|𝑇𝑒
/𝜕휀 

is a delta function, 𝐺𝑒−𝑝ℎ|𝑇𝑒
 in Eq. (39) becomes 𝜋ℏ𝑘𝐵𝜆〈𝜔2〉|𝑇𝑒

𝑔(휀𝐹)|𝑇𝑒
/𝑉𝑐 . The 

derivation of Eq. (39) was reported without considering the laser induced changes of 𝜆〈𝜔2〉, 

𝑔(휀𝐹) and 𝑔 [24]. In order to obtain more previse 𝐺𝑒−𝑝ℎ of laser irradiated material, we 

obtain 𝑔|𝑇𝑒
, 𝑓|𝑇𝑒

, 𝑔(휀𝐹)|𝑇𝑒
 and 𝜆〈𝜔2〉|𝑇𝑒

 at given 𝑇𝑒  as the first step [50] and make 

connections of each individual 𝐶𝑒|𝑇𝑒
, 𝑘𝑒|𝑇𝑒

 and 𝐺𝑒−𝑝ℎ|𝑇𝑒
 to get the 𝑇𝑒  dependent 

thermophysical parameters of laser excited electrons. 
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2.2   Classical MD Simulation 

MD is a computer simulation of physical movements of atoms and molecules. The history 

of MD can date back to the mid-1950s when the first computer simulations on simple 

systems were performed [51]. In classical MD [52], with the help of the predefined 

empirical potential function 𝑈, force field interaction between atoms, molecules, and larger 

clusters, can be obtained and used to calculate their motions with time. Consequently, 

trajectories of these molecules and atoms can be calculated via numerically solving the 

Newton’s equations of motion. The force acting on nuclei is calculated as: 

𝑚𝑖 𝑑2𝑹 𝑑𝑡2⁄ = −𝛻𝑈  (40) 

where 𝑚𝑖 is the mass of an atom. 𝑹 is the atom position at given time. 

The generalized schematic of the classical MD algorithm is shown in the following figure: 
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Fig. 1   Generalized schematic of the classical MD algorithm. 

  

1.  Initialization 

Define positions and velocities of atoms, time step of 

simulation and interatomic potential, as well as apply 

boundary conditions. 

2.  Prediction 

Obtain the motion of atoms and update velocities. 

 

3.  Calculation 
Compute forces acting on atoms and the acceleration. 

 

4.  Correction 
Adjust atom positions and velocities on the basis of 

acceleration calculated in the previous stage. 

  

5.  Output 
Output the quantities of interest. 

  

6.  Progress 
Move forward time step and repeat the above 

procedures 3-5 as needed.  
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2.3   TTM in Laser Interaction with Metals 

The energy equation for the electron subsystem is mathematically expressed as: 

𝐶𝑒

𝜕𝑇𝑒

𝜕𝑡
= 𝛻(𝑘𝑒𝛻𝑇𝑒) − 𝐺𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑙) + 𝑆(𝑥, 𝑡)  (41) 

where 𝑘𝑒 represents the electron thermal conductivity, 𝑡 represents time, and 𝑥 denotes the 

direction of laser incidence, which is perpendicular to 𝑦-𝑧 plane. 𝑆 is the source term of 

incident laser, whose density 𝑆(𝑥, 𝑡)  is given as a temporal- and spatial-dependent 

(simplified as one dimensional) Gaussian profile 

     𝑆(𝑥, 𝑡) = 0.94𝐽(1 − 𝑅)(𝑡𝑝𝐿)−1𝑒−𝑥/𝐿𝑒−2.77(𝑡−𝑡0)2 𝑡𝑝
2⁄   (42) 

where 𝐽 is the laser fluence. 𝑅 is the reflectivity and 𝐿 is the penetration depth. 𝑡0 is the 

temporal center point of the laser beam. 𝑡𝑝 is the full width of laser pulse at half maximum 

intensity, which is defined as the laser pulse duration. 

The energy equation for the lattice subsystem is: 

𝐶𝑙

𝜕𝑇𝑙

𝜕𝑡
= 𝛻(𝑘𝑙𝛻𝑇𝑙) + 𝐺𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑙)  (43) 

where 𝐶𝑙 and 𝑘𝑙 are the lattice heat capacity and thermal conductivity. 
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2.4   Integration of QM-MD-TTM 

The modeling of QM-MD-TTM integrated framework is realized by determining the 𝑇𝑒 

dependent 𝐶𝑒 , 𝑘𝑒 and 𝐺𝑒−𝑝ℎ from Eqs. (26), (32) and (39) firstly, then substituting them 

into Eq. (41) of the electron subsystem. The lattice subsystem is described by the classical 

MD method, with an energy term 𝜉𝑚𝑖𝒗𝑖
𝑇 added to represent the energy transport from the 

electrons to phonons. Namely, 

𝑚𝑖 𝑑2𝑹 𝑑𝑡2⁄ = −𝛻𝑈 + 𝜉𝑚𝑖𝒗𝑖
𝑇  (44) 

𝜉 in the last term in right side is defined as 
1

𝑛𝑡
∑ 𝐺𝑉𝑁(𝑇𝑒

𝑘 − 𝑇𝑙)
𝑛𝑡
𝑘=1 / ∑ 𝑚𝑗(𝒗𝑗

𝑇)2𝑁𝑉
𝑗=1 , which 

is originally proposed by Inanov and Zhigilei [15] to couple the thermal energy transferring 

from the electron subsystem to the lattice subsystem. 𝒗𝑖
𝑇 is the thermal velocity of atom 𝑖. 

𝑇𝑒
𝑘 is the average electron temperature in each MD time step. The continuum region is 

divided into 𝑁 cells with 𝑁𝑉 (variable) atoms in each cell to solve Eq. (41) by using explicit 

finite difference method (FDM). In order to satisfy the von Neumann stability criterion, 

the MD time step is set as several times of the FDM time step, namely, ∆𝑡𝐹𝐷𝑀 =

∆𝑡𝑀𝐷/𝑛𝑡 < 0.5∆𝑥𝐹𝐷𝑀
2 𝐶𝑒 𝐾𝑒⁄  [53].  

By combing Eqs. (26), (32), (39), (41) and (44), a framework QM-MD-TTM integrated 

simulation is constructed. The QM-MD-TTM integrated framework was developed from 

the revision of the TTM part in the IMD package [54,55].  
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Chapter 3   Picosecond Laser Heating of Copper with Electron 

Temperature Dependent Electron Heat Capacity from Ab 

Initio Calculation 

3.1   Computational Details 

When it comes to calculate the 𝑇𝑒 dependent 𝐶𝑒, the plane wave density functional theory 

(DFT) code ABINIT [40] was used to perform the massive parallelism calculations of the 

electron temperature-dependent 𝑔  and 𝑓 [56]. By substituting 𝑔  and 𝑓  and their 

derivatives with respect to 𝑇𝑒 into Eq. (26), 𝐶𝑒(𝑇𝑒) was determined. This approach has not 

been reported in literature before. The nucleus and core electrons of copper were modeled 

by the projector-augmented wave (PAW) atomic data [57], which took 11  valence 

electrons per atom. The local density approximation (LDA) functional developed by 

Perdew and Wang [58] was included for the exchange and correlation functional. The 

Brillouin zone was sampled by using the Monkhorts-Pack method [59]. Convergence test 

results showed the 18 × 18 × 18 𝑘-point grids and cutoff energy of 32 Ha are sufficient 

to obtain converged energy. Face centered cubic crystal of copper was established. The test 

result of the PAW atomic data showed the lattice constant of 3. 662 Å with a relative error 

of 1.8 %  to the experimental value 3.597 Å  at 300 𝐾 [60], which demonstrated the 

reliability of the PAW atomic data. In the next step, 50 bands per atom was set to ensure 

the maximum occupation of electrons. The lattice temperature 𝑇𝑙  was kept at room 

temperature (300 𝐾), while 𝑇𝑒 was set at different values range from 300 to 50,000 𝐾. 

In the QM-MD-TTM integrated simulation, both 𝑘𝑒 and 𝐺𝑒−𝑝ℎ were treated as constant in 

the present work, which were 400 𝑊/(𝑚𝐾) and 1.0 × 1017 𝑊/(𝑚3𝐾) [61], respectively. 
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Similar treatment of 𝑘𝑒 and 𝐺𝑒−𝑝ℎ were seen in Ref. [17] for aluminum. The laser fluence 

was chosen as 𝐽 = 2.1333 𝐽/𝑐𝑚2. The reflectivity was 𝑅 = 0.4, and optical penetration 

depth was 𝐿𝑜𝑝 = 14.29 𝑛𝑚, which was chosen for an incident laser with laser wavelength 

of ~320 𝑛𝑚 [62]. The temporal center point of the laser beam was 𝑡0 = 50 𝑝𝑠. The full 

width of laser pulse at half maximum intensity was 𝑡𝑝 = 10 𝑝𝑠 . The embedded atom 

method (EAM) potential of copper [63] was adopted in the present work. For the time step, 

conservative estimations were made by choosing ∆𝑡𝑀𝐷 as 1 𝑓𝑠 and ∆𝑡𝐹𝐷𝑀 as 0.005 𝑓𝑠. 

 

Fig. 2   Schematic show of the established system and direction of laser irradiation. 

The entire simulation was performed in three sequential stages. Initially, the entire system 

was equilibrated at room temperature (300 𝐾) in terms of canonical ensemble (the 1st stage) 

to keep the lattice temperature constantly for 5 𝑝𝑠. Subsequently, microcanonical ensemble 

(the 2nd stage) was started to verify whether the lattice subsystem was well equilibrated for 

another 5 𝑝𝑠 . Meanwhile, the electron temperature was prepared at 300 𝐾  since the 

beginning of the simulation. The QM-MD-TTM integrated simulation (the 3rd stage) 

started at 10 𝑝𝑠 and lasted for 240 𝑝𝑠. The established system is shown in Fig. 2, which is 
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consisted with three components along the incidence of laser pulse (𝑥- direction). The 

entire system was established with 578.3840 𝑛𝑚, 3.6149 𝑛𝑚 and 3.6149 𝑛𝑚 in 𝑥-, 𝑦- 

and 𝑧- directions, respectively. It should be noted that the thickness of copper film is 

347.0304 𝑛𝑚. There were two vacuum spaces with thickness of 173.5152 𝑛𝑚 above 

(occupying 30% of the entire length in 𝑥 - direction) and 57.8384 𝑛𝑚  below the film 

(occupying 10% of the entire length in 𝑥- direction), which were set to allow the film to 

expand during and after laser irradiation. The total number of copper atoms contained in 

the system was 384,000. Meanwhile, the treatment of 𝐶𝑒 in terms of experimental result 

𝐶𝑒 = 𝛾𝑇𝑒  (where 𝛾  is 96.8 𝐽/(𝑚3𝐾2 ) [64]) are performed in the MD-TTM coupled 

simulation to compare the effects of ab initio result.   
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3.2   Results and Discussion 

3.2.1   Electron Temperature Dependent Electron Heat Capacity 

 

Fig. 3   (a) Electron density of states and (b) Fermi-Dirac distribution for electrons at 𝟑𝟎𝟎 𝑲, 

𝟏𝟎, 𝟎𝟎𝟎 𝑲, 𝟑𝟎, 𝟎𝟎𝟎 𝑲 and 𝟓𝟎, 𝟎𝟎𝟎 𝑲. (c) Electron temperature dependent electron heat capacity 

from ab initio calculation with and without considering the electron temperature dependent EDOS 

[24] and experimental result [64].   

The calculated 𝑔  at 𝑇𝑒  of 300 𝐾 , 10,000𝐾 , 30,000 𝐾  and 50,000 𝐾  are shown in Fig. 

3(a). In order to take the comparisons of Fermi-Dirac distribution 𝑓  (see Fig. 3(b)) at 

corresponding temperatures into account, the zero point of the horizontal axis was set as 

the Fermi energy 휀𝐹. As seen in Eq. (26), the 𝑇𝑒-dependent 𝐶𝑒 is only determined by the 

part that 𝑇𝑒 derivate of the 𝑔 and 𝑓 are not equal to zero. With the increasing 𝑇𝑒, 𝑔 moves 
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toward the lower energy region. In order to conserve the number of valence electrons, the 

chemical potential 𝜇 moves to higher value in response to the overall shift of 𝑔 towards 

lower energy region, which is reflected as 𝑓 moves to the higher energy region. Table 1 

lists the relative change of 𝜇 − 휀𝐹 to 𝑇𝑒. It can be seen that the 𝜇 increases at greater 𝑇𝑒, 

which leads to the translation of the 𝑓 to higher energy region. The translation is reflected 

in Fig. 3(b). Moreover, the increase of 𝜇 at greater 𝑇𝑒 brings effect of 𝐶𝑒(𝑇𝑒) . 

Table 1  Variation of chemical potential (as reference of Fermi energy) at different electron 

temperature. 

𝑇𝑒 (K) 𝜇 − 휀𝐹 (eV) 

10,000 0.4266 

20,000 1.2756 

30,000 1.8427 

40,000 2.1332 

50,000 2.2180 

 

The calculated 𝐶𝑒(𝑇𝑒) is shown in Fig. 3(c). Meanwhile, ab initio calculation without 

considering the 𝑇𝑒-dependent 𝑔[24], and experimental result [64] 𝐶𝑒 = 𝛾𝑇𝑒   (where 𝛾 is 

96.8 𝐽/(𝑚3𝐾2 ) [64]) are also drawn in Fig. 3(c) for comparison. Comparing 𝐶𝑒(𝑇𝑒) 

obtained in this letter with 𝐶𝑒(𝑇𝑒) from [24] and [64], the three agree well when 𝑇𝑒 is below 

1,500 𝐾. However, with the continuous increase of 𝑇𝑒 , the two ab initio calculated 𝐶𝑒 

increase faster than the experimental result. As aforementioned in Fig. 3(a), because 𝑔 

towards lower energy region with the increase of 𝑇𝑒, the calculated 𝐶𝑒 is lower than that 

without considering variation of 𝑔 at given 𝑇𝑒 . Therefore, the overestimation of 𝐶𝑒  will 
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lead to lower 𝑇𝑒 response in MD-TTM coupled simulation. Similarly, because of 𝐶𝑒 at high 

𝑇𝑒 are greater than experimental result, after enormous amount of ultrafast laser energy 

deposition, the 𝑇𝑒 response in the MD-TTM simulation by using the ab initio calculated 

𝐶𝑒(𝑇𝑒)  will be lower than those using experimental 𝐶𝑒 , which will be seen in the 

subsequent simulation results.  
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3.2.2   Spatial and Temporal Distribution of Lattice Temperature, 

Electron Temperature and Density  

 

Fig. 4   Spatial distribution of lattice temperature and electron temperature from (a) the calculation 

of QM-MD-TTM integrated simulation and (b) MD-TTM coupled simulation by implementing the 

experimental electron heat capacity [64]. 

