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a b s t r a c t 

The electron-phonon (e-ph) coupling process in ultrafast dynamics involves non-equilibrium effects in- 

cluding non-thermalized electrons and temporal non-equilibrium between different phonon branches. 

During such process, the two-temperature model (TTM) is employed to extract the relevant e-ph cou- 

pling constant though experiments themselves have demonstrated the invalidity of TTM. In this work, 

through fitting the results of Boltzmann transport theory by that of TTM, we quantitatively investigate 

the influence of the non-equilibrium effects on extraction of the e-ph coupling constant in TTM. The ex- 

tracted e-ph coupling constant will be indeed underestimated yet not significantly by about 7% under 

the influence of non-equilibrium between different phonon branches for Au, Ag. Additionally, when the 

excitation pulse width is comparable to the e-ph relaxation time of electrons, non-thermalized electrons 

exists after excitation and thus the extracted e-ph coupling constant in TTM shows over 20% deviation. 

Therefore, the excitation pulse width is required to be larger than 300 fs and 500 fs for Au, Ag, re- 

spectively at room temperature if the error is controlled within 10%. This work will provide insightful 

indication for the measurement of the e-ph coupling constant in femtosecond pump-probe experiments. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Electron-phonon (e-ph) coupling plays a crucial role in deter- 

ining the fundamental physical properties such as thermal con- 

uctivity, carrier mobility, relaxation rate for energy conversion fa- 

ilities and semiconductor electronic devices [ 1 , 2 ]. Thus, energy ex- 

hange through e-ph coupling draws increasing attention. In fem- 

osecond pump-probe experiments and Raman Spectroscopy, elec- 

rons and phonons are demonstrated with distinct temperatures so 

hat the energy transfer between each other is significant [ 3 , 4 ].

n order to describe the strength of energy exchange in metals, 

he e-ph coupling constant defined as energy transfer rate per 

nit volume and per temperature difference between electrons and 

honons is quantitatively introduced [5] . A thorough understand- 

ng and clarification of the e-ph coupling constant is urgent. 

In early time, through simplifying the original e-ph scatter- 

ng term in the Boltzmann transport equation, the e-ph coupling 

onstant was formulated for the free electron model [6] . After 

early 30 years, Allen insightfully established the relationship be- 

ween coupling function and Eliashberg function in superconduc- 

ivity, and then derived the prevailing theoretic formula of the e-ph 
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oupling constant which became a basic principle for most met- 

ls [7] . Thus, combined with ab initio calculation or experimental 

esults of Eliashberg function, the e-ph coupling constant can be 

btained by the application of Allen’s theoretic formula [8] . More- 

ver, the e-ph coupling constant can also be directly computed 

rom the original e-ph scattering term by ab initio method devel- 

ped over the past decade [9–11] . These predictions are all based 

n the quasi-equilibrium assumption for electrons and phonons 

ubsystems respectively. On the other hand, the direct measure- 

ent of the e-ph coupling constant by ultrafast pump-probe ex- 

eriments provides an alternative choice [ 12 , 13 ]. In ultrafast pump- 

robe experiments, a pump laser is firstly irradiated on the metal 

urface. After a delay time, a probe laser is incident to detect the 

eflectance change of the metal surface which is related to electron 

nd phonon temperature changes [ 14 , 15 ]. Afterwards, the two- 

emperature model (TTM) is adopted where electrons and phonons 

re assigned with different temperatures and then related by an 

-ph coupling constant [5] . Through fitting the normalized probe 

ignal of reflectance change by the TTM, an e-ph coupling constant 

s correspondingly extracted [ 16 , 17 ]. However, many researchers 

ave demonstrated that the application of the TTM in ultrafast 

ump-probe experiments is questionable due to significant non- 

quilibrium effects including non-thermalized electrons and tem- 

oral non-equilibrium between different phonon branches [18–24] . 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121309
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he relaxation time of electron-electron (e-e) interaction is compa- 

able to or even larger than that of e-ph interaction so that elec- 

rons are not able to scatter with each other frequently [ 18 , 19 , 25 ].

