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The electron-phonon coupling is the primary mechanism responsible for material relaxation after ultrafast
laser irradiation. However, it remains an elusive variable that is extremely challenging to extract experimentally,
especially at high electron temperatures. Various previous theoretical approaches to determine electron-phonon

coupling demonstrated large degree of inconsistency. In this paper, we present a first-principles framework
for simulating the electron-phonon coupling parameter based on the electron-phonon spectral function, going
beyond the approximation introduced by Wang et al. [Phys. Rev. B 50, 8016 (1994)]. Our simulations provide
electron-temperature-dependent electron-phonon coupling values for transition metals Ru, Pd, and Au. Our

findings reveal significant differences between the values obtained from the exact and approximated spectral
functions, thus highlighting the limitations of Wang’s approximation at elevated electron temperatures.
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I. INTRODUCTION

Ultrafast laser irradiation has become a standard tech-
nique in numerous fields, encompassing various spectroscopy
techniques [1,2], laser structuring [3,4], medical treatment
[5,6], and more. Despite the routine utilization of ultrafast
high-power lasers in fundamental research and industrial ap-
plications, the underlying physics of ultrafast light-matter
interaction is yet to be fully revealed.

When metal absorbs laser irradiation on a femtosecond
time scale, electrons transition to high-energy unoccupied
states and subsequently undergo transient relaxation toward a
thermal distribution. This gives rise to a highly nonequilib-
rium situation, where the electron temperature significantly
exceeds that of the lattice. That occurs within time scales
shorter than the electron-lattice relaxation time, typically
ranging from 1 to 10 ps, depending on the material under
consideration. The process of electron-lattice relaxation is
driven by the electron-phonon interaction [7,8].

The simplest yet highly successful model used to de-
scribe the evolution of a coupled electron-lattice system under
out-of-equilibrium conditions is the famous two-temperature
model (TTM). This model was developed by Kaganov et al.
[9] and later adopted by Anisimov et al. [10] for the prob-
lems of the ultrafast light-matter interaction. Despite the
universally accepted success of TTM in qualitatively de-
scribing temperature dynamics in highly excited materials, it
may lack quantitative strength, even in the simplest case of
ultrafast-heated aluminum [11]. To address the weaknesses
of TTM, several different extensions of TTM have been
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proposed. These include the so-called nonthermal lattice
model (NLM) [11], which accounts for the independent cou-
pling of electrons to different phonon modes; nTTM (density
4+ TTM) [12], allowing the tracing of charge carrier gen-
eration in semiconductors; and two-temperature molecular
dynamics (TTM-MD) [13,14], which enables the description
of possible material transformations on the atomistic level.

At the level of TTM and its successors, the electron-
phonon interaction is introduced through the electron-phonon
coupling parameter, which establishes the connection between
energy exchange and the temperatures of the electrons and
lattice. This parameter remains to a large extent unknown,
which complicates accurate prediction of the dynamics of
ultrafast light-matter interaction. Unfortunately, there is no
direct method to measure the electron-phonon coupling at
elevated electron and phonon temperatures. State-of-the-art
experiments, such as transient optical reflectance measure-
ments [15-18] and ultrafast diffraction techniques [11,19-21],
provide information about either integrated electron or lattice
response. However, extracting electron-phonon coupling val-
ues from these experiments always involves a certain level of
approximation.

From a theoretical perspective, there are several models
available to determine the electron-phonon coupling param-
eter. These models include the nonadiabatic tight-binding
approach [22], semianalytical methods [23], and ab initio
approaches [24-26] based on the electron-phonon spectral
function (Eliashberg function). Among these, the ab initio
approach has gained significant attention. However, it is im-
portant to note that all of these methods often yield noticeably
different values for the electron-phonon coupling parameter.
For instance, Ref. [24] reports electron-phonon coupling val-
ues in aluminum and gold that are approximately one order
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of magnitude larger than those derived from the nonadiabatic
tight-binding model [22]. Furthermore, no clear evidence ex-
ists in favor of one model over the others.

