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ABSTRACT: The nonequilibrium dynamics of excited electrons in metals
is probed by ultrafast laser measurements. Using a real-time Kohn−Sham
time-dependent density functional theory and nonadiabatic molecular
dynamics, we report direct modeling of such experiments, rationalizing the
observed temperature dependence. Focusing on thin gold films, we analyze
the effect of temperature on film structure, electronic state densities,
nonadiabatic electron−phonon coupling, elastic electron−phonon scatter-
ing times, and electron−phonon relaxation rates. The effective electron−
phonon coupling constants calculated at different temperatures are in good
agreement with the values deduced from experiments and an alternative theory. A temperature increase accelerates both inelastic
and elastic electron−phonon scattering and allows a larger number of higher-frequency phonon modes to couple to the
electronic subsystem. The inelastic electron−phonon coupling is largest between nearest states, indicating that carrier relaxation
involves transitions over small energy increments. In contrast, the elastic electron−phonon scattering is strongest for pairs of
electronic states that are distant in energy. The electron−phonon interactions exhibit mild energy dependence, with both
nonadiabatic electron−phonon coupling and elastic electron−phonon scattering times decreasing with increasing electron
excitation energy. The detailed ab initio analysis of the electron−phonon interactions emphasizes the nonequilibrium nature of
the relaxation processes and provides important insights into the electron−phonon energy exchange in metal films in general.

1. INTRODUCTION

A thorough understanding of electron−phonon scattering
processes taking place during thermal equilibration of excited
electrons with the lattice is critical for a wide array of
applications.1−12 Taking place on pico- and subpicosecond time
scales, the processes are most directly observed using time-
resolved pump−probe laser techniques.13−37 Irradiation of a
metal film or a nanostructure with an ultrashort laser pulse
drives the electron gas out of thermodynamic equilibrium,38

and subsequent electron−phonon interactions can lead to
melting, ablation, and spallation.9,11,12,39 The rate of electronic
relaxation during and after the pulse absorption dictates the
evolution of the effective electron and phonon temperatures,
with the electron−phonon coupling providing an essential
pathway of conversion of photonic energy into heat.
Eesley first observed the nonequilibrium between the

electronic and vibrational states in metals with short-pulsed,
time-domain thermo-reflectance (TDTR) spectroscopy, which
confirmed the earlier two-temperature model theory.38,40−42 In
this model, the electrons are taken to have a Fermi−Dirac

distribution with temperature Te, and the phonons have a
Planck distribution with temperature Tl. Energy transfer
between the electron and phonon subsystems makes Te and
Tl eventually equal. Later, femtosecond laser pulses were used
to resolve the time taken by the electronic system to lose its
energy to the lattice, allowing for the measurement of the
electron−phonon coupling constant, G, that quantifies the
volumetric rate of energy transfer between the two
subsystems.15,43−46 Still, several critical questions on the
fundamental scattering processes driving this energy transport
remain unanswered. For example, what processes contribute
most significantly to the overall rate of energy transfer from an
excited electron system to the lattice: electron−electron
scattering or electron−phonon scattering? How do the
nonthermal versus thermal states of the electron and phonon
systems affect electron−phonon equilibration? Several works
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have attempted to answer these questions through extensive
predictive modeling;24,29,47−56 these works have relied on
theoretical, semiclassical (Boltzmann transport equation-
based), classical (atomistic), or some combination of the
approaches. However, to the best of our knowledge, a rigorous
treatment of this problem that quantum mechanically describes
the nonequilibrium electronic system from first-principles while
atomistically accounting for the lattice energies and vibrations
has not been undertaken. Hence, the assumptions that have
been invoked in these previous treatments of this problem have
left the aforementioned questions unanswered, leading to a
void in our understanding of the interplay among the phase
space of electron, phonon, thermal, and nonthermal, coupling
mechanisms.
For example, from free electron theory, Chen et al.47