hus, e-ph scattering is significant to restore equilibrium and a 

arge amount of thermal energy has been transferred to phonons 

efore electrons thermalize [ 21 , 26 ]. If the time scale for the exci-

ation of electrons is comparable to the relevant relaxation time 

ncluding not only the e-e scattering time but also the e-ph scat- 

ering time, electrons are non-thermalized after excitation. In ad- 

ition, non-equilibrium between different phonon branches also 

ccurs due to the different coupling strength between electrons 

nd different phonon branches [ 23 , 24 , 27 ]. These non-equilibrium 

ffects will indeed influence the e-ph coupling process and the 

oltzmann transport theory is more appropriate to capture these 

nfluences in pump-probe experiments [ 25 , 28 , 29 ]. In contrast, the

ontinuum TTM model as the simplest expression of coupling be- 

ween electrons and phonons is widely employed. As a result, the 

-ph coupling constant extracted still using the TTM would be af- 

ected. A more consistent second moment of Eliashberg function 

as displayed for cuprate superconductors by the application of 

oltzmann transport theory rather than TTM [30] . One recent ex- 

eriment has shown that the TTM can still yield a consistent value 

f second moment of Eliashberg function once experimental data 

re analyzed at time delays when electrons with temperature de- 

ermined by measurement are already quasi-equilibrium [21] . It 

till remains to re-examine how much these non-equilibrium ef- 

ects will influence the extracted e-ph coupling constant using the 

TM. 

As experiments themselves are complicated and hard to distin- 

uish the different influence of non-equilibrium effects, the cou- 

led electron and phonon Boltzmann transport equations (BTEs) 

ith the form of relaxation time approximation scattering term is 

urther adopted for comparison [31] . A normalized parameter, in- 

luding the effect from electron and phonon temperature changes, 

s employed for quantitative comparison. The TTM is a continuum 

odel based on the quasi-equilibrium assumption whereas the 

TEs directly deal with the distribution function and include the 

on-equilibrium effects. Once the solution of the BTEs is obtained, 

he e-ph coupling constant in the TTM is correspondingly extracted 

hrough fitting the normalized parameter of the BTEs by that of the 

TM. This extraction includes the influence of non-equilibrium ef- 

ects, and thus the quantitative estimation could be made. The re- 

aining of this article is organized as below: a brief introduction 

f the coupled electron and phonon BTEs and the TTM are shown 

n Section 2 ; through fitting the normalized parameter of the BTEs 

y that of the TTM, the extracted e-ph coupling constant in the 

TM is analyzed and the influence of non-thermalized electrons 

nd temporal non-equilibrium between different phonon branches 

n which is further checked in Section 3 , respectively; concluding 

emarks are finally made in Section 4 . 

. Boltzmann transport theory and continuum model 

.1. Boltzmann transport equation 

The intensity form of the coupled electron and phonon BTEs is 

ormulated as [27, 31] 

∂ I ε 
∂t 

+ v e · ∇ r I ε = −
I ε − I eq 

ε 

(
˜ T e 
)

τe −ph ( ε ) 
+ S BTE ( r , t ) , (1) 

∂φω, p 

∂t 
+ v ph , p · ∇ r φω, p = −

φω, p − φeq 
ω, p 

(
˜ T e 
)

τph −e ( ω, p ) 
−

φω, p − φeq 
ω, p 

(
˜ T ph 

)
τU , ph −ph 

, 

(2) 
2 
here I ε and φω, p are the electron and phonon intensity respec- 

ively with ε the electron energy, ω the phonon frequency and p 

he different branch including the transverse acoustic (TA) and lon- 

itudinal acoustic (LA) phonons. The e-e interaction is neglected in 

ormulating the scattering term of electrons due to both the greatly 

estricted scattering phase space by Pauli exclusion principle under 

ow fluence excitation and screen effect [ 1 , 19 , 25 , 32 ]. S BTE denotes

he flux of pump pulse energy absorbed by electrons. ˜ T e and 

˜ T ph 

re the local pseudo-temperature of electrons and phonons deter- 

ined by the energy conservation principle during the e-ph colli- 

ion and the phonon-phonon (ph-ph) collision process separately. 