Authors of many studies investigating the electron-phonon
coupling at a density functional theory (DFT) level [11,24]
employ an approximation for the Eliashberg function that
was introduced by Wang et al. [27]. It neglects the depen-
dence of the Eliashberg function on the electronic eigenstates.
However, this approximation is rather artificial and is valid
primarily at relatively low electron temperatures, potentially
leading to an overestimation of the electron-phonon coupling
at higher levels of electron excitation. Despite the convenience
of the exact formalism and its unified formulation for the
interaction of ultrafast laser pulses with metals and materials
with a band gap, only a few attempts [25,26,28] have been
made to go beyond such an approximation.

In this paper, we follow the formalism of Smirnov [26] and
calculate the ab initio electron-phonon coupling without rely-
ing on the assumptions introduced in Wang’s approximation.
Unlike Smirnov [26], we do not study thermodynamic proper-
ties imposed by the electron-phonon coupling parameter, but
we focus more on the analysis of Eliashberg function. Further-
more, our method does not require any custom modifications
of the existing DFT codes as it is already implemented within
the ABINIT [29] software.

In the following sections, we present the theoretical
framework underlying our calculations and emphasize the
limitations of Wang’s approximation. Next, we report the
electron-phonon coupling values for gold as well as two other
d-band metals that have received less attention in previous
studies: ruthenium and palladium. Through a thorough anal-
ysis of the obtained results, we discuss the implications and
highlight the reasons why Wang’s approximation should be
avoided in future research.

II. MODEL
A. Theory of the electron-phonon coupling

A good starting point for investigating the electron-phonon
coupling parameter in solids is the expression for the electron-
phonon energy transfer rate. This was derived by Allen [30]
from the set of Bloch-Boltzmann-Peierls kinetic equations for
electron and phonon distributions:

oE, v
< ) = 4 Z |gk.q|2“’v,qs(k’ 4> Te: Tph)
0t /o pn kg
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Here, g; , is the electron-phonon matrix element correspond-
ing to the scattering of a Bloch state with energy &; to state
€k+¢ With the absorption of a phonon with energy w, and
polarization v. Also, S(k, g, T;, T,n) is a thermal factor with
the form:

S(kv q, T, Tph) = [f(gkv T.) — f(8k+qv T.)]
X [n(qu Tph) - n(a)qa 7;)]7

where f(e,T) and n(w, T) are Fermi and Bose distribution
functions, respectively. Hereafter, we use 71 = kg = 1.

The electron-phonon coupling parameter Ge.p, Tepresents
the energy transfer rate within the well-known TTM [10]:

9L, = Geoh(Toh — )
ot eoh = Ue-ph{ph el

Here, G..pn can be elegantly rewritten in terms of the electron-
phonon spectral function, also known as the Eliashberg
function «?F, introduced in the Migdal-Eliashberg theory
of superconductivity. It demonstrates the effectiveness of
phonons in scattering from Bloch state |Kk) to |k + q) [31]:
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This expression differs from those commonly found in the
literature by a factor of 1 /N (er ), where N (ef) is the electronic
density of states (DOS) at the Fermi level. This allows for the
application of the Eliashberg function in Eq. (2) to the prob-
lem of electron-phonon coupling in metals, semiconductors,
and insulators. By inserting Eq. (2) into Eq. (1), we obtain the
electron-phonon coupling parameter in the form:

G 2 / S(e, , Ty, Top)
1 = 85 ) )
e-ph (%h —T,) w W, Le, Lph

X azF(e, &+ w,w)dwds. 3)

This reduces the problem to the calculation of the Eliashberg
function. Equation (3) does not imply any assumptions about
the character of scattering, such as scattering in the close
vicinity of the Fermi level, which is valid for metals at low
temperatures. Therefore, Eq. (3) is rather general and can be
used for solids within a wide range of electron temperatures.
The only assumptions made are the harmonic nature of ionic
motion (phonons) and the Born-Oppenheimer approximation
[32].

