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Abstract The accurate description of an atom or molecule colliding with a metal surface remains chal-
lenging. Several strategies have been performed over the past decades to include in a Langevin dynamics
the energy transfer related to electron–hole pair excitations in a phenomenological way through a friction
contribution. We report the adaptation of two schemes previously developed in the literature to couple
the electronic friction dynamics with the density-functional based tight-binding (DFTB) approach. The
first scheme relies on an electronic isotropic friction coefficient determined from the local electronic density
(local density friction approximation or LDFA). In the second one, a tensorial friction is generated from the
non-adiabatic couplings of the ground electronic state with the single electron–hole excitations (electron
tensor friction approximation or ETFA). New DFTB parameterization provides potential energy curves
in good agreement with first-principle density-functional theory (DFT) energy calculations for selected
pathways of hydrogen atom adsorbing onto the (100) silver surface or penetrating subsurface. Preliminary
DFTB/Langevin dynamics simulations are presented for hydrogen atom scattering from the (100) silver
surface and energy loss timescales are characterized.

1 Introduction

Collisions of atoms and molecules with surfaces are
of interest in several domains ranging from funda-
mental physics, nanosciences and nanotechnologies,
up to astrochemistry (formation of cosmic dusts and
nanograins in the interstellar medium) or environmen-
tal sciences (formation of pollutants in the atmosphere).
The case of metallic substrates is particular since they
present a continuum of virtual electronic states, with
vanishing energetic separations from the occupied lev-
els. Hence, non-adiabatic energy transfer from the pro-
jectile towards the conduction bands of the metal can
occur at very weak energy, inducing dissipation of the
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collision energy through population of excited elec-
tronic states. This is known in surface physics as dissi-
pation due to electron–hole excitation.

In principle, theoretical schemes do exist to treat non-
adiabatic excited states dynamics, such as the Tully
Trajectory Surface Hopping scheme [43] or the mean
field Ehrenfest scheme. However, the energy balance
can be seriously biased in the Ehrenfest scheme, while
the reach of statistical convergence in the Tully scheme
meets a bottleneck in the special case of metals, due
to the high density of electronic states. Moreover, the
use of explicit schemes is often restricted to model
Hamiltonians and cannot yet be combined with first-
principle-based methods such as density-functional the-
ory (DFT) and time-dependent (TD) DFT in the case
of metallic systems. Alternatively, methods have been
developed to incorporate electronic dissipation within
Born–Oppenheimer ground-state molecular dynamics,
via the use of the Langevin stochastic dynamics and
the addition of a friction term [5, 7, 14, 17, 18, 24, 32].
Then, the electron–hole pair excitations are accounted
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for as a dissipative bath acting onto the nuclei dynam-
ics either using an isotropic [7, 14, 24] or a tenso-
rial friction term [5, 17, 18, 32] in the Langevin equa-
tion. DFT dynamical studies of collision with surfaces
are generally conducted with periodic boundary condi-
tions, defining slabs to describe the surface. However,
simulations with DFT can still be limited in terms of
simulation times, statistics of trajectories with various
initial conditions or the limited size of the supercells.
Actually, friction simulations are often finally achieved
via potentials fitted to reproduce first-principle DFT
energy behavior on selected collisional pathways [20,
31]. Such potentials may not necessarily account for
the full electronic structure calculations. The density-
functional based tight-binding (DFTB) scheme [15, 16,
39] is an approximate version of DFT, and is one to
three orders of magnitudes more efficient in term of
computational speedup. Thus, it can be considered as
an interesting alternative to DFT for extended sys-
tems [9, 40], keeping approximate but explicit electronic
structure.

In the present work, we illustrate the adaptation of
the friction formalism to the DFTB framework and
its implementation within the deMonNano code [1].
Benchmarks and preliminary applications to the col-
lision of H with a (100) silver surface are reported.
This system was chosen according to the experimen-
tal studies of Kolovos-Vellianitis and Küppers [25] who
started to characterize the competition of the adsorp-
tion and of the subsurface insertion channels through
measuring thermal desorption spectra (TDS) as a func-
tion of either H or D exposure. It is noteworthy that
subsurface insertion was not evidenced with Ag(111),
whereas the relevant TDS peak becomes much larger
than that from surface sites at the highest exposures
with Ag(100). Furthermore, at these high exposures,
a surface reconstruction could be evidenced for H and
yet not for D, which then represents a huge isotopic
effect. The detailed dynamics of both hydrogen subsur-
face insertion (absorption) and resurfacing (desorption)
has not yet been studied theoretically for Ag(100). This
would require both an accurate and an efficient descrip-
tion of tens of scattering or diffusing hydrogen atoms
as well as of hundreds of vibrating and/or relaxing sil-
ver atoms at the least, in order to reproduce either
the TDS spectra or the surface reconstruction reason-
ably well. There is a need to characterize abstraction
reactions, namely molecular hydrogen recombinations
between an incoming hydrogen atom and an adsorbed
one. Their computed cross-sections could be compared
with the experimental estimates for H reacting with
D/Ag(100) and D/Ag(111) as a function of coverage
[25]. The present work represents the first step to these
aims.