The energy-dependent e-ph relaxation time and the frequency- 

ependent ph-e relaxation time are expressed respectively as [31] : 

1 
τe −ph ( ε ) 

= 2 π
∑ 

p 

∫ {[
n eq 

ω 

(
˜ T ph 

)
+ 1 − f eq 

ε−h̄ ω 

(
˜ T e 
)]

C e −ph ( ε, ε − h̄ ω, ω, p ) 

+ 

[
n eq 

ω 

(
˜ T ph 

)
+ f eq 

ε+ h̄ ω 
(

˜ T e 
)]

C e −ph ( ε, ε + h̄ ω, ω, p ) 
}

dω 

, (3) 

1 

τph −e ( ω, p ) 
= 2 π

∫ 
D e ( ε ) 

D ph ( ω, p ) 

[
f eq 
ε 

(
˜ T e 
)

− f eq 

ε+ h̄ ω 
(

˜ T e 
)]

×C e −ph ( ε, ε + h̄ ω, ω, p ) dε. (4) 

The coupling function C e-ph in Eqs. (3) and (4) is further 

elated to the Eliashberg function α2 F ( ω, p ) through C e −ph � 

 

ε F /ε α
2 F ( ω, p ) . The free electron band structure with the density 

f states D e (ε) and the power law expression of the phonon dis- 

ersion relation along [0 0 1] direction with the branch-dependent 

ensity of states D ph ( ω, p ) are used [31] . Additionally, the ph- 

h relaxation time is approximated directly by the empirical rela- 

ion as 1 / τU ,ph −ph ( ω, p , ̃  T ph ) = B U ω 

2 ˜ T ph exp ( −	p / 3 ̃  T ph ) with the in- 

ut parameters also found in Ref. [31] . For the numerical solution, 

he discrete-ordinate-method (DOM) is applied where an implicit 

nd first-order upwind scheme is used for the temporal and spatial 

iscretization [ 31 , 33 ]. Besides, the Gauss-Legendre (G-L) quadra- 

ure is adopted for the numerical integration over the electron en- 

rgy, the phonon frequency and the angular variable due to its 

igh efficiency [34] . 

.2. Two-temperature model 

The TTM widely adopted for the description of the coupled 

lectron and phonon transport process is written as [ 5 , 35 ] 

 e ( T e ) 
∂ T e 
∂t 

= ∇ ·
(
κeq 

(
T e , T ph 

)∇ T e 
)

− G 

(
T e − T ph 

)
+ S TTM 

( r , t ) (5) 

 ph 

∂ T ph 

∂t 
= ∇ ·

(
κph ∇ T ph 

)
+ G 

(
T e − T ph 

)
(6) 

here T e and T ph are the local electron and phonon tempera- 

ure respectively. The temperature-dependent electronic heat ca- 

acity c e (T e ) = 

∫ 
Fermi 

window 

(ε − ε F ) 
df eq 

dT e 
D e (ε ) dε are calculated consis-

ently provided the electron band structure in the BTEs is given 

31] . The phonon heat capacity c ph = 

∑ 

p 

∫ ω max , p 

0 
h̄ ω 

d n eq 

dT 
D ph ( ω, p ) dω 

s nearly constant and is 2 . 465 × 10 6 J / ( m 

3 K ) , 2 . 499 × 10 6 J / ( m 

3 K )

or Ag, Au respectively as the temperature change of phonon is rel- 

tively small. The effective electron thermal conductivity is modi- 

ed as κeq ( T e , T ph ) = κe T e / T ph with κe the commonly used electron 

hermal conductivity in the bulk material [35] . In the present work, 

e is adopted to be 404.94 W/m/K, 326.88 W/m/K for Ag, Au sepa- 

ately, which is also referred from Ref. [31] , consistently. κph is the 

honon thermal conductivity whereas the diffusion of phonons is 

urther neglected since the conductivity of phonons is far smaller 

han that of electrons in most metals [11] . Correspondingly, the 

rift term in phonon BTE (2) is ignored. S TTM 

denotes the pump 

ulse energy absorbed by electrons. The e-ph coupling constant G 

elates energy exchange between electrons and phonons. 
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Fig. 1. The fitting curve of the normalized parameter 	 and the extracted e-ph 

coupling constant considering the influence of temporal non-equilibrium between 

different phonon branches: (a) for Au; (b) for Ag. The red squares represent the 

normalized parameter of the BTEs whereas the blue line denotes that of the TTM 

with an extracted e-ph coupling constant. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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. Results and discussion 

In this Section, we consider the ultrafast dynamics for Au, Ag 

s the first step. Under the influence of temporal non-equilibrium 

etween different phonon branches as well as non-thermalized 

lectrons, the extracted e-ph coupling constant using the TTM is 

hecked in Sub-section 3.1 and 3.2 , respectively. 

