ars CHGRUS

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Effect of intense laser irradiation on the thermal transport
properties of metals
Pravin Karna and Ashutosh Giri
Phys. Rev. B 107, 094301 — Published 2 March 2023
DOI: 10.1103/PhysRevB.107.094301


https://dx.doi.org/10.1103/PhysRevB.107.094301

Effect of Intense Laser Irradiation on the Thermal Transport Properties of

Metals

Pravin Karna' and Ashutosh Giri!**

'Department of Mechanical Industrial and Systems Engineering,
University of Rhode Island, Kingston, RI 02881, USA
(Dated: February 17, 2023)



Abstract

Ultrafast laser irradiation of metals can elevate the temperature of electrons to the same order as the
Fermi temperature while the lattice remains cold. In this transient and highly nonequilibrium regime, the
material properties can undergo drastic modifications, revealing insights into the physical phenomena of the
condensed state that are otherwise not evident under equilibrium conditions. However, a clear description
of these phenomena, even for elemental metals, remains greatly unexplored partly due to the limitations
imposed by the phenomenological treatment of electron-phonon scattering with simplified assumptions for
these highly nonequilibrium regimes. In this work, using recent advancements in first-principles calcula-
tions, we provide a detailed understanding of hot electron dynamics in a free-electron-like metal (aluminum)
and a noble metal (gold) to demonstrate the important role played by the electronic structure in dictating
their transport properties at elevated electron temperatures. By performing parameter-free density functional
theory calculations of the electron-temperature dependent heat capacities, electron-phonon coupling, elec-
tron mean free paths and thermal conductivities, we show that semi-empirical and free-electron estimations
can lead to erroneous predictions, especially for the case of gold where the excitation of the low-lying d-
bands can drastically modify the transport properties. We find that the diffusive mean free paths of electrons
in gold can be increased from ~35 nm at ambient conditions to ~70 nm at electron temperatures of kp7,=6
eV as a result of drastically reduced electron-phonon scattering. In contrast, we find that the mean free
paths of electrons in aluminum are relatively insensitive to high electron temperature perturbations mainly
resulting from the unchanged electron-phonon scattering even at elevated electron temperatures. This ul-
timately results in a much greater increase in the thermal conductivity of gold at electron temperatures of
~20,000 K, where it increases by more than two orders of magnitude. However, in aluminum, the thermal
conductivity increase at the elevated electron temperatures is relatively not as pronounced (which increases
by a factor of ~70). Our results shed light on the microscopic understanding of hot electron dynamics in

metals and is crucial for a plethora of applications such as in plasmonic devices.

I. INTRODUCTION

The complete understanding of electron-phonon (e-p) nonequilibrium in metals is not only of

significance to various phenomena in materials physics such as superconductivity [1-3], spintron-
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ics [4], electrical and thermal transport [5—7] and laser induced phase transitions [8—11], but it also
underpins the progress in a wide array of applications such as in photovoltaics [12—-14], plasmonic
devices [15-17], nonlinear optics and catalysis [18-21]. As such, considerable amount of prior
work (dating back to Drudes theory on describing the scattering processes of a free electron gas
in 1900) [22] has been devoted to understanding the e-p scattering in metals. For instance, time-
resolved experiments based on femtosecond laser pulse excitation of various metals have measured
their e-p coupling factor (=), which quantifies the volumetric rate of energy transfer between the
phononic and electronic subsystems [7, 16, 23-28]. Immediately after short-pulse laser irradiation,
preferential heating of the electron subsystem (as compared to the cooler lattice) can elevate the
electron temperature to values comparable to the Fermi energy, creating thermodynamic nonequi-
librium between the two states. Describing the evolution of this highly nonequilibrium regime has
been the subject of intense research over the past several decades.

A significant amount of works focusing on understanding e-p interactions in metals have tried
to describe the many-body process by utilizing approximate models, such as those based on the
free-electron theory. However, these simplified models are only applicable to a limited number
of metals that typically do not possess complex electronic band structures. For example, the free-
electron theory is mostly applicable to metals with relatively constant density of states (DOS)
around the Fermi level [29-31]. Nevertheless, to describe the temporal and spatial evolution of
the temperature profiles of phonons and electrons in an array of metals, the simplified models are

mostly coupled with the two-temperature model (TTM), that is given as [32],

C’e(Te)a;;e =V.(k.VT.) — G(T, —T,) + S(t),
(D
oT,
Cp(Tp)a_tp =V.(k,VTy,) + G(T. = T,),

where 7. and 7T, are the electronic and lattice temperatures, respectively, C., C,, k. and k), are
the heat capacities and thermal conductivities of the electrons and the lattice vibrations, respec-
tively, and S(t) is the source term. This TTM formulation has been extensively used to interpret
time-resolved experiments based on pump-probe spectroscopies by assuming that the measured
G is constant throughout the relaxation process [7, 32-35]. Although these experiments are usu-
ally carried out at low electron temperature perturbations (less than several thousand Kelvin), the
interpretation of a constant G throughout the entire relaxation process (which for a metal with
weak e-p coupling, such as that in gold, can last for several picoseconds) has been shown to not

