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ABSTRACT
A multiscale modeling that integrates electronic scale ab
initio quantum mechanical calculation, atomic scale molecular
dynamics simulation, and continuum scale two-temperature
model description of the femtosecond laser processing of nickel
film at different thicknesses is carried out in this paper. The
electron thermophysical parameters (heat capacity, thermal
conductivity, and electron-phonon coupling factor) are
calculated from first principles modeling, which are further
substituted into molecular dynamics and two-temperature model
coupled energy equations of electrons and phonons. The melting
thresholds for nickel films of different thicknesses are
determined from multiscale simulation. Excellent agreement
between results from simulation and experiment is achieved,
which demonstrates the validity of modeled multiscale
framework and its promising potential to predict more
complicate cases of femtosecond laser material processing.
When it comes to process nickel film via femtosecond laser, the
quantitatively calculated maximum thermal diffusion length
provides helpful information on choosing the film thickness.
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INTRODUCTION
In the past decades, femtosecond laser micro-/nanofabrication has drawn increasingly hot attentions [1–3], which
drives accurate and comprehensive modeling and computation
of laser material processing. Since the electron-electron
scattering rate is much faster than that of electron-phonon
scattering rate, the laser energy is firstly absorbed by electron
subsystem at timescale of femtosecond [4]. Meanwhile, the
lattice still keeps at room temperature. Subsequently, with the
progress of electron-phonon interaction, the lattice gradually
becomes heated and finally results in thermal melting [5].
According to the energy equation of electron subsystem, the
degree of temperature increase is impacted by electron heat
capacity 𝐶𝑒 , electron thermal conductivity 𝑘𝑒 and electronphonon coupling factor 𝐺𝑒−𝑝ℎ [6–8]. At the atomic scale,
thermal response of atomic arrangement and motion to incident
laser energy, contain rich information on mechanism of phase
change from solid to liquid [9]. Moreover, the propagation of
thermal stress can also be detected from atomic interaction
[10,11].
As for the response of electron thermophysical properties
upon ultrashort laser excitation, ab initio quantum mechanical
(QM) calculation of electron-phonon coupling and electron heat
capacity for representative metals under was performed by Lin
et al. [12]. Nevertheless, the effect of electron density of states
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𝑔 change at different electron temperature 𝑇𝑒 was not taken
into account. By means of density functional theory, the
electronic properties of various metals were investigated by
Bévillon et al. [13]. The strong adjustments of electronic
structures of transition metals having partially filled 𝑑 -bands,
such as nickel, copper, silver and platinum, were found. The
phenomenological electron-phonon coupling was derived by
Chen et al. [14], which exhibited excellent agreement with the
experimental ablation depth for gold film.
Besides modeling the electronic response to ultrafast highenergy excitation, molecular dynamics (MD) simulation was
extensively used to study laser material processing. MD
simulation is a powerful tool to study thermal and mechanical
behavior of atoms upon femtosecond laser irradiation. The
scenarios from femtosecond laser melting [10,11], ablation
[9,15], spallation [16–18] were seen. The two-temperature
model (TTM) [19], its quantum treatment [20] and semi-classical
approximation [21] were developed. Combining with MD
simulation at atomic scale and TTM at continuum scale, the
numerical calculation results show advantages of both MD and
TTM [22–27]. Moreover, an QM, MD and TTM integrated
framework was established to illustrate the importance of
modeling 𝐶𝑒 [6], 𝑘𝑒 [7] and 𝐺𝑒−𝑝ℎ [8] in our recent work.
The program of QM, MD and TTM integrated multiscale
framework employed in this paper was developed as extensions
on the basis of ABINIT [28] and IMD [29], which are two opensource packages distributed under the GNU General Public
License. Nevertheless, a quantitative assessment and comparison
with the experimental results and those from the multiscale
framework are still absent.
In this paper, an QM-MD-TTM integrated multiscale
framework is to be implemented to study thickness dependent
melting threshold for femtosecond laser heating nickel film.
NOMENCLATURE
𝐴
Constant, 𝑠 −1 𝐾 −2
𝐵
Constant, 𝑠 −1 𝐾 −1
𝐶
Heat capacity, 𝐽/(𝑚3 𝐾)
𝐷
Diffusion rate, 𝑚2 /𝑠
𝜀
Energy, 𝑒𝑉
𝐸
Energy, 𝐽
𝑓
Repetition rate, 𝑀𝐻𝑧
𝑔
Electron density of states per atom
G
Electron-phonon coupling factor, 𝑊/(𝑚3 𝐾)
ℏ
Reduced Planck constant, 𝑒𝑉𝑠
𝑖
Integer number
𝐼
Laser intensity, 𝑊/𝑚2
𝑗
Integer number
𝐽
Laser fluence, 𝐽/𝑚2
𝑘
Thermal conductivity, 𝑊/(𝑚𝐾)
𝑘𝐵
Boltzmann constant, 𝐽/𝐾
𝜆〈𝜔2 〉 Second momentum of spectral function, 𝑚𝑒𝑉 2
𝐿
Length, 𝑚
𝑚
Mass, 𝑘𝑔
𝑁
Integer number