.1. Influence of temporal non-equilibrium between different phonon 

ranches 

First of all, the drift term in electron BTE (1) and the diffu- 

ion of electrons in Eq. (5) is neglected for simplicity, which is 

ommonly adopted in many experiments [ 14 , 16 ]. In order to in-

uitively investigate the influence of non-equilibrium between dif- 

erent phonon branches, the pump pulse energy irradiated on elec- 

rons sub-systems is not explicitly considered whereas it is mani- 

ested by a higher energy state in the initial condition [20] . Thus, 

he initial condition is set that electrons are assumed in equi- 

ibrium at 320 K with phonon undisturbed at room temperature 

300 K) as a first step. For the fitting process, the normalized pa- 

ameter is adopted 

= 

a �T e + b�T ph −
(
a �T e + b�T ph 

)
min (

a �T e + b�T ph 

)
max 

−
(
a �T e + b�T ph 

)
min 

(7) 

s fitting index. This expression is directly referred from the nor- 

alized reflectance change in ultrafast pump-probe experiments 

14] . It describes that changes in both electron and phonon tem- 

erature might give rise to the reflectance change with the propor- 

ionality coefficient a and b , respectively, under the linear response 

pproximation. Thus, the relevant temperature change cannot be 

p to several hundred Kelvins and the temperature difference of 

0 K between electrons and phonons is set for the initial condi- 

ion in the present work [15] . For another, when the temperature 

s higher than 10 0 0 K, the excitation of d band electrons will make

he e-ph coupling constant further temperature-dependent [36] . In 

ontrast, for the temperature range in the present work, the e-ph 

oupling constant is temperature-independent. Usually, the ratio 

 / b is determined by fitting the measured normalized reflectance 

hange with the TTM in experiments, which may be influenced by 

robe laser wavelength and materials [14] . However, in the present 

ork, the value of a / b needs to be pre-given for the BTEs, and then

he normalized parameter 	 of the BTEs can be calculated. After- 

ards, the e-ph coupling constant in the TTM is extracted through 

tting the normalized parameter 	 of the BTEs by that of the TTM 

ia least-square method. 

The choice of a / b is referred from different experimental condi- 

ion and theoretical indication, and we set it to infinity with a = 1 

nd b = 0 for Au, Ag [ 14 , 37 , 38 ]. It is widely accepted that the

ontribution of the electron temperature change to the reflectance 

hange is definitely dominant so that the phonon contribution can 

e nearly neglected for Au, Ag. Thus, the reduced form of Eq. (7) is

= 

�T e −( �T e ) min 
( �T e ) max −( �T e ) min 

. The angular and spatial variables vanish in 

his case due to the negligible treatment of the drift term. The dis- 

retization of the electron energy and phonon spectrum is based 

n the abscissas of the G-L quadrature that are applied with 96 

nd 80 points for electrons and phonons, respectively. The fit- 

ing period is chosen that the electrons and phonons have nearly 

eached equilibrium at final state, and then set as 20 ps for both 

u, Ag. The normalized parameter fitted by the TTM and the 

esult of the extracted e-ph coupling constant are displayed in 

ig, 1 . Furthermore, the quantitative assessment of this extracted 

alue is estimated by comparison with the theoretical value of 

llen’s formula as it represents the intrinsic property of materi- 
3 
ls. Allen’s theory gives that G = 3 � 
∫ 

Fermi 

window 

(ε − ε F ) 
df eq 

dT 
D e (ε) dε ×

∑ 

p 2 
∫ ω max , p 

0 
α2 F (ω, p) 

ω ω 

2 dω/ (πk B T ) with the Eliashberg function 

2 F ( ω, p ) referred from our recent work [31] . As a result, the 

alculated e-ph coupling constant is 1 . 92 × 10 16 W / ( m 

3 K ) , 2 . 01 ×
0 16 W / ( m 

3 K ) for Au, Ag, respectively. 

The e-ph coupling constant calculated by the BTEs is not a sim- 

le constant but displays rapid reduction by the influence of non- 

quilibrium between different phonon branches [31] . Thus, the in- 

estigation of this reduction on the extracted e-ph coupling con- 

tant in the TTM is an equivalent way to check the influence of this 

emporal non-equilibrium. The extracted e-ph coupling constant is 
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Table 1 

The value of reflectivity ( R ) and optical penetration 

depth ( δ) at the pump wavelength of 400 nm and 

800 nm separately for Au, Ag. 