The temporal evolutions of lattice temperature 𝑇𝑙 and electron temperature 𝑇𝑒 distributions 

normalized along the laser incident direction is shown in Fig. 4. The left side of the 

horizontal 𝑥-axis represents front end of the film surface, while right side represents rear 

end of the cooper film surface. As seen in the insets of Figs. 4(a) and 4(b), 𝑇𝑙  appear 

horizontally at the 10 𝑝𝑠, which indicate the lattice subsystems have been well equilibrated 

at room temperature. For the reason that the electron-electron interaction is at the timescale 
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of femtosecond and the electron-phonon interaction is at the timescale of picosecond scale, 

even though the laser intensity has reached the maximum value, there is great temperature 

difference between 𝑇𝑒 and 𝑇𝑙. At 50 𝑝𝑠, 𝑇𝑒 in Figs. 4(a) and 4(b) show the greatest value 

among all the sampled electron temperature profiles. When 𝑇𝑒  is greater than 2,700 𝐾, 

because of 𝐶𝑒 calculated in this letter is much greater than that from experiment at given 

𝑇𝑒, the maximum 𝑇𝑒 (38,000 𝐾) shown in Fig. 4(a) is lower than that (44,200 𝐾) shown 

in Fig. 4(b) after the same amount of laser energy is deposited into the electron subsystem. 

When it comes to 70 − 85 𝑝𝑠, 𝑇𝑙 at the region (which locates 𝑥 < 0.4 in the inset figures 

of Fig. 3) present the highest values of all the six lattice temperature distributions. 𝑇𝑒 at the 

front side of the film decreases after 50 𝑝𝑠 , which results from the thermal energy 

transports from electron subsystem to the lattice subsystem is greater than the deposited 

laser energy per unit time. Moreover, it can be observed that 𝑇𝑒 at the middle region of the 

film (0.35 < 𝑥 < 0.65) shows the highest temperature at 70 𝑝𝑠 than those of subsequent 

time points (at 85 𝑝𝑠 and 250 𝑝𝑠), which is induced by the faster electron heat conduction 

than the electron-phonon coupled thermal energy transfer. The left shift of the 𝑇𝑒 and 𝑇𝑙 

peaks at the front surface reflects the thermal expansion of the film.  

In order to get a further sight into the phase change of behind the 𝑇𝑒 and 𝑇𝑙 evolutions, 

spatial and temporal distribution of the density 𝜌 of the copper film are illustrated in Fig. 

5. It can be seen that the density of copper before laser irradiation stabilizes at 

8.94 𝑔/𝑐𝑚3(slightly below density of solid copper 8.985 𝑔/𝑐𝑚3at 293 𝐾[65]). Viewing 

from the time and position diagram since the point of laser irradiation, the density in front 

of the front surface of the film develops to lower values than those in the middle and rear 

end of the film. After 50 𝑝𝑠, density distribution at the front of the film gradually expands 
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towards the vacuum space. As reported in [65], copper density drops from 8.35 𝑔/𝑐𝑚3 at 

the melting point to lower values due to expansion. There are some purple spots appearing 

at both front and rear of the copper film, which indicate the small fractions of copper atoms 

spread into air space caused by laser irradiation. A gradually developing region with 

density clearly lower than those at middle and rear regions of the film appears in Fig. 5, 

which forms a melting boundary between liquid and solid copper. Around 75 𝑝𝑠, it can be 

seen the starting point of the melting boundary is slightly earlier for the case in Fig. 4(b) 

than that in Fig. 4(a), which can be sourced from the higher 𝑇𝑒  induced by lower 

experimental 𝐶𝑒 after the deposition of the same amount of laser energy.  

 

Fig. 5   Comparison of the temporal and spatial distribution of density from (a) the calculation of 

QM-MD-TTM integrated simulation and (b) MD-TTM coupled simulation by implementing the 

experimental heat capacity [64]. 
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In addition, there are also some wave patterns and lines traveling back and forth with the 

advance of time. From the pattern distributions, it can be seen some of the waves show 

higher densities than the density of copper film before laser irradiation. While some of the 

waves render obviously lower densities because of laser induced thermal expansion. By 

taking the one of relatively straight lines (in bright yellow) from 75 𝑝𝑠 to 100 𝑝𝑠 for an 

example, the traveling speed of compressed point is approximately at 5 𝑘𝑚/𝑠, which is 

comparable to the longitudinal speed of sound for copper 5.01 𝑘𝑚/𝑠 [66]. Whereas, for 

the wave patterns representing smaller density than that at room temperature, the traveling 

speed of expanded point is much slower (please see the placid dark waves). When the 

bright wave travels to the rear side of the copper film, it disappears in terms of reflected 

waves, as a result of slightly expansion of the rear side. Meanwhile, there are also expanded 

points generated under the melting boundary traveling to the rear side of the film. The two 

waves coming from the front and rear sides meet at the position of ~420 𝑛𝑚 at ~150 𝑝𝑠. 

Observing the number of waves that the moment of the two kinds of waves colloid, there 

are denser waves in Fig. 5(b) than that in Fig. 5(a) at 150 𝑝𝑠. The two waves travel back 

towards their incoming direction after collision of the two waves. The wave traveling back 

to the front side of the film produces density dilution in the melted region by penetrating 

the melting boundary (at 180 − 200 𝑝𝑠). A new group of points compose bright waves, as 

a result of the collided waves traveling back to the rear side.  

After 125 𝑝𝑠, it can be seen that the clear and stable boundary between the solid copper 

and melted copper. Therefore, it can be concluded that a melting boundary has reached the 

steady state. Based on the thickness of the melted region in Fig. 5, for both cases in Figs. 

4(a) and 4(b), the melting depth of the given laser irradiation of copper film are determined 
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around 50 𝑛𝑚. Even though 𝐶𝑒  are not equal at given 𝑇𝑒  (as seen in Fig. 2(c)), for the 

reason that the same amounts of laser energy are deposited into the laser film, the final 

melting depths are no significant difference after sufficient long time of electron-phonon 

relaxation. 
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Chapter 4   Femtosecond Laser Heating of Copper with 

Electron Temperature  and Lattice Temperature Dependent 

Electron Thermal Conductivity from Ab Initio Calculation 

4.1   Computational Details 

In the calculation of 𝑘𝑒 in Eq. (32), the 𝑇𝑒 dependent 𝑓 and 𝑔 were obtained from ab initio 

calculation. The plane wave density functional theory code ABINIT [40] was utilized. The 

electron excitation at 𝑇𝑒 was represented by the finite temperature density functional theory 

proposed by Mermin [44]. A number of 11 valence electrons (3𝑑104𝑠1) per atom were 

taken in the projector-augmented wave (PAW) atomic data. The exchange and correlation 

function was described by the local density approximation (LDA) [67]. After convergence 

test, the Brillouin zone was sampled by the Monkhorts-Pack method of 18 × 18 × 18 𝑘-

point. The converged cut off energy was chosen as 32𝐻𝑎. 

The numerical simulation is developed as an extension of the TTM part in the IMD [54] 

and the ABINIT code [40]. The established system is shown in Fig. 2, which is consisted 

with three components along the incidence of laser pulse (𝑥- direction). The first and third 

components are two empty spaces, which are designed to allow expansion under the laser 

irradiation. The second component is the copper film. During the simulation process, 

periodic boundary conditions were applied in 𝑦- and 𝑧- directions of the system in Fig. 2. 

Free boundaries were set for the front and rear surfaces of the copper film. The entire 

simulation lasted for 100𝑝𝑠. The first 10 𝑝𝑠 was intended to make preparation before 

femtosecond laser irradiation, with 5 𝑝𝑠 of canonical ensemble (NVT) simulation to for 
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equilibrating the system and another subsequent 5 𝑝𝑠 of micro-canonical ensemble (NVE) 

simulation for examining whether the equilibration had reached. 
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4.2   Results and Discussion 

4.2.1   Comparisons of Electron Thermal Conductivity Calculated from 

QM Method and Empirical Determination 

 

Fig. 6   Evolutions of electron thermal conductivity from the quantum mechanical (QM) calculation 

and from empirical method (EM). 

As derived in Eq. (32), 𝑇𝑒,𝑄𝑀 was calculated after obtaining the 𝑇𝑒 dependent 𝑓 and 𝑔 from 

ab initio QM calculation. For comparison, an empirically determined 𝑘𝑒,𝐸𝑀 [30], is plotted 

in Fig 2. The expression of 𝑘𝑒,𝐸𝑀  is shown below 

𝑘𝑒,𝐸𝑀 = 𝜒
(𝜗𝑒

2+0.16)
5
4(𝜗𝑒

2+0.44)𝜗𝑒

(𝜗𝑒
2+0.092)

1
2(𝜗𝑒

2+𝜂𝜗𝑙)

,  (45) 
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where 𝜗𝑒 = 𝑇𝑒 𝑇𝐹⁄  and 𝜗𝑙 = 𝑇𝑙 𝑇𝐹⁄ . 𝑇𝐹 denotes the Fermi temperature of copper. 𝜒 and 𝜂 

are constants [68]. The calculated 𝑇𝑒 dependent 𝑘𝑒,𝑄𝑀 and 𝑘𝑒,𝐸𝑀 at given 𝑇𝑙 are shown in 

Fig. 6. When 𝑇𝑒 < 2.7 × 104𝐾,  𝑘𝑒,𝑄𝑀  presents overall higher values than  𝑘𝑒,𝐸𝑀  at the 

given 𝑇𝑙. Both 𝑘𝑒,𝑄𝑀 and 𝑘𝑒,𝐸𝑀 shows steep increase since the initial points of laser heating. 

Peaks of 𝑘𝑒,𝑄𝑀 and 𝑘𝑒,𝐸𝑀 appear with the continuous increase of 𝑇𝑒. For the case of lower 

𝑇𝑙, the peak starts earlier with higher values. When 𝑇𝑙 = 2,835𝐾,  𝑘𝑒,𝐸𝑀 shows the slightest 

increase and broadest peak. Even though 𝑇𝑙  are different, both 𝑘𝑒,𝑄𝑀  and  𝑘𝑒,𝐸𝑀  show 

converged trends when 𝑇𝑒 > 1 × 104, which indicates that 𝑇𝑙 is no longer the dominate 

factor that impacts the 𝑘𝑒. Analyzing Eq. (32), it can be seen that in the region of high 𝑇𝑒, 

 𝑘𝑒,𝑄𝑀 monotonically decreases with the increase of 𝑇𝑒, because the denominator 𝐴𝑇𝑒
2 +

𝐵𝑇𝑙  increases much greater than the numerator ∫ [(𝜕𝑓 𝜕𝑇𝑒⁄ )𝑔 + 𝑓 (𝜕𝑔 𝜕𝑇𝑒⁄ )]휀𝑑휀
∞

−∞
. 

Therefore, the criterion of implementation of 𝑘𝑒,𝑄𝑀 is only applicable to be used in with 

𝑇𝑒 < 3.5 × 104𝐾 (low 𝑇𝑒  region). Despite 𝑘𝑒,𝐸𝑀 was originally proposed to fit the wide 

range of 𝑇𝑒, it is empirically fitted and determined from experimental data. 
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4.2.2   Impacts of Electron Thermal Conductivity on Femtosecond Laser 

Irradiation 

The QM-MD-TTM integrated simulation is performed to investigate the impact of 𝑘𝑒 on 

the material response induced by femtosecond laser irradiation. Part of the QM-MD-TTM 

integrated simulation (by implementing 𝑘𝑒,𝐸𝑀) is carried out for comparison. The temporal 

and spatial distribution of electron temperature 𝑇𝑒 , lattice temperature 𝑇𝑙 , density 𝜌 and 

thermal stress 𝜎𝑥𝑥 (along the 𝑥- direction) are calculated.  

 

Fig. 7   Spatial distribution of electron temperature and lattice temperature by implementing 

electron thermal conductivity from (a) quantum mechanical determination and (b) empirical 

method. 



41 
 

Figure 7 shows the spatial distributions of 𝑇𝑒 and 𝑇𝑙 at different time. The horizontal axis 

indicates the normalized position of the established system along 𝑥- direction. The regions 

from 0 < 𝑥 < 0.3   and 0.9 < 𝑥 < 1.0   are the two initially established empty spaces 

shown in Fig. 2. At the time scale of femtosecond, the energy transferring from electron 

subsystem to lattice subsystem is negligible, when it is compared with the thermal 

conduction inside the electron subsystem. It is why that the depths of heated regions 

(defined as 𝑇𝑙 > 500 𝐾 ) are developed at 𝑡0 = 15 𝑝𝑠  in Fig. 7. For convenience of 

identifying the subfigures in Figs. 7, cases (a) and (b) represent the simulation results by 

taking 𝑘𝑒,𝑄𝑀  and 𝑘𝑒,𝐸𝑀 , respectively. The region of laser heating (normalized 

position  0.3 < 𝑥 < 0.7  ) seen in Fig. 7(a) is deeper than the region (normalized 

position 0.3 < 𝑥 < 0.5) seen in Fig. 7(b), which can be explained by differences of thermal 

diffusivity 𝛼𝑒,𝑄𝑀  and 𝛼𝑒,𝐸𝑀 . From the starting point (time 𝑡 < 15 𝑝𝑠) of a 500 𝑓𝑠 laser 

irradiation, 𝑇𝑒 and 𝑇𝑙 are at thermal equilibrium, which means 𝐶𝑒 are the same for the two 

cases. Due to the calculated 𝑘𝑒,𝑄𝑀  is greater than 𝑘𝑒,𝐸𝑀  (as shown in Fig. 6), and the 

negligible variations of density 𝜌 upon laser irradiation, it can be concluded that 𝛼𝑒,𝑄𝑀 is 

greater than 𝛼𝑒,𝐸𝑀. In other words, the thermal energy will be conducted faster for case (a) 

than that for case (b). When time lasts ∆𝑡𝑒,𝑄𝑀  and ∆𝑡𝑒,𝐸𝑀 are the same, the length of 

thermal energy travelling for the case using 𝑘𝑒,𝑄𝑀  will be longer. Therefore, Fig. 7(a) 

shows deeper region of laser heating than that of Fig. 7(b).  
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Fig. 8   Temporal and spatial distribution of density by implementing electron thermal conductivity 

from (a) quantum mechanical determination and (b) empirical method. 

The temporal and spatial distribution of density 𝜌 provides a further insight into the internal 

structure change of copper film under laser irradiation. As illustrated in Fig. 8, the density 

of copper film before 15 𝑝𝑠 shows uniform 𝜌0 , which indicates that the copper atoms 

vibrate around their lattice points. The calculated 𝜌0 at 𝑇𝑙 = 300 𝐾 is 8.94 𝑔/𝑐𝑚3, which 

is slightly lower than the density of solid copper 8.985 𝑔/𝑐𝑚3 at 𝑇𝑙 = 293 𝐾 [65]. Since 

laser irradiation (~15 𝑝𝑠), front side of the copper film presents smaller 𝜌 than 𝜌0. As seen 

in the distributions of 𝜌 in the front side from 20 𝑝𝑠 to 40 𝑝𝑠, lower density appears in Fig. 
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8(b) than that in Fig. 8(a). Nevertheless, the waves (mixing with low and high density 

distributions) locating from 173.5152 𝑛𝑚  to 240 𝑛𝑚  in Fig. 8(a) shows deeper and 

denser than that in Fig. 8(b), which agrees with the depth of heated region for case (a) are 

deeper than that for case (b) discussed in the above paragraph. The lower density ( 𝜌 <

8 𝑔/𝑐𝑚3) reflects that even though the depth of heated region is for case (b) is shallower, 

there are more thermal energy accumulates at the front surface of the copper film, which 

will results in greater local heating than that for case (b).  

Right after laser irradiation, some of the waves stays at the front side of the copper film. 