𝑟
𝑅
𝑆
σ
𝜏
𝑡
𝑇
𝜐
𝑣
𝑉
𝜆〈𝜔2 〉
𝑥
𝑦
𝑧

Position, 𝑚
Radius, 𝑚
Laser intensity, 𝑊/𝑚3
Standard deviation of Guassian laser profile, 𝑠
Relaxation time, 𝑠
Time, 𝑠
Temperature, 𝐾
Scattering rate, 1/𝑠
Velocity, 𝑚/𝑠
Volume, 𝑚3
Second momentum of spectral function, 𝑚𝑒𝑉 2
Direction
Direction
Direction

MODELING AND SIMULATION
A brief recall of the multiscale framework is presented as
follows. More detailed derivation process for each scale can be
found elsewhere [10]. As aforementioned, femtosecond laser
energy will be absorbed by electron subsystem firstly, once a
femtosecond laser pulse irradiates on the surface of metal film.
The evolution of temporarily deposited laser energy in electron
subsystem follows the energy equation
𝐶𝑒

𝜕𝑇𝑒
𝜕𝑡

(1)

= 𝛻(𝑘𝑒 𝛻𝑇𝑒 ) − 𝐺𝑒−𝑝ℎ (𝑇𝑒 − 𝑇𝑙 ) + 𝑆

The femtosecond laser energy source term 𝑆 in Eq. (1) is
𝑆(𝑥, 𝑡) =

𝐼𝑀𝑎𝑥 (1−𝑅)
𝐿o𝑝

𝑒𝑥𝑝 (−

𝑥
𝐿𝑜𝑝

) 𝑒𝑥𝑝 [−

(𝑡−𝑡0 )2
2𝜎 2

]

(2)

where 𝐼𝑚𝑎𝑥 is the maximum laser intensity, 𝑅 is the
reflectivity of material to incident laser pulse, 𝐿𝑜𝑝 is the laser
optical penetration depth, σ is the standard deviation of
Guassian profile. The laser pulse duration 𝑡𝑝 equals 2√2𝑙𝑛2𝜎,
which represents the full width at half maximum 𝐼𝑀𝑎𝑥 at the
temporal point 𝑡𝑝 + 𝑡0 . Hence, the absorbed laser fluence is
derived as √𝜋𝑙𝑛2/2𝑡𝑝 𝐼𝑀𝑎𝑥 .
At given 𝑇𝑒 , electron heat capacity 𝐶𝑒 , electron thermal
conductivity 𝑘𝑒 and electron-phonon coupling factor 𝐺𝑒−𝑝ℎ
are modeled and computed from QM calculation [6–8]

{

𝐶𝑒 | 𝑇𝑒 =

1 ∞ 𝜕𝑔|𝑇𝑒
∫ ( 𝜕𝑇
𝑉𝑐 −∞
𝑒

𝑘𝑒 | 𝑇𝑒 =

3𝑉𝑐

1

𝐺𝑒−𝑝ℎ | 𝑇𝑒 =

𝑓| 𝑇𝑒 + 𝑔| 𝑇𝑒
∞

𝜕𝑔|𝑇𝑒

𝑣𝐹2 𝜏𝑒 | 𝑇𝑒 ∫−∞(

𝜕𝑇𝑒

1 𝜋ℏ𝑘𝐵 𝜆〈𝜔2 〉|𝑇𝑒
𝑉𝑐

𝑔𝜀𝐹 |𝑇𝑒

∞

𝜕𝑓|𝑇𝑒
𝜕𝑇𝑒

) 𝜀𝑑𝜀

𝑓| 𝑇𝑒 + 𝑔| 𝑇𝑒

∫−∞ 𝑔|2𝑇𝑒 (−

𝜕𝑓|𝑇𝑒
𝜕𝑇𝑒

𝜕𝑓|𝑇𝑒
𝜕𝜀

)𝜀𝑑𝜀

(3)