2 Coupling friction dynamics with DFTB

The self-consistent-charge (SCC) formulation of DFTB
was developed by Elstner et al [12] as an extension of

the original DFTB framework [36, 39]. It is based on
the main following approximations: (i) the Kohn–Sham
DFT total energy functional is expanded up to the
2nd order around a reference electronic density n0, the
second-order terms being expressed as a function of
the atomic charges, (ii) molecular orbitals (MO) φi are
expressed on a minimal valence atomic basis χμ and
(iii) 3-center atomic integrals are neglected. The final
expression for the DFTB total energy reads

E0 =
∑

A<B

V rep
AB +

∑

i,μ, ν

nicμiH
0
μνcνi +

1

2

∑

A,B

ΔqAγABΔqB

(1)

where ni is the occupation number of orbital φi, μ and
ν are the Kohn–Sham atomic orbital indices, ΔqA is the
Mulliken charge of atom A. V rep

AB is an atomic pair repul-
sive contribution between atoms A and B and H0

μν is
the matrix element expressed in the atomic basis of the
Kohn–Sham operator taken at the reference electronic
density n0. cμi are Kohn–Sham MO coefficients and
γAB describes the Coulomb interaction between spheri-
cally symmetric charge distributions centered on atoms
A and B with a short range exchange-correlation con-
tribution. The total energy E0 is searched following the
self-consistent procedure as proposed by Elstner et al.
[12] solving the secular equation for the MO coefficients
vectors Ci and orbital energies εi:

HCi = εiSCi (2)

where S and H = H0 + H1(q) are the overlap and
DFTB operator matrices in the atomic orbital basis. H0

is the band Hamiltonian and H1(q) is the second-order
charge-dependent operator. In the standard parame-
terization recipe, the elements of the Hamiltonian and
overlap matrices expressed in the atomic basis are com-
puted from atomic and diatomic DFT calculations and
the repulsive potential is fitted from diatomic dissoci-
ation curves. The γAB matrix elements are computed
from Hubbard parameters. The periodic formulation of
DFTB was reported by several groups [4, 26, 37, 39].

The Langevin dynamics with electronic friction stems
from the substitution of a non-adiabatic dynamics with
the full excited electronic degrees by a Langevin dynam-
ics in the ground state [2, 42]. In the quasi-static or
Markovian limit, the motion is described by the follow-
ing Langevin equation

MR̈A = −∇RE0 − FA + R (t, Te) (3)

where E0 is the electronic ground-state adiabatic poten-
tial energy. The forces in the equation involve (i) the
energy gradient usual in conservative classical molecu-
lar dynamics, (ii) a dissipative force FA acting on atom
A and (iii) a R(t, Te) a random fluctuating force at
time t and electronic temperature Te ensuring detailed
balance and the fluctuation-dissipation theorem.
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The dissipation forces can be determined by two dif-
ferent approaches. In the local density friction approx-
imation (LDFA) [7, 11, 19, 21, 24, 31, 38],

FA = ηṘA (4)

where η is a scalar friction coefficient computed from
the electron density of the metals. In the ETFA scheme
developed by Head-Gordon and Tully [18, 32] or Fors-
blom and Persson [14], the friction term is a tensor
(ΛAB) determined explicitly from the non-adiabatic
couplings of the ground state with the excited electronic
states.

FA =
∑

B

ΛABṘB (5)

In the following, we consider the coupling of the DFTB
scheme with both ETFA and LDFA approaches.

