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A B S T R A C T   

Noble metal nanoparticles show fantastic catalytic property in various practical applications. It is a promising 
way to obtain nanoparticles from femtosecond laser ablation of noble metals. The calculation concentrates on 
electron heat capacity and electron–phonon coupling factor, which are two pivotal parameters describing the 
femtosecond laser-induced electron heating and the electron–phonon coupled energy transportation. The evo
lutions of these two parameters with increasing electron temperature are presented. It is found that the evolu
tions of the electron heat capacity and electron–phonon coupling factor are mainly affected by the electron 
density of states and the Fermi-Dirac distribution function.   

1. Introduction 

Since the reliable femtosecond lasers became available up to the year 
2000 [1], owing to high average power and ultrashort pulse duration, 
the implementations of femtosecond laser are put into practical material 
processing and investigations on material properties [2–6]. When 
femtosecond laser irradiates on the surface of a given material, the first 
response of the target metal is the nonequilibrium excited electron. The 
diffusion of the temporally deposited laser energy in the electron sub
system is induced by electron–electron collisions, which takes a few tens 
of femtoseconds [5–8]. Due to the timescale of electron–phonon inter
action is in picosecond [8,9], the electron temperature Te elevates to 
tens of thousands of temperatures in Kelvin. However, the lattice sub
system retains in a relative cold state in femtosecond timescale 
[7,8,10,11]. Accompanying with the transportation of absorbed laser 
energy from the electron subsystem to lattice subsystem, the decrease of 
Te and the increase of lattice temperature Tl happens [6,7]. Eventually, 
electrons and lattice equilibrate to same temperature as a result of the 
electron–phonon coupling, which brings out the phase change and laser 
ablation [6,7]. 

Theoretical descriptions and calculations of the femtosecond laser 
material interaction are essential to control the whole fabrication pro
cedure. When it comes to the multiscale simulation, the two- 
temperature model (TTM) combined with molecular dynamics (MD) is 
employed [12,13]. The TTM model is widely applied to describe the 
temporal evolution of the deposited laser energy in the electron 

subsystem and its transportation to the lattice subsystem. Meanwhile, 
MD is utilized to describe the atomistic motion. There are several 
important parameters, such as the electron heat capacity Ce and elec
tron–phonon coupling factor Ge− ph, which significantly influence Te and 
Tl induced by laser energy deposition and electron–phonon coupled 
energy transportation. 

The Te dependences of Ce =
∫
(

g ∂f
∂Te

+f ∂g
∂Te

)

εdε [14] and 

Ge− ph =
πℏkBλ〈ω2〉

g(εF)

∫
g2(ε)

(

−
∂f
∂ε

)

dε [8,15] have drawn increasing atten

tions. It is worth to draw attention to ∂f/∂Te in the expression of Ce and 

− ∂f/∂ε in the expression of Ge− ph. f =
[

1 + exp
(

ε− μ
kBTe

)]− 1 
refers to the 

Fermi-Dirac distribution function. The alteration of electron distribution 
is due to f . Therefore, the variation of f influences Ce and Ge− ph with the 
increase of Te. Furthermore, the impact of electron density of states g 
should be taken into account within the above expressions of both Ce 
and Ge− ph. To simplify the calculation of Ce and Ge− ph at low Te, a linear 
Te dependent approximation of Ce was given by Ashcroft et al. [16], and 
a constant calculation of Ge− ph was given by Wang et al. [17] based on 
the expression from Allen [18]. However, in order to obtain precise 
calculations of Ce and Ge− ph, a great number of research shown the 
comparison between linear-/nonlinear-dependence for various kinds of 
materials [19–26]. According to their results, there is a massive gap at 
high Te between the linear dependent cases and the experimental 
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results. Hence, the accurate calculations of Te dependent Ce and Ge− ph 

are of great importance and significance for the femtosecond laser ma
terial interaction. 