Whereas, some of the waves travel along 𝑥- direction to the rear side the copper film. The 

number of dense waves (𝜌 > 8.94 𝑔/𝑐𝑚3 ) appearing in Fig. 8(a) is greater than that 

appearing in Fig. 8(b). The number of tensile waves (𝜌 < 8.94 𝑔/𝑐𝑚3) show the similar 

result with the compressible waves. The reasons can be attributed to higher degree of 

heated region for case (a) and case (b). Along the 𝑥-direction, the traveling speed of waves 

in Fig. 8(a) is slightly faster than those in Fig. 8(b).  
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Fig. 9   Temporal and spatial distribution of thermal stress by implementing electron thermal 

conductivity from (a) quantum mechanical determination and (b) empirical method. 

Besides the distribution of 𝜌, the temporal and spatial distribution of thermal stress 𝜎𝑥𝑥 is 

calculated by using the virial theorem [69] is drawn in Fig. 9. There are two sorts of stresses 

shown in Fig. 9. One is the stress 𝜎𝑥𝑥,𝑐𝑙𝑢𝑠𝑡𝑒𝑟 of copper clusters, which ablate from the front 

surface of the copper film. The value of 𝜎𝑥𝑥,𝑐𝑙𝑢𝑠𝑡𝑒𝑟 is as high as 150 𝐺𝑃𝑎. The highest 

speed for these clusters incase (a) and case (b) are almost equal, which is ~3.43 𝑘𝑚/𝑠. 

Recalling the spatial distribution of 𝑇𝑙 from 15.5 𝑝𝑠 to 16 𝑝𝑠 in the insets of Figs. 7(a) and 

7(b), 𝑇𝑙 (near the front surface) in Fig. 3(a) is slightly greater than that in Fig. 7(b), which 
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explains why there are clusters with more various speeds get ablated in cases (a) than those 

in case (b). The reason why these clusters are not detected and shown in Fig. 8 is that the 

densities of them are too small to be drawn in the range from 8 𝑔/𝑐𝑚3 to 10 𝑔/𝑐𝑚3. The 

other sort of the stress is the 𝜎𝑥𝑥,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 traveling inside the copper film, whose travelling 

trajectory agrees with the wave of density distribution in Fig. 8. As computed in Fig. 9, 

𝜎𝑥𝑥,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙  renders the traveling speed of ~4.84 𝑘𝑚/𝑠 , which is comparable to the 

longitudinal speed of sound for copper [70]. The traveling of stress inside metal films along 

the direction of incident laser pulse are also seen in [71,72].  
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Chapter 5   Femtosecond Laser Heating of Copper with 

Electron Temperature Dependent Effective Electron-Phonon 

Coupling Factor from Ab Initio Calculation 

5.1   Computational Details 

The ab initio investigation of electron-phonon interaction was carried out by using the 

density function theory (DFT) code ABINIT [40]. The finite temperature density functional 

formalism proposed by Mermin [36] was utilized to represent the different degrees of 

electron excitation at given 𝑇𝑒. The thermalized electrons obeyed Fermi-Dirac distribution 

and were expressed at Kohn-Sham eigenstates in each self-consistent field calculation. The 

calculations were based on the local density approximation (LDA) in combining with the 

projector-augmented wave (PAW) atomic data [57] to obtain 𝑔(휀)  and 𝑓(휀), and the 

norm-conserving pseudopotential method in cooperation with a linear response approach 

[73] to get λ〈ω2〉  at given 𝑇𝑒 . The linear response calculation of electron-phonon 

interaction was performed under the framework of the linear-muffin-tin-orbital (LMTO) 

method [74]. The valence electrons for copper were 3𝑑104𝑠1. After the convergence test, 

the Monkhorst-Pack 𝑘-points grid of 18 × 18 × 18 and a cutoff energy of 32 𝐻𝑎 were 

chosen. 

In order to test the impact of pure ab initio determined 𝐺𝑒−𝑝ℎ  to the thermal energy 

transport from the electron subsystem to lattice subsystem, QM-MD-TTM integrated 

simulation was performed. The motion of copper atoms in the lattice subsystem was 

described by using MD, while the electron subsystem was characterized by a continuum 

energy equation in TTM. The embedded atom method (EAM) potential of copper [63] was 

chosen for its ability to represent the interatomic interaction. The lattice subsystem in MD 
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and electron subsystem in TTM were coupled by 𝐺𝑒−𝑝ℎ. The laser pulse duration was set 

as 100 𝑓𝑠. The maximum intensity of laser pulse occurred at 𝑡0 = 15 𝑝𝑠. The absorbed 

laser energy was set at 0.3 𝐽/𝑐𝑚2. Optical penetration depth was chosen as 14.29 𝑛𝑚, for 

an incident laser with a laser wavelength of ~320 𝑛𝑚 [62]. The entire simulation lasted 

for 30 𝑝𝑠 , which contained the first 5 𝑝𝑠  of room temperature control (in terms of 

canonical ensemble) to equilibrate the entire system and the second 5 𝑝𝑠  of micro-

canonical ensemble verification to check the equilibration of lattice and electron 

subsystems. The entire system was constructed with 578.3840 𝑛𝑚 , 3.6149 𝑛𝑚  and 

3.6149 𝑛𝑚  in 𝑥 -, 𝑦 - and 𝑧 - directions. Two empty spaces with thicknesses of 

173.5152 𝑛𝑚  (occupying 30%  of the entire length in 𝑥 - direction) and 57.8384 𝑛𝑚 

(occupying 10 % of the entire length in 𝑥- direction) were set to allow the film (thickness: 

347.0304 𝑛𝑚) to expand during and after laser irradiation. 
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5.2   Results and Discussion 

5.2.1   Electron Temperature  Dependent Effective Electron-Phonon 

Coupling Factor 

The zero point of the horizontal axis in Fig. 10 is set as the Fermi energy 휀𝐹. As seen in 

Fig. 10(a), as a result of the thermal excitation of the electron subsystem, 𝑔(휀) at increased 

𝑇𝑒 presents the overall shift toward lower ε state. Figure 10(a) shows gradual shrinking of 

the 𝑑 block, and similar 𝑑 block changes were reported in [21,75]. The latter shrinkage is 

said to be due to a more attractive electron-ion potential as a result of a decrease in 

electronic screening of 3𝑑 block electrons. Additionally, with the left shift and shrinkage 

of 𝑔(휀), its value slightly increases. The Fermi-Dirac distribution 𝑓(휀) at 𝑇𝑒 of 300 𝐾, 1 ×

104 𝐾, 2 × 104 𝐾 and 4 × 104 𝐾 is shown in Fig. 10(b). When 𝑇𝑒 = 300 𝐾, it can be seen 

that 𝑓(휀) focuses around the Fermi energy. With the continuously increasing  𝑇𝑒, 𝑓(휀) gets 

smeared out. Some of the electrons at high 𝑇𝑒 are thermally excited at ε above the Fermi 

energy εF. As seen in Fig. 10(b), when 𝑓(휀) = 0.5 at 𝑇𝑒 = 4 × 104 𝐾, ε locates at the right 

side energy point of all the other three cases when 𝑓(휀) = 0.5, which indicates the increase 

of chemical potential 𝜇 at high 𝑇𝑒. 
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Fig. 10   (a) Electron density of states and (b) Fermi-Dirac distribution for electrons at 𝟑𝟎𝟎 𝑲, 

𝟏𝟎, 𝟎𝟎𝟎 𝑲, 𝟐𝟎, 𝟎𝟎𝟎 𝑲 and 𝟒𝟎, 𝟎𝟎𝟎 𝑲. 

In order to present more detailed information of 𝜇 at high 𝑇𝑒, the result of 𝜇 − εF is plotted 

in Fig. 11(a). It can be seen that 𝜇 increases with increasing 𝑇𝑒. The result in Fig. 11(a) 

agrees with that shown in [21], which was obtained from ab initio calculation by using 

generalized gradient approximation (GGA) for exchange and correlation energy. The 

computed 𝑔(εF) is shown in Fig. 11(b), which presents a gradually decreasing tendency 

with the increment of 𝑇𝑒. Since 𝑔(εF) is the dominator in the right hand of Eq. (39), the 

gradually decreasing 𝑔(휀𝐹) brings the positive impact to 𝐺𝑒−𝑝ℎ, which indicates that 𝐺𝑒−𝑝ℎ 

will be greater and greater under the continuous increment of 𝑇𝑒 (assuming all the other 𝑇𝑒 

dependent parameters are kept as constants). 
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The electron-phonon spectral function 𝛼2𝐹(𝛺) at given 𝑇𝑒  is calculated from response 

linear calculation. For the purpose of comparison, the experimental result [29] and ab initio 

calculation result [73] are plotted in Fig. 12 together with 𝑇𝑒  dependent 𝛼2𝐹(𝛺) in the 

present work. The ab initio calculation result in [73] presents the highest peak when 𝛺 is 

at 7 𝑇𝐻𝑧, which is not seen in the experimental result in [76] and all the results in present 

calculation in Fig. 12. It should be noted that 𝛼2𝐹(𝛺) calculated in [73] did not take the 

finite temperature density functional theory into account. However, in the practical 

application of laser heating and neutron irradiation, the electron subsystem excites after 

photon energy deposition. For the experimental study of 𝛼2𝐹(𝛺) by using the technique 

of forming tiny point contacts between copper and copper when electric voltage was added, 

the degree of electron excitation is unknown in the experiment [76]. Moreover, as seen in 

Fig. 12, frequency 𝛺 locates from 0.8 𝑇𝐻𝑧 to 9.6 𝑇𝐻𝑧, which indicates that the electron-

phonon relaxation time is around the picosecond scale. With the continuous thermal 

excitation of the electron subsystem, main peaks of 𝛼2𝐹(𝛺) (calculated in the present letter) 

shift toward the higher 𝛺 region. Hence, it can be interpreted that the electron-phonon 

interaction becomes shorter at a higher degree of electron excitation. Accompanying the 

right shift of 𝛼2𝐹(𝛺), the electron-phonon interaction value decreases after  𝑇𝑒 = 1.0 ×

104 𝐾; hence, a weaker electron-phonon interaction occurs at higher 𝑇𝑒.  
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Fig. 11   Electron temperature dependent (a) relative chemical potential changes to Fermi energy; (b) 

electron density of states at the Fermi energy; (c) the second moment of spectral function; (d) the 

electron-phonon coupling factor and (e) the effective electron-phonon coupling factor. 
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On the basis of calculated 𝛼2𝐹(𝛺), λ and λ〈ω2〉 are computed to obtain 𝐺𝑒−𝑝ℎ in Eq. (39). 

Figure 6(c) shows the results of  λ〈ω2〉 at given 𝑇𝑒 . When 𝑇𝑒 < 0.8 × 104 𝐾 ,  λ〈ω2〉 is 

around 54 𝑚𝑒𝑉2 . When  𝑇𝑒  increases, λ〈ω2〉  shows a peak (at  𝑇𝑒 = 1.4 × 104 𝐾 ) and 

decreases to 32 𝑚𝑒𝑉2  when  𝑇𝑒 = 1.4 × 104 𝐾 . Recalling  𝜆〈𝜔2〉|𝑇𝑒
=

2 ∫ 𝛼2𝐹(𝛺)|𝑇𝑒
𝛺𝑑𝛺

∞

0
 and combining with Fig. 12, the peak of  𝜆〈𝜔2〉|𝑇𝑒=1.4×104 𝐾  is 

mainly caused by slightly increasing 𝛼2𝐹(𝛺) and a right shift of 𝛼2𝐹(𝛺) toward high 𝛺. 

As a non-dimensional parameter quantitatively assessing the strength of electron-phonon 

interaction without taking 𝛺 into consideration, λ is calculated and shown in Fig. 11(d). 

Almost similar profiles of 𝜆〈𝜔2〉 and λ are achieved in Figs. 11(c) and 11(d). However, 

after  𝑇𝑒 = 3.5 × 104 𝐾 , λ  shows lower value than that at  𝑇𝑒 = 3.5 × 104 𝐾 . On the 

contrary, 𝜆〈𝜔2〉 shows the opposite trend induced by the right shift of 𝛼2𝐹(𝛺), which helps 

to compensate for the continuous decrement of 𝜆. Beaulac et al. [77] calculated λ as 0.116 

and 𝜆〈𝜔2〉 as 44.897 𝑚𝑒𝑉2. The other ab initio linear response calculation result showed 

𝜆 as 0.14 [73]. Brorson et al. [29] experimentally measured λ as 0.08 ± 0.01 and 𝜆〈𝜔2〉 as 

29 ± 4 𝑚𝑒𝑉2 at 𝑇𝑒 = 590 𝐾 by using the pump-probe approach. Even though the degree 

of electron excitation is unknown, all of these results [29,73,77] are in the ranges of λ and 

𝜆〈𝜔2〉 variations of present results in Figs. 11(c) and 11(d), which verifies the 𝑇𝑒 dependent 

λ and 𝜆〈𝜔2〉 calculated in this letter. 
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Fig. 12   Electron temperature dependent electron-phonon spectral function. The experimental result 

and ab initio calculated result are from [29] and [73], respectively. 

After obtaining the full set of 𝑓|𝑇𝑒
, 𝑔(휀)|𝑇𝑒

, 𝑔(휀𝐹)|𝑇𝑒
 and 𝜆〈𝜔2〉|𝑇𝑒

, the 𝑇𝑒  dependent 

𝐺𝑒−𝑝ℎ are calculated from Eq. (39).  As seen in Fig. 11(e), 𝐺𝑒−𝑝ℎ (calculated in the present 

letter) firstly shows a steep increment to 5.6 × 1018 𝑊/(𝑚3𝐾) at 𝑇𝑒 = 1.4 × 104 𝐾. The 

slight decrease of 𝐺𝑒−𝑝ℎ when 1.4 × 104 𝐾 < 𝑇𝑒 ≤ 3.0 × 104 𝐾 and increase when 𝑇𝑒 >

3.0 × 104 𝐾 disagree with the profiles of 𝜆〈𝜔2〉 and 𝜆 shown in Figs. 11(c) and 11(d). 

