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Phonon-induced long-lasting nonequilibrium in the electron system of a laser-excited solid
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Electron-electron thermalization and electron-phonon relaxation processes in laser-excited solids are often
assumed to occur on different timescales. This is true for the majority of the conduction band electrons in a
metal. However, electron-phonon interactions can influence the thermalization process of the excited electrons.
We study the interplay of the underlying scattering mechanisms for the case of a noble metal with help of a set of
complete Boltzmann collision integrals. We trace the transient electron distribution in copper and its deviations
from a Fermi-Dirac distribution due to the excitation with an ultrashort laser pulse. We investigate the different
stages of electronic nonequilibrium after an excitation with an ultrashort laser pulse of 800 nm wavelength and
10 fs pulse duration. Our calculations show a strong nonequilibrium during and directly after the end of the laser
pulse. Subsequently, we find a fast thermalization of most electrons. Surprisingly, we observe a long-lasting
nonequilibrium, which can be attributed to the electron-phonon scattering. This nonequilibrium establishes at
energies around peaks in the density of states of the electrons and persists on the timescale of electron-phonon
energy relaxation. It influences in turn the electron phonon coupling strength.
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I. INTRODUCTION

Ultrashort laser pulses are an essential tool in medical
and industrial applications [1-8]. The development of modern
lasers allows for shorter and shorter pulse durations. For
material processing, generally applicable descriptions of the
energy dissipation in a strongly excited material are needed,
valid for a large variety of laser parameters and sample sets
[9-14]. Such models usually rely on macroscopic parameters
like temperatures or densities, in order to provide an easy and
cost-efficient prediction of the laser-matter interaction.

Also fundamental questions of quantum interactions in
solids are accessible with ultrashort laser pulses. Intrin-
sic timescales of excitations are investigated experimentally
and theoretically [6,7,15-19]. First-principle calculations are
nowadays extended to determine also nonequilibrium states
of matter and excited systems of quasiparticles, while ki-
netic methods are applied to study the relaxation dynamics
of the systems [20-28]. Modern high-performance computer
clusters open up the possibility to perform larger ab initio
calculations tracing also microscopic scattering processes on
ultrafast timescales.

A femtosecond laser pulse drives the electrons out of
their thermal equilibrium. Thus, conventional temperature-
based models reach their limits to describe the dynam-
ics and the energy dissipation inside the material. Kinetic
models, like the Boltzmann equation [18,29-33] or Monte-
Carlo methods [25,34], allow one to trace the evolution of
the electronic nonequilibrium. The electronic thermalization
[18,29-31,35-37] and the influence of the different stages
of electronic nonequilibrium distributions on further energy
dissipation processes [15,18,27-29,36,38] are in the focus
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of interest and their details are heavily discussed topics.
Recently, also the influence of the nonequilibrium in the
phonon system has attracted increasing attention [39—41]. It
is commonly believed that the relaxation processes proceed
in a certain order: First, the laser excites the electrons. Then,
the electrons redistribute their energy and thermalize to a
Fermi distribution. And finally, the hot electrons heat also
the phonon system, i.e., the cold lattice. However, the mutual
influence between different relaxation mechanisms is rarely
addressed.

In this work, we study simultaneously the electron-
electron thermalization and the electrons’ interaction with the
phonons. We confirm the thermalization of most electrons on
a timescale of a few tens of femtoseconds. However, we find
a long-lasting nonequilibrium in the electron system which is
induced by the cold phonons. Surprisingly, this nonequilib-
rium persists on a picosecond timescale. It vanishes when the
electrons and phonons are fully equilibrated with each other.

II. MODEL

We use time-dependent Boltzmann collision integrals to
study the excitation and thermalization of electrons in a thin
copper film, considering electron-photon excitation, electron-
electron scattering, and electron-phonon relaxation. Thus,
we describe the transient changes of electron distribution
f(E,t) and phonon distribution g(E, t) [29,36,38] and trace
the nonequilibrium effects during and after ultrashort laser
excitation. We neglect heat and particle transport. This case
corresponds, e.g., to the investigation of thin copper foils,
that are smaller than the depth of homogeneous heating [17].
In our approach, we include the excitation of the electrons
due to inverse Bremsstrahlung, electron-electron scattering
which leads to the thermalization of the electronic system
and electron-phonon scattering, which is responsible for the
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TABLE I. Material parameters for copper.