)𝑑𝜀

By calculating the volume 𝑉𝑐 that an atom occupies, the
Fermi-Dirac distribution function 𝑓 , the electron density of
states 𝑔 and the second momentum of electron-phonon spectral
function 𝜆〈𝜔2 〉 , 𝐶𝑒 , 𝑘𝑒 and 𝐺𝑒−𝑝ℎ at given 𝑇𝑒 can be
obtained from Eq. (3). According to Mattiessen rule [30], the
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electron relaxation time 𝜏𝑒 is equal to reciprocal of summation
of electron-electron scattering rate 𝜐𝑒−𝑒 = 𝐴𝑇𝑒2 and electronphonon scattering rate 𝜐𝑒−𝑝ℎ = 𝐵𝑇𝑙 . More specifically, 𝜏𝑒
equals 1/(𝐴𝑇𝑒2 + 𝐵𝑇𝑙 ).
In ab initio QM calculation, the normal conserving
pseudopotential was implement to describe the complicated
effects of motion of core electrons, while the valence electrons
of 4𝑠 2 3𝑑 8 were explicitly included to represent the
femtosecond laser excited states. After convergence tests
regarding cutoff and 𝑘 -point grids, a cutoff of 46 𝐻𝑎 and
10 × 10 × 10 Monkhorst-Pack 𝑘-point grids were chosen. The
finite temperature density functional theory (FT-DFT) was
adopted to quantify 𝑓, 𝑔 and 𝜆〈𝜔2 〉 at given 𝑇𝑒 .

where 𝑚𝑖 , 𝑟𝑖 and 𝑣𝑖𝑇 are the mass, position and thermal
velocity of atom 𝑖. By fitting the potential energy surface from
QM calculation [31], embedded atom method (EAM) was
utilized to describe the interatomic potential 𝑈 of nickel atoms.
The entire simulation was divided into three stages. As the
first step, the modeled system was prepared in terms of NVT
ensemble (constant number of atoms, constant volume and
constant temperature) to create thermal equilibrium at 300 𝐾,
which ran for 5 𝑝𝑠 . Subsequently, the temperature control of
Nosé-Hoover thermostat [32] was released to let the system run
as NVE ensemble (constant number of atoms, constant volume
and constant energy), which also ran for 5 𝑝𝑠. The femtosecond
laser irradiation started at the third stage, which ran for 90 𝑝𝑠
to ensure the melting behavior of laser heated surface can been
detected. Table 1 lists the detailed parameters describing the
multiscale simulation.
Table 1

Parameter

Value

𝐴 (𝑠 −1 𝐾 −2 )

1.4 × 106 [26]

𝐵
Fig. 1
Schematic diagram of the computational domain. The film
thickness 𝑳𝒙 varies for different computational cases. The width
𝑳𝒚 and height 𝑳𝒛 are 𝟑. 𝟓𝟐𝟒 𝒏𝒎 and 𝟑. 𝟓𝟐𝟒 𝒏𝒎 respectivel .
The original surface (𝒙 = 𝟎) la s on the front surface of nickel film.

Figure 1 schematically illustrates the computational domain.
Considering the radius of femtosecond laser pulse is in length
scale of several microns, which is much greater than the lateral
sizes of computational domain in this paper, the simulation
domain was simplified as one-dimensional in the 𝑥 -direction.
Periodic boundary conditions were imposed in the 𝑦 - and 𝑧 directions. Free boundary conditions were set for the front and
rear surfaces of nickel film.
The MD simulation is coupled with TTM in Eq. (1) by
running a time step ∆𝑡𝑀𝐷 , 𝑁𝑡 times of finite difference method
(FDM) computations are performed with a time step ∆𝑡𝐹𝐷𝑀 . The
computational domain is equally divided into 𝑁𝐹𝐷𝑀 cells with
volume of 𝑉𝐹𝐷𝑀 in the 𝑥 -direction and 𝑁𝐴𝑡𝑜𝑚 atoms
contained in one cell. Based on the temporal evolution of
simulation, 𝑁𝐴𝑡𝑜𝑚 varies with the number of atoms in a fixed
cell. The electron-phonon coupled thermal energy transfer
during ∆𝑡𝑀𝐷 is
𝐸𝑒−𝑝ℎ =