𝜆〈𝜔2〉| 𝑇𝑒=1.4×104 𝐾  is 2.4  times of 𝜆〈𝜔2〉| 𝑇𝑒=3.0×104 𝐾 , whereas, 𝐺𝑒−𝑝ℎ| 𝑇𝑒=1.4×104 𝐾  is 

only 1.5  times of  𝐺𝑒−𝑝ℎ|3.0×104 𝐾 . Considering 𝑔(휀𝐹)  shown in Fig. 11(b), it can be 

concluded that the inverse of 𝑔(휀𝐹)  plays the dominating role of slowing down the 

decrement of 𝐺𝑒−𝑝ℎ  when 1.4 × 104 𝐾 < 𝑇𝑒 ≤ 3.0 × 104 𝐾 . 𝑔(휀𝐹)  even facilitates the 

increment of 𝐺𝑒−𝑝ℎ  when  𝑇𝑒 > 3.0 × 104 𝐾 . Compared with 𝐺𝑒−𝑝ℎ  computed from 
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treating 𝑔(휀) and 𝜆〈𝜔2〉 as constants by Lin and Zhigilei, and Chen’s phenomenological 

estimation [30] of 𝐺𝑒−𝑝ℎ = 𝐺0[𝐴𝑒 𝐵𝑙(𝑇𝑒 + 𝑇𝑙)⁄ + 1]  (where 𝐺0 = 1.0 × 1017 𝑊/

(𝑚3𝐾) [78], 𝐴𝑒 = 1.75 × 107 /(𝑠𝐾2) , 𝐵𝑙 = 1.98 × 1011 /(𝑠𝐾) [79], and 𝑇𝑙 = 2835 𝐾 

(the boiling point of copper)), the 𝐺𝑒−𝑝ℎ  calculated in the present work shows great 

discrepancies. In Lin and Zhigilei’s work [24], the effects of 𝜇 shift and 𝑔 variation are 

both eliminated in calculating 𝐺𝑒−𝑝ℎ, which are two crucial parameters contribute to the 

increase of 𝐺𝑒−𝑝ℎ during electron excitation. In addition, the substitution of 𝜆〈𝜔2〉 = 29 ±

4 𝑚𝑒𝑉2  from experimental result in [29] is also another limitation hindering the 

comprehensive accounting of the electron-phonon interaction induced by electron 

excitation. Even though Chen et al. [30] took both the contributions of  𝑇𝑒 and 𝑇𝑙 to 𝐺𝑒−𝑝ℎ 

into account by providing that 𝐴𝑒(𝑇𝑒 + 𝑇𝑙) ≪ 𝐵𝑙 , all the parameters 𝐺0 , 𝐴𝑒  and 𝐵𝑙  are 

obtained from the experiments [78,79]. It should be noted that before vaporization, the 

actual 𝐺𝑒−𝑝ℎ is lower than the result represented by the short dash line in Fig. 11(e). As 

explicitly seen in Fig. 11(e), when the electron temperature 𝑇𝑒 < 2 × 103 𝐾, the ab initio 

determined 𝐺𝑒−𝑝ℎ is smaller than those treating 𝑔(휀) and 𝜆〈𝜔2〉 as constants in calculating 

𝐺𝑒−𝑝ℎ  and phenomenological 𝐺𝑒−𝑝ℎ . Both the ab initio determined 𝐺𝑒−𝑝ℎ  and constant 

𝑔(휀) and 𝜆〈𝜔2〉 calculated 𝐺𝑒−𝑝ℎ show that the effective electron-phonon coupling factor 

do not change with 𝑇𝑒 . Whereas, the phenomenological 𝐺𝑒−𝑝ℎ  presents monotonically 

increasing tendency with the increase of 𝑇𝑒 . When 𝑇𝑒 > 1 × 104 𝐾 , the ab initio 

determined 𝐺𝑒−𝑝ℎ  demonstrates almost 10  times of those treating 𝑔(휀)  and 𝜆〈𝜔2〉  as 

constants in calculating 𝐺𝑒−𝑝ℎ and phenomenological 𝐺𝑒−𝑝ℎ. 
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5.2.2   Spatial and Temporal Distribution of Lattice Temperature and 

Electron Temperature 

 

Fig. 13   Spatial distribution of electron temperature and lattice temperature from MD-TTM coupled 

simulation: (a) by using the effective electron-phonon coupling factor calculated by pure ab initio 

calculation in the present work and (b) by using Chen’s phenomenological electron-phonon coupling 

factor [30]. 

Figure 13(a) shows the spatial distribution of 𝑇𝑒  and 𝑇𝑙  from MD-TTM coupled simulation by 

employing 𝐺𝑒−𝑝ℎ from ab initio calculation in the present letter. For comparison, Fig. 13(b) plots 

𝑇𝑒 and 𝑇𝑙 calculated from MD-TTM coupled simulation by using the phenomenological 𝐺𝑒−𝑝ℎ[30]. 

Both 𝑇𝑙  in the insets of Figs. 13(a) and 13(b) rise above the boiling point (2835 𝐾) of copper. 

However, as seen from the starting points of 𝑇𝑙, no appreciable thermal expansions occur in either 

case. Due to larger 𝐺𝑒−𝑝ℎ in Fig. 13(a) than that in Fig. 13(b), when the electrons are excited, larger 
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amounts of thermal energy transfer from electron subsystem to lattice subsystem. This explains that 

why 𝑇𝑙 is greater in the inset of Fig. 13(a) than that in the inset of Fig. 13(b) from 15 𝑝𝑠 to 16 𝑝𝑠. 

As seen from 𝑇𝑙  at 18 𝑝𝑠 , after laser heating, the time taking for lattice subsystem to get 

equilibration in Fig. 13(a) is much shorter than that in Fig. 13(b).  At 30 𝑝𝑠, 𝑇𝑙 in the front side of 

the copper film is around 1,600 𝐾 in Fig. 13(a). Whereas, for the case of Fig. 13(b), 𝑇𝑙 is around 

1,200 𝐾 in the corresponding location of the copper film. In addition, it can be seen the lattice 

heated region locates 𝑥 < 0.44 in Fig. 13(a). However, larger lattice heated region (𝑥 < 0.52) is 

found in Fig. 13(b). As for 𝑇𝑒, it can be seen that 𝑇𝑒 in Fig. 13(a) presents smaller values than those 

in Fig. 13(b), which is mainly induced by greater 𝐺𝑒−𝑝ℎ in the case of Fig. 13(a) during electron 

excitation. 
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Chapter 6   Electron-Phonon Coupled Heat Transfer and the 

Corresponding Thermal Response Induced by Femtosecond 

Laser Heating of Gold 

6.1   Computational Details 

As results of femtosecond laser irradiation on gold, constant electron temperatures 

(10,000𝐾, 30,000 𝐾 and 50,000 𝐾) were kept for 96.76 𝑓𝑠 to carry out the simulation. A 

cubic system containing 32 gold atoms with face centered cubic (FCC) crystal structure 

was modeled, which corresponds to the density of gold of 19.30 𝑔 𝑐𝑚−3⁄  at 300 𝐾 . 

Periodic boundary conditions were applied in all three directions of the primitive cell to 

represent the bulk material properties. The simulation time step was set as 16 𝑎. 𝑢. 

(~0.387 𝑓𝑠) for proper integration of the ionic degrees of freedom. Nonlocal normal 

conserving pseudopotential was used to represent the core electrons. Local density 

approximation (LDA) of Pade form [80] was adopted to obtain the exchange and 

correlation energy [81,82]. For all cases, a kinetic energy cutoff of 90 𝑅𝑦 was set up to 

obtain the Kohn-Sham orbital expansions in plane waves. In order to cover all the excited 

electron states induced by the high-fluence femtosecond laser irradiation, the single particle 

electronic states was set as  400 , which was shown to be sufficient to satisfy all the 

simulation cases. 

After optimizing the converged wavefunction and geometry, the system was equilibrated 

at room temperature ( 300 𝐾 ) by using the canonical ensemble (NVT) simulation. 

Temperature control with Nose-Hoover [83] thermostats were imposed on each degree of 

freedom for both electrons and nuclei. Since the time scale of femtosecond laser induced 

electron-ion interaction by electron excitation is much shorter than the time scale of ionic 
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motion, the femtosecond laser irradiation was performed in the nonequilibrium lattice 

subsystem and electron subsystem simulations. The electron subsystem was assumed to 

achieve high level temperature instantaneously. However, the lattice subsystem tardily 

responds to the irradiation and it is allowed to run freely to reach final equilibrium with the 

electron subsystem. The energy control of the lattice subsystem was no longer maintained 

during the laser irradiation process, which allowed the energy to freely transfer from the 

excited “hot” electron subsystem to the “cold” lattice subsystem. A justification of the 𝑇𝑒 

to characterize the femtosecond laser excitation can be found elsewhere [36] and the forces 

acting on the ions are the first order derivative of the electronic free energy [34]. Detailed 

elucidation and the exiting work employing the constant electron high temperature control 

to characterize the instantly excited electron subsystem are available elsewhere for 

semiconductors [13,19,35,41]. Nevertheless, there has been no previous work focusing on 

the ab initio molecular dynamics investigation of the material response for metal induced 

by ultrafast electron excitation. After femtosecond laser irradiation, the microcanonical 

ensembles (NVE) were continued by removing the energy control of electron subsystem 

to keep constant energy of the ion-electron combined system.    

The calculations of 𝑇𝑒  dependent 𝐶𝑒  and 𝐺𝑒−𝑝ℎ  were carried out by utilizing the plane 

wave DFT and density perturbation functional theory (DPFT) code ABINIT [40]. A single 

atom in the simulation box with face centered cubic (FCC) crystal structure configuration 

of periodic boundary conditions was employed [22]. The electron-phonon interaction was 

described by a norm-conserving pseudopotential [84]. The exchange and correlation 

function was represented by the local density approximation (LDA) [85]. The Brillouin 

zone was sampled by using the Monkhorts-Pack method [59]. Convergence test results 
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showed the 18 × 18 × 18 𝑘-point grids and cutoff energy of 36 𝐻𝑎 was sufficient enough 

to get converged energy. 
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6.2   Results and Discussion 

6.2.1   Lattice Temperature Response 

 

Fig. 14   Responses of the lattice temperature during and after femtosecond laser irradiation. 

As seen in Fig. 14, right after the initial time point of femtosecond laser heating, there are 

decreases of the lattice temperature 𝑇𝑙  for all cases. For the cases of higher electron 

temperature, slopes of the decreased curve are steeper and subsequently accompany with 

earlier monotonic increases of average kinetic energies. A comparable phenomenon was 

reported for femtosecond laser irradiated silicon [19], which was explained by an abruptly 

changed interatomic potential. As seen in Fig. 14, the higher laser fluence, the more 

frequent peaks and valleys characterizing the 𝑇𝑙 fluctuations. As pointed by Sundaram and 

Mazur [86], among the distinguished four regimes (carrier excitation, thermalization, 
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carrier removal, thermal and structural effects), the carrier excitation and thermalization 

take place in the femtosecond region, while the absorption of photons and carrier-carrier 

scattering begin since ~10 𝑓𝑠 and the carrier-phonon scattering occurs later. The temporal 

responses of 𝑇𝑙 in our simulations agree with those in [86].  Furthermore, because of the 

variance among 𝐺𝑒−𝑝ℎ under different femtosecond laser energy depositions, the thermal 

responses time of ions are correspondingly different. It should be noted that for the case 

with higher electron temperature, 𝑇𝑙 rises slower. However, at the end of simulation, the 

case of 𝑇𝑙 with the highest 𝑇𝑒  presents the highest value.  
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6.2.2   Time Cost for Thermal Energy Transport from Electron 

Subsystem to Lattice Subsystem 

For the purpose of verifying the validity of slower 𝑇𝑙 response for higher 𝑇𝑒  shown in Fig. 

14, the 𝑇𝑒-dependent electron heat capacity 𝐶𝑒, electron-phonon coupling factor 𝐺𝑒−𝑝ℎ, as 

well as their ratio are calculated and summarized in Table 1. The three 𝑇𝑒 -dependent 

parameters Fermi-Dirac distribution function 𝑓, electron density of states 𝑔 and electron-

phonon spectral function 𝛼2𝐹(𝜔) are obtained are prerequisites of Eqs. (1) and (2) in 

calculating 𝐶𝑒 and 𝐺𝑒−𝑝ℎ.  
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Fig. 15   (a) Fermi-Dirac distribution function and (b) Electron density of states for electron 

temperature at 𝟑𝟎𝟎 𝐊, 𝟏𝟎, 𝟎𝟎𝟎 𝐊, 𝟑𝟎, 𝟎𝟎𝟎 𝐊 and 𝟓𝟎, 𝟎𝟎𝟎 𝐊. The black dots in (a) denotes the 

location of chemical potential minus Fermi energy, at given electron temperature. 

Figure 15(a) and 15(b) show 𝑓 and 𝑔 of the energy level 휀 ranging from −10 𝑒𝑉 to 4 𝑒𝑉, 

for the cases of 𝑇𝑒  at 300 𝐾, 10,000 K, 30,000 K and 50,000 𝐾, respectively. The zero 

point of the horizontal axis represents the Fermi energy 휀𝐹, where 𝑓 at 𝑇𝑒 = 0 𝐾 is 0.5. The 

four black dots in Fig. 15(a) denotes the difference of chemical potential 𝜇 and Fermi 

energy 휀𝐹 of the electron subsystem at given 𝑇𝑒. As seen in Fig. 2(a), the black dot locates 

at higher 휀  with the increase of  𝑇𝑒 , which means 𝜇  increases and induces the overall 

translation of 𝑓 to higher energy region. Figure 15(a) also shows that 𝑓 gradually gets 

smeared out with the increase of 𝑇𝑒. The left shift of 𝑔 at higher 𝑇𝑒 indicates the 𝑑-block 

of electron density of states changes to lower energy region, as a result of femtosecond 

laser energy induced electron thermal excitation. In addition, shrinkage of 𝑔 at higher 𝑇𝑒 is 

observed in Fig. 15(b), which is because of more attractive electron-phonon potential 

induced the decrease in electronic screening of 5𝑑  block electrons. Meanwhile, slight 

increase of 𝑔  appears with the increase of  𝑇𝑒 . The left shift of 𝑔  to lower 휀  and right 

location of 𝜇 mutually agree in conserving the number of valence electrons. According to 

Eq. (26), the 𝑇𝑒 dependent 𝐶𝑒 is determined by the calculus results of the summation of 

휀𝑔𝜕𝑓/𝜕𝑇𝑒  and 휀𝑓𝜕𝑔/𝜕𝑇𝑒  at each 𝑑휀 . On the basis of the above discussion, 휀𝑓𝜕𝑔/𝜕𝑇𝑒 

shown negative sign with the increase of 𝑇𝑒. Therefore, the results of 𝐶𝑒 listed in Table 2 

is smaller than the result shown in [24] by treating 𝑔 as constant. The results of 𝐶𝑒 in this 

paper are almost equal to those shown in [21,22,87], both of which include the 𝑇𝑒 -

dependent 𝑔. 
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Table 2  The electron temperature dependent electron heat capacity, effective electron-

phonon coupling factor and their ratio. 

