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Abstract. We recently developed an approach for calculation of the electron—phonon (electron—ion in a more
general case) coupling in materials based on tight-binding molecular dynamics simulations. In the present
work, we utilize this approach to study partial contributions of inter- and intraband electron scattering
events into total electron—phonon coupling in Al, Au, and Cu elemental metals and in AlCu alloy. We
demonstrate that the interband scattering plays an important role in the electron—ion energy exchange
process in Al and AlCu, whereas intraband d-d transitions are dominant in Au and Cu. Moreover, inter-
and intraband transitions exhibit qualitatively different dependencies on the electron temperature. Our
findings should be taken into account for the interpretation of experimental results on the electron—phonon

coupling parameter.

1 Introduction

Since the advent of powerful femtosecond lasers, the
field of material response to irradiation has been devel-
oping fast [1]. Tt is driven by a wide range of appli-
cations in materials surface and bulk processing and
nanostructuring for photonics [2], catalysis [3] and
biomedicine [4]. Elemental metals and alloys are a class
of materials that is widely used in the ultrafast com-
munity for its relative simplicity and versatile function-
ality [5-7]. An ultrafast transfer of the absorbed laser
energy from an electronic system of metal to the lattice
is a core process that defines the nature and dynamics
of irradiated target evolution. Understanding and quan-
tifying such processes is important to keep advancing
the field of ultrafast light-matter interaction.

Most often, the response of metals to ultrafast laser
pulses is modeled with the two-temperature model
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(TTM)—a set of coupled differential equations for
the electronic and atomic/phononic heat conduction
and exchange [8,9]. The latter is controlled with an
electron—phonon coupling parameter, which, in a gen-
eral case, is a function of many variables defining a
material transient state, such as electron and ion tem-
perature, density, etc. [10]. Despite shortcomings of the
TTM approach (see, e.g., discussions in Refs. [11,12]),
it remains one of the most widely used models in the
community.

Further refinements of the model are being developed
and applied, resulting in multi-temperature approaches,
treating different electronic bands and/or different
phonon modes separately, each with its own tempera-
ture [13,14], and hence with different energy exchanges
among them. Decoupling the contributions into the
total coupling from the different electronic bands and
interband transitions can help in the further develop-
ment of advanced models that trace different bands
separately, such as, e.g., in Refs. [15-17]. Such mod-
els require reliable calculations of various contributions
to the coupling parameter.

Here, we use the recently developed method of cal-
culating the electron coupling to the ionic motion
[10] and derive contributions of various interband
(between different electronic bands) and intraband
(within one band) electronic transitions to the total
coupling parameter in aluminum, copper, gold, and
AlCu alloy. We focus on a dependence of these partial
couplings on the electronic temperature.
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2 Model

Electronic coupling to atomic/ionic motion is a pro-
cess in which an electron transition from one energy
level to another occurs, while the energy difference is
transferred to or from the atoms. Each atomic displace-
ment induces a change in the Hamiltonian, and corre-
spondingly in its eigenfunctions and eigenstates. These
sudden changes from one time step to another trigger
electron transfers between the energy levels [18], known
as nonadiabatic coupling between atomic displacements
and the electronic wave function. In the solid-state com-
munity, it is known as the electron—phonon coupling
when the atomic motion is harmonic within an ideal
crystal lattice.

We use XTANT-3 method described in Ref. [10]
to calculate the electron—ion coupling parameter of
selected materials. We use the term “electron—ion”
instead of a more common “electron—phonon” since our
model works beyond the harmonic approximation of the
atomic system. (Hence, it is also capable of calculations
of the coupling parameter in the disordered matter.)
The model is based on tight-binding molecular dynam-
ics simulations to evaluate the evolution of the Hamil-
tonian, which is dependent on transient positions of all
atoms in the simulation box. A solution of the secular
equation provides electron wave functions and eigen-
states at each molecular dynamics time step, together
with the interatomic forces [19]. Knowledge of the tran-
sient wave functions allows calculating the matrix ele-
ments of electrons coupling to ionic displacements [10].
Using the linear combination of atomic orbitals (LCAO)
basis set (¢;,o) within the tight-binding Hamiltonian, a
wave function is presented as ¥; = ) ¢i a¢a, and the
electron transition rate between the eigenstates ¢ and j
can be written in the following manner [10]:

a 4e

Wij = wa = het2
a,fB a,pB

5,0 (£)¢j,5(t0)Sasl* (1)

where e is the electron charge, & is the Planck’s con-
stant, S, g is the tight binding overlap matrix, and the
wave functions are calculated at two sequential molec-
ular dynamics time steps to and t = tg + dt, where 0t is
the molecular dynamics time step.