The dependences of Ce and Ge− ph at electron excitation were exten
sively investigated, such as gold (Au) [6–9,15,27–30], silver (Ag) 
[15,27,28,31,32] and platinum (Pt) [7,9,15,33,34]. There are a 
considerable amount of work studying the optical properties (reflective 
index, phonon dispersion, etc.) and electrical conductivity for Au 
[8,35–37], Ag [35–38] and Pt [39–41]. However, others noble metals, 
such as palladium (Pd), iridium (Ir), and rhodium (Rh), which are ele
ments in the platinum-group were rarely studied. These noble metals 
show analogous chemical properties, generally used as catalysts in a lot 
of industrial applications [42]. Nano-size Pd is used to ameliorate 
hydrogen storage capacity [43]. Furthermore, Pd-based materials have 
great catalytic activity for producing hydrogen polymer electrolyte fuel 
cells [44]. Ir is getting attention with its great conductivity, stability and 
anticorrosion ability [45], which can be employed in sustainable electric 
power technologies, particularly for the production of polymer elec
trolyte membrane fuel cells [46]. Pd and Rh can be applied as active 
components of autocatalytic converters to restrict the emission of pol
lutants to the environment [47]. A bunch of research reported that the 
size and shapes of a nanoparticle can be controlled by the operational 
laser fabrication process [48–50]. Moreover, the size of nanoparticles 
produced by femtosecond laser ablation is much concentrated and 
smaller than that produced by nanosecond laser ablation [50]. Besides, 
the smaller size of catalysts is appropriate to improve catalytic perfor
mance by increasing contact area [51]. Therefore, it is practicable to 
synthesize nanoparticles of noble metals by femtosecond laser in order 
to enhance catalytic performance. In addition, a similar approach to 
fabricate Pd nanoparticles in liquid is presented by Nishi et al. [43], 
which shown the validity of femtosecond laser processing for noble 
metals. For the demand of producing noble metal nanoparticle by 
femtosecond laser irradiation, the precise calculations of electron ther
mophysical properties of Pd, Ir, and Rh in excited electron state are 
desired and indispensable. 

In this study, a systematic computation and analysis of Ce and Ge− ph 
of Au, Pd, Ir, and Rh is presented by applying the ab initio method based 
on density-functional-theory (DFT). It is worth noting that the present 
work focuses on the electron heat capacity and the electron–phonon 
coupling factor in the states of hot electron subsystem and cold lattice 
subsystem, which occurs in tens of femtoseconds. Section 2 presents the 
derivations and description of the theoretical model. Section 3 gives the 
results and discussions of the calculated results. Before the calculations 
of Ce and Ge− ph, the theoretical calculations of g for the four noble metals 
are performed firstly. Eventually, a brief conclusion is presented in 
Section 4 to show the applicability of the model and the significance of 
the obtained results. 

2. Theoretical model 

2.1. Electron density of states 

As the initial part of modeling, the quantification of g is indispens
able. By solving the Schrödinger equation with DFT, g for the noble 
metals (Au, Pd, Ir, and Rh) were calculated firstly. The results of g are 
essential to carry out the subsequent calculations of Ce and Ge− ph. The 
calculation of g in the present work was performed with the DFT code 
ABINIT [22]. In the ab initio calculation, norm-conserving pseudopo
tentials using the Perdew–Burke–Ernzerhof (PBE) generalized-gradient 
approximation and PBE exchange–correlation functional were applied. 
Tests for the selection of PBE and local density approximation (LDA) are 
presented in Supplementary Material. As for the detailed description of 
the calculation, the lattice constants, cutoff energy, and number of DFT 
bands are shown in Table 1. The calculated lattice constants were 
compared with the results in [52], as shown in Table S1 in 

Supplementary Material. To increase the accuracy and efficiency of the 
calculations, the Monkhorst-Pack k-point sampling mesh of 16 × 16 ×

16 was used to describe the Brillouin zone to obtain highly converged 
results. The convergence tests of the above parameters are seen in 
Supplementary Material. 