𝑇𝑒 (𝐾) 𝐶𝑒 (𝐽/(𝑚3𝐾)) 𝐺𝑒−𝑝ℎ (𝑊/(𝑚3𝐾)) 𝐶𝑒/𝐺𝑒−𝑝ℎ (𝑠) 

300 1.6616 × 104 1.8172 × 1016 9.1437 × 10−13 

10,000 1.4556 × 106 9.4590 × 1016 1.5389 × 10−11 

30,000 3.9188 × 106 1.1691 × 1017 3.5198 × 10−10 

50,000 5.6160 × 106 1.1779 × 1017 4.7678 × 10−10 

 

 

 

Fig. 16   The electron-phonon spectral function for electron temperature at 𝟑𝟎𝟎 𝐊, 𝟏𝟎, 𝟎𝟎𝟎 𝐊, 

𝟑𝟎, 𝟎𝟎𝟎 𝐊 and 𝟓𝟎, 𝟎𝟎𝟎 𝐊. The experimental result from [76] is added for comparison. 
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The calculated electron-phonon spectral function 𝛼2𝐹(Ω)  is plotted in Fig. 16, which 

serves as an essential parameter in computing 𝐺𝑒−𝑝ℎ in Eq. (39). The experimental results 

from [76] is shown in Fig. 16 for comparison. As seen in Fig. 16, with the increase of  𝑇𝑒, 

𝛼2𝐹(Ω) gradually becomes smaller and expands to higher   region. The experimental 

𝛼2𝐹(Ω)  covers the results of 𝛼2𝐹(Ω)  at different  𝑇𝑒  in this paper. However,  𝑇𝑒  was 

unknown when the experiment was carried out [76]. The 𝛼2𝐹(Ω)  was also reported from 

other ab initio simulation in [22]. However, the electrons at thermal excited states were not 

taken into account in calculating 𝐺𝑒−𝑝ℎ [22]. The calculated second moment of 𝛼2𝐹(Ω), 

λ〈ω2〉 are 2
2887.24 meV , 2

3867.26 meV , 2
2111.17 meV , 2

1491.15 meV at  𝑇𝑒  of  300 𝐾 , 

10,000 𝐾, 30,000 𝐾 and 50,000 𝐾, respectively. The results of calculated 𝐺𝑒−𝑝ℎ in Table 

2 are smaller than those reported in [22,24] at  𝑇𝑒 > 10,000 𝐾, the reason can be sourced 

from the adoption of λ〈ω2〉. In this paper, due to the decrease of 𝛼2𝐹(Ω) when  𝑇𝑒 >

10,000 𝐾, λ〈ω2〉 obtained from ab initio simulation changes lower values.  Moreover, 

𝑔(휀𝐹) in Eq. (39) also changes with  𝑇𝑒, which is another factor leading to greater 𝐺𝑒−𝑝ℎ 

in Table 1 than those in [24].  

Considering the size of the modeled system in this paper is significantly smaller than the 

radius of laser beam (at the length scale of 𝜇𝑚), the electron subsystem is treated as 

homogenously heated. Namely, temperature gradients are neglected in the electron 

subsystem. Hence, the ratio of electron heat capacity to the electron-phonon coupling factor 

is physically meaningful to assess the time cost for transferring the deposited laser energy 

from the electron subsystem to the lattice subsystem 
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𝐸𝐷𝑒𝑝𝑜𝑠𝑖𝑡

𝐸𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟
=

𝐶𝑒(𝑇𝑒−𝑇𝑅𝑜𝑜𝑚)

𝐺𝑒−𝑝ℎ(𝑇𝑒−𝑇𝑙)
≈

𝐶𝑒

𝐺𝑒−𝑝ℎ
,  (46) 

where   𝑇𝑒 ≫  𝑇𝑙  at the beginning of laser heating. As seen in the third column of Table 2, 

the ratio increases at higher  𝑇𝑒, which indicates that it costs longer time for a system with 

higher  𝑇𝑒 to get the deposited laser energy transported from the electron subsystem to the 

lattice subsystem. In addition, the calculated ratios at electron thermal excited states are at 

the timescale of tens of picoseconds, which is much longer than the temporal length of 

current simulation. Therefore, the slowest 𝑇𝑙 increase for the case of  𝑇𝑒 = 50,000 𝐾  is in 

agreement with Fig. 14. Even though the initial laser energy deposition into the electrons 

is the greatest, the time cost to release the deposited energy to the lattice subsystem for the 

case with  𝑇𝑒 = 50,000 𝐾  is 30  times of the case with  𝑇𝑒 = 10,000 𝐾 . In other words, 

larger amount of external energy is required to keep  𝑇𝑒 = 10,000 𝐾  . Therefore, during 

the period of laser heating, the total energy laser deposition may be not the highest for the 

case with  𝑇𝑒 = 10,000 𝐾 . The slightly difference of  𝑇𝑙 among the cases at the end of 

simulation supports this reasoning.  

Since the amount of laser energy deposited in systems of  𝑇𝑒 at 10,000 K, 30,000 K and 

50,000 𝐾, are different, the responses of  𝑇𝑙 at 870 𝑓𝑠 still cannot represent the electron-

phonon equilibrium states. In addition, it should be pointed out that whether the gold crystal 

really melts or not cannot be solely judged in terms of whether the ion temperature exceed 

the conventionally reported melting point (1337.33 𝐾). Further validations are still needed 

from microscopic views of the atomic motion and structural change, which will be 

investigated and discussed in details in the following mean square displacement (MSD) 

and radial distribution function (RDF) calculations.   
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6.2.3   Thermal Motion of the Gold Atoms 

 

Fig. 17   Mean square displacements at electron temperature of 𝟏𝟎, 𝟎𝟎𝟎 𝑲, 𝟑𝟎, 𝟎𝟎𝟎 𝑲 and 𝟓𝟎, 𝟎𝟎𝟎 𝑲, 

respectively. The red lines of inserted subfigures show the mean square displacements before melting 

(based on the Lindemann’s criterion). The femtosecond laser irradiation lasts from 𝟎 − 𝟗𝟔. 𝟕𝟔 𝒇𝒔. 
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In order to quantitatively obtain the response of atomic motion to the femtosecond laser 

pulse, the mean square displacement (MSD) of the atomic motion was calculated. Figure 

10 shows the calculated MSDs of the system with and without femtosecond laser 

irradiation. Among the three subfigures, it can be seen that the larger amount of laser 

energy deposition, the faster increase of the MSD. According to the Lindemann’s criterion  

[88], once the vibrational amplitude exceeds a threshold value of the nearest neighbor 

distance, the vibration will disrupt the equilibrium crystal lattice and the melting 

phenomenon eventually takes place. As pointed out in [89], for gold with FCC lattice 

structure, the Lindermann’s criterion was chosen as 0.071 times the lattice constant of 

4. 0782 Å. Therefore, the corresponding MSD at the melting moment should be 0.0419 Å2. 

With higher electron temperature, the time at which gold crystal begins to melt is earlier. 

The different values of time required to melt indicate different temporal responses of gold 

induced by different amount of laser energy deposition. In spite of higher electron 

temperature, the moments of melting for Figs. 17(b) and 17(c) are later than that of Fig. 

17(a). It agrees with the curves of 𝑇𝑙 shown in Fig. 14, which present the lower 𝑇𝑙 below 

300 𝐾 . In addition, as seen in the inserts of Figs. 17(b) and 17(c), there are slight 

differences between the moments of melting for the two cases. However, the MSDs after 

290 𝑓𝑠  differentiate the dynamics of gold atoms under the electron temperatures of  

30,000 𝐾 and 50,000 𝐾 during the femtosecond laser irradiation. The MSDs in Figs. 17(c) 

and 17(d) during 290 − 580𝑓𝑠 and 580 − 870 𝑓𝑠 show clear difference, which indicates 

the different large amounts of laser energy deposition in the electron subsystem induce 

atomic motion to cost different time to reach the maximum MSD. For the cases in Figs. 

17(a) and 17(b), the lower MSD during 580 − 870 𝑓𝑠  than that during 290 − 580𝑓𝑠 
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demonstrates that the atomic motion has suffered the maximum diffusion. Whereas, for the 

case in Fig. 17(c), the MSDs still show the developing trend of diffusion (as seen the MSD 

during 580 − 870 𝑓𝑠 is higher than that during 290 − 580𝑓𝑠). 
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6.2.4   Structural Change of the Laser Heated Gold System 

 

Fig. 18   Radial distribution functions at electron temperature of 𝟏𝟎, 𝟎𝟎𝟎 𝑲, 𝟑𝟎, 𝟎𝟎𝟎 𝑲 and 

𝟓𝟎, 𝟎𝟎𝟎 𝑲, respectively. The femtosecond laser irradiation lasts from 𝟎 − 𝟗𝟔. 𝟕𝟔 𝒇𝒔. 
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The detailed structural information on the material response induced by femtosecond laser 

energy deposition was computed by extracting the radial distribution function (RDF) from 

the MD trajectories. RDF has become a widely used parameter in MD simulation to 

characterize the phase change of materials [14,33,90,91]. Based on the trajectories of atoms 

generated since the initial point of laser irradiation and the post process, the RDFs of three 

typical cases with the 𝑇𝑒 at 10,000 𝐾, 30,000 𝐾 and 50,000 𝐾 were extracted at different 

time stages with time average of 290 𝑓𝑠 for comparison (please see Fig. 18 for details). 

For the time ranging from 0 to 290 𝑓𝑠, it can be seen that the RDFs are significantly 

different from those in subsequent stages.  The sharp peaks and valleys in RDF during the 

0 − 290 𝑓𝑠 reflect the regular atomic arrangement. For the cases with higher electron 

temperature, it is found that the peaks and valleys in RDF become sharper. It is because 

the large amount of femtosecond laser deposition leads to variation of potential surface, 

which results in stabilization of the lattice by modifying the ion-ion interaction [75]. The 

counter intuitive sharpening of RDF is interpreted as hardening of gold-gold bond [92], 

which was experimentally found  via increased lattice stability of gold at high effective 𝑇𝑒 

by using the femtosecond electron diffraction (FED). During the 290 − 580 𝑓𝑠 , the 

broadening peaks and valleys appear, which indicates that the regular and rigid lattice 

arrangement is relaxed. The emergences of broadening peaks and valleys and no zero 

values of the RDFs after 290 𝑓𝑠 indicate that the gold sample gradually melts, which  has 

also been reported for RDFs of GaAs [93], Si and InSb [94] and graphite film [95]. For the 

RDF curves calculated after 580 𝑓𝑠, the broadest peaks and valleys are observed. Apart 

from the broadened peaks and valleys, the starting points of the RDF curves prone to locate 
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at shorter radial distances. Since the moment of femtosecond laser irradiation, the RDF 

starts around 2.5 Å and changes into shorter distance till 2.3 Å. 
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Chapter 7   Melting, Layer-ablation and Vaporization Induced 

by Femtosecond Laser Heating: A Multiscale Modeling and 

Simulation 

7.1   Computational Details 

The QM calculation was performed by using finite temperature density function theory 

(FT-DFT) for perfect silver lattice for 𝑇𝑒 ranging from 300 𝐾 to 30,000 𝐾. For the reason 

that the energy separating core electrons to the valence band is tens of 𝑒𝑉 (for 𝑇𝑒 in the 

magnitude of 105 𝐾 ), the valence electrons 4𝑑105𝑠1  were taken explicitly during 

femtosecond laser excitation of electron. That is to say the excitations from core electrons 

into the valence band were not taken into account. The local density approximation (LDA) 

was employed in calculating the exchange and correlation energy. After convergence test, 

a plane wave cutoff of  28 𝑒𝑉 and a Monkhorst Pack mesh of 10 × 10 × 10 𝑘-point were 

adopted in the FT-DFT calculation. Fifty bands were set to allow sufficient states to be 

occupied of during the high laser energy excitation of electrons.  

 

Fig. 19   Schematic show of the established system and direction of laser irradiation. 
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Figure. 19 shows a schematic view of simulation system, which is consisted with three 

components along the incidence of laser pulse ( 𝑥 - direction). The first and third 

components are two empty spaces, which are set to allow thermal expansion, layer-ablation 

and vaporization of the silver film under femtosecond laser heating. The middle component 

is the silver film with equal width and length of 4.0853 𝑛𝑚 in 𝑦- and 𝑧- directions. The 

film thickness is 653.6480 𝑛𝑚. Periodic boundary conditions (PBC) were applied in both 

the 𝑦- and 𝑧- directions of the modeled system. The front surface and rear surface of the 

silver film were set as free boundaries. The total simulation time was 160 𝑝𝑠 , which 

included the first 5 𝑝𝑠 of canonical ensemble (NVT) simulation to initialize the system at 

equilibrium state and another 5 𝑝𝑠  of micro-canonical ensemble (NVE) simulation to 

check whether the thermal equilibrium has been reached. For the time step, conservative 

estimations were made by choosing ∆𝑡𝑀𝐷 as 1 𝑓𝑠 and ∆𝑡𝐹𝐷𝑀 as 0.005 𝑓𝑠. The laser pulse 

duration was set as 160 𝑓𝑠. The maximum intensity of laser pulse occurred at 𝑡0 = 25 𝑝𝑠. 
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7.2   Results and Discussion 

7.2.1   Electron Thermophysical parameters: Electron Heat Capacity, 

Electron Thermal Conductivity and Effective Electron-phonon Coupling 

Factor. 

Before calculating the electron heat capacity  𝐶𝑒 , electron thermal conductivity 𝑘𝑒  and 

effective electron-phonon coupling factor 𝐺𝑒−𝑝ℎ modeled in Section 2.1, electron density 

of states 𝑔  and Fermi-Dirac distribution function 𝑓  have to be available from QM 

calculation.  

 

Fig. 20   (a) The electron density of states and (b) Fermi-Dirac distribution obtained from ab initio 

quantum mechanical calculation. 



76 
 

Figure 20 shows the calculated 𝑔  and 𝑓  of 𝑇𝑒  at 300 𝐾 , 10,000 𝐾 , 20,000 𝐾 , and 

30,000 𝐾 . The zero point of 휀 is set as the Fermi energy 휀𝐹. As seen in Fig. 20(a), 𝑔 shows 

significant changes of electron for 𝑇𝑒 ranging from 10,000 𝐾 to 30,000 𝐾 . Whereas, the 

variation of 𝑔 at 𝑇𝑒 < 10,000 𝐾 is marginal, which demonstrated the large scale excitation 

of 𝑑 band electrons starts at 𝑇𝑒 ≥ 10,000 𝐾. With the increase of 𝑇𝑒, 𝑔 exhibits a gradual 

shrinkage and left shift to the lower 휀. The change of 𝑔 was explained by the changes of 

electronic screening [75]. Owing to the laser excitation of the electrons, the number of 

4𝑑10 decreases, which results in a more attractive electron-ion potential. Therefore, the 

overall distribution of electron states move to lower 휀. Figure 20(b) presents that 𝑓 gets 

smeared at higher 𝑇𝑒. In additional, the central value of 𝑓 = 0.5 locates at higher 휀 for the 

case of higher 𝑇𝑒, which is sourced from the increase of 𝜇 at excited electron states. The 

detailed values of 𝜇 − 휀𝐹 at given 𝑇𝑒 is showed in Fig. 23(a). It can be seen that the increase 

of 𝜇 becomes obvious for 𝑇𝑒 from 10,000 𝐾 to 30,000 𝐾. When the 𝑇𝑒 approaches to the 

Fermi temperature of silver, the increase of 𝜇 becomes slower. According to [47], the 

number of valence electrons is 𝑁𝑒
𝑣 = ∫ 𝑓𝑔𝑑휀

∞

−∞
. Therefore, in order to keep the number of 

valence electrons as constant, the left shift and shrinkage of 𝑔 has to be compensated by 

the overall right movement of 𝑓 (including the increasing 𝜇).  
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Fig. 21   The electron temperature dependent electron heat capacity (a) by taking the variations of 

electron density of states and Fermi-Dirac distribution; (b) by ignoring the change of electron density 

of states at different electron temperature [24] and (c) by estimating from free electron gas model 

[46].  