For the sake of simplicity, authors often apply two ap-
proximations for the Eliashberg function. Leveraging the
significant difference in the characteristic energy scales of
phonons w ~ wp < 100 meV and of electrons & ~ e ~ 1 —
10 eV, one treats w as a small addition to ¢ and expands
S(e, 0, T, Ton), ’F (e, & + w, ) up to the first nonvanishing
term:

azF(e, et w, o)~ azF(e, g, w),
0
fleto.T)~ [, T) + Lo,

d
S(e, w, Te, Tpn) = [n(w, Ton) — n(w, E)](—%)w- 4

This approximation is rather general and appears to be valid
for a wide range of materials. Following Wang et al. [27], a
further approximation can be made for the Eliashberg func-
tion by considering the electron-phonon matrix element to be
constant over Bloch states:

N%(e)
N%(er)
N3(e)
N%(er)

a’F(e, &, 0) ~ o*F (sp, eF, w)

o*F (o). 5)
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At high temperatures, the Fermi level must be replaced by
the chemical potential u(7;), cf. Eq. (6) in Ref. [33]. Since
this approximation assumes a nonzero DOS at the Fermi
level N(ep), it can only be applied to metals. Furthermore,
its validity should be carefully checked for each metal under
consideration.

Equations (4) and (5) yield the well-known expression for
the electron-phonon coupling [11,33,34], which we will refer
as Wang’s approximation:

2

Geph = —————
T (T —T)

X / W* o F (w)[n(w, Tyy) — n(w, T,)ldw

N? a
©) (31 4. 6)
NZ%(er) de
Following Allen [30], this approximation can be further sim-

plified if one considers wp < T, Ty, and expands the Bose
distributions inside the integral over w:

2
Ne) (—y)da %)
N(er) oe

Here, M{w?) =2 f w(sz(a))/N(sF)da) is the second moment
of the Eliashberg function [we restored 1/N(ef) factor to
recover proper energy” dimensions], and A is the (dimension-
less) electron-phonon coupling strength from the McMillan
formula [35]. This value can be extracted from experiments,
and hence, the electron-phonon coupling parameter can be ap-
proximately evaluated with only the knowledge of the electron
temperature-dependent DOS. We provide the latter expression
as it is widely used in the community [24,27,34].

The Eliashberg functions «’F (e, &', w) and «’F (w) can
be obtained as the output from ab initio simulations for ev-
ery electron temperature 7, and the corresponding electron
and phonon band structures. In this paper, we calculate the
electron-phonon couplings in three different d-band metals,
namely, Ru, Pd, and Au, using the exact expression in Eq. (3).
We then compare them to the approximated formula in Eq. (6)
under conditions typical for ultrafast laser experiments: 7, ~
10-20 kK. Our calculations reveal that Wang’s approximation
can deviate significantly from the result obtained with Eq. (3)
and even lead to nonphysical behavior of G, under certain
conditions, as demonstrated below.

Geph = 7T)‘<w2)

B. Computational details

All ab initio calculations were performed using the ABINIT
package [29]. The electronic structures of Ru, Pd, and Au
were obtained within the PBE parameterization of the gen-
eralized gradient approximation for the exchange-correlation
functional [36]. We used the scalar-relativistic version of the
norm-conserving Vanderbilt pseudopotential [37] taken from
the PSEUDODOJO database [38]. The plane-wave cutoff was se-
lected to ensure the convergence of electron and phonon DOS
values, using the following criterion: the residual DOS values
change by <1% with further increases in the cutoff value. For
the simulations, we used an hexagonal close-packed (hcp) unit
cell for Ru, and face-centered cubic (fcc) unit cells for Pd and
Au. The lattice parameters of Ru and Pd were taken from

TABLE 1. Parameters used in ab initio simulations.