proposed a linear change in the effective electron−phonon
coupling, Geff, with the electron and phonon temperatures. The
model is only valid for free electron metals with a relatively
constant density of states (DOS) and assumes the DOS is
constant over all electron temperatures (up to the Fermi
temperature). Lin et al.54 studied the temperature dependence
of the electron−phonon coupling factor for several metals using
an ab initio DOS for electrons based on Allen’s theoretical
investigation.2 This work demonstrated that electronic states
several electronvolts below the Fermi energy can have a
pronounced effect on G due to thermal excitations, showing
that the assumption of a constant DOS can be invalidated at
electron temperatures typical in TDTR experiments (>103 K),
even in free electron metals. Their theory only treats the
electron−phonon scattering problem and assumes that the
electrons can be described by a Fermi distribution.
Furthermore, this work does not take into account nonthermal
electron-to-phonon coupling or electron−electron scattering
on the overall rate of electron−phonon relaxation. Mueller and
Rethfeld55,56 extended on Lin et al.’s investigation by
accounting for electron−electron scattering and nonthermal
distributions through a Boltzmann Transport Equation
approach applied to the electrons, the DOS of which were
determined via ab initio techniques. Recently, Giri and
Hopkins48 used a purely analytical approach to account for
nonthermal electron dynamics and electron−electron scattering
in G to recreate transient relaxation data typically observed in
TDTR experiments.
Recently, Hopkins and co-workers used TDTR to establish

that electron−electron scattering in Au films can enhance the
effective rate of electron−phonon relaxation when the electrons
are highly out of equilibrium with the surrounding lattice.21,37,57

They demonstrated experimentally that the electron−phonon
coupling factor in gold increases with increasing lattice
temperature and absorbed laser fluences and that at relatively
low laser fluences, the energy relaxation between electrons and
phonons is mainly governed by the nonthermal distribution of
electrons.21 They also found that electron−electron scattering
along with electron−phonon scattering have to be considered
simultaneously to correctly predict the transient nature of
electronic relaxation after short-pulsed laser heating of metals at
elevated electron temperatures.48 To properly account for the
electron and phonon dynamics in these experiments and to
offer the ability to extend predictions to a wide variety of
systems, first-principles quantum mechanical simulation
approaches should be invoked. The approaches should properly
account for the excited electron dynamics and electron−
phonon relaxation typical in short-pulsed, pump−probe laser

experiments, such as TDTR. We provide one such approach in
this paper.
In this work, we performed time-domain nonadiabatic (NA)

molecular dynamics (MD) simulations to study the electron−
phonon coupling and relaxation dynamics of thin Au films at
different temperatures. The ab initio atomistic methodology
mimics the pump−probe optical experiments in the most direct
way and emphasizes the nonequilibrium nature of the
electronic relaxation dynamics. Previously, the time-domain
NAMD approach has been applied successfully to a broad
range of nanostructural, semiconducting, and metallic sys-
tems.58−69 Here, we report on the effect of temperature on the
crystal and electronic structure, NA electron−phonon coupling,
and electron relaxation rate using this approach.

2. THEORY AND SIMULATION METHODS
The simulations are performed using a mixed quantum-classical
technique, in which the faster electronic degrees of freedom are
treated quantum mechanically, while the slower nuclear
motions are described classically. The electronic evolution is
obtained using a real-time time-dependent (TD) density
functional theory (DFT) in the Kohn−Sham (KS) representa-
tion.70 The nuclear evolutions are modeled by classical MD,
and the electron−nuclear interactions are obtained using
NAMD. The electron relaxation dynamics are modeled with
the fewest switching surface hopping (FSSH).71,72 The original
implementation of FSSH within TDDFT in the KS
formulation,73,74 and its adaptation75−78 to nanoscale and
solid-state systems are described in our previous works.