By including the effects of 𝑇𝑒  induced variations of 𝑔 and 𝑓 in Eq. (26), the calculated 

electron heat capacity 𝐶𝑒 at given 𝑇𝑒 is plotted in Fig. 21. The free electron number density 

of silver is 5.57 × 1028/𝑚3, which takes four electron 5𝑠1 per face centered unit (FCC) 

unit cell. The fermi energy 휀𝐹  of silver is 5.49 𝑒𝑉  [46]. Therefore, the theoretical 𝛾𝑡ℎ 

derived from free electron gas is 62.76 𝐽/(𝑚3𝐾2), which approximately is equal to the 

experimentally obtained coefficient 63.30 𝐽/(𝑚3𝐾2) [64]. For the purpose of comparison, 

another QM calculated 𝐶𝑒 without including the effect of 𝑇𝑒 induced variation of 𝑔 [24], 

and 𝐶𝑒 = 𝛾𝑡ℎ𝑇𝑒 obtained from the free electron gas model are also plotted in Fig. 21. When 

𝑇𝑒 < 5,000 𝐾 , there are overlaps among three 𝐶𝑒  computed by using different 
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methodologies, which implicitly demonstrates the number of excited electron is only 5𝑠1. 

When 𝑇𝑒  continues increasing from 5,000 𝐾  to higher values, the 4𝑑10  electrons get 

excited as a result of breakdown of the linear relationship between 𝐶𝑒 and 𝑇𝑒, as well as the 

redistribution of 𝑔. Due to the left shift of 𝑔 to lower 휀  and narrowing the 𝑑- band 𝑔 

distribution, the term (𝜕𝑔|𝑇𝑒
𝜕𝑇𝑒⁄ )𝑓|𝑇𝑒

 in Eq. (26) brings negative effect in calculating 𝐶𝑒, 

which leads to smaller 𝐶𝑒  in the present work than that treating 𝑔 as a 𝑇𝑒  independent 

parameter [24]. 

 

Fig. 22   The electron temperature dependent electron thermal conductivity at lattice temperatures of 

room temperature (𝟑𝟎𝟎 𝑲), melting point (𝟏𝟐𝟑𝟒. 𝟗𝟑 𝑲) and boiling point (𝟐𝟒𝟑𝟓 𝑲). 

Figure 22 shows the electron thermal conductivity 𝑘𝑒 calculated from Drude model in Eq. 

(32). Since 𝑘𝑒  is a function of both 𝑇𝑒  and 𝑇𝑙 , there are three cases (for 𝑇𝑙 = 300 𝐾 , 

1234.93 𝐾 and 2435 𝐾) plotted in Fig. 22, which correspond to the conditions of 𝑇𝑙 at 
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room temperature, melting point and boiling point. When the electron are heated at the 

same degree, higher 𝑇𝑙 results in smaller 𝑘𝑒. When 𝑇𝑒 < 7,500 𝐾, even though the increase 

of 𝑇𝑒  brings negative effect to the right side of Eq. (32), the increase of 𝐶𝑒  plays the 

dominant role in promoting the electron heat conduction, which leads to the monotonous 

increase of 𝑘𝑒. As seen in Fig. 22, the increasing rate of 𝐶𝑒 from 5,000 𝐾 to 7,500 𝐾 is 

faster than that from 300 𝐾 to 5000 𝐾. Nevertheless, for the case of  𝑇𝑙 = 300 𝐾, due to 

the quadratic increase of 𝑇𝑒
2 and relatively smaller 𝑇𝑙 than the other two cases in Fig. 22, 

𝑘𝑒 (for 𝑇𝑙 = 300 𝐾) shows the most complex increasing curve among the three cases. With 

the continuous increase of 𝑇𝑒 above 10,000 𝐾, 𝑘𝑒 for all the three cases render decreasing 

trends. It should be noted that the differences among 𝑘𝑒 for the three cases become smaller 

at higher 𝑇𝑒 . The subsequent decrease of 𝑘𝑒  after electron heat conduction reaching its 

maximum point, is defined as thermal confinement [96], which will be used to discuss the 

femtosecond laser heating induced melting, layer-ablation and vaporization in the 

subsequent sections. 
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Fig. 23   Evolutions of (a) the difference of chemical potential from Fermi energy; (b) the electron 

density of states at Fermi energy and (c) the second momentum of electron-phonon spectral function 

at given electron temperature. 

Before obtaining the effective electron-phonon coupling factor 𝐺𝑒−𝑝ℎ, the 𝑇𝑒  dependent 

𝑔(휀𝐹) and 𝜆〈𝜔2〉 in Eq. (39) have to be available as prerequisites. Figure 23(b) and 23(c) 

show 𝑔(휀𝐹) and 𝜆〈𝜔2〉 at given 𝑇𝑒 . As seen in Fig. 23(b), when 𝑇𝑒 > 5,000 𝐾 , 𝑔(휀𝐹) 

continuously decreases with the increase of 𝑇𝑒. Recalling 𝑔(휀𝐹) is the in Eq. (39), it can be 

concluded that decrease of electron density of state at Fermi level contributes to enhancing 

𝐺𝑒−𝑝ℎ at higher 𝑇𝑒 . The gentle change of 𝑔(휀𝐹) from 300 𝐾 to 5,000 𝐾 agrees with the 

aforementioned 𝑔  in computing 𝑇𝑒  dependent 𝐶𝑒 . Whereas, the change of 𝑔(휀𝐹)  at 

different levels of electron excitation is absent in calculation 𝐺𝑒−𝑝ℎ in [24]. On the basis of 

computing the electron-phonon spectral function 𝛼2𝐹(𝛺), its second moment 𝜆〈𝜔2〉 is 
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obtained and plotted in Fig. 23(c). According to the reported electron-phonon coupling 

constant 𝜆 = 0.12 in [97], 𝜆〈𝜔2〉 is 22.5 𝑚𝑒𝑉2, which reveals that the calculated 𝜆〈𝜔2〉 at 

low 𝑇𝑒 is in good agreement of with the empirical value. However, when 𝑇𝑒 increases from 

7,500 𝐾  to 20,000 𝐾 , obvious increment of 𝜆〈𝜔2〉  is exhibited in Fig. 23(c), which 

indicates that the strength of electron-phonon coupling evolves stronger than stronger. The 

calculated results of 𝛼2𝐹(𝛺)  in this paper shows that when 𝑇𝑒 >  20,000 𝐾 , the high 

frequency 𝛺 part of 𝛼2𝐹(𝛺) gradually decreases. Therefore, 𝜆〈𝜔2〉 becomes smaller with 

the increase of 𝑇𝑒 above 20,000 𝐾.  

 

Fig. 24   The electron temperature dependent effective electron-phonon coupling factor from ab initio 

quantum mechanical calculation (a) by including the electron temperature dependence of electron 

density of states, Fermi-Dirac distribution function and second moment of electron-phonon spectral 

function; (b) by treating electron density of states and second moment of electron-phonon spectral 

function as constants [24] and (c) from Chen’s phenomenological model [30]. 



82 
 

The overall evolution of 𝐺𝑒−𝑝ℎ is depicted in Fig. 24, which presents increasing trend with 

the increase of 𝑇𝑒. When 2,500 𝐾 < 𝑇𝑒 <  5,000 𝐾, there are marginal changes of 𝑔(휀𝐹) 

and slight decrease of 𝜆〈𝜔2〉. However, 𝐺𝑒−𝑝ℎ still shows small increment, which is caused 

by the dominant role of Fermi smearing. For the purpose of comparison, another ab initio 

calculated 𝐺𝑒−𝑝ℎ by treating  𝑔(휀𝐹)  , 𝑔  and 𝜆〈𝜔2〉  as constants [24], and Chen’s 

phenomenological 𝐺𝑒−𝑝ℎ  [30] are plotted in Fig. 24. The parameter 𝐺𝑅𝑇  in the Chen’s 

phenomenological model was taken as 3.5 × 1016 𝑊/(𝑚3𝐾) [98], which was measured 

for a silver film with thickness of 45 𝑛𝑚  in femtosecond by using optical transient-

reflection technique. Significant discrepancies are shown between 𝐺𝑒−𝑝ℎ calculated in this 

paper and 𝐺𝑒−𝑝ℎ reported in [24]. The treatments of 𝑇𝑒 independent 𝑔(휀𝐹) , 𝑓 and 𝜆〈𝜔2〉 

eliminate the impacts of these threee parameters to 𝐺𝑒−𝑝ℎ at specified 𝑇𝑒, which results in 

deviations between the results in the present work and [24]. The phenomenological 𝐺𝑒−𝑝ℎ 

includes both the effects brought by 𝑇𝑒  and 𝑇𝑙 , but it is limited by the precondition of 

experimentally measured 𝐺𝑅𝑇.  
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7.2.2   Laser Melting of the Silver Film 

 

Fig. 25   Snapshots of atomic view for the front surface (thickness: 𝟔𝟓. 𝟑𝟔𝟒𝟖 𝒏𝒎) from 𝟐𝟓 𝒑𝒔 to 

𝟏𝟔𝟎 𝒑𝒔. The colors are characterized from common neighbor analysis (CNA). Grey color denotes 

face centered cubic (FCC) lattice structure of solid silver. Red color are for those laser melted 

regions. 
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Fig. 26   Temporal and spatial distribution of (a) normalized density; (b) electron temperature and 

(c) lattice temperature for the absorbed laser fluence 𝟎. 𝟏 𝑱/𝒄𝒎𝟐. 
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By setting the absorbed laser fluence as 𝐽𝑎𝑏𝑠 as 0.1 𝐽/𝑐𝑚2, both heterogeneous melting and 

homogeneous melting of the silver film were found. When it comes to study the phase 

transition from solid to liquid, to identify solid and liquid states is a challenging problem. 

There are several approaches available to differentiate the solid and liquid states, such as, 

setting up a criterion from local order calculation [15], comparing the lattice temperature 

with the melting point [99] and the measured mean square displacement with Lindemann’s 

criterion [89], performing common neighbor analysis (CNA) method to characterize the 

deformation of FCC silver crystal [100], as well as calculating the spatial density 

distribution to find the homogenous melted region [101]. In this paper, CNA was used to 

study the local crystal structure change of silver film. At each MD time step, numbers 

representing the crystal structure were output along with the atomic coordinate. The 

melting process was detected by rendering overall atomic CNA values with given colors. 

For the FCC silver crystal, it was rendered in grey color. The laser melted silver (disordered 

atomic configuration) was plotted in red color. By visualizing from OVITO [102], the 

snapshots of atomic configurations with colors labeled from CNA results are shown in Fig. 

25. Only partial of the silver film is shown. With the evolution of simulation time, the 

number of disordered atoms are increasing. It can be seen in Fig. 25 that the homogenous 

melting penetrates to tens of nanometers into the silver film in 1 𝑝𝑠 (from 25 𝑝𝑠 to 26 𝑝𝑠). 

Meanwhile, there is a small region of pure red in the front surface of the silver film, which 

demonstrates the heterogeneous melting appears. Owing to nonequilbrium state between 

the electron subsystem and the lattice subsystem, thermal energy continuously transports 

from the hot electron to cold lattice, which results in some of the homogenous melting 

regions are heated into heterogeneous regions. As seen from 26 𝑝𝑠 to 60 𝑝𝑠, with larger 
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number of regular FCC arranged silver atoms being heated, the homogenous melting region 

develops deeper inside the silver film. Some individual atoms locating in the front surface 

of silver film is heated and vaporized into the empty space. Between totally disordered 

atoms and partially regular FCC arranged atoms, a rough interface is seen at 120 𝑝𝑠. From 

120 𝑝𝑠 to 160 𝑝𝑠, 𝑥- direction advancement of the interface stops, which demonstrates the 

femtosecond laser induced thermal melting of silver film has been fully developed. By 

employing femtosecond electron diffraction, structural evolution of an aluminum film 

reported the resemble long range disorder (homogenous melting) and short range liquid 

structure (heterogeneous melting) [103]. 

The temporal and spatial distribution of normalized density (𝜌∗ = 𝜌/𝜌0 , where 𝜌0 =

10.49 𝑔/𝑐𝑚3 is density of silver at room temperature) is seen in Fig. 26(a). It can be seen 

that since the central point (25 𝑝𝑠) of femtosecond laser heating, a compressed region 

(𝜌∗ > 1) is generated at the front surface of the silver film. The compressed region 

develops deeper inside the film and produces greater number of compressed regions with 

intervals of normal region (𝜌∗ ≈ 1). Moreover, there are expanded regions (𝜌∗ < 1) 

appearing in path right after travelling of the compressed region. It should be noted that a 

expanded region is generated at the rear surface since 25 𝑝𝑠 and travels to the opposite 

direction of the major compressed and expanded regions. By taking an overall look of Fig. 

26(a), the individual compressed and expanded regions form density waves. Both the front 

and rear surfaces expand with the evolution of time. On the front and rear surfaces of the 

silver film, 𝜌∗ shows values smaller than 0.6. For the reason that 𝜌∗ of the vaporized atoms 

seen in Fig. 25 are too small, they are not seen in the empty space in Fig. 26.  A region with 
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stable and uniform density lower than 𝜌0 appears bellow the front surface, which agrees 

with the heterogeneous melting discussed from CNA result in Fig. 25. 

Electron temperature 𝑇𝑒 and lattice temperature 𝑇𝑙 of the femtosecond laser heated silver 

film are depicted in Fig. 26(b) and 26(c), respectively. The spatial distribution of 𝑇𝑒  at 

25 𝑝𝑠 shows abrupt elevation due to the absorption of ultrashort laser energy. Owing to the 

large thermal diffusivity of the electron subsystem, electrons locating at the rear side of the 

silver film are heated instantaneously upon femtosecond laser heating. For the region  𝑥 ≥

392.1888 𝑛𝑚 , because of relatively smaller 𝑇𝑒 − 𝑇𝑙  than that in the region 

196.0944 𝑛𝑚 < 𝑥 < 392.1888 𝑛𝑚, the electron subsystem get thermal equilibrium with 

the lattice subsystem 25 𝑝𝑠  to 45 𝑝𝑠 . However, for the region 196.0944 𝑛𝑚 < 𝑥 <

392.1888 𝑛𝑚, comparing 𝜌∗ distribution in Fig. 26(a) with 𝑇𝑙 distribution in Fig. 26(c), 

superheating is concluded (the melting point of silver 𝑇𝑚 = 1234.93 𝐾) from 25 𝑝𝑠 to 

45 𝑝𝑠. At interface between heterogeneous melting region and homogeneous melting, 𝑇𝑙 

shows the same clear interface between the two regions. In Fig. 26(c), when 𝑥 ≥

392.1888 𝑛𝑚, a band of atoms exhibit higher 𝑇𝑙 for the compressed region than 𝑇𝑙 of the 

neighboring atoms from 80 𝑝𝑠 to 160 𝑝𝑠. It is because of the atoms in the compressed 

region carry greater thermal energy than their neighboring atoms. 
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7.2.3   From Melting to Layer-ablation 

When the absorbed fluence 𝐽𝑎𝑏𝑠  of incident femtosecond laser pulse increased from 

0.1 𝐽/𝑐𝑚2 to greater value, several layers got ablated from the front surface of the silver 

film. The process is defined as layer-ablation in this paper. Figure 27 shows the simulation 

results for 𝐽𝑎𝑏𝑠 = 0.2 𝐽/𝑐𝑚2.  

Figure 27(a) shows the temporal and spatial distribution of 𝜌∗. From 25 𝑝𝑠 to 70 𝑝𝑠, a 

melted region emerges from the front surface of the silver film. Unlike 𝜌∗ shown in Fig. 