Material E.(Ha) Lattice parameter (Bohr)
Ru 40 a=2>5.144,¢c =8.119
Pd 40 7.262

Au 80 7.706

the geometry optimization procedure, whereas for Au, we
used the experimental value, which provides better agreement
of phonon properties with experimental data. The cutoff and
lattice parameter values are provided in Table I. We set the
k-point grid to 32 x 32 x 32 points for the self-consistent
electron density calculation and 64 x 64 x 64 for the non-
self-consistent calculation of the electron wave functions
and electron-phonon matrix elements. The self-consistency
thresholds were chosen based on the squared wave function
residual criterion and were 10~'% Ha? for electron properties
and 10~'° Ha? for phonon properties calculation.

To obtain the electron temperature-dependent DOS and
chemical potential required for Eq. (6), we set the Fermi-Dirac
smearing for electron populations and ran several simulations
for T, up to 20 kK.

The phonon frequencies and electron-phonon matrix
elements were computed within the density functional pertur-
bation theory (DFPT) on an 8 x 8 x 8 g-point grid. The EPH
postprocessing tool [39] enabled us to obtain accurate phonon
DOS and the Eliashberg function «>F (w) via Fourier interpo-
lation of phonon dynamical matrices and DFPT potentials on
a dense g-point grid of 32 x 32 x 32, followed by tetrahedron
integration over the Brillouin zone.

The current EPH implementation has several restrictions
for the a?F (e, &', w) calculation: (1) it cannot interpolate ma-
trix elements on a dense g-point grid, (2) it allows only for
the Gaussian smearing scheme for Brillouin zone summation,
and (3) it supports fixed €, €’ grids in a rather narrow window
around the Fermi level. The combination of (2) and (3) limits
the maximal 7, values for which Eq. (3) can be applied be-
cause high T, results in smearing of the Fermi distribution over
large energy windows. Stretching the energy window while
keeping a fixed number of grid points means that information
about some of the Bloch states will be either completely lost
(small Gaussian broadening, states are between grid points) or
partially yet inaccurately accounted for (large Gaussian broad-
ening, wings of Gaussians are on grid points). To keep the
calculation as accurate as possible, we restricted ourselves to
a=+12 eV energy window and a broadening value of 0.272 eV.
The chosen energy window is more than sufficient to account
for all of the contributing states at 7, < 20 kK.

In the following section, we present the first-principles
electron and phonon DOS, phonon band structures, Eliashberg
functions, and corresponding electron-phonon coupling pa-
rameters. We compare them with available experimental data
as well as other theoretical estimations.

III. RESULTS
A. Ru

The calculated electron and phonon properties of Ru are
presented in Fig. 1. The total electron DOS for different values
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FIG. 1. (a) The electron density of states (DOS) of Ru obtained for different values of 7. (b) The chemical potential of Ru as a function of
T,. (c) The phonon band structure, phonon DOS, and Eliashberg function a?F () of Ru. The red dots are neutron scattering data, and the red

dashed line is the theoretical DOS taken from Ref. [42].

of T, agrees well with other calculations [40,41]. It features
a pronounced pseudogap in the vicinity of the Fermi level.
As discussed in more detail below, this pseudogap feature
explains the weaker values of Gepy at low T, than those at
high 7,, when more energy levels are involved in scatter-
ing on phonons. The thermal excitation of electrons from
high DOS below the Fermi level to a lower one results in
a positive shift of the chemical potential with increasing 7,
[Fig. 1(b)].

The calculated phonon band structure and phonon DOS
[Fig. 1(c)] are in a very good agreement with the experi-
mental data [42], validating the parameters chosen for the
DFPT simulations. The shape of Eliashberg function «>F (w)
is very similar to the shape of the phonon DOS, with slightly
higher peaks <~25 meV. From the phonon dispersion curve
in Fig. 1(c), one can see that this energy range corresponds to
acoustic branches. From this, we conclude that electrons tend
to couple more strongly to acoustic phonons in Ru.