2.2. Electron heat capacity 

According to the definition of Ce, it refers to the rate of change of 
internal energy in the electron subsystem with Te in a unit volume [16]. 
In order to obtain an accurate description of Ce, the influences of both Te 
dependent f and g were taken into account, namely [14] 

Ce|Te
=

∫ +∞

− ∞

(

g|Te

∂f |Te

∂Te
+ f |Te

∂g|Te

∂Te

)

εdε (1)  

where g|Te 
and f |Te 

denote the electron density of states and the Fermi- 
Dirac distribution function at ε at Te, respectively. At low Te, a linear 
approximation of Ce is conventionally used, given by the free electron 
gas model [16]. The expression of the linear factor γ = π2k2

Bg(εF)/3 
shows that the factor is affected by g at Fermi energy εF. It makes a well 
description for noble metals at low Te [16]. Considering the impact of f 
at low Te, the value of f becomes to 0 in the energy state ε larger than εF. 
In other words, f can be regarded as step function, it means that few 
electrons occupy energy states above εF. But this approximation is 
invalid at high Te, an unneglectable number of electrons occupy energy 
states above the threshold of εF. Thus, the invalidity of the simplified 
treatment of Ce = γTe becomes a challenge. Thereby, a full representa
tion of the Ce in Eq. (1) becomes a must. Alternatively, Equation (1) can 
also be expressed as 

Ce|Te
=

(∂Eint|Te

∂Te

)

V
(2)  

where Eint is the internal energy of the electron subsystem in a unit 
volume. 

2.3. Electron-phonon coupling factor 

The rate of energy transporting from the electron subsystem to the 
lattice subsystem per unit cell volume is proportional to the difference 
between Te and Tl induced by the electron–phonon collisions 
[8,15,17,18] 

∂Ee

∂t

⃒
⃒
⃒
⃒

Te

= Ge− ph
⃒
⃒

Te
(Te − Tl) (3) 

According to Allen [18], given the change of the electron and phonon 
distributions with the electron–phonon collision, the rate of energy 
transportation can be defined 

∂Ee

∂t

⃒
⃒
⃒
⃒

Te

=
4π
ℏ
∑

kk’

ℏωQ
[
|Mkk’ ||Te

]2
[S(k, k’) ]δ(εk − εk’ + ℏωQ)

(4)  

where k and Q refer to the quantum numbers of electrons and phonons, 
respectively. εk and εk’ are the energy of an electron in state k and k’. ℏωQ 
is the phonon energy with frequency ωQ. Mkk’ refers to the electro
n–phonon scattering matrix element, which indicates the scattering 

Table 1 
Parameters in the ab initio calculation.   

Au Pd Ir Rh 

Electron Structure 6s15d10  4d10  6s25d7  5s14d8  

a0(Å)  4.050 3.842 3.814 3.758 
DFT bands 32 32 32 32 
Cutoff Energy(Ha) 52 52 60 46  
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probability. S(k, k’) is the thermal factor exhibiting the emission and 
absorption process of phonon during the electron–phonon collision, 
which is defined from the electron and phonon occupation numbers with 

f and the Bose distribution function n =

[

exp( ℏΩ
kBTl

) + 1
]− 1

. Namely, S(k,

k’) equals to 
(
fk − fk’

)
nQ − fk’ (1 − fk). 

Following the suggestions by Allen [18] and Wang et al. [17], the 
Eliashberg spectral function α2F(ε, ε’,Ω) was used to simplify Eq. (4) 

∂Ee

∂t

⃒
⃒
⃒
⃒

Te

= 2πg(εF) |Te

∫ ∞

0
dΩℏΩ

∫

dε
∫

dε’α2F(ε, ε’,Ω)
[
n(Ω) |Tl

− n(Ω) |Te

]

(5)  

where g(εF) |Te 
and n(Ω) |Te 

are the electron density of states at Fermi 
energy εF and the Bose distribution function at Ω, respectively. By 
applying the approximation α2F(ε, ε’,Ω) =

g(ε)g(ε’)

g(εF)
2 α2F(Ω) [15,17] and 

simplifying with the thermal factor as 
(
fk − fk’

)[
n(εk’ − εk) |Tl

−

n(εk − εk’ ) |Te

]
[8], Eq. (5) becomes 

∂Ee

∂t

⃒
⃒
⃒
⃒

Te

= 2πg(εF) |Te

∫ ∞

0
dΩ(ℏΩ)