be entirely valid [7, 15, 32, 33, 36-39]. Therefore, the often used simplification in the TTM,
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i.e. the treatment of thermophysical parameters, (such as GG, C. and k.) as phenomenological
temperature-independent constants, is invalid for conditions of strong nonequilibrium. Moreover,
studies that have treated the temperature dependence of some of these physical properties do not
directly account for the effect of highly nonequilibrium electron gas perturbations on the time
variant ion-electron and ion-ion potentials while calculating the e-p interactions. These variations,
as a result of the e-p nonequilibrium, ultimately dictate the thermophysical properties, which have
often been assumed to be temperature-independent constants [31, 38—40]. For example, by com-
bining density functional theory (DFT)-based electronic structure calculations with an emperical
treatment of the e-p interactions in noble and transition metals, Lin ef al. [38] have shown that
G(T.) can be significantly increased at high electron temperatures from the thermal excitation of
the lower lying d-band electrons. Their calculations, however, neglect the effect of electron pertur-
bation on both the electronic structure and the mass enhancement parameter (\), both of which can
significantly alter the thermophysical properties, as we will show in this work. Therefore, to fully
understand the role of e-p interactions in highly nonequilibrium regimes, such as those during and
immediately after ultrashort laser irradiation of metals, one must consider the parameter-free DFT
calculations of e-p matrix elements by directly accounting for variations in the phonon spectrum
as well as changes in the electronic band structure caused by the electron perturbation, which has

remained elusive thus far.

Although more rigorous ab initio treatment of the e-p coupling based on linear response theory
have studied the spectral nature of the Eliashberg function and its influence on electrical resistivity
and k. [5, 41, 42], these calculations, however, were carried out over coarse electron (k) and
phonon (q) wave vector grids. This inevitably lacks the rigor to accurately determine the mode-
level e-p interactions and linewidths quantifying electronic lifetimes and mean free paths (A.)
with sufficient resolution to accurately predict the thermophysical properties such as G(7,) and
ke(T.). More recently, fine meshes of q and k wave vector grids have been utilized to calculate e-p
coupling interactions in various metals [43—47]. However, these studies have not considered the
effect of strong e-p nonequilibrium (where the electronic states are perturbed to several thousands
of degrees above ambient conditions) on the e-p interactions and the resulting thermophysical and
transport properties, which is what we seek to uncover through accurate calculations on dense

wave vector grids in this work.

For highly nonequilibrium regimes, where the electronic temperature is elevated to the same

order as the Fermi energy, finite temperature DFT calculations have shown that the lattice dynam-
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ics in elemental metals depend on the interplay between ion-ion and ion-electron-ion interactions
[48-50]. As mentioned above, this is the scenario immediately following femtosecond laser irradi-
ation of metals, where highly nonequilibrium states of matter co-exist and the interaction between
these states can be drastically different as compared to scattering mechanisms dictating the e-p
coupling at ambient conditions. For instance, the excitation of d-band electrons in gold weakens
the electron screening, which increases the ion-ion potential and in turn causes the lattice to stiffen
[48]. Even for free-electron metals with no d-band electrons (such as aluminum), the increase in
electron kinetic energy has been shown to enhance the internal pressure and result is considerable
phonon-hardening [50]. These variations can have major implications on the e-p interactions and

the ensuing thermophysical properties of metals.

Herein, we systematically investigate the role of elevated electron temperatures and the con-
comitant changes on the phonon spectrum as well as the electronic DOS on the e-p interactions
and the thermophysical properties of metals. For this, we consider a prototypical free-electron-like
metal (aluminum), and an extensively studied noble metal (gold). More specifically, we perform
density functional perturbation theory (DFPT) calculations for electronic perturbations of up to
kgT.=6 eV to show that the excitation of the electron gas can drastically decrease the overall e-p
coupling in gold while it has a negligible influence on aluminum. We attribute this to the vastly
different electronic structures of the two-metals, where the excitation of the low-lying d-bands
with relatively high DOS as compared to the s-bands with low DOS in gold, leads to considerable
lattice stiffening and the decrease in the e-p coupling strength. We also find that the average dif-
fusive A, in gold is doubled (from ~35 nm at ambient conditions to ~70 nm at kg7.=6 eV) as a
result of e-p nonequilibrium. In comparison, the increase in the average A, in aluminum is not as
pronounced (increasing from ~19 nm at ambient conditions to ~23 nm at kgl =6 V). The dras-
tic increase in A, for gold translates to an increase in electron thermal conductivity by more than
two orders of magnitude for 7,>20,000 K. For Al, the electron gas perturbation has a reduced in-
fluence on the electron thermal conductivity, which only increases by a factor of ~70 above those
temperatures. Our results highlight the effects of hot electron dynamics on the thermophysical
and transport properties of elemental metals, which is crucial to understanding the temporal evo-
lution of the energy carriers when they are perturbed to several thousands of Kelvin temperature in
comparison to the colder metallic lattice, a scenario commonly encountered in femtosecond laser

excited metals.



II. METHODOLOGY

We use the Quantum Espresso package [51] to carry out our DFPT calculations. We determine
the e-p matrix elements through the Electron Phonon Wannier (EPW) package. The electronic
states are scattered by specific phonons modes with energy fiw from one particular state to an-
other. The likelihood of occurrence of this event is quantified by the Eliashberg coupling function,
o?F(w). The accurate calculation of Eliashberg function is fundamental to the accurate determi-
nation of the e-p coupling. Therefore, for the accurate calculation of Eliashberg function, dense q
and k wave vector grids in the Brillouin zone are necessary. The Eliashberg function is given as

[52],

Oé‘?rF Z Z ’ngrqm kn| 6 hw — hwq.])

qj knm 2)

6(ekn — €F)0(Ektqm — EF)Mcrqmkn
where j denotes the branch index of q, N(,.) signifies the DOS of electrons per spin at the Fermi
level, and glq(‘iqmﬁkn symbolize the e-p matrix elements that quantify the scattering of an electron at
the Fermi surface from the state |kn) to the state |k 4+ qm). The efficiency factor,

Vkn - Vk—l—qm
|Vicn |2

3)