The full energy-dependent Eliashberg function
o?F (e, &, w) is presented in Fig. 2. In the case of Ru, it
qualitatively resembles a direct product of the electron DOS
and «’F (w), which confirms the assumptions of Wang’s
approximation. However, contrary to the shape of N(¢), there
is a pronounced asymmetry in the peak intensity below and
above the Fermi level. The scattering to or from energy states
above the Fermi level contributes considerably less to Ge.pn
than expected in Wang’s approximation.

Using the calculated Eliashberg functions, we obtained
Geph values using Eqgs. (3) and (6) and compared them with
various theoretical and experimental results (see Fig. 3). At
low T,, Egs. (3) and (6) yield identical coupling, as expected,

since only the Bloch states very close to the Fermi level
scatter on phonons. With increasing T,, the smearing Fermi
distribution involves more and more Bloch states above &f
in electron-phonon scattering. As we have already pointed
out, due to the weaker coupling of those states to phonons
compared with Wang’s approximation of a constant matrix
element [cf. Fig. 1(a) and projections to the ¢ axis in Fig. 2],

a%F(e, €r, w) (arb. units)

FIG. 2. The
a’F (¢, er, w) of Ru. The contour projections on @ and € axes are
drawn for clarity (red, blue, and purple lines), numbers indicate
& — & or w values at which projections were made.

electron-energy-resolved  Eliashberg function

214301-4



ELECTRON-PHONON COUPLING IN TRANSITION METALS ...

PHYSICAL REVIEW B 108, 214301 (2023)

2.5
— azF(w)
—=— a2F(g, €'
ol a’F(g, €', w)
< = —— Petrov et al.
i N S --—- Medvedev, Milov
; ® Bohnetal.
: A Honhlfeld et al.
2
=
Q
o
G}

Te (kK)

FIG. 3. Electron-phonon coupling parameter G..,, in Ru as a function of electron temperature 7, obtained via the exact expression in
Eq. (3) (blue) and within the Wang’s approximation in Eq. (6) (red). The results are compared with other theoretical data of Petrov er al. [41]
and Medvedev and Milov [22] as well as experimental estimates by Bohn et al. [44] and Hohlfeld et al. [15].

the exact expression in Eq. (3) provides noticeably lower Ge.pn
values at high 7.

The low-temperature limit of our Ge.pn values is in quali-
tative agreement with available experimental data. The work
of Petrov et al. [41] uses a two-parabolic approximation
for the electron DOS as well as Lindhard screening for
the electron-ion interaction, assuming free-electron-gas-like
behavior. These assumptions seem to be valid at high T,
providing satisfactory agreement with Ge_p calculated via the
exact expression in Eq. (3). However, the low-temperature
values reported in Ref. [41] may be overestimated. Finally, the
recently published Ge.,n values calculated within the nonadi-
abatic tight-binding molecular dynamic (TBMD) formalism
[22,43] are an order of magnitude lower. We anticipated such
a discrepancy due to (i) the known lack of predictive power
of TBMD at low electron temperatures and (ii) the overall
divergence between TBMD- and DFT-based approaches for
transition metals with half-filled d bands, the origin of which
is yet to be analyzed [22].

B. Pd

Figure 4 presents the electron and phonon properties of Pd.
The major difference compared with Ru is that the electrons
occupy almost the entire d band, and the Fermi level lies
on the sharp edge of the d-band DOS. This means that the
electrons can be easily thermally excited, leading to a quite
significant positive shift of the chemical potential. The phonon
band structure and DOS agree less with available neutron
scattering data [45] than those of Ru, but they are still suffi-
ciently accurate. The spectral function has a noticeably higher
intensity in the range 10-20 meV than the phonon DOS.
In this region, DOS and the Eliashberg function are formed
by both longitudinal and transverse mode contributions, as
follows from Fig. 4(c) (transverse modes in Pd have a small
slope around the I" point). On the contrary, the peaklike region
in the range 25-30 meV belongs only to longitudinal modes.
This asymmetry of the spectral function may suggest that
the electrons in Pd prefer to couple with transverse acoustic
phonons rather than longitudinal ones.