∆𝑡𝑀𝐷
𝑛𝑡

𝑗
𝑡
∑𝑁
𝑗=1 𝐺𝑒−𝑝ℎ 𝑉𝐹𝐷𝑀 (𝑇𝑒 − 𝑇𝑙 )

(4)

𝑗

where 𝑇𝑒 is the average electron temperature during ∆𝑡𝑀𝐷 . An
additional force acts on nuclei as a result of electron-phonon
coupled thermal energy transfer. Therefore, the equation of
motion for atom 𝑖 in MD simulation becomes
𝑚𝑖

𝑑 2 𝒓𝒊
𝑑𝑡 2

= −𝛻𝑈 +

𝑚𝑖 𝒗𝑇
𝑖
𝑁
∆𝑡𝑀𝐷 ∑ 𝐴𝑡𝑜𝑚 𝑚𝑘 (𝒗𝑇 )2
𝑘
𝑘=1

𝐸𝑒−𝑝ℎ

Parameters describing the multiscale simulation

(𝑠 −1 𝐾 −1 )

1.624 × 1013 [26]

𝐿𝑜𝑝 (𝑛𝑚)

10.5 [33]

𝑁𝑡

100

𝑡0 (𝑝𝑠)

20

𝑡𝑝 (𝑓𝑠)

200

∆𝑡𝐹𝐷𝑀 (𝑓𝑠)

0.01

∆𝑡𝑀𝐷 (𝑓𝑠)

1

𝑣𝐹 (𝑚/𝑠)

1.78 × 106 [34]

𝑉𝐹𝐷𝑀 (𝑛𝑚3 )

8.21

RESULTS AND DISCUSSION
Electron Thermoph sical Responses to Laser Irradiation.
The QM quantified distributions of 𝑔 and 𝑓 at given 𝑇𝑒
are shown in Fig. 2. As seen in the inset of Fig. 2(a), a minor left
shift of 𝑔 to lower 𝜀 appears at elevated 𝑇𝑒 . Combining with
Eq. (3), it can be concluded the left shift of 𝑔 brings negative
impacts on 𝐶𝑒 , 𝑘𝑒 and 𝐺𝑒−𝑝ℎ . Moreover, the Fermi smearing
is obvious in Fig. 2(b). Due to the increase of chemical potential
at elevated 𝑇𝑒 , 𝑓 shifts to higher 𝜀, which can be seen from the
point of 𝜀 when 𝑓 = 0.5. The QM calculated 𝑔𝜀𝐹 and 𝜆〈𝜔2 〉
are plotted in Fig. 3. Both 𝑔𝜀𝐹 and 𝜆〈𝜔2 〉 monotonically
decrease with the increase of 𝑇𝑒 . Recalling the third equation in
the groups of Eq. (3), the decrease of 𝑔𝜀𝐹 causes inverse
increasing effect of 𝐺𝑒−𝑝ℎ . However, the decrease of 𝜆〈𝜔2 〉
brings decreasing 𝐺𝑒−𝑝ℎ . Since the percentage of decrement for
𝜆〈𝜔2 〉 is much greater than that for 𝑔𝜀𝐹 , the overall variations
of 𝑔𝜀𝐹 and 𝜆〈𝜔2 〉 put negative effects on 𝐺𝑒−𝑝ℎ at elevated
𝑇𝑒 .

(5)
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Fig. 2
(a) Electron densit of states 𝒈 and (b) Fermi-Dirac
function 𝒇 at given electron temperature 𝑻𝒆 .

Fig. 4
Ab initio quantum mechanical calculation results of
distributions of (a) electron heat capacit 𝑪𝒆 (b) electron thermal
conductivit 𝒌𝒆 and (c) electron-phonon coupling factor with the
increase of electron temperature 𝑻𝒆 .

Fig. 3
(a) Electron densit of states 𝒈 at Fermi energ and (b)
the second momentum of electron-phonon spectral function 𝝀〈𝝎𝟐 〉
with the increase of electron temperature 𝑻𝒆 .