Tk+qmkn = 1-—

accounts for the anisotropic behavior by taking different directions of scattering into consideration.
It is dependent on the electron velocity vy, and is the fundamental difference between the spectral
function, a?F'(w) and the transport spectral function defined in Eq. (2). The mass enhancement
factor (\) gives the strength of e-p coupling factor and is given as,

© o?  F(w)dw
M) = 2/ M 4)
0 w

A precondition for precise calculation of Eq. (2) is usage of refined k grid in the Brillouin
zone. Interpolation of the e-p matrix elements, phonon modes and the band energies are accom-
plished from an initial coarse grid of 12x12x12 and 6 x6x6 to a uniform grids of 60x60x60 and
30x30x30, for electron and phonon wave vector grids, respectively. This is carried out by em-
ploying maximally-localized Wannier functions from the Bloch energy bands [53]. A plane wave
cutoff of 816.3 eV (60 Ry) is implemented for these calculations. We use non-relativistic norm-
conserving pseudopotentials taken from the PSlibrary [54]. The exchange-correlation energy is

treated with Perdew-Zunger (PZ) functional of the local density approximation (LDA) for Al and
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the Perdew-Burke-Ernzerhof (PBE) functionals of the generalized gradient approximation (GGA)
for Au. The 5d, 6s bands with 11 electrons and the 3s, 3p bands with 3 electrons are considered
as valence electrons, for Au and Al, respectively. We use single face-centered cubic unit cells for
the metals. For our calculations, we do not account for spin-orbit coupling in these metals.

The elevated temperature conditions are created by smearing the Fermi-Dirac distributions with
kg1, varying from 0.1 eV to 6 eV. Note, this method to achieve elevated electron temperatures
in first-principles calculations has been extensively used in Refs. [48-50, 55-60] to predict the
changes in both electronic and phononic DOS due to elevated electron temperatures. Briefly, in
this approach, the finite temperatures enter through the Fermi-Dirac occupation function for the
electron Kohn-Sham eigenstates and through an entropy term that is present in the free energy
[61].

The compactness of interpolated fine grids of k and q points are crucial for proper convergence
of e-p coupling coefficient. We verify the convergence as well as the accuracy of Wannier repre-
sentation by confirming their localized nature. The localization of the wave vectors are confirmed
by the spatial decay of the Hamiltonian, dynamical and the e-p coupling matrices to zero (see
Fig. S1 of the Supplementary information). The decay of these matrices endorses the usage of our

calculations of the high quality interpolations. The obtained electron Hamiltonian is given as,
Hy p = Z wye” ®Re=R) I el gy (5)

here wy represents the weight of k points, R, denotes the electron unit cell, and the gauge matrix
Ux yields the conversion between Bloch eigen states and the maximally localized functions. The

dynamical matrix to real-space transformation is carried out using

ph
DRP ,R’ -

Zw e (R, Rp)e DpheJr (6)

where w, symbolizes the weight of the q points and e4 represents the orthogonal eigen value

dynamical matrix. Subsequently,the electron-phonon matrix elements are given as,
g(Re,Ry) Zwkwq Rt ], g(kq) Uiy, (7)

where Uy and Uy,q denote electronic matrices, u, symbolizes the phonon eigenvectors scaled by
atomic masses, and /V,, symbolizes the number of unit cells in the period supercell [62, 63]. As
the distance increases, all the quantities rapidly decay to zero in the electron or phonon unit cells

as shown in Fig. S1 of the Supplementary Information.
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Figure 1. Electronic density of states for (a) Au and (b) Al at varying electron temperatures as obtained
from parameter-free density functional theory calculations. Electronic band structure for (c¢) Au and (d)
Al at electron temperatures of 0.1 eV and 6 eV. (e) Variation in the chemical potential for Au and Al with
increasing electron temperatures. The hollow black squares denote the finite-temperature DFT calculations
of the chemical potential for Al as reported by Zhang et al. [S5]. The agreement between our results and

that of Zhang et al. [55] provides confidence in our results of the electronic structure calculations.

III. RESULTS AND DISCUSSIONS

We show the changes in the electronic DOS for Au an Al as obtained from our DFT calculations
for several electron temperatures in Figs. 1a and 1b, respectively. We assume that the electrons
have thermalized amongst themselves and can be described by the Fermi-Dirac distribution for all
of our calculations. This is a valid assumption for time regimes greater than the electron-electron
scattering time, which is less than ~600 fs for photoexcited gold films as determined by Fann
et al. [36] using laser photoemission spectroscopy. With increasing electron temperature, the d-
bands in Au shift towards lower energies with a gradually reduced width in their energy spectrum
of the d-band electrons. This excitation of d-band electrons in gold weakens the electron screen-
ing, thus increasing the effective ion-ion potential as will be discussed in more detail below([48].
In contrast, for Al, the electronic DOS remains constant over the entire temperature range. These
characteristic changes in the electronic DOS for Au and Al can be further visualized in the band
structure calculations as shown in Fig. 1c and 1d for Au and Al, respectively. For Au, the elevated
electron temperature of 6 eV leads to of the shrinking of the energy spectrum for the d-bands. For
Al, there is no variation in the band structure for entire temperature perturbation range. We also
plot the chemical potential for both Al and Au as a function of electron temperature as shown in

Fig. le. Note, we obtain the chemical potentials through our self-consistent field calculations. The
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Figure 2. Evolution of Fermi surfaces for (a) Au and (b) Al at three different electron temperatures. Color
represents the variation in Fermi velocities at the Fermi surface. (c) Average Fermi velocity plotted as a
function electron temperature. The Fermi velocity increases for Au while for Al, it has a slight decrease

over the entire temperature range.

chemical potential increases monotonically for Au while it decreases for Al with increasing elec-
tron temperatures. For Al, our results match well with prior calculations of Zhang et al. [55] that
utilized similar Fermi smearing approach to perform finite-temperature DFT calculations. Their
calculations utilizing the GGA matches well with our LDA-based calculations providing further
confidence in our results. Taken together, the results from our electronic structure calculations
that show the contrasting behaviors of the two metals under elevated electron temperatures have a
significant role in dictating their vastly differing electron temperature dependencies of their ther-

mophysical properties, as we discuss in detail below.