2α2F(Ω)

∫

dε
∫

dε’g(ε)|Te
g(ε’) |Te

[
g(εF) |Te

]2 S(ε, ε’)

(6)  

where g(εF) |Te
, g(ε) |Te 

and g(ε’) |Te 
are the electron density of states in 

energy states of εF, ε and ε’, respectively. Furthermore, the second 
moment of the Eliashberg spectral function λ〈ω2〉 = 2

∫∞
0 dΩα2F(Ω)Ω is 

used to simplified Eq. (6), then an integral expression of the rate of 
energy transferring from the electron subsystem to the lattice subsystem 
is derived [15]. Thereby, Te dependent Ge− ph in Eq. (3) becomes 

Ge− ph
⃒
⃒

Te
=

πℏkBλ〈ω2〉

g(εF) |Te

∫
[
g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε (7) 

Compared with the constant expression of Ge− ph = G0 =

πℏkBg(εF) |300 Kλ〈ω2〉 given by Wang et al. at Te = 300 K [15,17], the 

integral 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε from Eq. (7) can be approximated as 
∫

[
g(ε) |Te

]2δ(ε − εF)dε =
[
g(εF) |Te

]2, subsequently obtains the same 
expression. However, the deviation of aforementioned approximations 
applied for Eq. (7) was pointed out in [7,8,15,17], which mainly con
centrates on the determination of the α2F(Ω). The simplification α2F(ε,

ε’,Ω) =
g(ε)g(ε’)

g(εF )
2 α2F(Ω) is based on an assumption of constant Mkk’ in 

electron states k and k’. It is generally derived by the calculation of the 
excited electron decay rate induced by phonon [15]. In the present 
work, the density-functional perturbation theory (DFPT) was applied to 
get α2F(Ω). The calculation was carried out through the responses of the 
system with atomic displacements and homogeneous electric fields 
[22,53]. Considering the electron states dependence of Mkk’ , the value of 
Mkk’ was determined by interpolation in the present work [22]. 
Combining with g and f mentioned in the first part in this section, Ge− ph 

was calculated accurately from Eq. (7). An 8 × 8 × 8 q-point mesh was 
used for the phonon calculation. After the phonon calculation, the cal
culations of Mkk’ are implemented with q-point mesh of 8 × 8 × 8 by 
interpolation. 

3. Results and discussion 

3.1. Electron density of states and the Fermi-Dirac distribution at different 
electron temperature 

The calculation results of g at Te of 300 K, 5, 000 K, 10,000 K and 
20, 000 K are shown in Fig. 1(a)-(d). The zero point of the energy scale 

was set as εF, which was obtained from the chemical potential μ at 0 K. 
The common characteristic of the electron structure of given metals is 
the presence of d block, as shown in Table 1. 

For the case of Au with 5d block fully occupied by electrons, the 
increase of Te induces an electron transfer from 5d block to 6s block, 
then causes a decrease of electronic screening and a more attractive 
electron–ion potential, eventually it causes a shrinkage of 5d block and a 
global shift of g toward lower energies [9,25], as displayed in Fig. 1(a). 
At low Te, the 6s electrons are excited merely, thus the first peak to the 
left of the zero point is close to the zero point. By contrast, as more 
electrons (particularly 5d electrons) are excited at high Te, the left shift 
of g is observed. Namely, the smearing of f appears. As the impact 
induced by smearing of f and left shift of g, μ magnifies with the increase 
of Te to preserve constant number of valence electrons [8,9,14], as 
shown in the inset of Fig. 2(a). Therefore, the Te dependent variation of f 
is reflected in aspects of Te and Te dependent μ in the expression f =
[

1 + exp(ε− μ
kBTe

)

]− 1
, as shown in Fig. 2(a). 

Considering the cases of Pd, significant difference of g from the case 
of Au is observed. In Fig. 1(b), despite filled d block of Pd analogous to 
that of Au, the high-energy edge of g locates at the right side of zero 
point at low Te and a high density of states at zero point is observed. 
However, similar to Au, the shift of g toward lower energy state with 
increasing Te is observed, which is attributed to the vast thermal excited 
4d electrons. Eventually, the high-energy edge of g shifts to the left of 
zero point. In addition, the inset of Fig. 2(b) shows growth tendency of μ 
for Pd. The variation of μ for Pd is consistent with the left shifts of g with 
increasing Te, as same as the case of Au. 