Quantity Unit Reference Value
Speed of sound ms™! [45] 4760
Debye energy eV [45] 0.0538
Volume of the unit cell m? [45] 1.695 x 107%

energy transfer from the electronic system to the phononic
system. Each interaction is described by a full Boltzmann
collision integral, which is derived in Ref. [36]. The cor-
responding collision terms can be simplified by assuming
an isotropic band. Using an effective one-band model [36]
allows us to implement the realistic density of states (DOS)
with reasonable numerical effort. In this model, an averaged
isotropic dispersion relation is calculated from the density of
states. By that, the influence of distinct features in the DOS
can be taken into account [36]. The one-band model reflects
well the dependence of effective scattering rates on the density
of possible states at certain energy levels. It has been applied
successfully in magnetic [42,43] as well as in nonmagnetic
materials [36,38,44] to explain effects of nonequilibrium spin-
flip scattering processes or electron-phonon energy exchange
and their dependence on distinct features of the density of
states.

We evaluate the collision terms as given in Refs. [36,38]
numerically in each time step and trace the temporal changes
of the electron distribution caused by the different considered
scattering processes. Our approach allows us to study the
influence of certain scattering processes separately by neglect-
ing other particular collisions. Further details on the model
can be found in Ref. [36].

Only very few input parameters enter the calculation.
These are the density of states of the conduction electrons,
the volume of the unit cell, and the dispersion relation of the
phonons. Here, we apply the Debye model for the phonons
[46]. This is a valid approximation in copper, which has only
acoustic modes. The applied material parameters for copper
are given in Table 1. The density of states is taken from
Ref. [12]. The laser is assumed to have a rectangular shaped
time profile with a duration of 7, = 10 fs and a wavelength
of 800 nm, thus, a photon energy of iw = 1.55 eV. The short
rectangular laser pulse allows us to distinguish between the
laser excitation and the relaxation processes of the excited
system. The absorbed fluence is 0.65 mJ/cm?, which results
in an electron quasitemperature of approximately 1.1 x 10* K
directly at the end of the laser pulse. The initial temperature of
both electron and phonons is room temperature, 7, = 300 K.

II1. RESULTS

A. Laser-induced nonequilibrium

Figure 1 depicts the electron distribution at the end of the
laser pulse ( = 7, = 10 fs) and ten femtoseconds later (t =
7, + 10 fs). Directly after the laser pulse, a step-like structure
is expected [29,31,32]. The width of each step corresponds
to the photon energy of 1.55 eV [29,36]. This structure is
also reflected here. The steps are not perfectly sharp, due to
the thermalization, which takes already place during the very
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FIG. 1. Electron distribution of copper att = t; and att = 7, +
10 fs. The width of each step corresponds to a photon energy of
1.55 eV. Distinct features of the density of states are visible in the
distribution function. The influence of the electron thermalization is
already visible. Atz = 7, + 10 fs the distribution almost looks like a
Fermi distribution, but small deviations are still visible.

short laser pulse. The fast thermalization is a consequence of
the high density of excited electrons and the high density of
created holes in the d-bands below the Fermi edge, which are
induced by the strong excitation fluence. Additionally, DOS
features influence the excited distribution function [36,38].
Shortly after the end of the laser pulse (r = 77 + 10 fs),
the distribution almost looks like a Fermi distribution again.
However, nonequilibrium features are still visible. Especially
around the high d-peak at —1.8 eV below Fermi energy
and at the Fermi energy, nonequilibrium features seem to
persist longer. For a high density of states, small deviations
in the distribution can lead to a large number of electrons in
nonequilibrium.

To quantify these deviations, the total percentage of
nonequilibrium electrons,

1
Nl = — | dE D(E)| faeq(E) — feq(E)I, (1
n

e

is determined, where 7, is the total density of conduction elec-
trons. This value is capable of characterizing the strength of
electronic nonequilibrium. Its temporal behavior allows for an
easy comparison between different stages of thermalization.
The corresponding equilibrium distribution fq is given by the
Fermi-Dirac distribution with the same number of particles
and energy content as the nonequilibrium distribution fi,eq at
the same instant of time.