2.1. Time-Dependent Density Functional Theory. The
electron density of a system, ρ(r,t), is expressed in the KS
representation of DFT as a sum of the densities of single-
electron KS orbitals, ψn (r, t), occupied by Ne electrons

79
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Applying the time-dependent variational principle to the
expectation value of the KS density functional leads to the
system of coupled equations of motion for the single-particle
KS orbitals79
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Here, the Hamiltonian, H(r,R,t), is a functional of the total
electron density. The Hamiltonian is time dependent due to the
external potential created by the moving atoms and the electric
field of a laser. The time-dependent KS orbitals, ψn(r,R,t), are
expanded in the basis of adiabatic KS orbitals, Φk(r;R,t), which
are calculated as eigenstates of the KS Hamiltonian for the
current atomic positions, R, obtained from the MD
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A combination of eq 2 and eq 3 gives equations-of-motion
for the expansion coefficients

∑ ε δℏ ∂
∂

= +i
t

c t C t d( ) ( )( )j
n

k
k
n

k jk jk
(4)

Here, εk is the energy of the adiabatic state k and djk is the
electron−phonon NA coupling (NAC) between adiabatic
states k and j. The coupling arises from the dependence of
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the electronic subsystem on the atomic motion R. It is
calculated numerically as the overlap between wave functions k
and j at sequential time steps

= − ℏ⟨Φ|∇ |Φ ⟩ × = − ℏ Φ ∂
∂

Φd i
t

i
t

Rd
djk j k j kR

(5)

Note that the electron−phonon NAC does not invoke the
harmonic phonon approximation.
2.2. Nonadiabatic Dynamics by Surface Hopping.

Surface hopping (SH) is a stochastic algorithm for switching
electronic states in a mixed quantum-classical simulation. It uses
solutions to the time-dependent Schrödinger equation, eq 2, to
obtain a master equation with time-dependent transition rates.
Motived by failures of the mean-field approximation, known in
quantum-classical dynamics as the Ehrenfest approach, SH
introduces correlations between the electronic and nuclear
evolutions.80 Most importantly for the current electron−
phonon relaxation study, SH gives detailed balance between
transitions up and down in energy, properly reproducing
Boltzmann statistics in the quantum-classical equilibrium.72

FSSH is the most popular SH technique since it is applicable to
a broad range of systems and processes.81−86

FSSH provides a probability for hopping between quantum
states based on the evolution of the expansion coefficients, eq 4.
The probability of a transition from state j to another state k
within the time interval dt is given in FSSH by71
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If the calculated dPjk is negative, the hopping probability is
set to zero: a hop from state j to state k can take place only
when the electronic occupation of state j decreases, and the
occupation of state k increases. To conserve the total electron−
nuclear energy after a hop, the original FSSH technique71

rescales the nuclear velocities along the direction of the NAC. If
a NA transition to a higher energy electronic state is predicted
by eq 6, but the kinetic energy available in the nuclear
coordinates along the direction of the NAC is insufficient to
accommodate the increase in the electronic energy, then the
hop is rejected. The velocity rescaling and hop rejection give
rise to the detailed balance between transitions upward and
downward in energy.72 The assumption that the energy
exchanged between the electronic and nuclear degrees of
freedom during the hop is redistributed rapidly and provides
the Boltzmann distribution of energy among nuclear modes.
Then, the velocity rescaling and hop rejection can be replaced
by multiplying the probability, eq 6, for transitions upward in
energy by the Boltzmann factor. This simplification gives the
classical path approximation to the original FSSH techni-
que.75,87 It generates great computational savings, allowing one
to determine the time-dependent potential that drives multiple
FSSH realizations of the dynamics of the electronic subsystem
using a single MD trajectory.
In cases involving slow quantum transitions between states

significantly separated in energy, FSSH requires decoherence
corrections.76 The current simulations involve rapid transitions
within a dense manifold of states (band), and therefore,
decoherence corrections are not applied.
2.3. Simulation Details. We employ the plane-wave DFT

approach, as implemented in the Vienna Ab initio Simulation
Package (VASP), to perform geometry optimization, electronic
structure, and adiabatic MD calculations.88 The nonlocal