8(a), the melted region in Fig 27(a) exhibits appreciable thermal expansion to the empty 

space and rapid melting into the inner side of the silver film. Right after 70 𝑝𝑠, the layer-

ablation happens. The outmost layer has the highest speed (747 𝑚/𝑠) ablated away from 

the silver film, which is almost equal to the speed of thermal expansion (from 25 𝑝𝑠 to 

70 𝑝𝑠) of the front surface. The innermost layer is the last ablated one, which leaves a 

gradually enlarged distance from the bulk film. After layer-ablation, the heterogeneous 

melting region present steady thickness without appreciable thermal expansion. 

In order to elucidate the mechanism behind layer-ablation, the computed thermal stress 𝜏𝑥𝑥 

and 𝑇𝑙 are depicted in Figs. 27(b) and 27(c), respectively. As seen from Fig. 27(b), high 

𝜏𝑥𝑥 (in black color) is generated since laser heating and bifurcates at 42 𝑝𝑠. One of the high 

𝜏𝑥𝑥 develops inside the silver film, with decreasing 𝜏𝑥𝑥 left behind its travelling path. The 

other high 𝜏𝑥𝑥 is carried by the ablated layers. From 25 𝑝𝑠 to 50 𝑝𝑠, there is an obvious 

temperature boundary in the spatial distribution of 𝑇𝑙 in Fig. 27(c), which has temperature 

~2,500 𝐾 . Whereas, 𝑇𝑙  of the two regions bellow and above the boundary are up to 

3,000 𝐾. Comparing with the boiling point of silver 𝑇𝑏 = 2,435 𝐾, a conclusion of locally  
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Fig. 27   Temporal and spatial distribution of (a) normalized density; (b) electron temperature and 

(c) lattice temperature for the absorbed laser fluence 𝟎. 𝟐 𝑱/𝒄𝒎𝟐.  
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superheated silver existing in the front surface is drawn. Due to continuous thermal energy 

transporting from the electron subsystem to the lattice subsystem, thermal expansion of the 

locally superheated region happens, which leads to the bifurcation of the high 𝜏𝑥𝑥 in Fig. 

27(b). Due to the relaxation of the compressive 𝜏𝑥𝑥 and the free boundary condition is 

applied in the surface of the silver film, tensile 𝜏𝑥𝑥  is generated. Additionally, thermal 

expansion results in decrease of 𝑇𝑙 in the superheated region from 50 𝑝𝑠 to 76 𝑝𝑠 and a 

number of silver layers being ablated subsequently. The inner ablated four layers present 

smaller 𝑇𝑙 and lower 𝜏𝑥𝑥 than the outer four layers. In addition, Fig. 27(b) shows 𝜏𝑥𝑥 at the 

starting points of the inner four ablated layers are smaller than 𝜏𝑥𝑥 at the deeper regions 

(with black contour), which indicates the layer-ablation is driven by the excessively 

superheated silver and its thermal expansion.  
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7.2.4   From Layer-ablation to Vaporization 

Vaporization was observed when the absorbed fluence 𝐽𝑎𝑏𝑠 increased to 0.4 𝐽/𝑐𝑚2. The 

layer ablation was no longer found at the moment. The temporal and spatial distribution of 

normalized density 𝜌∗, thermal stress 𝜏𝑥𝑥 and lattice temperature 𝑇𝑙 are shown in Fig. 28. 

Even though there are some points with 𝜌∗ < 0.6 and 𝑇𝑙 > 𝑇𝑏 shown in the Figs. 26(a) and 

27(a), the sizes are much smaller than its neighboring melted silver. It can be seen in Fig. 

28(a) and 28(c) that there are large amount of silver with 𝜌∗ < 0.6 and 𝑇𝑙 > 𝑇𝑏 generated 

from the front surface and flying to the empty space, which are not observed for the cases 

in Figs. 26(a) and 27(a). When it comes to the solid region, density distributions in Figs. 

26(a), 27(a) and 28(a) demonstrates that the speed of compressed regions travelling from 

the front surface to the rear surface varies with the absorbed laser fluence. Recalling the 

laser pulse durations are the same, higher laser fluence is applied in heating the silver film, 

it will lead to faster speed of compressed density regions evolve from the front surface to 

rear surface of the silver film. Similarly, as seen in Figs. 27(b) and 28(b), the traveling 

speed of the compressive stress is also faster for the case with higher laser fluence. For the 

cases in Figs. 27(a) and 28(a), there are another two compressed regions (at 40 𝑝𝑠 ) 

generated at deeper region than those (at 25 𝑝𝑠) generated at the front surface, which are 

resulted from the heated depth of the lattice subsystem. However, the emergence of 

compressed region (at 40 𝑝𝑠) in Figs. 27(a)/28(a) is not seen in Fig. 26(a). It is because the 

absorbed laser fluence in Fig. 8(a) has already transported from the electron subsystem to 

the lattice subsystem from 25 𝑝𝑠  to  40 𝑝𝑠  (please see Figs. 26(b) and 26(c) for more 

details). 
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Fig. 28   Temporal and spatial distribution of (a) normalized density; (b) electron temperature and 

(c) lattice temperature for the absorbed laser fluence 𝟎. 𝟒 𝑱/𝒄𝒎𝟐. 
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In addition, as a result of electron-phonon coupled thermal energy transferring from hot 

electron subsystem to cold lattice subsystem, the silver lattice is heated in a few 

picoseconds after femtosecond laser heating. Figure 28(c) shows that 𝑇𝑙 at the front surface 

of the silver film (196.0944 𝑛𝑚 < 𝑥 < 294.1416 𝑛𝑚 and 25 𝑝𝑠 < 𝑡 < 44 𝑝𝑠) is up to 

8,000 𝐾 , which is much higher than the vaporization point of silver 𝑇𝑏 = 2,435 𝐾 . 

Therefore, it can be concluded that the vaporization is induced by large amount of laser 

energy deposition into the electron subsystem and strong electron-phonon coupled heat 

transfer. The vaporization process continues till  140 𝑝𝑠 , when the liquid layer ( 𝑥 >

294.1416 𝑛𝑚) becomes steady. Moreover, as seen in Fig. 28(c), because of the thermal 

continuous thermal expansion in the empty space, the massive vapor gradually get cooled 

down from 120 𝑝𝑠 to 160 𝑝𝑠. The maximum melting depth (heterogeneous melting) is 

deeper for the cases in Fig. 10(a) than that in Fig. 27(a). There is no clear gap between 

massively ablated vapor and the bulk silver film. However, after layer-ablation, an obvious 

gap between the innermost ablated layer and bulk silver film is seen in Fig. 27(a). From 

the perspective of high precision micromachining, layer-ablation for 𝐽𝑎𝑏𝑠 = 0.2 𝐽/𝑐𝑚2 in 

Fig. 27 is preferable. Observing from the original points that the vaporization are trigged 

in Fig. 28(b), it can be seen that 𝜏𝑥𝑥  ranges from positive values to negative values. 

Whereas, 𝑇𝑙  at these points are always above 𝑇𝑏 , which supports the conclusion that 

vaporization and layer-ablation occurring at the front surface of the silver film, are 

attributed to the thermal expansion of the superheated sliver. Due to the degree of 

superheated silver are different, layer-ablation is trigged at lower 𝐽𝑎𝑏𝑠 than that enables 

vaporization. 
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7.2.5   Depths and Thresholds of Melting, Layer-ablation and 

Vaporization 

Table 3  Depth of heterogeneous melting, number of ablated layers, depths of ablation and 

vaporization. 

𝐽𝑎𝑏𝑠 (𝐽/𝑐𝑚2) 𝐿𝑚𝑒𝑙 (𝑛𝑚) 𝑛𝑎𝑏𝑙 𝐿𝑎𝑏𝑙 (𝑛𝑚) 𝐿𝑣𝑎𝑝 (𝑛𝑚) 

0.0750 N/A N/A N/A N/A 

0.0813 13.7266 N/A N/A N/A 

0.0875 32.6824 N/A N/A N/A 

0.1000 71.9013 N/A N/A N/A 

0.1125 91.5107 N/A N/A N/A 

0.1188 94.7790 N/A N/A N/A 

0.1250 111.1202 1 65.3648 N/A 

0.1500 137.2661 3 91.5107 N/A 

0.1750 156.8755 7 104.5837 N/A 

0.2000 176.4850 8 88.2425 N/A 

0.2500 209.1674 11 104.5837 N/A 

0.3000 228.7768 19 133.9978 N/A 

0.3250 241.8498 21 127.4614 N/A 

0.3500 251.6545 11 111.1202 13.0730 

0.3750 261.4592 7 104.5837 39.2189 

0.4000 274.5322 N/A N/A 98.0742 

Note: All the values in the above table are measured at 𝑡 = 160 𝑝𝑠. All the depths are 

measured from the initial location of the front surface (196.0944 𝑛𝑚). “N/A” denotes the 

phenomenon is not observed at given laser fluence. 
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Table 1 lists the depth of melting (heterogeneous melting) 𝐿𝑚𝑒𝑙, number of ablated layers 

𝑛𝑎𝑏𝑙 , depths layer-ablation 𝐿𝑎𝑏𝑙  and vaporization 𝐿𝑣𝑎𝑝 , which were obtained by 

performing QM-MD-TTM integrated simulation for 𝐽𝑎𝑏𝑠  ranging from 0.075 𝐽/𝑐𝑚2  to 

0.4 𝐽/𝑐𝑚2. 𝐿𝑚𝑒𝑙 is counted as the distance from the initial location of the front film surface 

(𝑥 = 196.0944 𝑛𝑚) to interface of heterogeneous melting region and the homogenous 

melting region. 𝐿𝑎𝑏𝑙  is measured from the initial location of the front film surface to 

remained bulk silver film after the innermost layer-ablation. As seen in the second column 

in Table 1, 𝐿𝑚𝑒𝑙  develops deeper for higher 𝐽𝑎𝑏𝑠  of femtosecond laser heating. The 

estimated ranges for thresholds of melting 𝐽𝑚𝑒𝑙, layer-ablation 𝐽𝑎𝑏𝑙, as well as vaporization 

𝐽𝑣𝑎𝑝  are obtained according to the occurring sequence of melting, layer-ablation and 

vaporization. It is found that heterogeneous melting starts when 0.075 𝐽/𝑐𝑚2 < 𝐽𝑎𝑏𝑠 <

0.0875 𝐽/𝑐𝑚2. Therefore, it can be concluded that 𝐽𝑚𝑒𝑙 locates in this range. The layer-

ablation begins when 𝐽𝑎𝑏𝑙 > 0.1188 𝐽/𝑐𝑚2. One layer is ablated at the 𝐿𝑎𝑏𝑙 = 65.3648 

for 𝐽𝑎𝑏𝑙 = 0.125 𝐽/𝑐𝑚2 . Hence, the threshold of layer-ablation is in the range 

0.1188 𝐽/𝑐𝑚2 < 𝐽𝑎𝑏𝑙 < 0.125 𝐽/𝑐𝑚2. 𝐿𝑚𝑒𝑙  presents complex increasing and decreasing 

trends, which is impacted by 𝑛𝑎𝑏𝑙  and mixed layer-ablation and vaporization. After 

increasing 𝐽𝑎𝑏𝑙  from 0.325 𝐽/𝑐𝑚2  to 0.35 𝐽/𝑐𝑚2 , vaporization happens with the 

accompany of layer-ablation. It is conjected that the threshold of vaporization is 

0.325 𝐽/𝑐𝑚2 < 𝐽𝑣𝑎𝑝 < 0.35 𝐽/𝑐𝑚2. Similar to 𝐿𝑚𝑒𝑙, 𝐿𝑒𝑥𝑏 also presents increasing depth 

at higher 𝐽𝑎𝑏𝑠. 
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Chapter 8   Film Thickness Dependent Femtosecond Laser 

Melting of Silver 

8.1   Computational Details 

 

Fig. 29   Schematic show of the established system and direction of laser irradiation. 

The electron thermophysical parameters (𝐶𝑒 , 𝑘𝑒  and 𝐺𝑒−𝑝ℎ) were calculated from QM 

methods as prerequisites for the next stage TTM simulation of the electron subsystem and 

MD-TTM coupled heat transfer. The lattice subsystem is simulated by using classical MD 

simulation and coupled with the TTM by using 𝐺𝑒−𝑝ℎ in each MD time step. By using 

finite temperature density function theory (FT-DFT) for 𝑇𝑒  ranging from 300 𝐾  to 

30,000 𝐾. The valence electrons 4𝑑105𝑠1 were treated explicitly in the QM calculation. 

The local density approximation (LDA) was employed in calculating the exchange and 

correlation energy. Testing study showed that a plane wave cutoff of 28 𝑒𝑉  and a 

Monkhorst Pack mesh of 10 × 10 × 10  𝑘  points were sufficient enough to get the 



97 
 

converged results in the FT-DFT calculation. There were fifty bands set to allow increased 

electron states to be occupied upon femtosecond laser excitation of the electron subsystem.  

The established system contains three components, which are seen in Fig. 29. There are 

two empty spaces (in the front surface and rear surface of the silver film) set to allow 

thermal expansion and ablation induced by femtosecond laser irradiation. The middle 

component is the silver film with three thicknesses, i.e., 392.1888 𝑛𝑚, 653.6480 𝑛𝑚 and 

915.1072 𝑛𝑚 , which intends to study the film thickness dependent laser heating. 

Parameters for the incident laser pulse are: absorbed fluence of 0.1 𝐽/𝑐𝑚2, pulse duration 

500 𝑓𝑠 and time for the maximum laser intensity at 25 𝑝𝑠. For the time step, conservative 

estimations were made by choosing ∆𝑡𝑀𝐷 as 1 𝑓𝑠 and ∆𝑡𝐹𝐷𝑀 as 0.005 𝑓𝑠, which satisfies 

the von Neumann stability criterion [53]. In the 𝑥-direction, free boundary conditions were 

imposed in the front surface and rear surface of the silver film. For the 𝑦- and 𝑧- directions, 

periodic boundary conditions were applied. During the time 0 − 5 𝑝𝑠, canonical ensemble 

(NVT) was implemented to initialize electron and lattice subsystem at thermal equilibrium 

state. During subsequent 5 − 10 𝑝𝑠 , micro-canonical ensemble (NVE) was adopted to 

check whether the thermal equilibrium had been reached. The entire simulation lasted for 

200 𝑝𝑠.  
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8.2   Results and Discussion 

8.2.1   Temporal and Spatial Distribution of Electron temperature and 

Lattice Temperature 

Figure 30 shows the temporal and spatial distribution of electron temperature 𝑇𝑒. For the 

case with film thickness of 392.1888 𝑛𝑚, it can been seen in Fig. 30(a) that, at 𝑡 = 25 𝑝𝑠, 

𝑇𝑒 elevates to 2,000 𝐾 (or more) throughout the silver film, which indicates that the depth 

of femtosecond laser heating of the electron subsystem is significantly deeper than 

392.1888 𝑛𝑚. When the film thickness is increased to 653.6480 𝑛𝑚, there is obvious 

temperature difference between 𝑇𝑒 at the front surface and 𝑇𝑒 at the rear surface (please see 

Fig. 30(b) for details). Furthermore, when the film thickness is increased to 915.1072 𝑛𝑚, 

Figure 30(c) shows that 𝑇𝑒 at the rear surface is not appreciably impacted by femtosecond 

laser heating. Comparing the spatial distribution of 𝑇𝑒 for the three cases Figs. 30(a), 30(b) 

and 30(c) 𝑡 = 25 𝑝𝑠, it can be concluded that the maximum heating depth of the electron 

subsystem is up 784.3776 𝑛𝑚 . In addition, with the evolution of femtosecond laser 

heating, the absorbed laser energy gradually transports from the electron subsystem to the 

lattice subsystem, which results in the decrease of 𝑇𝑒. Nevertheless, due to the thinnest film 

thickness in Fig. 30(a), 𝑇𝑒 ≥ 2,000 𝐾  at the front surface lasts from 25 𝑝𝑠  to 60 𝑝𝑠 . 