B. Phonon-induced nonequilibrium

In Fig. 2 the time evolution of nonequilibrium electrons
is shown (red solid line). One can see a decrease of the
normalized nonequilibrium electron density corresponding to
a fast thermalization of most electrons within a few tens of
femtoseconds. This agrees with the results of other studies
[30-32,36] and the observation in Fig. 1. Surprisingly, the
electronic nonequilibrium does not vanish completely and the
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FIG. 2. Percentage of nonequilibrium electrons. Without

electron-phonon interactions (blue dotted line) the thermalization
is fast and happens on a timescale of tens of femtoseconds.
With electron-phonon interactions (red solid line), the initial
thermalization of most electrons is fast. After approximately 60 fs
a quasistationary nonequilibrium establishes. This nonequilibrium
decreases within picoseconds due to electron-phonon relaxation.

thermalization does not continue further. Instead a quasista-
tionary nonequilibrium establishes after approximately 60 fs.

This raises three different questions. First, what causes
such a quasistationary nonequilibrium? Second, how long
does it persist? And third, why does it establish? The first
two questions can be answered easily. Only electron-electron
and electron-phonon interactions can have an influence on the
electron dynamics after the end of the laser pulse. To test the
influence of the phonons, we calculated the dynamics, consid-
ering only electron-electron-interactions. The blue dotted line
in Fig. 2 shows the decrease of the percentage of nonequilib-
rium electrons according to Eq. (1). It decreases continuously
and thus shows the expected behavior. The electron thermal-
ization is fast, with a characteristic thermalization time on the

range of tens of femtoseconds, and no quasistationary state
appears. Thus, electron-phonon scattering is responsible for
the long-lasting nonequilibrium. This answers also the second
question: As long as the electron-phonon relaxation is not
completed, the electronic nonequilibrium persists. Figure 2
shows indeed that it continues to decrease on a timescale
of about ten picoseconds, when electrons and phonons are
expected to reach the same temperature [8].

The third question concerning the reason behind the qua-
sistationary nonequilibrium is more complex to answer. Thus,
we have to take a step backwards. The energy-resolved devia-
tion from the equilibrium

1
n"4(E) = —D(E) freq(E) = feq(E)] ©))

allows us to identify the energetic regions in which the qua-
sistationary equilibrium persists.

Figure 3 shows this differential nonequilibrium density for
timescales during and after laser excitation on an energy range
of 5 eV below the Fermi edge. The color coding represents
the excess (red) and lack (blue) of electrons, compared to the
corresponding equilibrium distribution.

Initially, on a timescale of a few tens of femtoseconds,
a strong nonequilibrium is visible, cf. also Fig. 1. In the
energy range directly below the Fermi edge, i.e., between 0
and —2.5 eV, an excess of nonequilibrium electrons can be
observed, represented by the red area. Further below Fermi
energy, between —2.5 and —5 eV, a lack of electrons exists
in the excited nonequilibrium distribution, leading to a blue
region in Fig. 3. This strong initial nonequilibrium vanishes
fast.

However, at approximately 60 fs a stripe pattern, with
alternating areas of lack and excess of electrons, appears
below the Fermi energy. Note that above the Fermi edge no
such pattern was observed in our calculations. A closer look
to the energy range reveals that the largest deviations occur in
the energetic area of the d-band peaks in the density of states.
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FIG. 3. Long-lasting nonequilibrium, caused by electron-phonon scattering at large differences in the density of states according to
Eq. (2). Each peak in the DOS corresponds to two stripes with the width of a few phonon energies. The effect can overlap for peaks with

small energetic distance, for example below —3 eV.
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FIG. 4. Zoom of the high peak in the density of states, showing
the long-lasting nonequilibrium induced by the electron-phonon
interaction. The region can be divided in four different areas of
differently balanced in- and out-scattering processes.

These areas of excess and lack of electrons are directly caused
by the scattering of electrons with phonons.

The most prominent stripes are located at a small energy
interval around the highest peak in the density of states. The
small width of the observed stripes is a consequence of the
small energy of the phonon modes. One phonon can reach
energies only up to the Debye energy of 53.8 meV, for our
case of elemental copper. It is clear that in a region of high
density of states, more scattering processes are probable and
thus the observed resulting feature is more pronounced.