exchange and correlation contributions to the electronic energy
were treated with the Perdew−Burke−Ernzerhof (PBE)
functional.89 The projector-augmented wave (PAW) approach
was used to describe the interaction of the ionic cores with the
valence electrons.90 The basis set energy cutoff was set to 400
eV. To simulate Au thin films, we started with the bulk Au
structure and constructed a Au(111) surface with seven layers
of Au atoms, as depicted in Figure 1. A vacuum layer of 20 Å

was added to avoid the interaction between periodic slabs. The
Monkhorst−Pack mesh of 5 × 5 × 1 was used for the structural
optimization and MD, and 7 × 7 × 1 was used in the DOS
calculations.
After relaxing the geometry at 0 K (Figure 1a), repeated

velocity rescaling was used to bring the temperature of the
system to 100 or 300 K, corresponding to the temperatures in
the experiment.21 Following a 3 ps thermalization dynamics, 7
ps adiabatic MD simulations were performed in the micro-
canonical ensemble with a 1 fs atomic time-step. The adiabatic
state energies and NAC were calculated for each step of the
MD run. The NAMD calculation was carried out using the
quantum-classical FSSH technique implemented73 within the
time-dependent KS scheme91 with the PYXAID code.75,76 One-
thousand geometries were selected randomly from the adiabatic
MD trajectory and were used as initial conditions for NAMD.
One-hundred stochastic realizations of the FSSH algorithm
were sampled for each initial condition.

3. RESULTS AND DISCUSSION
3.1. Geometric and Electronic Structure. Figure 1 shows

a side view of the Au system relaxed at 0 K (Figure 1a) and two
snapshots taken from the MD runs at 100 and 300 K (Figure 1,
panels b and c, respectively). A comparison of the three panels
indicates that thermal fluctuations have a notable impact on the
system geometry. The system expands as the temperature
grows, and the distances between the Au layers increase. In the
geometry optimized at 0 K, the distances between the layers are
2.518, 2.450, and 2.437 Å from the top to the middle of the
slab, respectively. At 100 K, the corresponding average
distances lengthen to 2.679, 2.650, and 2.525 Å. And at 300
K, the average distances lengthen further to 2.759, 2.727, and
2.615 Å, respectively. The intralayer Au−Au bond length
fluctuates around the equilibrium value of 2.884 Å independent
of temperature, since the simulation cell size is fixed and the

Figure 1. Side view of the simulation cell showing geometry of the Au
(111) system (a) optimized at 0 K, and during the molecular dynamics
runs at (b) 100 K and (c) 300 K.
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system is not allowed to expand in the periodic direction. This
is a good approximation simplifying the calculations because
the fractional expansion coefficient of gold is small, on the
order of 10−5 per degree Kelvin. A 200 K temperature increase
should lead to a 2% cell expansion and a bond length increase
by 0.05 Å, which is less than the magnitude of thermally
induced bond length fluctuations.
Figure 2 gives the total DOS (TDOS) and projected DOS

(PDOS) of the optimized structure. As shown in Figure 2a,

there is no band gap due to the metallic character of Au. The
Fermi level is set to zero. In the energy range between −7 and 0
eV, the contribution of the Au 5d states is more significant as
compared to the contributions of the Au 6s and 6p states. The
situation changes at the Fermi energy, at which the
contributions of the Au 6s and 6p states becomes comparable
to the Au 5d states contribution. Note that to obtain PDOS, a
projection on spherical harmonics is done. In this procedure,
part of the information is lost. As a result, the sum of the parts
is lower than the whole DOS.
We focus on the pump−probe experiments performed with

the excitation energy of 3.1 eV.21,48 Therefore, we consider
electrons up to 3.1 eV above the Fermi level and divide the
energy range into the 0−1 eV, 1−2 eV, 2−3 eV increments to
analyze the electron−phonon interaction. As shown in Figure
2b, the TDOS magnitude increases in the following series of
energy ranges 1−2 eV < 2−3 eV < 0−1 eV. Generally, higher
DOS favors larger NAC and results in faster electron−phonon
energy relaxation.
Figure 3 presents charge densities of electronic states