Wavelength 

400 nm 800 nm 

R δ/nm R δ/nm 

Au 0.371 16.4 0.98675 12.9 

Ag 0.848 16.3 0.9577 12.1 
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3

early 6%, 7% lower than that of Allen’s theory for Au, Ag respec- 

ively. This result makes sense since the non-equilibrium between 

ifferent phonon branches manifested by the reduction of the e-ph 

oupling constant in the BTEs will slow down the rate of reaching 

quilibrium between electrons and phonons. Thus, the overall e- 

h coupling constant in the TTM is slightly underestimated when 

tting with the BTEs. However, the influence of this reduction on 

he extraction is not explicitly significant. It might be attributed 

o that electrons and phonons almost tend to be equilibrium with 

nly little temperature difference between each other when the 

-ph coupling constant calculated by BTEs reduces to half of that 

rom Allen’s theory. In other words, the dominance role of the e- 

h coupling constant lies in the initial stage of rapid energy trans- 

er where the e-ph coupling constant in the BTEs is nearly consis- 

ent with that from Allen’s theory. Correspondingly, the extracted 

-ph coupling constant in the TTM is close to that of Allen’s the- 

ry. Therefore, the extraction of the e-ph coupling constant in the 

TM will be indeed underestimated yet not significantly by the in- 

uence of the temporal non-equilibrium between different phonon 

ranches. 

.2. Influence of non-thermalized electrons 

In this subsection, the irradiation energy of pump laser is ex- 

licitly considered, which can be treated as a source term. The drift 

erm in electron BTE (1) and the diffusion of electrons in the TTM 

re also considered. The expression of this source term for the TTM 

s written as [17] : 

 TTM 

( z, t ) = 

√ 

4 In 2 

π

( 1 − R ) J 

t p δ
exp 

( 

− z 

δ
− 4 In 2 

(
t − 2 t p 

t p 

)2 
) 

. (8) 

In Eq. (8) , J is the pump laser fluence. t p is the full width at half

aximum duration of the pump laser pulse and we term it as the 

xcitation pulse width in short in the present work. R is the reflec- 

ivity of the metal and δ is the optical penetration depth, which 

re both dependent on the pump laser wavelength. The value of R 

nd δ are referred from the optical properties, and then shown in 

able 1 at the pump wavelength of 400 nm and 800 nm separately 

or Au, Ag [39] . 

The source term for the intensity form of the BTEs is written 

s: 

 BTE ( z, t ) = v e 

√ 

4 In 2 

π

( 1 − R ) J 

t p δ
exp 

( 

− z 

δ
− 4 In 2 

(
t − 2 t p 

t p 

)2 
) 

× 1 (
ε high − ε low 

)
4 π

, (9) 

hich is directly referred from that of the TTM. ε low 

and ε high are 

he lower limit and upper limit of the Fermi window, respectively. 

he more appropriate expression of the source term for the BTEs, 

escribing the states after electrons absorb the irradiation energy, 

eeds further attention. Due to the requirement of not too high 

emperature change by the linear response, the pump laser flu- 

nce is set to be smaller than 0.05 J/m 

2 for all cases. Within the

inear response regime, the change in the pump laser fluence has 
4 
early no effect on the extraction result. It also agrees with the re- 

ent experimental investigation that the second moment of Eliash- 

erg function extracted from the femtosecond broadband optical 

pectroscopy is independent of the excitation fluence [21] . The ac- 

ual value of t p irradiated on the metal surface is larger than that 

nitially ejected from the pump laser due to the broadening ef- 

ect from the electro-optic modulator [40] . The expression of the 

ource term in the TTM might describe the restored states around 

ermi surface after the incidence of the pump laser since the com- 

lex electron-photon and e-e interaction are not explicitly consid- 

red. Thus, the value of t p in the TTM is also a fitting parame-

er determined by fitting the rising stage of the measured normal- 

zed reflectance change, and then might be larger than the actual 

ne irradiated on the metal surface [40] . Therefore, in the ultrafast 

ump-probe experiments, the value of t p , a / b and e-ph coupling 

onstant G are all fitting parameters, among which the a / b and the 

 jointly influence the falling stage and the following gradual pe- 

iod of the normalized index. In contrast, for fitting the normalized 

ndex 	 of the BTEs by that of the TTM in the present work, the 

alue of t p and a / b in the BTEs needs to be pre-given. The choice

f a / b for Au, Ag is nearly clear and set to infinity as mentioned

n the former sub-section. In comparison, the value of t p in the 

ource term depends on different experimental setup and is usu- 

lly not given clearly in experiments. Thus, the different setup of 

 p in the source term can be further checked in the present work. 