After obtaining the data of 𝑓, 𝑔 and 𝜆〈𝜔2 〉 in Figs. 2 and
3, 𝐶𝑒 , 𝑘𝑒 and 𝐺𝑒−𝑝ℎ are calculated. For the purpose of
comparison, 𝐶𝑒 estimated from the experimental result [35] and
the one does not consider variation of 𝑔 in Eq. (2) at increased
𝑇𝑒 [12] are plotted together. Since the variation of 𝑔 is
extremely small with at elevated 𝑇𝑒 , 𝐶𝑒 in the present work and
that obtained from 𝑇𝑒 independent 𝑔 almost overlap.
However, the experimental result deviates greatly when 𝑇𝑒 >
500 𝐾.
As seen in Fig. 4(b), both 𝑇𝑒 and 𝑇𝑙 influence 𝑘𝑒 . With the
increase of 𝑇𝑒 , 𝑘𝑒 presents increasing profile. At different 𝑇𝑙 ,

Fig. 5

Thickness dependent melting thresholds of nickel film.

the three cases with 𝑇𝑙 at room temperature 300𝐾 , melting
point 1728 𝐾 and boiling point 3186 𝐾 are plotted in Fig.
4(b). For the three cases at the same 𝑇𝑒 , higher 𝑇𝑙 results in
lower 𝑘𝑒 . The greatly decreased 𝑘𝑒 at high 𝑇𝑙 inhibits the
temporally deposited laser energy in electron subsystem
conducting to deeper region, which makes the majority of high
energy in electron subsystem transporting out via electronphonon coupled heat transfer, rather than electron heat
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conduction. In other words, the low 𝑘𝑒 at high 𝑇𝑙 aggravates
the localized femtosecond laser heating and finally leads to the
limited volume of melting pool.
In Fig. 4(c), the decrease of 𝐺𝑒−𝑝ℎ calculated in this paper
is in accord with the decrease 𝜆〈𝜔2 〉 in Fig. 3(b), which verifies
that 𝜆〈𝜔2 〉 is dominant in determining 𝐺𝑒−𝑝ℎ with the
increase of 𝑇𝑒 . For the case ignoring variation of 𝑔 and 𝜆〈𝜔2 〉
at increased 𝑇𝑒 [12], the lower 𝐺𝑒−𝑝ℎ in [12] than 𝐺𝑒−𝑝ℎ
calculated in this paper is because the empirical estimation of
𝜆〈𝜔2 〉 = 49.5 𝑚𝑒𝑉 2 from experimental result is lower than
𝜆〈𝜔2 〉 = 66.72 𝑚𝑒𝑉 2 at room temperature. For the case
deriving 𝐺𝑒−𝑝ℎ from the phenomenological model [14], no
appreciable 𝑇𝑒 dependence is observed in Fig. 4(c).
Thickness Dependent Melting Thresholds of Nickel Film.
By setting the same femtosecond laser parameters with those
in experimental work [36] and TTM numerical calculation with
partial electron thermophysical parameters obtained from QM
method [37], the determination of thickness dependent melting
thresholds of nickel film was carried out in this paper. According
to [37], the melting threshold was defined as the laser fluence
induced surface lattice temperature reaches the melting point
1728 𝐾 of nickel. For the purpose of comparison, results from
[36,37] and the one from present work are shown in Fig. 5. With
the increase of film thickness from 10 𝑛𝑚 to 45 𝑛𝑚 , the
melting threshold presents linear increasing for all the three
results. After 45 𝑛𝑚 , the melting threshold gradually gets
developed, which indicates the influence of film thickness to the
melting threshold becomes weak. At the thickness of 10 𝑛𝑚,
an excellent agreement is seen between the threshold from
present work and that from experimental measurement.
However, with the increase of thickness from 20 𝑛𝑚 to
30 𝑛𝑚, another agreement between melting threshold from the
present QM-MD-TTM integrated simulation and that from TTM
calculation is seen. As the threshold fully developed after
100 𝑛𝑚, the results in this paper show better agreement with the
experimental results than those from TTM calculation.
In order to find the mechanism leading to different forms of
developing and developed threshold profiles, the temporal and
spatial evolutions of electron temperature 𝑇𝑒 and lattice
temperature 𝑇𝑙 were calculated. The results shown in Figs. 6
and 7 are for the cases with thicknesses of 31.72 𝑛𝑚 and
137.44 𝑛𝑚. The corresponding laser fluences for the two cases
are melting thresholds, 168.75 𝐽/𝑚2 and 218.75 𝐽/𝑚2 ,
respectively.
As seen in Figs. 6(a) and 7(a), the electron subsystem is
thoroughly heated for the 31.72 𝑛𝑚 nickel film, while a
limited heating depth of 45 𝑛𝑚 for the electron subsystem is
observed for the 137.44 𝑛𝑚 nickel film. Recalling the
definition of the maximum thermal diffusion length of
femtosecond laser excited electron 𝐿𝑀𝑎𝑥 = √𝜋𝐷𝑒 𝜏𝐸𝑞𝑢 [36], the
𝑇𝑒 dependent 𝐿𝑀𝑎𝑥 was calculated in Fig. 8. Meanwhile, Fig. 8
also shows the time 𝜏𝐸𝑞𝑢 needed for hot electron subsystem and
cold lattice subsystem to reach equilibrium sate, which is
estimated from the ratio of 𝐶𝑒 to 𝐺𝑒−𝑝ℎ . As seen in Fig. 8, 𝜏𝐸𝑞𝑢