involved in the electron−phonon relaxation processes consid-
ered here. Charge densities at 0, 100, and 300 K are presented.
Fluctuations of the energies of these states along the MD
trajectory are related to the strength of electron−phonon
coupling. The coupling strength is also related to the overlap
between wave functions of different states, quantitatively
described by eq 5. The density of the highest occupied
molecular orbital (HOMO) at the Fermi energy is localized in
the middle of the slab at 0 K. As the temperature increases, the
density spreads somewhat to the outer regions of the slab. For
the state 1 eV above the Fermi level, the density patterns look

similar for 0 and 100 K: the density is localized preferentially on
the subsurface layers. In comparison, the electronic density
expands to all bulk layers at 300 K. As shown in Figure 3, the
state located 2 eV above the Fermi energy level contains
densities on all inner layers, independent of temperature. As for
the state at 3.1 eV above the Fermi level, the charge density
spreads from the middle to the side of the model with the
increase of temperature. Generally, our results show that
temperature has a relatively small effect on the electron wave
functions, with somewhat more scatter seen at higher
temperatures.

3.2. Nonadiabatic Electron−Phonon Coupling. Elec-
tron−phonon relaxation appears in trajectory SH as a sequence
of NA transitions between electronic energy levels. Each
elementary transition depends on the strength of the NAC. The
generated MD trajectories are utilized to compute electron−
phonon NAC for all pairs of orbitals spanning 3.1 eV energy
above the Fermi level.
Table 1 reports the absolute NAC values, |NAC|, denoted by

Nabs, and root-mean-square of NAC, denoted by Nrms. The
NAC values are averaged either over all electron states involved
in the relaxation or over only the neighboring states. Different
excitation energies are considered in the Au systems at 100 and
300 K. On the basis of eq 5, the NAC depends on the overlap
of the electronic wave functions and the nuclear velocity. The
nuclear velocity is determined by the frequency and amplitude
of vibrations and is temperature-dependent. Since phonon
kinetic energy is proportional to temperature, the higher is the
vibration frequency, the larger is the velocity at a given
temperature.
The data in Table 1 show that the electron−phonon NAC

increases as temperature grows from 100 to 300 K. The
coupling between nearest states is 2−5 times larger than the
coupling averaged over all pairs of states, which means that the

Figure 2. Total and projected densities of states of the Au(111)
surface over (a) −10 to 8 eV and (b) −1 to 6 eV energy ranges. The
Fermi level is set to zero and is shown by the dashed line.

Figure 3. Charge densities of several electronic states: HOMO, and
orbitals located 1, 2, and 3 eV above the Fermi level for Au at 0, 100,
and 300 K. The iso-surface value is set to 0.001 e/A3 in all cases.
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main contribution to the carrier relaxation should come from
transitions between neighboring states involving small energy
increments. The Nabs values are nearly an order of magnitude
smaller than the Nrms values, indicating that NAC fluctuates
significantly. Considering Fermi’s golden rule, the transitions
rate depends on NAC squared, which is directly related to Nrms.
Therefore, the Nrms values are better indicators of the strength
of the electron−phonon coupling than Nabs. The fluctuation in
the NAC values is a consequence of the adiabatic quantum-
classical representation for the electron−phonon relaxation
dynamics, which is most natural in ab initio calculations. In the
adiabatic picture, the electron−phonon coupling is strongest
when the energy of the active modes is concentrated in the
kinetic energy component, and the velocity entering NAC, eq
5, is large.
NAC decreases slightly with increasing energy at both

temperatures. The NAC is small in the 1−2 eV energy range,
Table 1, in correlation with the drop in the corresponding
DOS, Figure 2. A higher state density not only provides more
relaxation channels but also favors larger NAC. This is because
the overlap-type term encountered in the NAC, eq 5, is
generally larger for states that are close in energy and have
similar wave functions.
Figure 4 presents the evolution of the energy of the