Due to the partially filled 5d and 4d block of Ir and Rh, huge dif
ferences from the case of Au are observed. As seen in Fig. 1(c) and 1(d), 
the high-energy edges of g for both two metals locate at the right of zero 
point, and the right shifts of g for both Ir and Rh are found instead of the 
left shift with increasing Te. Contrary to the case of Au, an electron 
delocalization from s block to d block with increasing Te causes an in
crease of the electronic screening, which leads to a reduction of elec
tron–ion potential. Therefore, the right shift of g is observed for Ir and 
Rh. The variations of g for Ir and Rh at high Te are in accordance with the 
descriptions of iron (Fe) in Ref. [54], titanium (Ti) and tungsten (W) in 
Ref. [9]. However, as seen in the insets of Fig. 2(b)-(d), the evolution of μ 
with Te toward higher energy is attributed to the preservation of con
stant number of valence electrons, as same as the case of Au. As a result, 
similar variations of f with the case of Au for Pd, Ir and Rh are shown in 
Fig. 2(b)-(d). 

Although the difference of g with increasing Te is seen for the case of 

Fig. 1. Electron density of states g for (a) Au, (b) Pd, (c) Ir, and (d) Rh for 
electron temperature Te at 300 K, 5, 000 K, 10,000 K and 20,000 K. 

Y. Li and P. Ji                                                                                                                                                                                                                                   



Computational Materials Science 202 (2022) 110959

4

Ir and Rh, regarding those two metals as metals have free-electron-like 
electron structures is unreasonable. Only when the nearly parabolic 
band dependence of energy is observed, g of the noble metals get a good 
agreement with the free electron gas model. In addition, the invalidity of 
applying the free electron gas model is to be discussed in the next part. 

3.2. Electron temperature dependent electron heat capacity 

According to the calculation of Ce by Lin et al.[15], the impact of ∂g|Te
∂Te 

was neglected in the expression of Ce =
∫+∞
− ∞

∂f(ε)
∂Te

g(ε)εdε, namely, con
stant g was applied in their calculation. Fig. 3(a)-(d) show the compar
isons between g|Te

ε ∂f |Te
∂Te 

and f |Te
ε ∂g|Te

∂Te 
at several Te for the given metals. 

The unneglectable effect of f |Te
ε ∂g|Te

∂Te 
in the expression of Ce is revealed 

within Eq. (1). Thus, the application of Eq. (2) considering both the 
effects of the Te dependences of f and g, which effects are depicted in Eq. 
(1), is supposed to obtain a more precise result. 

The calculation results of Te dependent Ce from Eq. (2) are presented 
in Fig. 4(a)-(d). To verify the invalidity of the free electron gas model, 
the linear approximation derived by the free electron gas model is also 
plotted in Fig. 4(a)-(d) for each noble metal. Alternatively, the linear 
factor can also be determined by experiments [15,55]. 

Obviously, the linear Te dependence of Ce is observed at Te below 3,
000 K for Au, as shown in Fig. 4(a). The result shows excellent agree
ment with the linear approximation with γ = π2k2

Bg(εF)/3 from the free 
electron gas model [15,16] and experiment with γ = 67.6 Jm− 3K− 2 

[56]. As discussed in the previous part, the accordance of the linear Te 
dependence to the approximation and experiment is ascribed to the 
near-constant g and the little variation of f at low Te in Eq. (1), in virtue 
of the little effect of excited 6s electrons. However, significant deviation 
from the linear approximation to the calculation result appears at high 
Te. The deviation is attributed to the left shift of g due to the tremendous 
influence of substantial excited 5d electrons and the smearing of f with 
increasing Te. 