However, what is the reason for the alternating deviations
from equilibrium? Why are energy regions of excess electrons
neighboring energy regions showing a lack of electrons?

To analyze this further, Fig. 4 shows a narrow zoom on
the distribution function at the highest DOS-peak. The energy
axis is divided into four subareas, to explain the mechanisms
leading to the phonon-induced electronic nonequilibrium. For
comparison, Fig. 4 shows also the corresponding equilibrium
electron distribution f.q of the same internal energy. Both
distributions have a much larger energy content than the
phononic system. Thus, electron-phonon scattering will lead
to a decrease of the electron’s energy, which mainly occurs as
net phonon emission. Therefore, we start the discussion with
the area of highest kinetic energy, proceeding towards lower
energies.

In area I, the density of states is flat, thus the electron-
phonon interaction is almost equal over the whole energy
range. The (almost) same amount of electrons is scattered
in and out of this energy area. That is different in area II.
Here, the density of states increases with decreasing energy,
which leads to an increased scattering rate. More electrons are
scattered to lower-energy areas than electrons from higher-
energy areas can be scattered into this region. A lack of
electrons establishes, compared to the equilibrium curve. In
contrast, for region III, the density of states is decreasing
again. Thus, more electrons are scattered into area III from
the higher-energy neighboring area II than electrons can be
scattered to lower energies. An excess of electrons establishes,
compared to the equilibrium state. In area IV the slope of

the density of states changes only slightly, and the in- and
out-scattering processes are roughly balanced.

The long-lasting nonequilibrium is caused by the higher
electron-phonon collision rate at the high d-peaks in the
density of states. The small energetic range of the interaction
leads to an energetically local nonequilibrium, which persist
on the timescale of electron-phonon relaxation. We tested the
establishing of the long-lasting nonequilibrium with different
densities of states for realistic and artificial materials. Ad-
ditionally, we tested different wavelengths and intensities of
excitation, as well as initial conditions of Fermi-distributed
electrons at elevated temperatures. Generally, we observe the
establishing of a long-lasting nonequilibrium when peaks with
a width in the range of the Debye energy occur in the density
of states. Note that the effect is expected to occur also in the
case where complete band structures are considered. Also,
for momentum-resolved bands, more states are accessible
and more scattering processes are probable when bands are
shallow in the region of electron-phonon interaction.

At first glance, it may appear counterintuitive that the
electron-phonon interaction and the electron-electron interac-
tion compete with each other. Usually it is assumed that both
interactions happen on different timescales. Thus electron-
phonon interactions are often neglected on short timescales.
However, only the relaxation of the total energy contents
(i.e., the relaxation of temperatures) is negligible on those
timescales. The phonons can have a large impact on the
momentum distribution of the electrons and, as shown in
this work, on the energetically resolved distribution of the
electrons on femtosecond timescales.

In the case of our study, electron-electron interactions lead
to thermalization of the electron distribution on the timescale
of a few tens of femtoseconds. However, the distribution is
continuously disturbed by phonon emission, which is not
at the same rate for all electron energies, but depends on
particular features in the density of states.

C. Influence of the long-lasting nonequilibrium

In this section, we investigate the influence of the different
states of electronic nonequilibrium on the transient electron-
phonon coupling parameter «. Usually, the electron-phonon
coupling parameter is either assumed to be constant, which is
a strong simplification and does not fit different observations
[12], or dependent on the electronic temperature, which is
more realistic [35,39,47]. For example, the electron-phonon
coupling in our calculations decreases from approx. 1.3 x
10'® down to 0.2 x 10'® WK~'m~3 within 15 ps due to the
changing electron and phonon temperatures. With respect to
the electronic nonequilibrium, the coupling factor depends
on pulse duration, laser wavelength, and time [36,38,44]. To
define a nonequilibrium coupling parameter, used by temper-
ature descriptions [8,48], we take the temperature T, [ foq(?)]
of the corresponding equilibrium distribution with the same
energy content u, [36,38].