We plot the Fermi surfaces of Au and Al colored according to the Fermi velocities at differ-
ent electron perturbations in Figs. 2a and 2b, respectively. The Brillouin zones are outlined as
black lines. As the Fermi surface separates the occupied from the unoccupied electronic states, the
transport properties of electrons are highly dependent on where they are on the Fermi surface [64].
For Au, at low electron perturbations, the Fermi surface is nearly spherical with eight necks that

touch the hexagonal faces along the (111) directions. At higher electron perturbations, the Fermi
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Figure 3. Temperature-dependent heat capacities C, (7 ), calculated as a function of electron temperature,
for (a) Al and (b) Au. For comparison, we also plot the predictions from the simplified free-electron model
along with predictions of Eq. 9 that utilizes the unperturbed electronic density of states (calculated at 7,=0
K). For Al, the free-electron gas model agrees well with our parameter-free calculations at lower temper-
atures, whereas it significantly underpredicts our DFT-based calculations at higher electron temperatures.
For Au, the free-electron gas model can not predict the temperature dependence of the heat capacity for the
entire temperature range. Furthermore, for the case of Au, the use of the unperturbed electronic density of

states also leads to erroneous calculations of heat capacity, especially at higher electron temperatures.

surface expands and the ‘necking’ regions that touch the zone boundaries gradually expand. At the
zone boundary, there is an energy gap associated with the Bragg reflection of electrons and con-
sequently the energy bands flatten out as it approaches the zone edge [64]. Similarly, for Al, the
Fermi surface expands and touches the hexagonal surfaces of the zone boundaries. However, un-
like in Au, the Fermi velocity in Al decreases for high electron perturbations. This is quantitatively
shown in Fig. 2c where we plot the average Fermi velocity as a function of electron perturbation
energy. While the velocity increases monotonically throughout the electron temperature range for
Au, the variation in velocity is negligible over the entire temperature range for Al. We will now
discuss how these changes in the electronic structure of the metals affect their e-p coupling and

the ensuing transport properties.
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First, we consider the effect of thermal excitation of electrons on the heat capacity of the metals.
The temperature dependent heat capacity of metals can be calculated from the derivative of the

total energy density with respect to 7, and is given as,

C(T,) = /_OO %jﬁi’mg(s)eda (8)

The heat capacity depends on electronic states within a few kg7, near £ since the term 0 f/0T,

[e.9]

has a sharp peak at ¢ with a width of ~kgT.. Figure 3 shows the calculations of Eq. 8, where
we have utilized the electronic DOS that are calculated based on the prescribed perturbations to
the electron gas. We also plot the predictions from the free-electron model for heat capacity, that
utilizes the Sommerfeld expansion of the electronic free energy [30]. This formulation gives a lin-
ear temperature dependence to the heat capacity: C.(T.)=n*kin./3, where n, is the free-electron
number density. As is clear, the free-electron model can only predict the heat capacity of both met-
als at low electron temperatures, where the DOS remains free-electron-like and relatively constant
near the Fermi energy. More specifically for Al, the free-electron model predicts the heat capacity
very well for lower electron temperatures of <1 eV. However, for higher electron temperatures, the
free-electron model overpredicts the heat capacity for Al. For Au, the free-electron model under
predicts the heat capacity up to electron temperatures of ~3 eV. For higher electron temperatures,
however, the free-electron model overpredicts the heat capacity. These discrepancies in the pre-
dictions of heat capacities by the free-electron model is because of its failure to account for the
changes in electronic structure at higher electron temperatures. Furthermore, we also plot the heat
capacity where the unperturbed electronic structure is utilized to calculate Eq. 8 as carried out in
prior works in Refs. 15 and 38. It is not surprising that the heat capacity of Al agrees well with
prior works, since the DOS for Al has no significant variations with electron temperature. For Au,
however, since there is considerable changes in the electronic DOS due to electron perturbation,
the heat capacity deviates from predictions of prior works that do not account for these changes in
the electronic structure.

We now consider the effect of electron perturbation on the lattice dynamics of Au and Al. As
shown in Fig. 4a, as the electrons are perturbed to higher energies, the internal pressure starts to
increase at ~1 eV for both metals. A larger increase in pressure is observed for Au, where at
kp1.=6 eV, the pressure in Au is ~75% higher than in Al. Note, this pressure increase is represen-
tative of quasiequilibrium pressures since the ion motion immediately after intense laser irradiation

is negligible and the pressure builds up isochorically due to electron heating [60]. We compare
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Figure 4. (a) Comparison of electron temperature dependence of pressure in Au and Al.The hollow black
squares denote variation of internal pressure with increase in electron temperature as reported by Harbour
et al. [60]. Variations in the phonon density of states in (b) Al and (c) Au at electron temperatures of 0.1
(shaded region) and 3 eV (solid lines). (d) Variations in the maximum phonon frequency with electron
temperature for Au and Al. We plot the normalized maximum frequency with respect to the maximum
frequency at kg7, = 0 eV for Au and Al. The increase in pressure in Au is higher than that in Al with
increasing electron temperatures, which translates to a greater phonon-hardening effect in Au. We compare
the normalized maximum frequencies for the metals with prior finite-temperature DFT calculations from