Electrons and phonons are in room temperature for the initial 

ondition and the boundary condition is set that the top and bot- 

om surface of the metal film are both adiabatic. Thus, the thick- 

ess of the metal film is appropriately large to satisfy that heat has 

ot yet been transferred to the bottom of the metal in the con- 

erned fitting period. The length of 220 0 nm, 20 0 0 nm is set for

g, Au respectively in the fitting period of 12 ps. Otherwise, inter- 

ace transport needs to be considered where the coupling between 

lectrons in metal and phonons in semiconductor substrate is still 

lusive [ 41 , 42 ]. In the DOM scheme, the number of abscissas of the

-L quadrature is chosen as 48 points for both the electron energy 

nd phonon spectrum, and 32 points for the discretization of po- 

ar angle. Once the normalized index 	 of the BTEs is obtained, its 

aximum is shifted to be located at time t = 0. Afterwards, the 

alue of a / b and t p in the TTM is obtained by fitting the normal-

zed index 	. These values are found to be the same with that in 

he BTEs. Thus, the e-ph coupling constant is extracted by the least 

quare method. 

The fitting curve of the normalized index 	 and the extracted 

-ph coupling constant are shown in Fig. 2 at the pulse width 

f 100 fs and 500 fs for both Au and Ag. The rapid rising stage

ainly represents the excitation of electrons by absorbing the ir- 

adiation energy, during which the energy transfer from electrons 

o phonons also occurs. This physical picture also agrees with the 

xperimental investigation and the theoretical analysis that the en- 

rgy transfer through e-ph coupling is important before the ther- 

alization of electrons [ 21 , 26 ]. Subsequently, the energy exchange 

etween electrons and phonons dominates in the falling period 

ntil equilibrium is nearly reached between each other, then fol- 

owed by the energy transport through the material. The overall 

rend of the normalized parameter of the TTM exhibits good con- 

istency with that of the BTEs. However, in terms of the e-ph cou- 

ling constant, a large discrepancy between the extracted value 

nd Allen’s theoretical value exists for Au, Ag at the excitation 

ulse width t p of 100 fs, whereas they agree with each other well 

t t p of 500 fs. Furthermore, the extracted e-ph coupling constant 

t other pulse width as well as the relative error is displayed in 

ig. 3 . 

Generally, this extracted e-ph coupling constant shows larger 

eviation from Allen’s theory when the pulse width is smaller than 

00 fs. The average e-ph relaxation time of electrons is 33.6 fs and 
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Fig. 2. The fitting curve of the normalized parameter 	 and the extracted e-ph coupling constant at pump pulse wavelength 400 nm considering the influence of non- 

thermalized electrons: (a) for Ag, t p = 100 fs; (b) for Ag, t p = 500 fs; (c) for Au, t p = 100 fs; (d) for Au, t p = 500 fs. The pump laser fluence is set to be 0.05 J/m 

2 , 0.01 J/m 

2 

for Ag, Au, respectively. The time step is adopted to be 6 fs, 15 fs at t p of 100 fs, 500 fs, separately. The blue solid line represents the normalized parameter of the BTEs 

whereas the red dashed line denotes that of the TTM with an extracted e-ph coupling constant. (For interpretation of the references to color in this figure legend, the reader 

is referred to the web version of this article.) 
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6.9 fs for Ag and Au respectively at room temperature [31] . Dur- 

ng the excitation period, the absorption of the incident radiation 

nergy pushes electrons away from equilibrium and then the in- 

eraction with phonons helps to return to equilibrium. When the 

xcitation pulse width is comparable to or a slightly larger than 

he e-ph relaxation time like the case of t p smaller than 300 fs, 

lectrons are not fully able to interact with phonons so that non- 

hermalized electrons exist after excitation. In contrast, if the pulse 

idth is larger enough than the e-ph relaxation time like the case 

f t p larger than 500 fs, the interaction between electrons and 

honons is sufficient and thus electrons are almost thermalized 

fter excitation. However, under the quasi-equilibrium assumption 

f the TTM, electrons are instantaneously thermalized, then fol- 

owed by the standard e-ph energy exchange during the excitation 

rocess. Actually, due to the insufficient interaction between elec- 
5 
rons and phonons during the excitation process, electrons have 