is in time scale of picoseconds, which agrees with the time
needed for electron and lattice get equilibrium in Figs. 6 and 7.

Fig. 6
Temporal and spatial evolutions of electron temperature
𝑻𝒆 and lattice temperature 𝑻𝒍 with the melting threshold fluence
𝑱𝒂𝒃𝒔 = 𝟏𝟔𝟖. 𝟕𝟓 𝑱/𝒎𝟐 irradiating on a nickel film with thickness of
𝟑𝟏. 𝟕𝟐 𝒏𝒎 . The ellow arrow denotes femtosecond laser
irradiation happens at 𝒙 = 𝟎 𝒏𝒎 and 𝒕𝟎 = 𝟐𝟎 𝒑𝒔.

Fig. 7
Temporal and spatial evolutions of electron temperature
𝑻𝒆 and lattice temperature 𝑻𝒍 with the melting threshold fluence
𝑱𝒂𝒃𝒔 = 𝟐𝟏𝟖. 𝟕𝟓 𝑱/𝒎𝟐 irradiating on a nickel film with thickness of
𝟏𝟑𝟕. 𝟒𝟒 𝒏𝒎 . The ellow arrow denotes femtosecond laser
irradiation happens at 𝒙 = 𝟎 𝒏𝒎 and 𝒕𝟎 = 𝟐𝟎 𝒑𝒔.
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An alternative interpretation of 𝜏𝐸𝑞𝑢 is the time required for
certain amount of laser energy 𝐶𝑒 with a volume of 1 𝑚3 to
transport from the electron subsystem to the lattice subsystem
[38]. For all the cases performed in this paper, as checked from
the spatial distribution of 𝑇𝑒 , its maximum value is ~5000 𝐾.
The calculated 𝐿𝑀𝑎𝑥 in Fig. 8 at 5000 𝐾 is 59 𝑛𝑚 . By
taking the fast cooling of electron subsystem into account, the
observed 𝐿𝑀𝑎𝑥 equals 45 𝑛𝑚 is reasonable. Meanwhile, the
electron-phonon coupled heat transfer further induces lattice
subsystem heating in Figs. 6(b) and 7(b). Even though 𝐽𝑎𝑏𝑠 for
the case in Fig. 6(a) is smaller, the overall degree of laser heating
for the 31.72 𝑛𝑚 nickel film is much higher than that for the
137.44 𝑛𝑚 nickel film. The main reason comes from 𝐿𝑀𝑎𝑥 is
greater than 31.72 𝑛𝑚.

Fig. 8
Ab initio quantum mechanical calculation results of the
maximum thermal diffusion length 𝑳𝒎𝒂𝒙 and the electron-phonon
relaxation time 𝝉𝑬𝒒𝒖 .

CONCLUSIONS
Femtosecond laser heating of nickel film is investigated
under the framework of quantum mechanics, molecular
dynamics and two-temperature model integrated modeling. By
performing a serials of cases with nickel film thickness ranging
from 10.57 𝑛𝑚 to 148.01 𝑛𝑚, the film thickness dependent
melting threshold is quantified. The transition from linear
increase of melting threshold to developed melting threshold is
because of the maximum thermal diffusion length. Better
agreement with the experimental results than those calculated
from the two-temperature model is obtained, which proves it is
essential to include the femtosecond laser excitation of electron
density of state, the Fermi-Dirac distribution and the second
momentum of electron-phonon spectral function in multiscale
modeling. Meanwhile, when it comes to process nickel film via
femtosecond laser, the quantitatively calculated maximum
thermal diffusion length provides helpful information on
choosing the film thickness.
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