For comparison, the results of Holst et al.[8] and Lin et al. [15] are 
also plotted in Fig. 4(a) for Au. The result of Holst et al. [8] was obtained 
with similar expression to Eq. (2), the change of internal energy of the 

electron subsystem exhibits all aspects of the energy transportation 
procedure [8], containing the variation of g with Te. In Fig. 4(a), Ce for 
Au almost coincides with that reported by Holst et al. [8]. The deviation 
from the present result to the result by Lin et al. [15] is based on the 
discussion of g|Te

ε ∂f |Te
∂Te 

and f |Te
ε ∂g|Te

∂Te 
above. 

The effects of f |Te
ε ∂g|Te

∂Te 
for the other three metals are shown in Fig. 3 

Fig. 2. Electron temperature Te dependent f for (a) Au, (b) Pd, (c) Ir, and (d) Rh. Insets of (a)-(d) depict the changes of chemical potential μ to the Fermi energy εF , 
which affect the variations of f . 

Fig. 3. Comparisons of g|Te
ε ∂f |Te

∂Te 
and f |Te

ε ∂g|Te
∂Te 

for (a) Au, (b) Pd, (c) Ir, and (d) 
Rh for electron temperature Te at 300 K, 5, 000 K, 10,000 K and 20,000 K. 
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(b)-(d), thus the following calculations of Te dependent Ce are deriving 
from the same framework for Au, shown in Fig. 4(b)-(d). In addition, the 
calculation from the free electron gas model is compared with the pre
sent model for these three metals. Similarly, by taking the same infer
ence as Au, linear Te dependence of Ce at low Te is observed, getting a 
good agreement with the free electron gas model. At Te below 1, 000 K 
for Pd, 5, 000 K for Ir and 3,000 K for Rh, the calculated Ce show good 
agreements with the linear Te dependent Ce by the free electron gas 
model. However, at high Te, the effect of f should not be neglected for 
Pd, Ir, and Rh, as discussed previously. Contrary to the positive devia
tion from the linear Te dependent Ce by the free electron gas model for 
Au, negative deviations of the calculated Ce for Pd, Ir and Rh are 
observed at high Te. The behaviors are attributed to the different g for Au 
and other noble metals. Meanwhile, the smearing of f with increasing Te 
is also a factor causing the deviations to the free electron gas model. 

Therefore, in order to implement the nonlinear Te dependent Ce for 
the noble metals, taking the impact of the components g and finto 
consideration is requisite [15,25]. In other words, the linear Te depen
dent Ce by the free electron gas model is inappropriate to describe the 
femtosecond laser irradiation for the noble metals. Whereas, the 
approach to calculate Te dependent Ce in the present study is a more 
precise path. 

3.3. Electron temperature dependent electron-phonon coupling factor 

Within Eq. (7), the evolution of Ge− ph is influenced by g(εF) |Te 
and the 

integral 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε with the increasing Te. Fig. 5(a)-(d) 

show the evolutions of the two components 1
g(εF) |Te

, and 
∫ [

g(ε) |Te

]2
(

−

∂f |Te
∂ε

)

dε with Te. The tendency of the product of these two factors 

determined the tendency of Te dependent Ge− ph, namely, 1
g(εF) |Te 

and 
∫

[
g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε ought to be two crucial factors within the calcu

lation of Te dependent Ge− ph. Eventually, the calculation results of Ge− ph 

are presented in Fig. 6 (a)-(d). 
The deviation of applying constant g and f is demonstrated explicitly 

in the previous part, thus accurate calculation of Ge− ph considering the 
impact of these two functions are shown directly. It is worth noting that f 
is regarded as step function at low Te, thus Wang et al. [17] applied an 
approximation of Te independent Ge− ph = G0 = πℏkBg|Te

(εF)λ〈ω2〉 to 
simplify the expression. In the present work, in order to avoid the 
relatively small absolute value of − ∂f/∂ε in Eq. (7) 

( 〈
1 × 10− 70), the 

approximation from Wang et al. [17] is used merely for the case of Te <

1,000 K, for the purpose to ensure the accuracy of the calculation. Given 

the contribution of − ∂f |Te
∂ε

⃒
⃒
⃒
⃒
ε=εF 

in 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε, it is narrow 

and gets a vast value at low Te. By contrast, − ∂f |Te
∂ε

⃒
⃒
⃒
⃒
ε=εF 

extends and be

comes smaller at high Te. The feature of the component − ∂f/∂ε leads to 

the variation of 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε, then affects Ge− ph. 