The coupling parameter

o du,/dt
- Tp[g(t)] - I;z[feq(t)]

3)
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FIG. 5. Transient electron-phonon coupling parameter «. (a) Di-
rectly after the end of the laser pulse, the nonequilibrium parame-
ter is higher than the equilibrium parameter and decreases due to
electron thermalization. After about ¢t = 7;, + 13 fs it falls below the
equilibrium parameter due to the beginning of the establishment
of the long-lasting nonequilibrium. (b) Long-time behavior of the
electron-phonon coupling parameter for laser-excited electrons.

can then be defined analogously to the two-temperature model
[48].

The transient coupling parameter is depicted in Fig. 5(a)
for equilibrium and nonequilibrium.

At first, the nonequilibrium coupling strength exceeds
the corresponding equilibrium coupling. Then, due to ther-
malization within the electronic system, the nonequilibrium
decreases and the parameter assimilates to the equilibrium
case. At about ¢ = 7 + 13 fs, the coupling parameters inter-
sect. Without the phonon-induced nonequilibrium described
in the previous subsection, the coupling parameters would
be expected to match for later times. However, the phonons
drive the electrons in the long-lasting nonequilibrium state
(compare Figs. 2 and 3). This disturbance has also a feedback
effect on the electron-phonon coupling on the timescales of
energy relaxation. After the crossover, the nonequilibrium
parameter falls below the equilibrium coupling, which can

be explained with the help of Fig. 4. In the depicted energy
region, the coupling to the phonons in nonequilibrium is
weaker than in the equilibrium case as a consequence of
the disturbed distribution function. Due to the high density
of states and following the high particle density in this re-
gion, it has a high impact on the electron-phonon coupling.
Figure 5(b) shows the long-time behavior of the electron-
phonon coupling parameter. The general time dependence
resembles that of the percentage of nonequilibrium elec-
trons shown in Fig. 2. Though the electron-phonon cou-
pling parameter is also influenced by the changing temper-
ature T,[feq(?)], the initial decrease is a direct signature of
the nonequilibrium electrons. On a picosecond timescale,
the transferred energy and thus the coupling parameter
reduces due to the equilibration of electron and phonon
temperature.

Note that similar observations have been made for different
excitation strengths of copper and also for gold and silver,
which possess a qualitatively similar density of states.

IV. SUMMARY AND CONCLUSION

In this work, we investigated the different timescales and
stages of electronic thermalization after ultrashort laser irradi-
ation. We applied Boltzmann collision integrals considering
the density of states of copper using an effective one-band
model. We calculated the energy distribution of the electrons
excited with an ultrashort laser pulse and traced the ther-
malization of the laser-induced nonequilibrium. The transient
electron distribution experiences a fast thermalization in a few
tens of femtoseconds. Thus, the electronic subsystem has lost
the information of the details of the initial laser excitation on
this ultrashort timescale.

Surprisingly, we found a long-lasting, quasistationary
nonequilibrium, which establishes shortly after the end of
the laser pulse. This is caused by the phonon emission
of hot electrons and persists on the picosecond timescale
of electron-phonon relaxation. This nonequilibrium estab-
lishes independently of the excitation mechanism. The
phonon-induced nonequilibrium vanishes completely, when
electrons and phonons are thermalized. A closer look at the
energy-resolved deviation of the electron distribution from
a Fermi distribution has revealed that an increased electron-
phonon scattering at energies around the d-peaks in the
density of states drives the long-lasting nonequilibrium. The
timescales of equilibration are thus twofold: a fast initial ther-
malization on femtosecond timescales followed by a quasista-
tionary nonequilibrium finally thermalizing on the picosecond
timescale.

We have also shown that the electron-phonon coupling
strength is influenced by the long-lasting nonequilibrium in
the electronic system. By that, the electronic nonequilib-
rium can leave a measurable effect on the further energy
dissipation, which can be of importance for laser-material
processing. The influence of the long-lasting nonequilibrium
can possibly be stronger for different material classes.

We thus conclude that even when the timescales of energy
relaxation are well separated as in the case of electron-electron
thermalization and electron-phonon relaxation, the different
scattering processes influence each other considerably. As
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long as the whole system is not fully equilibrated, partial
equilibria can be disturbed by other interaction partners.
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