The evaluated matrix elements (1) are then used in
the Boltzmann collision integral to calculate the energy
exchange rate between electrons and ions:

i
— {f<Ej>[2ff(Ei)]ff(Ei)[%f(E»}a*EWT“ for i < j
Y f(Ej)[2*f(Ei)]67E”/Ta —f(E;)[2—f(E))] otherwise
(2)

where f(E;) is the Fermi-Dirac distribution with the
defined electronic temperature T¢, E;; = E; — Fj is
the difference between the energies of the two levels,
and T, is the atomic temperature. Knowledge of the
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Boltzmann collision integral allows us to evaluate the
coupling parameter defined as the energy flow per a
volume unit (simulation box volume, V') and the tem-
perature difference [10]:

) =1 —1Ta)v E;Eff ®)

For each material considered, the molecular dynamics
simulations are performed ten times with varied initial
conditions (slightly different durations of atomic relax-
ation prior to the productive simulation run, random
atomic velocities corresponding to Maxwellian distribu-
tion at the room temperature) and parameters of the
electronic temperature increase (increase rate and the
maximal aimed temperature), to deliver reliable aver-
aged electron—ion energy exchange rates. In Ref. [10]
it was demonstrated that this method of calculation
provides a good agreement with available experimen-
tal data on the electron—phonon coupling in metals at
elevated electronic temperatures. The convergence for
gamma-point calculations in the Brillouin zone with
respect to the number of atoms in the simulation box
and to the time step was also thoroughly studied in Ref.
[10]—the same converged parameters are used here.

In the present work, we calculate the coupling param-
eter decomposed into corresponding contributions from
the atomic orbitals that form the LCAO basis set
(w% ). The employed procedure is analogous to the
standard definition of partial density of states (pDOS),
or Mulliken atomic charges. It assigns contributions of
atomic orbitals into each electronic shell/band, thus
dividing the total coupling into partial coupling con-
tributions from electron transitions between the cor-
responding bands. The interband contributions in our
calculations are the sum of direct and inverse transi-
tions: (a—0) is a sum of both, a — [ (terms with
¢ialt)cjp(to)) and f — a (terms with ¢; g(t)c; q (o))
transitions. For example, the partial coupling between
the states s-p is a sum of s — p and p — s, etc.

The following examples are considered here: elemen-
tal metals Al, Au, Cu, and AlCu alloy. For the elemen-
tal metals we used the same TB parameterization as
in our previous work [10] (NRL TB parameterization
[20]), whereas for AlCu alloy we used DFTB matsci-0-
3 parameterization [21]. It is also, like NRL, based on
spd® LCAO basis set. We assumed AlCu to be in a sim-
ple cubic lattice structure and used a supercell with 250
atoms. We used a 1 fs time step in the molecular dynam-
ics part of our model. The NRL and DFTB parameter-
izations use relatively large basis sets, and relatively
long cut-off distances, accounting for the interaction of
many neighboring atoms (not only the nearest neigh-
bors). They also have been cross-checked to describe
solids and molecules with reasonable accuracy [20,21].
Our calculations of the coupling parameter for Al and
Au targets were cross-checked in Ref. [10] (and shown
in Figs. 1, 2, and 3) at elevated electronic temperatures.
As for the AlCu coupling parameter (Fig. 4), our calcu-
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Fig. 1 XTANT-3 calculated total and partial electron—ion
coupling in aluminum. Experimental data shown for com-
parison include those of Hiittner and Rohr [11], Waldecker
et al. [13], Hostetler et al. [22], Allen and Cohen [23], and
Li-Dan et al. [24]
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Fig. 2 XTANT-3 calculated total and partial electron—ion
coupling in copper. Experimental data shown for compari-
son include those of Hohlfeld et al. [25], Qiu and Tien [26],
Nakamura et al. [27], Corkum et al. [28], Elsayed-Ali et al.
[29], Hiittner and Rohr [11], Brorson et al. [30], Mo et al.
[31], Choi et al. [32], and Cho et al. [33]
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lations must be validated in the future against experi-
mental data.

3 Results

Figure 1 shows the coupling parameter in aluminum.
The total coupling first increases with the increase in
the electron temperatures and then has a slight dip
followed by a slow increase further. As was discussed
in Ref. [10], the peaks in the coupling seem to corre-
spond to the peaks in the electronic DOS near the Fermi
energy. When a lot of electrons (and a lot of unoccupied
electronic states) are available, it allows for many elec-
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Fig. 3 XTANT-3 calculated total and partial electron—ion
coupling in gold. Experimental data shown for comparison
include those of Mo et al. [34], Hohlfeld et al. [25], Qiu and
Tien [26], Nakamura et al. [27], Brorson et al. [30], Zheng et
al. [35], Giri et al. [36], White et al. [37], and Guo and Xu
[38]
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tron transitions which result in energy exchange with
the atoms. With further increase in the electronic tem-
perature, the Fermi-Dirac distribution smears out, not
concentrating around the peaks, and averaging out with
small DOS, which may reduce the overall energy trans-
fer to the atoms.

The partial couplings attributed to various electronic
transitions have qualitatively different dependencies on
the electronic temperature. At low electronic temper-
atures, the main contribution to the total coupling
is from the transitions between p—p and p-d shells,
whereas with the increase in the electronic tempera-
ture, contributions from interband s—p and s—d transi-
tions, as well as from the intraband s—s transition, start
to play a larger role. The d—d transitions make only a
minor contribution to the total coupling parameter.