For the case of Au, an ascending evolution of Ge− ph is observed with 
increasing Te. For the reason that the high-energy edge of g for Au lo

Fig. 4. Electron temperature Te dependent electron heat capacity Ce for (a) Au, 
(b) Pd, (c) Ir, and (d) Rh. The curves are compared with several theoretical 
calculations and experimental results. For (a) Au: dotted line for linear factor 
γ = π2k2

Bg(εF)/3 from the free electron gas model, dashed line for the linear 
factor γ = 67.6 Jm− 3K− 2 from experiment [56], the calculation results by Holst 
et al. [8] and Lin et al. [15] are shown. For (b) Pd, (c) Ir and (d) Rh: dotted line 
for linear factor γ = π2k2

Bg(εF)/3 from free-electron–gas model. 

Fig. 5. The variations of the reciprocal of electron temperature Te dependent 
electron density of states g at Fermi energy εF and the variations of the integral 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε with Te in Eq. (7) for (a) Au, (b) Pd, (c) Ir, and (d) Rh. 

Fig. 6. Electron temperature Te dependent electron–phonon coupling factor 
Ge− ph for (a) Au, (b) Pd, (c) Ir, and (d) Rh. For (a) Au, the curve is compared 
with several theoretical calculations, the calculation results by Holst et al. [8] 
and Lin et al. [15] are shown. 
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cates at the left of zero point and g keeps shifting to a lower energy with 

increasing Te in Fig. 1(a), it is shown that both 1
/

g(εF) |Te 

and 
∫

[
g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε vary slightly at low Te, thus the product of these 

components is near-constant, presented in Fig. 5(a). With the increase of 
Te, growth tendency is observed within the evolutions of both 1

/

g(εF) |Te 

and 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε, hence their product shown a similar trend 

under the same circumstances. As a result, the variation of Ge− ph is 

accorded with the product of 1
g(εF) |Te 

and 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε, as 

shown in Fig. 6(a). 
Noting that most of the experimental data from pump-probe exper

iment for Au were given by the correlation between experimental Ge− ph 

and laser fluence [29,30], thus the increment of Te with absorbed laser 
energy is calculated by the Te − ΔE function from [8]. At Te below 2,
500 K, a near-constant value for Au Ge− ph

⃒
⃒
Te<2,500 K ≈ 2.39 × 1016 W/

K− 1m− 3 agrees well with the experimental values (2.1 ± 0.2) × 1016 W/

K− 1m− 3 [29] and 2.2 × 1016 W/K− 1m− 3 [30]. At higher Te, a huge gap 
between the calculated result Ge− ph

⃒
⃒
Te≈15,000 K = 15.59 × 1016 W/

K− 1m− 3 and the experimental value (4.9 ± 1) × 1016 W/K− 1m− 3 [30] is 
observed. However, the calculated result of Ge− ph for Au get a good 
agreement with the result from Holst et al. [8]. Nevertheless, a slight 
positive deviation of the calculated Ge− ph is observed with the results of 
Lin et al. [15]. The deviation is attributed to the difference of λ〈ω2〉 and 
the contribution of Te dependent g. 

On account of there is rare research on Ge− ph for Pd, Ir and Rh, the 
deviations of λ〈ω2〉 with increasing Te for these noble metals were 
neglected, as similar as the case of Au. The evolutions of two crucial 

components 1
/

g(εF) |Te 

and 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε to Te dependent 

Ge− ph for these noble metals are plotted in Fig. 5(b)-(d). Obviously, the 
slow growth tendency of 1

g(εF) |Te 
with increasing Te is observed, as similar 

as the case of Au. But the evolutions of 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε are 

distinct between them. For Pd, a dramatic decrease of 
∫ [

g(ε) |Te

]2
(

−

∂f |Te
∂ε

)

dε is observed at low Te, and it turns steady at high Te. In addition, 

a slight fallback of 1
g(εF) |Te 

is observed at Te ≈ 7, 500 K. Thus, the vari

ation of Te dependent Ge− ph decreases at low Te and turns steady until 
Te ≈ 7, 500 K, the slight fall back of 1

g(εF) |Te 
causes same behavior of 

Ge− ph, as shown in Fig. 6(b). 