We start with the tensorial approach, following
the formulation of Maurer et al. [32]. In the ETFA
approach, the ΛAB matrix in Eq. 5 is computed consid-
ering explicitly the hole–particule excitations and the
non-adiabatic coupling of the occupied orbitals with the
virtual ones [14, 18, 32]. In the low temperature and
weak coupling limit and in the quasi-static approxima-
tion, the anisotropic friction tensor can be estimated
as

ΛAB =π�

∑

ik

ΓA
kiΓ

B
ki(εi − εk)2δ̃(εk − εF )δ̃(εF − εi)

(6)

In the adaptation to the DFTB scheme, the sum runs
over the DFTB occupied (εi) and unoccupied (εk)
energy levels and εF is the Fermi level calculated as the
medium level between the HOMO and LUMO orbitals.
δ̃ is a broadened Dirac function

δ̃(εj − εi) �
√

2√
πσ

exp[−(εj − εi)2/(2σ2)]
[1 − erf(εj − εi)]

(7)

Following the work of Maurer et al. [32], the broadening
σ was set at 0.6 eV. ΓA

ki is the non-adiabatic coupling
between orbitals φi and φk:

ΓA
ki =< φk|∇RA |φi >

=
∑

μ, ν

cμk(∇RAH0
μν − εi〈∇RAχμ|χν〉 − εj〈χμ|∇RAχν〉)cνi

εi − εk

(8)

We used the approximations detailed in the work of
Maurer et al. [32], namely averaging the left and right
derivatives of the atomic overlaps and assuming that, on
average, occupied and unoccupied states are symmetric
about the Fermi level. Within these conditions ΓA

ki can

be simplified as

ΓA
ki =

∑

μ, ν

cμk(∇RA
H0

μν − εF ∇RA
Sμν)cνi

εi − εk
(9)

In practice, the ΓA
ki elements are calculated using the

coefficients, energies and DFTB operator of a non-scc
calculation (i.e., neglecting the second-order H1 contri-
bution in Eq. 2). However, in the Langevin Eq. 3, the
energy derivatives ∇RE0 used in the dynamics were
determined within the full SCC scheme (i.e., using the
H1 contribution in Eq. 2).

We now consider the alternative LDFA scheme [7,
14, 21, 24, 31], in which the friction coefficient is
isotropic and depends on the electronic density of the
metal at the position of the considered atom. The den-
sities for the whole system (slab + projectile) at a
given position of the projectile were determined via
the DFTB orbital coefficients and expressions of the
atomic basis (hsd files from dftb.org website). Finally
the friction coefficient η was determined as a function
of the Wigner–Seitz radius rs[r(t)] = [3n(r(t))/4π]

1
3 , a

quantity commonly used to describe the electron gas of
the metal. In practice, η is a decreasing function of rs

and was fitted from Fig. 1 of [24]. The ETFA scheme
has been directly implemented in an additional module
to the deMonNano code [1] making use of its recently
implemented periodic version [37]. The LDFA friction
coefficient is computed by external routines from the
electronic densities provided by the deMonNano code.

3 DFTB parameterization from DFT/PBE
calculations

In order to optimize the DFTB parameterization,
we started to determine reference data from DFT
first-principle spin-polarized total energy calculations
using the DFT-based Vienna ab initio simulation pack-
age (VASP), developed at the Institut für Mate-
rialphysik of the Universität Wien [27–29]. This
approach uses a plane-wave basis set, and the non-
local exchange-correlation effects are treated within the
generalized gradient approximation (GGA) using the
Perdew–Burke–Ernzerhof (PBE) exchange-correlation
functional [34, 35]. The interactions between the ionic
cores and the electrons are described by fully non-local
optimized projector augmented-wave (PAW) pseudopo-
tentials [8, 30]. Spin-polarized calculations have been
performed with the plane-wave expansion truncated
at 400 eV. An asymmetric slab supercell with peri-
odic boundary conditions (PBC) has been employed to
model the system as an infinite slab. In this study, the
substrate consists of five layers with a square 2×2 unit
cell, corresponding to four metal atoms per layer and an
adsorbate coverage of 1/4 ML (monolayer correspond-
ing to one hydrogen atom per supercell). A vacuum
space of nine layers has been used to separate the sub-
strate and its repeatable images. All DFT calculations
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Fig. 1 Top, Hollow and Bridge positions of H above the
Ag(100) surface (from left to right, H atoms in yellow)

were performed at the equilibrium lattice constant of
4.163 Å, as found from the bulk geometry optimiza-
tion in VASP using the same DFT/PBE scheme. This
is slightly larger than the experimental value 4.0867 Å
[10] and the results of previous DFT/GGA calculations
in the range 4.059−4.159 Å [6, 23]. The Brillouin zone
is sampled by a 10×10×1 Γ-centered grid of k points.