The electron energy-dependent spectral function of Pd,
shown in Fig. 5, differs quite significantly from the case of
Ru, cf. Fig. 2. It no longer resembles a direct product of N(¢)
and «’F (w), indicating that the underlying assumptions of
Wang’s approximation are not applicable for Pd. A careful
investigation of the (e, w) surface reveals that the Bloch states
below the Fermi level are primarily coupled to transverse
modes (@ < 20 meV), while the states around the Fermi level
tend to couple to longitudinal modes (peak at w =~ 30 meV).

The comparative analysis of the electron-phonon coupling
parameter in Pd calculated via Egs. (3) and (6) and presented
in Fig. 6(a) requires careful attention. First, as it has been
pointed out by Smirnov [26], for a Pt metal having very
similar band structure, Gep, within Wang’s approximation
decays faster than the exact expression due to the drastic de-
crease of the contribution of d-band electrons with increasing
T, (cf. fig. 11 in Ref. [26]). Second, many authors [24,34]
calculate the coupling via the expression in Eq. (7), placing
DOS values at the Fermi level in the denominator in the
integral over e. However, the use of N(ep) at high T, is
somewhat questionable since the electron-phonon scattering
involves states around . Hence, one should replace N2(sr)
with N%(1) in the denominator of Eq. (6). In many metals with
flat DOS in the vicinity of the Fermi level, such a replacement
causes only minor changes. In contrast, in Ni, Pd, and Pt,
the Fermi level is located on the sharp edge of the d band,
and even a minor increase of 7, yields a dramatic increase of
inverse DOS N~ (), see Fig. 6(b). As a direct consequence,
Gepn has a similar increase, which we consider nonphysi-
cal [Fig. 6(a), red line]. The exact expression in Eq. (3) is
free from ambiguity in the choice of the proper denomi-
nator. The calculated coupling parameter behaves smoothly
and qualitatively resembles the coupling of Smirnov [26]
for Pt.

One may note that the anticipated agreement of our Ge.pn
values at low T, does not hold in Pd. This is due to the use
of the Gaussian smearing scheme for o?F (e, &', w), which
weakens the contribution from scattering around the d-band
edge more than it should.
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FIG. 4. Same as Fig. 1 but for Pd. The experimental data in (c) are taken from Refs. [45,46].

The Gepn values calculated with N*(er) in Eq. (6) align
very well with Ref. [34], as they use the same underlying ap-
proximations. At high 7,, when the contribution of d electrons
decreases, they overlap with the TBMD-obtained coupling
parameter [22,43]. Based on this observation, we could spec-
ulate that either TBMD underestimates the contribution of
d-band states to the coupling, or DFT overestimates it.

C. Au

The electron and phonon properties of gold used in the
calculations of the electron-phonon coupling parameter are

FIG. 5. Same as Fig. 2 but for Pd.

presented in Fig. 7. The behavior of the 7,-dependent elec-
tron DOS and chemical potential is typical for noble metals
and aligns well with previous reports [24,47]. The obtained
phonon band structure agrees well with available neutron scat-
tering data. Like in Pd, another fcc metal, electrons in Au tend
to couple more strongly to transverse phonons [cf. Fig. 7(c),
black and blue lines].

With the full «®F (e, €', ) surface, we can assess the appli-
cability of Wang’s approximation in gold. Like in Sec. IIT A,
the spectral function is overall close to the direct product of
N(¢e) and o*F (w). However, electron states below the Fermi
level seem to couple less to several phonon modes, smearing
out the peaklike shape (see, e.g., region w &~ 5 meV, —6eV >
e — er < —4eV). Therefore, with increasing 7, and smearing
of the Fermi distribution, these states start to contribute to
Geph, and we expect a deviation between the exact coupling
parameter and Wang’s approximation (see Fig. 8).