Ono et al. [49] for Au and Zhang et al. [55] for Al

the increase in internal pressure of Al with the results of finite-temperature DFT calculations that
also include the molecular dynamics approach to determine the equation of state as presented in
Ref. 60. Overall, the results match well with the prior calculations providing confidence in our
calculations. For Au, the increase in the internal pressure has been ascribed to the increase in
the effective ion-ion potential due to the reduced screening from exciting lower-lying electrons
to higher states [48, 49]. This translates to a greater stiffening of the bonds and, consequently,
larger broadening in the phonon spectrum in Au as compared to Al as shown in Figs. 4b and 4c,
where we plot the phonon DOS of Au and Al at two different electron temperatures, respectively.
The relationships between electron temperature, pressure and phonon spectrum can be further ap-
preciated by plotting the maximum frequency of the metals as a function electron perturbation
(Fig. 4d). Similar to the change of pressure with electron temperature, the hardening of phonon

modes in Au is much more pronounced than in Al. We note that the phonon hardening effect
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Figure 5. (a) Eliashberg spectral functions, a? F(w), for (a) Al and (b) Au at electron perturbations of 0.1
and 3 eV (solid line). The solid and dotted lines represent the calculations of mass enhancement parameters
(M) at 0.1 and 3 eV, respectively. (c) Mass enhancement parameter as a function of electron temperature for

the two metals.

is consistent with prior results based on first principles calculations for both Au [48, 49] and Al
[55], which provides confidence and validation to our results. This is demonstrated by the similar
increase in maximum phonon frequencies as a function of electron temperature when compared to
the DFT-based calculations by Zhang et al. [55] for Al and Ono et al. [49] for Au. Next, we will
discuss the consequences of the varying responses of the lattice (due to high e-p nonequilibrium)

on the e-p coupling in these two prototypical metals.

Figures 5a and 5b show our calculations of the e-p spectral (or the Eliashberg) function,
a?F(w), at0.1 eV and 3 eV for Au and Al, respectively. We also show the calculated values of the
corresponding A for the different electron perturbations. For the 0.1 eV temperature, our values of
A=0.42 for Al and A=0.22 for Au match very well with prior DFT calculations and experimentally
determined mass enhancement parameters[43, 45, 47]. For instance, Tong et al. [47] used a
similar approach with the EPW package to obtain A=0.43 for Al. Experimental measurements for
A have ranged from 0.38-0.48 in Al and 0.12-0.22 in Au [52], which are in excellent agreement
with our calculations. Furthermore, the spectral contributions to A at the low electron perturbation
from the different phonon modes for both metals are also in agreement with prior results. The
spectral function quantifies the rate of electron scattering by particular phonon modes and can

lend insights into the preferential coupling of electrons to certain phonon frequencies. For Al, the
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Figure 6. Comparison of calculated volumetric electron-phonon coupling factor, G(T), for (a) Al and (b)
Au. The solid lines represent calculations of G (7T ) obtained from Eq. 9 by utilizing the electronic DOS and
the second moment of phonon spectrum, (w?), obtained from the calculations of the unperturbed (7= 0 K)

case.

peaks in o F'(w) only slightly shift to higher frequencies at 3 eV compared to the low perturbation
case. For Au, however, the peaks shift drastically to higher frequencies along with significant
decrease in the peak heights. The comparison of the Eliashberg function of the metals over the
entire temperature range studied in this work are shown in Figs. S5 and S6 of the Supplementary
Information. Although these calculations provide spectrally resolved e-p coupling, an aggregate
value of the strength of e-p coupling is represented by the e-p mass enhancement parameter, A
[65], as given by Eq. 4 and shown in Fig. 5c for both the metals. In contrast to Al, A for Au
decreases substantially with higher electron perturbations due to the reduction in the peak heights
of the Eliashberg spectral function and the considerable stiffening of the phonon frequencies as
discussed above. It is also interesting to note that a sharper decrease in A for Au is observed at
2-2.5 eV, which is near the interband transition threshold, and highlights the significant role of

excitation of the low-lying d-bands on the electron dynamics in gold.

Next, we study the effect of high e-p nonequilibrium on the volumetric rate of e-p coupling,
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which is given as [38],

G = mhA(w?) Z% { _ %} e, ©)

where (w?) is the second moment of the phonon spectrum and D(¢) represents the electronic DOS
[66]. Prior works have generally treated \(w?) as an empirical parameter taken from low 7, ther-
moreflectance measurements [38, 67]. However, at elevated electron temperatures, the thermal ex-
citation of the electrons from low-lying bands below the Fermi level can significantly influence the
calculations of )\, as well as perturb the phonon spectrum (and consequently (w?)). Furthermore,
prior works have also assumed that the electronic structure does not undergo significant changes
at elevated electron temperatures [38, 67]. Therefore, we compare our fully first-principles-based
calculations of G(7,) with the commonly used semi-empirical treatment to gauge the validity of
these assumptions in Fig. 6. Not surprisingly, for Al, taking A(w?) as a constant and utilizing the
DOS of the unperturbed case agrees with our parameter-free predictions of G/(7}). In contrast,
for Au, we observe that while G(7) at lower T, can be well-approximated by the semi-empirical
treatment, at elevated electron temperatures, our calculations show that G(7,) can be severely
underpredicted if the correct choices for A(w?) and the electronic DOS are not considered in the
calculations. This shows that the conventional approach of utilizing thermodynamic properties
calculated from first-principles approach without considering the elevated electron temperature
effects is not suitable to predict the transport properties such as G(7,) at higher electron temper-
atures. This highlights the importance of a detailed DFPT-based calculation of the e-p coupling
matrix elements and correctly accounting for effects resulting from high e-p nonequilibrium while
calculating the energy exchange between hot electrons with the lattice. In this regard, we note
that it is only through the recently developed Wannier interpolation technique that we have been
able to perform the calculations of electron linewidths using the full formulation of the Fermi’s
golden rule for e-p scattering and consequently for the calculation of G(T) for a range of electron
temperatures that are carried out with dense q and k wave vectors grids [44]. Note, we do not
consider the temperature dependence of e-p coupling on the lattice temperature in this study. As
such we only consider electronic states scattering with harmonic phonon modes.