igher thermal energy than that predicted by the TTM. When the 

ormalization is further performed as Eq. (7) , the maximum tem- 

erature change in the denominator for the BTEs is higher. Thus, 

he normalized parameter for the BTEs will be reduced and the 

TM with a higher e-ph coupling constant may fit well. As a re- 

ult, the extracted e-ph coupling constant in the TTM shows nearly 

ver 20% overestimation compared with Allen’s theory. Therefore, 

f we want to control the fitting error within 10%, the excitation 

ulse width is required to be larger than 30 0 fs and 50 0 fs for

u, Ag, respectively at room temperature. When the temperature 

s lower, the restriction on the excitation pulse width is stricter 

s the intrinsic e-ph relaxation rate is weakened. Although the 

emporal non-equilibrium between different phonon branches ex- 

sts in these cases, it has a weak influence on the extraction com- 
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Fig. 3. The extracted e-ph coupling constant at different pulse width for both 400 nm and 800 nm pump wavelength and the relative error between this extracted value 

and Allen’s theoretical value: (a) for Ag; (b) for Au. The pump laser fluence is set as 0.05 J/m 

2 except for 0.01 J/m 

2 for Au at wavelength of 400 nm. The time step is adopted 

to be 15 fs except for 6 fs at t p smaller than 500 fs. 
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ared to the non-thermalized electrons. When the excitation pulse 

idth is relatively large, electrons are nearly thermalized, and then 

he extracted e-ph coupling constant in the TTM is slightly under- 

stimated by the influence of non-equilibrium between different 

honon branches as shown in Fig. 3 at t p larger than 900 fs. 

The femtosecond pump-probe experiments transform the de- 

cription of a very complex e-ph energy transfer process into 

ne normalized parameter, which includes not only the electron- 

hoton interaction, but also the extent of thermal response from 

lectron and phonon temperature changes to reflectance change. 

or one thing, the excitation pulse width adopted is usually not the 

ctual one irradiated on the metal surface but post-determined, 
6 
hich may incorporate the effect of e-ph and e-e interaction, even 

hough the e-e scattering is greatly weakened by low fluence ex- 

itation [ 25 , 40 ]. For another, the value of a / b which denotes the

ifferent extent of thermal response from electrons and phonons 

ight vary by different experimental setup for some metals like Al 

nd Cu [ 43 , 44 ]. More importantly, the different choice of a / b may

agnify or weaken the influence of non-thermalized electrons and 

on-equilibrium between different phonon branches. As a result, 

he extracted value of the e-ph coupling constant will be affected. 

herefore, this study is not intended to compare with experiments 

irectly, which are hard to distinguish the influence of the choice 

f a / b and t p or other non-equilibrium effects. In other words, by 
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erforming the quantitative comparison between the BTEs and the 

TM, the present work re-examines the extracted e-ph coupling 

onstant in the TTM under the influence of non-thermalized elec- 

rons and non-equilibrium between different phonon branches for 

g, Au as a first step. 

. Conclusions 

The normalized parameter, which includes electron and phonon 

emperature changes, is adopted for the direct comparison be- 

ween the BTEs and the TTM. Through fitting the normalized pa- 

ameter of the BTEs by that of the TTM, the extracted e-ph cou- 

ling constant in TTM is quantitatively re-examined under the 

nfluence of the non-equilibrium effects including temporal non- 

quilibrium between different phonon branches as well as non- 

hermalized electrons in the present work. The temporal non- 

quilibrium between different phonon branches will cause the un- 

erestimation of the extracted e-ph coupling constant by about 7% 

or Au, Ag. Moreover, when the excitation pulse width is compa- 

able to the e-ph relaxation time of electrons, the extracted e-ph 

oupling constant in TTM shows over 20% deviation due to the ex- 

stence of the non-thermalized electrons. Therefore, if we want to 

ontrol error within 10%, the excitation pulse width is required to 

e larger than 300 fs and 500 fs for Au, Ag, respectively at room 

emperature. This requirement may be easily satisfied in most ex- 

eriments. The e-e scattering or even electron-photon interaction 

an be straightforwardly considered for a deeper understanding of 

he non-thermalized electrons. This work will provide insightful 

ndication for the measurement of the e-ph coupling constant in 

emtosecond pump-probe experiments. 
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