Whereas, in Fig. 30(b) and 30(c), 𝑇𝑒 ≥ 2,000 𝐾 at the front surface lasts from 25𝑝𝑠 to 

40 𝑝𝑠. Moreover, in Fig. 30(b) and 30(c), there are no distinct differences of the maximum 

penetration depth for 𝑇𝑒 ≥ 2,000 𝐾. Two splits are found at ~170 𝑝𝑠 in Fig. 30(a). Since 

the two splits occur at the region far behind the front surface, it is conjectured that the two 

splits are caused by mechanical reason, rather than thermal reason. 
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Fig. 30   The temporal and spatial distribution of electron temperature for the silver film thickness of 

(a) 𝟑𝟗𝟐. 𝟏𝟖𝟖𝟖 𝒏𝒎; (b) 𝟔𝟓𝟑. 𝟔𝟒𝟖𝟎 𝒏𝒎 and (c) 𝟗𝟏𝟓. 𝟏𝟎𝟕𝟐 𝒏𝒎. 
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Fig. 31   The temporal and spatial distribution of lattice temperature for the silver film thickness of 

(a) 𝟑𝟗𝟐. 𝟏𝟖𝟖𝟖 𝒏𝒎; (b) 𝟔𝟓𝟑. 𝟔𝟒𝟖𝟎 𝒏𝒎 and (c) 𝟗𝟏𝟓. 𝟏𝟎𝟕𝟐 𝒏𝒎. 
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The temporal and spatial distribution of lattice temperature 𝑇𝑙  in Fig. 31 presents the 

detailed information on 𝑇𝑙 evolution, which is resulted from the electron-phonon coupled 

heat transfer. At 𝑡 = 25 𝑝𝑠 , even though the electron subsystem has been heated 

throughout the silver film in Fig. 30, majority part of the lattice still keep cold. Right after 

tens of picoseconds, the lattice subsystem is gradually heated. The lattice subsystem is 

heated greater than 1,000 𝐾 in Fig. 31(a). However, owing to the sufficient thickness for 

the films in Fig. 31(b) and 31(c), the depths of obviously heated lattice subsystem (𝑇𝑙 >

750 𝐾) are limited to 196.0944 𝑛𝑚. It should be noted that 𝑇𝑙 at the region (25 𝑝𝑠 < 𝑡 <

60 𝑝𝑠) bellow the front surface of the silver film is greater than 2,000 𝐾. Whether the 

substance of this region is solid or liquid, will be determined from the subsequent density 

distribution analysis. For all the three subfigures in Fig. 31, there are clear 𝑇𝑙 boundaries 

appearing ~65 𝑛𝑚 (𝑡 = 60 𝑝𝑠) below the front surfaces. The boundaries originate from 

the initial point of laser heating and develop deeper inside the silver film. With the 

continuous progress of simulation, 𝑇𝑙 near the front surface of the silver film gradually 

becomes steady, which is in consistent with 𝑇𝑒 in Fig. 30. It should be pointed out that there 

is a 𝑇𝑙  decreased region (145 𝑝𝑠 < 𝑡 < 165 𝑝𝑠) near the rear surface of the silver film in 

Fig. 31(a). Right after the 𝑇𝑙 decreased region disappears, the rear (𝑥 = 475.8557 𝑛𝑚) 

split appears. However, for the other (front 𝑥 = 376.5012) split in Fig. 31(a), 𝑇𝑙  at its 

starting point is not seen obvious difference from its foregoing region. Therefore, the 

reason leading to these two splits remains open.  



102 
 

8.2.2   Temporal and Spatial Distribution of Normalized Density  

By observing the temporal and spatial distribution of normalized density (𝜌∗ = 𝜌/𝜌0 , 

where 𝜌0 = 10.49 𝑔/𝑐𝑚3 is density of silver at room temperature) in Fig. 32, it can be 

found that the overall 𝜌∗ in Fig. 32(a) is smaller than those in Figs. 32(b) and 32(c). 

Recalling the greater 𝑇𝑙 seen in Fig. 31(a) than those in Figs. 33(b) and 33(c), the smaller 

𝜌∗ in Fig. 32(a) is concluded from the reason of larger size of thermal expansion. Right 

upon laser heating, there are expanded regions (𝜌∗ < 1) generated near both the front 

surface and rear surface of the silver film. Due to the degree of heating in the front surface 

is much greater than that of the rear surface, more expanded regions is seen in the front 

surface. In addition, there is also compressed region (𝜌∗ > 1) generated from front surface 

and developing along 𝑥-direction into deeper side of the film. Because of the differences 

among the thicknesses of silver films in Figs. 32(a), 32(b) and 32(c), time cost for the 

compressed regions travelling from the front surface to the rear surface are different. In 

Fig. 32(a), right after the compressed regions travel to the rear surface at ~130 𝑝𝑠, it 

reflects back in terms of expanded regions traveling along the direction from the rear 

surface to the front surface. The expanded regions reflected from the rear surface colloid 

with the expanded region generated from the front surface, which results in the split at 

position 𝑥 = 475.8557 𝑛𝑚. Therefore, the 𝑇𝑒 and 𝑇𝑙 decreased regions found in Fig. 30(a) 

and Fig. 32(a) are because of the emergence of the expanded regions, which sacrifices the 

thermal energy to expansion. As for the other split at position 𝑥 = 376.5012 𝑛𝑚 in Fig. 

32(a), it is not only because of the collision of the two expanded regions travelling along 

opposite direction, but also because of the front surface thermal expansion of the bulk silver 

film. Additionally, as seen in Fig. 32(a), a density band appears as uniform 𝜌∗ along 𝑥-  
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Fig. 32   The temporal and spatial distribution of normalized density for the silver film thickness of 

(a) 𝟑𝟗𝟐. 𝟏𝟖𝟖𝟖 𝒏𝒎; (b) 𝟔𝟓𝟑. 𝟔𝟒𝟖𝟎 𝒏𝒎 and (c) 𝟗𝟏𝟓. 𝟏𝟎𝟕𝟐 𝒏𝒎.  
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direction bellow the front surface, which is also observed and concluded as heterogeneous 

melting from CNA in Chapter 7.2.3. The thicknesses of these heterogeneous melting 

regions are 130.7296 𝑛𝑚, 78.4378 𝑛𝑚  and 71.9013 𝑛𝑚, for the cases in Fig. 32(a), 32(b) 

and 32(c), respectively. When the same amount of laser energies are deposited into silver 

films with different thickness, the thicker silver film will result in smaller Kelvin degree of 

laser heating. Therefore, the thickness of melting region in Fig. 32(c) is the thinnest.  
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8.2.3   Temporal and Spatial Distribution of Thermal Stress  

In order to get a deeper sight into the femtosecond laser heating induced thermal expansion 

and the two splits, the thermal stress 𝜏𝑥𝑥 is computed and shown in Fig. 33. To provide 

agreements with contours in Figs. 30-32, only the proportion of silver with 𝜌∗ > 0.1 is 

drawn in Fig. 33. The compressive 𝜏𝑥𝑥 (in black color with positive value) is generated 

upon femtosecond laser heating and travel deeper inside the silver film. Comparing Fig. 33 

with Fig. 32, it can been seen that the compressive 𝜏𝑥𝑥 corresponds to compressed regions. 

Whereas, the tensile 𝜏𝑥𝑥  (in white color with negative value) corresponds to expanded 

regions. In Fig. 33(a), due to the throughout heating of the silver film and free boundary 

condition on the front surface and rear surface, compressive 𝜏𝑥𝑥 are generated at both front  

and rear surfaces and travel along opposite directions. However, for the cases in Fig. 33(b) 

and 33(c), compressive 𝜏𝑥𝑥 are not evidently seen from the rear surfaces of the two films. 

Since the starting points the two splits present tensile 𝜏𝑥𝑥 , the splits belongs to laser 

spallation.  After the emergences of the two splits in Fig. 33(a), the tensile 𝜏𝑥𝑥 reflects as 

compressive 𝜏𝑥𝑥. Each starting point of the split generates two sorts of compressive 𝜏𝑥𝑥 

traveling to the front surface and rear surface. Moreover, as shown in Fig. 33(a), the 

overlapping two compressive  𝜏𝑥𝑥  forms greater compressive  𝜏𝑥𝑥  when 184 𝑝𝑠 < 𝑡 <

200 𝑝𝑠. 
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Fig. 33   The temporal and spatial distribution of thermal stress for the silver film thickness of (a) 

𝟑𝟗𝟐. 𝟏𝟖𝟖𝟖 𝒏𝒎; (b) 𝟔𝟓𝟑. 𝟔𝟒𝟖𝟎 𝒏𝒎 and (c) 𝟗𝟏𝟓. 𝟏𝟎𝟕𝟐 𝒏𝒎.  
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Chapter 9   Conclusions 

In summary, the ultrashort laser interaction with copper film, bulk gold and silver film are 

studied by using the QM-MD-TTM integrated framework and ab initio MD simulation. 

Owing to the accuracy of QM approach from pure electronic structure calculation and no 

need of empirical precondition, ab initio QM calculated 𝐶𝑒, 𝑘𝑒and 𝐺𝑒−𝑝ℎ is implemented 

into MD-TTM coupled simulation.  

From the results and discussion in Chapter 3, it can be concluded that even though 

significant 𝑇𝑒  difference between the QM-MD-TTM simulation and conventional MD-

TTM coupled simulation by substituting 𝐶𝑒 from experimental result [24], there is slight 

difference between the final melting depths of the laser irradiated films. Nevertheless, the 

slower starting point of melting and smaller number of density waves reveal the importance 

of precisely determine 𝐶𝑒.  

Chapter 4 determines 𝑘𝑒,𝑄𝑀 by combing ab initio QM calculation with Drude method. The 

modeled 𝑘𝑒,𝑄𝑀 applies to condition of low 𝑇𝑒 region, which is a shortcoming of 𝑘𝑒,𝑄𝑀. The 

QM-MD-TTM integrated simulation results show that at given 𝑇𝑒  and 𝑇𝑙 , greater 𝑘𝑒,𝑄𝑀 

than 𝑘𝑒,𝐸𝑀 leads to faster thermal diffusion, deeper region of laser heating, more various 

speeds of atomic cluster ablations for case (a). The comparing the simulation results of 

implementing 𝑘𝑒,𝑄𝑀 and 𝑘𝑒,𝐸𝑀, provide a deeper insight into the role of electron thermal 

conductivity playing when a metal film is irradiated under femtosecond laser.  

In Chapter 5, it can be seen that both the previous treatment of 𝐺𝑒−𝑝ℎ  by using 𝑇𝑒 

independent 𝑔(휀)  and 𝜆〈𝜔2〉  in Eq. (39) [24] and the phenomenological  𝐺𝑒−𝑝ℎ [30] 
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underestimate the effective electron-phonon interaction process. To take the variations of 

𝑔(휀), 𝑓(휀) and 𝛼2𝐹(Ω) during electron excitation are essential. The MD-TTM coupled 

simulation shows the results by ultilizing pure ab initio calculated  𝐺𝑒−𝑝ℎ  giving a 

shallower heated region and faster energy transfer (as a result of lower 𝑇𝑒 and higher 𝑇𝑙) 

than those using phenomenological 𝐺𝑒−𝑝ℎ.  

As seen in Chapter 6, an ab initio MD simulation of femtosecond laser energy deposition 

in gold and the corresponding material response are reported. The obtained simulation 

results elucidate the femtosecond-scale evolution of lattice temperature, dynamics changes 

and structural changes of the laser irradiated gold, which capture the essential thermal and 

dynamic features resulted from excitation of the electron subsystem. The hardening of 

bonds of laser-irradiated gold is observed by both temporal evolution of lattice temperature 

and RDF responses. The significant temperature dependences of electron heat capacity and 

electron-phonon coupling factor offer physical explanation of slower 𝑇𝑙  response when 

larger amount of laser energy is deposited. 

Under the framework of QM-MD-TTM integrated simulation, melting, layer-ablation and 

vaporization are found from the laser heating of silver film in Chapter 7. The beginning of 

ab initio calculation helps to achieve laser excitation dependent electron thermophysical 

properties, which ensures the precision of the subsequent MD-TTM coupled simulation. 

The approach of MD captures the details of atomic motion and provides the detailed 

information on the laser melting process from homogenous melting to heterogeneous 

melting. The effective electron-phonon coupling at given electron temperature offers 

dynamic rate of thermal energy transporting from the electron subsystem to lattice 
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subsystem. The fundamental microscopic mechanisms of melting, layer-ablation and 

vaporization are investigated and revealed. Right after laser heating, the homogenous 

melting process initiates along tens of nanometers from laser heated surface. Whereas, 

heterogeneous melting gradually develops from the front surface inside the silver film. A 

finally stable interface between homogenous melting region and heterogeneous melting 

region is found in the simulation results. The layer-ablation is observed as result of thermal 

expansion of the locally superheated silver. At higher degree of laser heating, vaporization 

happens and evolves in terms of mixed laser-ablation and vaporization to pure vaporization. 

The absorbed laser fluence (0.125 𝐽/𝑐𝑚2 < 𝐽𝑎𝑏𝑠 < 0.375 𝐽/𝑐𝑚2) inducing layer-ablation 

is suggested as the preferable laser fluence in high precision micromachining and 

microfabrication.  

As found in Chapter 8, with the increasing of film thickness from 392.1888 𝑛𝑚  to 

915.1072 𝑛𝑚, the degree of heating becomes smaller, which further result in shallower 

the melting depth becomes. The development for compressed regions and expanded 

regions, as well as the travelling of compressive stress and tensile stress are different for 

the cases with different film thickness. When the reflected tensile stress from the rear 

surface is strong enough to collide with the tensile stress generated from the front surface, 

laser spallation will be trigged. More simulation cases with higher absorbed laser fluence 

are suggest to study the effects of film thickness on laser ablation. In addition, for the 

purpose to obtain quantitative data from the impact of film thickness, more simulation 

cases with smaller intervals of the film thickness is suggested to be carried out. 
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To sum up, the accurate determinations of 𝐶𝑒 , 𝑘𝑒 and 𝐺𝑒−𝑝ℎ in Chapters 3, 4 and 5 leave 

no empirical estimations of thermophysical parameters of the electron subsystem and the 

electron-phonon coupled heat transfer, which empowers the multi-scale modeling of laser 

material interaction from QM to MD, then to TTM. The dissertation paves a new way to 

model the multiscale simulation of laser material processing. Besides the investigation of 

ultrafast laser heating, the successful construction of the QM-MD-TTM integrated 

simulation provide a general way that is accessible to other metals. The work in Chapter 6 

sheds light upon the great potential of ab initio MD simulation of the femtosecond laser 

energy deposition in metallic materials. Chapters 7 and 8 demonstrate the capability of 

QM-MD-TTM integrated simulation to cover the phenomena of melting, layer-ablation 

and vaporization. 
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