To understand the effect of elevated electron temperatures on the characteristic scattering length
scales of electrons, we plot the average mean free path as a function of electron temperature in
Fig. 7 for the two metals; we extract the energy dependent electron lifetimes from the calculations

of the e-p matrix elements and we also calculate the electron velocities to calculate our average
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Figure 7. Average mean free paths, A., at the Fermi energy for Al and Au as a function of electron tem-
perature. For Au, A. increases with increase in electron temperature. However, for Al, the increase in A,
with electron temperature is much less pronounced, which is a direct consequence of the relatively different

responses of the electron-phonon mass enhancement parameter of the two metals as shown in Fig. 5.

A, at the Fermi energy. Similar to the electron temperature dependence of A, A, for Al also has
negligible variations with temperature. In contrast, A, for Au drastically increases with electron
temperature resulting from the significant weakening of the e-p coupling as represented by the
similar decrease of A for Au in Fig. 5c. Moreover, similar to the sharp decrease in )\ near the
interband transition threshold for Au, A, for Au also shows a corresponding sharp increase. We
note that our calculations of the average A.~34 nm for Au at kg7.=0 eV matches well with prior
first-principles-based calculations [15, 68].

We now consider the effect of electron temperature on the electron-driven thermal conductivi-
ties of Al and Au as shown in Figs. 8a and 8b, respectively. We calculate the thermal conductivity
from the Boltzmann transport equation for electrons with relaxation time approximation. The
electron thermal conductivity is calculated from the sum of contributions from different electronic

eigenstates as [69, 70],

1
_ B
/igﬁ — Fk Z Crk Uy Vs Tk (10)
nk
where ¢, represents the electronic heat capacity for the specific electron eigenstate, v denotes
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Figure 8. (a) Electron temperature-dependent thermal conductivities, x¢(7¢), for (a) Al and (b) Au. The

solid lines represent calculations from a simplified semi-empirical model as given by Eq. 10.

the electron group velocity and 7 is the electron relaxation time, /Ny is the number of k points
utilized in the first Brillouin zone, nk signifies a specific electron mode, where n is the band
index, and « and 3 are the cartesian coordinates. We use the electron group velocities from our
DFT calculations and we obtain electron relaxation times from the calculations of the e-p coupling
matrix elements. At 0 eV electron temperature, we predict thermal conductivities of 320 W m™*
K~!and 270 W m~! K~! for Au and Al, respectively, which match well with prior theoretical and
experimental values [47].

For both metals, our calculations of x. monotonically increase up to 7,~20,000 K, after which
further increase in 7, does not lead to an any significant increase in the thermal conductivities. For
comparison, we also show predictions from the simplified linear dependence on electron temper-
ature for . that is most often used in TTM calculations,
T,

e:K )
% Oﬂ

(11)

where K is an empirical constant determined from low temperature experiments [11, 32, 71].
This expression predicts a constant temperature-independent thermal conductivity for conditions
of thermal equilibrium between the electronic gas and the lattice vibrations. However, for condi-

tions of strong e-p nonequilibrium, depending on the metal, this simplified expression can dras-
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tically underpredict or overpredict the thermal conductivity as compared to our parameter-free
DFT-based calculations. For instance, as shown in Fig. 8a for Al, while Eq. 12 can correctly pre-
dict the thermal conductivity for 7, <20,000 K, for higher 7, our calculations deviate considerably
from the linear dependence of k. on 7,. For Au, the decrease in the electron heat capacity beyond
T.~20,000 K is countered by the drastic increase in A, along with the increase in the Fermi veloc-
ity. Ultimately, as shown in Fig. 8b, the thermal conductivity of gold can be increased by ~200x
at electron temperatures of ~20,000 K. However, for Al, the relatively insignificant increase in
both the Fermi velocity and A, leads to the relatively lower increase in . (that only increases by
~70x) at elevated temperatures as compared to Au.

Taken together, our parameter-free first-principles calculations have shown that, to accurately
describe and analyze the hot electron dynamics in ultrafast laser heated metals at elevated temper-
atures with the TTM (Eq. 1), the proper temperature dependence of the parameters in the TTM
serves as a prerequisite. More specifically, changes induced from the perturbed electron gas on
the thermophysical properties such as C.(7,), G.(T%) and x.(7.) need to be accurately taken into
account while analyzing the transient changes as probed by the femtosecond pump-probe exper-
iments. These changes are particularly more significant for gold than in aluminum at elevated
temperatures since the thermal excitation of the d-bands situated ~2 eV below the Fermi level in
gold can have drastic influence on the temperature dependence of its thermophysical and trans-
port properties. Therefore, utilizing semi-empirical and simplified models (such as those based on
the free-electron theory) in the TTM can lead to erroneous results while interpreting pump-probe

experiments of laser-heated metals.