Figure 9 displays the electron-phonon coupling parameter
in Au compared with numerous other theoretical works as
well as several experimental data at low T,. Although many
other low-temperature experimental values for Ge.pn exist (cf.
Refs. [22,51-55]), they are very close to each other and to
the shown points of Hohlfeld [15] and Sokolowski-Tinten
[49], and hence, we decided not to depict them explicitly. The
Geph values obtained within Wang’s approximation in Eq. (6)
agree satisfactorily with the results of Li ez al. [34], calculated
via Eq. (7). The slight difference may stem from different
coupling strengths: A(w?) = 21.5 meV? by Li er al. [34] and
M?) = 19.2 meV? in this paper.

As discussed above, although a?F(s, &', ) in Au is
close to Wang’s approximation, the electron-phonon coupling
parameter calculated with the exact expression increases more
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FIG. 6. (a) Electron-phonon coupling parameter G.p, in Pd as a
function of electron temperature 7, obtained via the exact expression
in Eq. (3) (purple) and within Wang’s approximation in Eq. (6)
with electron density of states (DOS) values taken at the Fermi
level N (er) (blue) and the temperature-dependent chemical potential
N(w) (red). The results are compared with simulations of Li er al.
[34] and Medvedev and Milov [22]. (b) The dependence of N “ep)
(blue) and N~! () (red) on T,.

slowly with temperature. The G, based on o’F (e, &, w)
largely reproduces the results of Smirnov [26] and Brown
et al. [25], who also use the exact formula in Eq. (3), which
validates our results as well as «>F (¢, &/, ) produced by the
EPH postprocessor for the ABINIT package.

The low-7, Ge.,n data obtained from TBMD simulations
[43] are in satisfactory agreement with present simulations in
the case of NRL parameterization yet noticeably lower in the
case of DFTB parameterization. When T, increases, a situa-
tion directly opposite to Pd is observed: d-band states start
to contribute in electron-phonon scattering, resulting in a sig-
nificant deviation of TBMD data from ab initio results. This
is an additional confirmation of the speculation made above:
the TBMD approach seems to underestimate the contribution
of d-band electrons to G..pp, in respect to DFT. However, we
shall make a point that the results of Petrov et al. (Petrov et al.,
0.6) [23] and Migdal et al. [48], both based on two-parabolic
approximation and Lindhard dielectric screening, agree with
the TBMD data. Let us discuss this agreement in detail.

The electron-phonon matrix elements g;  represent matrix
elements of the electron-ion potential. Naturally, the most
suitable form for this potential is the bare electron-nucleus
Coulomb interaction screened by the dielectric function. It

is very difficult to obtain an accurate dielectric function; one
usually restricts oneself to lowest order of perturbation theory
and uses the dielectric function within the random-phase ap-
proximation (RPA). That is exactly how the electron-phonon
matrix elements were calculated in Refs. [23,48] since the
Lindhard function they have used is the simplest kind of RPA,
and it is known to overestimate dielectric screening, resulting
in weaker electron-phonon coupling.

In contrast, the electron-phonon matrix elements in DFPT
involve derivatives of the self-consistent Kohn-Sham poten-
tial with respect to phonon wave vector q. As discussed by
Giustino [32], the DFPT scheme is equivalent to screening
the Coulomb interaction using a RPA + xc level dielectric
function, which incorporates local-field corrections originat-
ing from exchange and correlation (xc) effects. It is widely
accepted that such an RPA + xc dielectric function provides a
more accurate approximation.