In contrast to aluminum, the main contribution
to the increasing total coupling parameter in copper
(Fig. 2) and gold (Fig. 3) comes from d—d transitions.
Partial couplings attributed to other transitions exhibit
a weak dependence on the electronic temperature and
have smaller contributions to the total coupling param-
eter. In gold, d-band containing 10 electrons is located
at ~ 2eV below the Fermi level [39]; thus, at low elec-
tronic temperatures this band does not participate in
electron—ion coupling. With the increase in the electron
temperature, more and more electrons from the d-band
are involved in the coupling, which increases d—d par-
tial coupling, making it dominant at electronic temper-
atures above ~ 5000 K. A similar concept for copper
was discussed in Ref. [40]. In contrast, the partial DOS
in aluminum does not have such a strong localization
[39] and all the bands contribute to the electron—ion
coupling, especially at elevated electronic temperatures.

In AlCu alloy, we decomposed the contributions into
bands formed by shells of different atoms (Al and
Cu, and interatomic contributions) and into transitions

@ Springer
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Fig. 4 XTANT-3 calculated electron—ion coupling in AlCu alloy. Top left panel: total coupling and coupling decomposed
into transitions between bands formed by Al and Cu atoms. Top right panel: interatomic interband contributions into
coupling. Bottom left panel: Al inter- and intraband contributions. Bottom right panel: Cu inter- and intraband contributions

between various shells in those atoms, which is shown
in different panels in Fig. 4. There, the dominant con-
tributions are from interatomic transitions between the
bands formed by Al and Cu atoms (top left panel).
Contributions of interband transitions are dominant,
however with noticeable intraband transitions within
d bands of Al and of Cu (other panels in Fig. 4). Note
again that at different electronic temperatures, different
bands have dominant contributions. Scattering within
d bands of Al and of Cu atoms in AlCu alloy, as well as
interband transitions that involve d bands, has a dom-
inant effect. At low electronic temperatures, the main
peak is formed by the transitions between the d band
of Cu and other bands of Al. With the increase in the
electronic temperature, the scattering between d-band
electrons of Al and other bands increases (as well as
d—d Cu transitions).

4 Discussion

In all calculated materials, most prominently in alu-
minum and AlCu alloy, interband electron transitions
play a significant role in electron—ion energy exchange.
Such an observation indicates that models accounting
only for intraband coupling, even if band-resolved (such
as, e.g., in Refs. [17,41] where s or sp and d bands
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were considered to be coupling to phonons separately),
may overlook important contributions. Even in gold
and copper, albeit the d—d contribution is dominant
at high electronic temperatures, it is still necessary to
account for interband transitions. The importance of
interband transitions for electron—phonon coupling was
also discussed in a series of works by Hopkins et al. [14—
16,40], albeit within the Eliashberg approximation [42]
which overestimates the coupling parameter at nonzero
electronic temperatures [10].

The presented calculations assumed thermal equilib-
rium within the electronic system—the electron distri-
bution function always follows the Fermi-Dirac distri-
bution, with the same temperature and chemical poten-
tial in all electronic bands. In experiments, it may
not always be the case. When electrons are predomi-
nantly excited from one band into another one [17], for
example, due to particular tuning of the optical photon
energy, particular electron transitions may be enhanced
or inhibited. For example, one may expect that excita-
tion of electrons only from the s-band of gold by photon
energy below 2 eV (without reaching d-band electrons)
may suppress the electron coupling due to a lack of
d—d transitions, which are the dominant contribution
into the increase in the coupling with the rise of the
electronic temperature, see Fig. 3. In such a nonequi-
librium case, with only s but not d-electrons excited,
the contribution into the coupling will be smaller than
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in the case when d-electrons are contributing (such as
in the equilibrium case). It was suggested that this kind
of nonequilibrium within the electronic system may last
for significantly long times in gold [17]. It was demon-
strated experimentally for nickel that irradiation with
photon energies exciting d-band induces significantly
different electron—phonon coupling compared to irradi-
ation with photon energies insufficient to excite d-band
electrons [15].

This fact has large implications for experiments
with ultrafast optical laser irradiation. Excitation of
electrons into a nonequilibrium state may reduce the
observable coupling parameter with respect to the situ-
ation when electrons are in thermal equilibrium (which
corresponds to the total coupling in Figs. 2 and 3). This
may be the reason why experimental works on ultrafast
irradiation of gold often report constant or nearly con-
stant coupling parameter at different electronic temper-
atures [34,43,44].

5 Conclusions

We calculated partial electron—ion coupling parame-
ters in Al, Cu, Au and AlCu alloy. Contributions
of inter- and intraband electronic transitions are pre-
sented, which may be useful for models beyond the two
temperature approximation. We found that the intra-
band contribution in all materials, most pronouncedly
in copper and gold, behaves qualitatively different from
interband contributions with the increase in the elec-
tronic temperature. In particular, d-d electron tran-
sitions in gold and copper play the dominant role at
electron temperature above ~ 5000K. This fact has
implications for the interpretation of ultrafast light-
matter interaction experiments, in which electronic sys-
tem may be out of equilibrium due to a particular choice
of incident photon energy.
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