IV. CONCLUSION

In conclusion, we perform first-principles calculations of e-p coupling, electronic heat capac-
ities, mean free paths and thermal conductivities for a range of electron temperatures (of up to
kgT.=6 eV) for aluminum and gold. We show that the electron temperature dependence of the
e-p coupling and the ensuing thermophysical properties are highly dependent on the electronic
structure and its variance with temperature. For gold, we find that the mass enhancement param-
eter decreases substantially at elevated electron temperatures, whereas, for aluminum, it remains
relatively insensitive to the electron perturbation. This results in significantly increased lifetimes

and mean free paths of electrons in gold at elevated temperatures, while the increase is not as
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pronounced in the case of aluminum. As such, the increase in thermal conductivity for gold is sig-
nificantly higher, which increases by more than two orders of magnitude at electron temperatures
above ~20,000 K. Overall, we find that our parameter-free calculations of the thermophysical
properties do not agree with the predictions from the free-electron theory based model or with a
simplified model that is based on the unperturbed electronic structure of the metals. We attribute
this to the substantial dependence of the electronic density of states and the electron-phonon matrix
elements on the electronic temperature, which is especially important for gold where the thermal
excitation of the d-band electrons can significantly influence the thermophysical properties. Our
results help shed light on the hot electron dynamics in metals and has direct implications for ana-
lyzing and comprehensively understanding time-resolved pump-probe experiments on metals and

metallic nanostructures.
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APPENDIX I: COMPARISON OF THE VOLUMETRIC ELECTRON-PHONON COUPLING
FACTOR, G(T.), WITH PRIOR THEORETICAL CALCULATIONS

Here, we compare our calculations of G(7,) using Eq. 9 with predictions from prior works
that have considered the temperature dependence of the e-p coupling factor. Figure 9 shows our
calculations of G(7.) for Au compared to the results from prior literature. For our calculations,
we have taken our fully first-principles calculations of \(w?) along with the electronic DOS that
vary with electron temperature, and thus affect the calculations of G(7.). For Au, A decreases
from 0.22 to 0.12 as the electron temperature is increased from 0.1 eV to 6 eV as shown in Fig. 5c.
Moreover there is significant shrinkage in the energy spectrum for the d-bands with increasing
electron temperature for Au as shown in Fig. 1a. The second moment of phonon spectrum, (w?),
increases by ~6 times when the electron temperature is increased from 0.1 eV to 6 eV. Therefore,
we obtain a significant increase in G(7,) for Au with increasing electron temperature as shown
in Fig. 9. First, we compare our results to that of Lin et al.’s [38] calculations, which used an
unperturbed DOS and low-temperature experimental measurements for A(w?) to calculate G(T.).

As their calculations do not account for phonon hardening effects due to excitation of electrons
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Figure 9. Comparison of G(T.) obtained from our calculation for Au with various theoretically reported
values. Theoretically reported values include those of Petrov ef al. [72], Lin et al. [38], Holst et al [73],

Medvedev et al. [74], and Brown et al. [15].

from low lying d-bands to higher states, which can severely affect the e-p coupling dynamics at
higher temperatures (as shown in this work), our results significantly deviates from their predic-
tions at higher electron temperatures (>20,000 K). Similarly, Petrov et al. [72] solved the e-p
Boltzmann collision integral with effective electron masses for s and d-band electrons and applied
the Lindhard screening to calculate their G(T.). In their calculations they only consider the in-
teractions between electrons and the longitudinal acoustic phonons in Au, which might explain
the lower values of GG(7,) at higher electron temperatures calculated in their work as compared
to our results. However, their calculations agree with the semi-empirical predictions from Lin et
al. Holst et al. [73] accounted for the changes in the electronic DOS, but in their calculations
used a constant \(w?) value for the entire temperature range. Therefore, their calculations match
well with that of Petrov ef al and Lin et al. Our results match well with these calculations at low
electron perturbations but deviate drastically at higher temperatures, which can be ascribed to the
fact that the prior works do not account for both the varying electronic DOS with elevated electron

temperatures and the variations in the A(w?).

Brown et al. [15] used energy-resolved e-p coupling strength from DFT calculations, instead
of empirical estimates of )\(w2>. However, in their model, they do not account for changes in the
DOS with elevated electron temperatures (that leads to shrinking of the d-bands in Au as shown in

Fig. 1a). This might explain the variation in our predictions as compared to the fully DFT-based
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Figure 10. Comparison of G(T.) obtained from our calculation for Al with various theoretically reported
values. Theoretically reported values include those of Zhang et al. [55], Brown et al. [15], Mueller et

al. [75], Lin et al. [38], Medvedev et al. [74], Waldecker et al. [76], and Petrov et al. [72].

calculations of Brown et al. as shown in Fig. 9. Medvedev et al. [74] calculated the electron-
ion coupling by accounting for the evolution of the ions from the electron perturbations via a
molecular dynamics approach to calculate G(7.) with increasing electron temperatures. Their
method includes the evolution of atomic potential (and the corresponding phonon spectrum) as
well as electron hopping matrix elements and predicts a slower increase of e-p coupling strength
when compared with most other DFT-based predictions. This might not be surprising, since only
their work does not necessitate the assumption of harmonic phonon modes since they invoke a

molecular dynamics approach for calculating the evolution of the ion dynamics.