photoexcited electron, which is excited at slightly above 3 eV
and relaxes to the Fermi energy by coupling to phonons. The
data show that the early stage of the dynamics is Gaussian,

representing the regime in which the initial state couples to a
few other states. The initial Gaussian component is closely
related to the cosinusoidal Rabi oscillation that is observed in
two-level systems. The fact that the time-derivative of the
dynamics data is zero at t = 0 is essential for the quantum Zeno
effect,63 stating that the dynamics stop if one attempts to
measure the state of the system very frequently. The Gaussian
component is larger at the lower temperature, because the
NAC is smaller, and the dynamics require more time to involve
a large number of states. Once the dynamics involve many
electronic states, the evolution becomes exponential. Because
the exponential component of the electron energy loss is
dominant in magnitude, we fit the data to the exponential
function, E(T) = E0 exp(−t/τ), for simplicity.
The current study focuses on dynamics of photoexcited

electrons. In a future work, we plan to evaluate the hole
dynamics, which is likely to be different, in particular, since the
hole DOS rises rapidly at energies below −1.8 eV, Figure 2a.

3.3. Converting Nonadiabatic Coupling to Thermody-
namic Units. Microscopic calculations provide electron−
phonon coupling values in units of energy, presently meV.
Thermodynamic models47,54−56,92 describe how much energy is
exchanged between electrons and phonons per unit time, per
unit volume and per degree Kelvin, resulting in the units of
Wm−3 K−1. Even though the NAC computed here and Geff used
in the thermodynamics models are not equivalent, it is
instructive to convert the NAC values to the units of Geff. In
order to convert the units, we need to know the rate of energy
losses and the system volume. The latter is the volume
occupied by the Au film in the simulation cell, depicted in
Figure 1 (which is equal to 983 Å3). The rate of energy loss is
estimated by performing the FSSH simulations of the phonon-
induced relaxation of the electron energy starting at 3.1 eV
above the Fermi level, as in the experiments.21 Exponential
fitting of the simulation data, Figure 4, produce a 2.04 ps time
scale at 100 K versus 1.83 ps at 300 K, Table 1, in agreement
with the previous simulations on metal clusters.93−95 The
conversion from NAC to Geff is performed as exemplified with
the first entries of Tables 1 and 2. The 5.60 meV NAC value
from Table 1 is multiplied by the electron−phonon energy
exchange rate 1 eV/2.04 ps and divided by the volume 983 Å3.
Converting to the SI units gives 4.468 × 1017 Wm−3 K in Table
2.
The Geff values obtained here agree well with the earlier ab

initio calculations of Zhigilei and co-workers54 but are an order
of magnitude higher than the values deduced from the recent
experiments.21 It should be emphasized that the NAC defined
in eq 5 and the electron−phonon scattering matrix elements
used the thermodynamic models,47,54−56,92 for instance Mkk’ in

Table 1. Absolute Nonadiabatic Coupling (|NAC|) Averaged over Nearest States (Nabs
i,i+1) and over All States (Nabs

total), Root-
Mean-Square NAC Averaged over Nearest States (Nrms

i,i+1) and over All States (Nrms
total), Pure-Dephasing Time Averaged over

Nearest States (τi,i+1) and over all states (τtotal), and Relaxation Time at 100 and 300 K

100 K 300 K

0−1 eV 0−2 eV 0−3 eV 1−2 eV 2−3 eV 0−1 eV 0−2 eV 0−3 eV 1−2 eV 2−3 eV

Nabs
i,i+1 (meV) 5.60 4.84 4.57 2.08 4.48 7.15 6.64 6.19 4.99 5.90

Nabs
total (meV) 1.88 1.44 0.93 1.50 1.35 2.60 1.84 1.26 2.30 1.95

Nrms
i,1+1 (meV) 37.60 33.84 32.82 20.39 32.83 46.91 44.59 42.37 37.02 40.97

Nrms
total (meV) 10.90 8.36 5.36 13.11 10.27 15.37 11.00 7.43 19.71 15.15

τi,i+1 (fs) 12.0 10.3 9.0 3.6 7.6 10.2 9.0 8.3 5.7 6.8
τtotal (fs) 7.6 6.1 5.1 3.4 5.4 7.5 5.9 4.7 4.3 5.0
relaxation (ps) 2.04 1.83