For both Ir and Rh, peaks of 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε are observed at 

Te ≈ 7, 500 K and Te ≈ 2, 500 K respectively. Owing to more signifi

cant changes of 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε than 1
g(εF) |Te 

with increasing Te, 

the evolutions of Te dependent Ge− ph demonstrate similar behavior with 

the evolutions of 
∫ [

g(ε) |Te

]2
(

−
∂f |Te

∂ε

)

dε, as shown in Fig. 6(c)-(d). 

In addition, the calculation results of Ge− ph for Pd, Ir, and Rh shown a 
great agreement with Ref. [52] at low Te. The calculation results at room 
temperature 7.29 × 1017 W/K− 1m− 3 for Pd, 6.03 × 1017 W/K− 1m− 3 for 
Ir and 13.48 × 1017 W/K− 1m− 3 for Rh, are comparable to 7.4 ×

1017 W/K− 1m− 3 for Pd, 6.0 × 1017 W/K− 1m− 3 for Ir and 13.3 ×

1017 W/K− 1m− 3 for Rh [52]. 
High magnitude of Ge− ph indicates strong electron–phonon interac

tion, the value of λ〈ω2〉 demonstrates the extent of the interaction 
strength. For Au, λ〈ω2〉 = 21.5 meV2 is obtained and used in the calcu

lating Ge− ph. The result from the present model agrees well with the 
calculation result λ〈ω2〉 = 21 ± 2 meV2 by Holst et al. [8] and the 
experimental value λ〈ω2〉 = 23 ± 4 meV2 reported by Lin et al. [15]. 
Likewise, the values of λ〈ω2〉 for Pd, Ir, and Rh are obtained. The results 
are 66.38 meV2 for Pd, 144.36 meV2 for Ir, and 221.18 meV2 for Rh. 
Obviously, the strength of electron–phonon interaction for Au is weaker 
than the other three metals due to smaller value of λ〈ω2〉. But growth 
trend of Ge− ph of Au is observed with the increasing Te. However, regress 
trend of Ge− ph for Pd, Ir, and Rh with the increasing Te are found, as 
shown in Fig. 5(b)-(d). 

4. Conclusion 

To sum up, theoretical calculations and analyses of Ce and Ge− ph for 
Au, Pd, Ir, and Rh with an ab initio method are presented. Based on the 
discussions of electron excitation induced by femtosecond laser irradi
ation, the variations of g are observed. The further calculation of Ce and 
Ge− ph are affected by the variation g and f . Given the comparison be
tween the calculated Ce and the Ce by the free electron gas model, there 
are tremendous deviations from the present ab initio calculation to the 
free electron gas model due to the Te dependent g. Namely, the free 
electron gas model is inappropriate for the noble metals. For the case of 
Au, the calculated Ce and Ge− ph are affected by the excited d electrons 
when Te exceed 3,000 K. Moreover, the calculation results for Au are in 
accordance with those from experiment and simulation, which proves 
the feasibility and utility of employing the same approach to calculate Ce 
and Ge− ph of Pd, Ir, and Rh. Due to the difference between the location of 
the high-energy edge of g of Pd and Au, the calculated Ce increases and 
the caculated Ge− ph decreases with increasing Te. For the cases of Ir and 
Rh, though the calculated Ce shown increasing tendency with the in
crease of Te, it presents more complex evolutions of the calculated Ge− ph 

for these two metals than that for Au. It can be explained by the huge 
distinctions of g between Ir and Rh to Au. Calculation results in the 
present study is informative to the production of nanoparticles by 
femtosecond laser ablation for noble metals. Among the process, Ce and 
Ge− ph are the two key parameters to describe the femtosecond laser- 
induced electron excitation and the electron–phonon coupled thermal 
energy transportation. 
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