For Al, our calculations show that while A decreases slightly (as shown in Fig. 5c), the elec-
tronic DOS does not change throughout the electron temperature range studied in this work. This
results in a monotonic decrease of G(7.) from ~5 x 10" to ~3.8 x 10" W m~— K~! with in-
creasing electron temperatures from 0.1 to 6 eV. We compare our results for Al to various prior
predictions of G(T) using different theoretical models as shown in Fig. 10. Brown et al. [15] cal-
culated G(T,) for Al using their energy-resolved e-p coupling but without considering the effects
of increasing electron temperatures on their e-p coupling matrix. Waldecker et al. [76] and Zhang
et al. [55] use similar methods to Brown et al. for predicting e-p coupling factor and report similar
values for G(T,) as shown in Fig. 9. While our results agree with their results near 0 eV electron

temperature, the disagreement at higher electron perturbations suggests that the simplified expres-
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sion of Eq. 9 used in this work is not able to replicate the fully DFT-based calculations. However,
our results for the higher electron temperatures better match the predictions from other works. For
example, Lin er al. [38] used their empirical approach to calculate G(7) for Al. Their calcula-
tions underpredicts G(7,) by a scale of ~2 at 0 eV as compared to our results. This discrepancy
has been attributed to the inconsistent adoption of the two-temperature model in the analysis of
the experimental data used in Lin et al.’s calculations [76]. However, at higher temperatures, our
calculations match well with their predictions. Petrov et al. [72] obtain similar results to Lin et
al., since they also use the experimental values for A(w?) in their calculations. The electron-ion
coupling calculations of Medvedev et al. [74] also qualitatively show an increasing trend of G(7%)
with increasing electron temperature similar to that of Zhang et al. [55], but under-predicted by
almost a factor of 2. Mueller et al.’s [75] use of the Boltzmann collision integral with a jellium
model to define transient electron distributions in order to calculate e-p relaxation, also predict a
much reduced G(7.). Even though their approach considered a single-band-model for calculat-
ing e-p matrix elements, their results match well with Lin et al’’s calculations. Taken together,
these theoretical works that use different approaches (albeit based on DFT calculations) predict
varying trends for G(7) since different types of approximations have to be considered to account
for the effects of the elevated electron temperature perturbations on both the electronic and lattice
populations. While the closed-form analytical expression of Eq. 9 offers a simplified approach to
calculate G(7,) across a wide temperature range, care must be taken while choosing the correct
input parameters to be able to draw useful conclusions from the predictions. Therefore, a fully
DFT-based approach that can take into account the evolution of both the changes in the electronic
structure as well as account for the anharmonic lattice dynamics due to the elevated electron tem-
peratures without any assumptions would be highly beneficial for understanding the evolution of

G(T.) with increasing electron temperature.

APPENDIX II: INFLUENCE OF THE CHOICE OF ELECTRON-PHONON COUPLING FAC-
TOR ON THE PREDICTIONS FROM THE TWO-TEMPERATURE MODEL

We correlate our findings with implications for femtosecond laser-based pump-probe experi-
ments by showing the difference in electron and phonon temperature profiles obtained by solv-
ing the two-temperature model (TTM) using different values of the e-p coupling factor (G). As

we have shown in this work, at elevated electron temperatures, GG is highly dependent on the
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Figure 11. Comparison of temperature profiles obtained by solving the modified TTM . The red dashed
line indicates the temperature profile obtained using the room temperature e-p coupling factor of G =2.2 x
10'® W m—3 K—! and the black dotted line indicates the temperature profile obtained using the calculated

e-p coupling factor of G = 5.35 x 10'® W m~3 K~ at electron temperature of 0.5 eV.

temperature perturbation and can increase substantially beyond the typically accepted value of
Go=2.2 x10'®* W m—3 K~! measured from low temperature experiments for Au [77, 78].

For pump-probe experiments, following the laser irradiation of metals, the electron and phonon
temperature profiles are obtained by comparing the TTM with the thermoreflectance data [33, 79].
The electron temperature (7;) and phonon temperature (7),) is time and space dependent and is
given by Eq. 1, where C.(T.)=y(T.), v =71 J m~3 K~2, v denotes the Sommerfield coefficient
for electron heat capacity [80], C, = 2.45 x 10° J m—® K~! is representative of the phonon heat
capacity [30], k. = 317 W m~! K~! represents the electron thermal conductivity [80], and Kp =

2.6 W m~—! K~ ! represents the phonon thermal conductivity [81]. The source term in the above

equation is given as,

C0.94F(1—-R) (22 t— 2ty +tee) )
S0 =" ey e () e [ ()| o

where, ' is the laser fluence incident on the surface of the gold sample, R represents the reflec-
tivity, 7o denotes the radius of the laser spot, d represents the film thickness, ¢, symbolizes the
laser spot width and ., signifies the the e-e thermalization time. First, we use G = 2.2 x 101® W
m~3 K~ as the room temperature e-p coupling coefficient [82] to predict the temperature profiles
after a typical pump-probe experiment utilizing a laser fluence of 25 J m~2 [7]. The predictions

by utilizing this Gy value is shown in Fig. 11. We also predict the temperature profiles by utilizing
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a value of G =5.35 x 10 W m~3 K~!, which we calculate for electron temperatures of ~5,000
K (the maximum temperature achieved in the experiment for a laser fluence of 25 J m~2 ). As
shown in Fig. 11, the use of the two different G values predict completely varying temperature
profiles with a faster electron temperature profile decay for the case of the higher GG value. This
shows that the correct value of GG is a necessary prerequisite for using the TTM to analyze the
pump-probe experiments. It is also interesting to note that while the electron temperature depen-
dence drastically changes with varying G, the lattice temperature is comparably less sensitive to
this choice. This suggests that the electronic temperature is a better probe for measuring G through
experiments. We note that the proper method to analyze the experimental data would be to use
a temperature-dependent G(7.) for the entire pump-probe delay times to predict more accurate

electron and phonon temperature profiles, which deserves further work.
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