Figure 4. Average electron energy decay in the Au system at (a) 100 K
and (b) 300 K.
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eq 6 of ref 54 represent the same physical process, but are not
equivalent. The NAC matrix elements appear in as a result of
the adiabatic, Born−Oppenheimer representation arising
naturally in the ab initio electronic structure theory and used
subsequently in the NAMD simulations. The calculation of the
NAC matrix elements does not invoke the harmonic
approximation for the phonons, which is particularly important
for soft matter, liquids, and molecular systems. The NAC is
time-dependent, since it is computed on-the-fly along an MD
trajectory. It fluctuates significantly due to fluctuations in the
nuclear velocities,

t
Rd

d
, eq 5, and that is why the absolute average

values and the root-mean-square values differ significantly,
Table 1. In contrast, the electron−phonon scattering matrix
elements invoke the harmonic approximation for the phonons,
which assumes that the system is in its optimal, lowest-energy
geometry, and are time-independent. Further, the Geff values
obtained in ref 54 and related models2,47,55,56,92 make the quasi-
equilibrium assumptions for the distribution of the electron and
phonon energies, while NAMD simulations make no such
assumption and produce truly nonequilibrium dynamics. At the
same time, NAMD simulations are significantly more computa-
tionally expensive, in particular, since they require thousands of
electronic structure and electron−phonon coupling calculations
for each time-step along the NAMD trajectories.
3.4. Elastic Electron−Phonon Scattering. Electron−

phonon interactions are responsible for both elastic and
inelastic electron−phonon scattering. Inelastic scattering results
in energy exchange between the electronic and vibrational
degrees of freedom. The strength of the inelastic electron−
phonon interaction is reflected in the magnitudes of the NAC
and Geff matrix elements, Tables 1 and 2. Elastic electron−
phonon scattering does not involve energy exchange. Rather, it
induces loss of coherence within the electronic subsystem by
randomizing the phase of the electronic wave function.
Elastic electron−phonon scattering is known in optical

measurements as pure-dephasing.96−100 The inverse of the
pure-dephasing time gives the line width of optical transitions
at the single particle (homogeneous) level of measurement. We
estimate the time-scale of the elastic electron−phonon
scattering using the optical response theory96−100 by computing
the pure-dephasing time for all pairs of electronic states under
consideration. The pure-dephasing times averaged over nearest
neighbor and all pairs of states are shown in Table 1. The pure-
dephasing time is shorter at the higher temperature, indicating
that the strength of the elastic electron−phonon scattering
increases with temperature, similarly to the strength of the
inelastic scattering. The pure-dephasing times averaged only
over pairs of nearest electronic states are longer than the times
averaged over all pairs of states, showing that phonon-induced
loss of quantum coherence within the electronic subsystem
becomes faster as the energy difference between the initial and
final electronic states increases.
3.5. Active Phonon Modes. To obtain further insights

into the electron−phonon scattering, we identified the phonon
modes that couple to the electronic subsystem. For this

purpose, we calculated Fourier transforms (FTs) of the
autocorrelation functions of the energy gaps between
representative pairs of electronic states. The result is known
as the spectral density or the influence spectrum.101,102 The
FTs characterize the frequencies of the phonon modes that
induce electron−phonon scattering and accommodate the
electronic energy lost during the transitions. The magnitude of
each peak in the FT spectrum reflects the strength of the
electron−phonon coupling for that phonon frequency.
Figure 5 shows the spectral densities computed for different