Surprisingly, a simple rescaling of Petrov’s coupling to
the experimental electron-phonon coupling constant (Petrov
et al., cor) yields the same values as our DFPT-based simu-
lations. This suggests that the rescaling can be interpreted as
the renormalization of the dielectric function to incorporate
band structure as well as local-field effects. The noble nature
of gold (electron-gas-like behavior of conduction band elec-
trons) may be the reason why such a simple rescaling recovers
proper RPA + xc based on Bloch states obtained from DFT.

We also highlight the recent experiment by Mo et al.
[50] on ultrafast electron diffraction measurement of melt-
ing in thin gold films. The observed melting dynamics and
energy threshold for the transition between heterogeneous
and homogeneous melting regimes suggest a T,-dependent
Geph, like those reported in Refs. [22,43,48]. However, the
measurements of the experiment were fitted using constant
Gepn values corresponding to different absorbed energy den-
sity regimes, which do not fully reflect the dynamics of
electron-lattice energy exchange. Therefore, the values of
electron-phonon coupling extracted from this experiment
should be considered an effective coupling parameter for
each absorbed energy density, and not as T,-dependent Ge_ph.
A more rigorous two-temperature analysis by Smirnov [26]
was able to reproduce the dynamics of homogeneous melt-
ing but struggled with partial or heterogeneous melting
regimes. Furthermore, a more advanced TTM-MD analysis
[56] suggested that the experimentally observed dynamics
cannot be reproduced using any reasonable model for the
electron-phonon coupling parameter. Therefore, the high-T7,
experimental points should be used for validation of theoreti-
cal models only with great caution.

IV. CONCLUSIONS

We conducted first-principles simulations of the electron-
phonon coupling parameter G in transition metals based
on Allen’s [30] theory of thermal relaxation in the cou-
pled electron-phonon system. We calculated the electron
energy-dependent Eliashberg functions entering the exact ex-
pression for Ge . However, the accuracy of the underlying
theory is limited by (i) the formal accuracy of the Boltz-
mann equation, (ii) the Born-Oppenheimer approximation
and the phonon picture, and (iii) certain approximations
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FIG. 7. Same as Fig. 1 but for Au. The experimental data in (c) are taken from Ref. [45].

imposed by the DFT framework, such as the accuracy
of the chosen exchange-correlation functional and numeri-
cal parameters. We evaluated these Eliashberg functions in
the low-temperature limit, as they show minor temperature
dependence in the range of 7, < 20kK considered here.
Nonetheless, for higher 7, values, the evaluation of the Eliash-
berg functions for each temperature is necessary, as follows
from Ref. [33].

The obtained Eliashberg functions for d-band metals,
specifically Ru, Pd, and Au, were analyzed in detail to
determine the materials and conditions under which they

o o o
IS e} ®

=)
N
a%F(g, €r, w) (arb. units)

FIG. 8. Same as Fig. 2 but for Au.

can be approximated by Wang’s expression in Eq. (5). The
values of Gepn for Ru, Pd, and Au were compared with
experimental data as well as previous theoretical simulations
that employed various approximations. These approximations
included semianalytical expressions, the nonadiabatic tight-
binding molecular dynamics (TBMD) approach, the standard
Wang’s approximation, and the variations of the exact theory
that do not involve any approximations for the Eliashberg
function.

Our findings indicate that the DFT-based electron-phonon
coupling values are consistently higher than TBMD values.
Based on the analysis of the high-7, behavior of coupling,
we attribute this divergence to the underestimation of the con-
tribution of d-band states to the electron-phonon coupling in
TBMD. We also showed that Wang’s approximation does not
accurately account for the coupling between different electron
states and different phonon modes, resulting in larger Gepn
values in the case of Ru and Au and weaker in the case of Pd.

The agreement of our results obtained for Au with previous
works [25,26] validates the method of the Eliashberg function
calculation provided by the EPH tool (part of the ABINIT sim-
ulation package [29]). This means that specialists in material
science and condensed matter physics have a ready-to-use
tool for accurate simulations of the electron-phonon coupling
parameter, which is seamlessly applicable for metals, semi-
conductors, and dielectrics.
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