temperatures and energy gaps between initial and final

electronic states. Considering the energy gaps, we observe
that the FT magnitudes vary in the sequence 0−1 eV > 0−2
eV> 0−3 eV at both 100 and 300 K. The variation agrees well
with the corresponding trend in the NAC values shown in
Table 1. An increase in temperature broadens the coupling
spectra, creating tails that extend into the higher frequency
range (cf. Figure 5, panels a and b). More phonon modes are
able to couple to the electronic subsystem, enhancing the
overall electron−phonon coupling. Participation of higher
frequency phonons at the elevated temperature can be
rationalized by thermal excitation of these modes and by
anharmonic effects that relax the electron−phonon coupling
selection rules.
The notable peaks below 100 cm−1 in the phonon spectra

shown in Figure 5 can be assigned to acoustic phonon modes
that have been observed in gold clusters103 and films.104 The
higher frequencies observed in the 300 K spectrum (Figure 5b)
can be attributed to longitudinal and transverse optical
phonons with the experimental105 frequencies extending to
4.70 THz (or 157 cm−1). The tails beyond 200 cm−1 are
associated with overtones of these modes.

Table 2. Absolute Nonadiabatic Coupling, Table 1, Expressed in Units of Effective Electron-Phonon Coupling, Geff

100 K 300 K

(1017W/m3K) 0−1 eV 0−2 eV 0−3 eV 1−2 eV 2−3 eV 0−1 eV 0−2 eV 0−3 eV 1−2 eV 2−3 eV

Geff
abs

i,i+1 4.468 3.862 3.646 1.660 3.574 6.359 5.906 5.506 4.438 5.248
Geff

abs
total 1.500 1.149 0.742 1.197 1.077 2.313 1.637 1.121 2.046 1.734

Figure 5. Fourier transforms of the energy gaps from the Fermi level
to electronic levels at 1, 2, and 3 eV above it, at (a) 100 K and (b) 300
K.
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4. CONCLUSIONS

We have performed a time-domain atomistic investigation of
electron−phonon relaxation dynamics in thin gold films at
different temperatures. The simulations were carried out using
ab initio nonadiabatic molecular dynamics that mimics most
directly the nonequilibrium nature of the relaxation processes,
including anharmonicity of vibrational motions, realistic density
of electronic states, and dependence on excitation energy and
temperature. We computed and analyzed the nonadiabatic
electron−phonon coupling matrix elements responsible for
inelastic electron−phonon scattering and the pure-dephasing
times representing elastic scattering. The nonadiabatic
couplings expressed in energy units were converted to the
units of energy per unit time, unit volume, and degree Kelvin,
for comparison with the effective electron−phonon coupling
used in engineering calculations and representing volumetric
rate of energy transfer between a pair of states. The simulation
results were also compared to the corresponding time-resolved
experimental measurements.
It was found that the electron−phonon coupling grows with

increasing temperature, in agreement with the experiment.21

The finding applies to both inelastic and elastic electron−
phonon scattering processes and can be rationalized by
participation of a broader spectrum of phonon modes at the
elevated temperature. Higher temperatures are capable of
activating higher frequency phonons and to increase
anharmonicity that relaxes electron−phonon coupling selection
rules. The gold films expand at higher temperatures, pushing
the system away from the equilibrium geometry. The electron−
phonon coupling between electronic states that are close in
energy is a factor of 2−5 stronger than the coupling between
states that are distant in energy, indicating that electron-
vibrational energy relaxation proceeds by rapid transitions in
small energy increments. The strongest coupling is induced by
low-frequency acoustic phonons. In contrast to the inelastic
electron−phonon scattering that occur more rapidly between
nearest states, the elastic scattering occurs faster between states
that are more distant in energy. The results presented in this
paper emphasize the nonequilibrium nature of the relaxation
dynamics and facilitate the understanding of the fundamental
mechanisms of electron−phonon energy exchange in thin metal
films, guiding future experiments.
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