There are three high-symmetry H-adsorption sites on
the Ag(100) surface, hereafter labeled as Bridge, Hol-
low and Top (see Fig. 1). The (100) surface unit cell is
squared with four Ag atoms at the corners. The Top
site is that with H above a single Ag atom, the Bridge
site lies above the middle of a side and the Hollow
site slightly above the middle of the unit cell. Vertical
paths for H incident above the high-symmetry adsorp-
tion sites as well as three non-activated paths (i.e., with
no potential barrier to overcome) for H subsurface inser-
tion were explored. The three non-activated paths are
the vertical path passing through the Bridge sites and
two 45◦ incidence paths, the first one aiming at the
Hollow site and the second aiming at the surface site
located halfway between a Hollow and a neighboring
Top site. First, the Ag atoms were fixed at their equi-
librium positions. Second, full (x, y, z) relaxation of
Ag atoms was allowed, except for the two bottom-most
layers that are constrained to remain fixed in order to
represent the bulk, plus (x, y) relaxation of H in the
case of non-vertical paths for a given z position of H.
The computed H-adsorption binding energies and equi-
librium positions above the surface plane are negligi-
bly modified upon relaxation of Ag atoms. This yields
binding energies of −1.94, −1.96, and −1.47 eV for the
Bridge, Hollow and Top sites, respectively, and posi-
tions of 1.11, 0.46, 1.77 Å above the surface for the
same respective sites. In contrast, interaction energies
can be strongly decreased upon relaxation of Ag atoms

when H is in the surface plane or subsurface. For exam-
ple, the energy along the path for an incident H through
the Bridge site shows oscillations with an energy max-
imum for H near the Bridge site at each layer, the first
maximum at the surface layer being decreased by 0.78
eV upon relaxation. Similarly, for a 45◦ incidence path
passing through Hollow sites, the maxima are located
nearly halfway between two layers and the first one
under the surface is decreased by 1.14 eV upon relax-
ation. The subsurface absorption sites are found under
the Bridge site, nearly halfway between two layers, with
binding energies of −1.47 and −1.59 eV, for the first
and second ones, respectively. Those results are in very
good agreement, energy and position differences being
less than 0.1 eV and 0.1 Å, respectively, with those
listed in Table 1 of [13], that is for the Bridge and sub-
surface sites.

The Ag–Ag DFTB parameters are those adapted in
our previous work [33] on Ag clusters and nanoparticles
and which were shown to provide fairly accurate results
on structural and binding properties from the dimer up
to the bulk. The resulting DFTB bulk lattice constant
is 4.067 Å, thus slightly smaller than the DFT/PBE
value above. In the case of Ag–H interaction, the avail-
able parameters taken from the dftb.org website (so-
called Hybrid parameterization [41]) significantly over-
shoot the binding energy of the AgH molecule (De=3.50
eV vs 2.39 eV experimentally). Therefore, we modi-
fied the hopping and overlap integrals. A distance shift
(0.78 Bohr) and a unique scaling multiplier (0.8327)
was applied to both hopping and overlap integrals. Sim-
ilarly, the repulsion was reparameterized so that the
SCC-DFTB energies along several selected paths fitted
the above DFT/PBE calculated energies with an equiv-
alent slab supercell (2×2×5), the same k -points and
the same level of relaxation. These calculations were
performed with the DFTB+ package [4].

Figure 2 shows for the optimal parameters the com-
parison between the SCC-DFTB and the DFT/PBE
results along three paths: the two vertical paths for H
incident above either the Hollow (top) or the Bridge
(center) site, with no Ag relaxation, and the minimum
energy path (bottom) obtained upon full relaxation of
the Ag atoms and upon relaxing H along x and y.
The minimum energy path corresponds to a 45◦ inci-
dence path aiming at the surface site located halfway
between the Hollow and Top sites. The first point on
the left side corresponds to H probing the repulsion
of the Ag atom directly below the surface Hollow site
(upper panel) or H at the Bridge (center panel) or
Hollow (lower panel) site in the fourth Ag layer. In
all cases, the DFTB results are quite consistent with
the DFT/PBE data. In addition, this parameterization
provides an Ag–H potential curve (equilibrium distance
Re=1.59 Å, dissociation energy De=2.76 eV) energet-
ically closer to available ab initio calculations [3, 44,
45] (Re in the range 1.57−1.61 Å, De in the range
2.36−2.63 eV) or experimental data [22] (Re=1.618,
De=2.39 eV) than the “Hybrid” parameterization men-
tioned above (Re=1.62 Å, De=3.50 eV).

123



Eur. Phys. J. Spec. Top.

−2.0

−1.5

−1.0

−0.5

 0.0

 0.5

−0.5 0.0 0.5 1.0 1.5 2.0 2.5

B
in

di
ng

 e
ne

rg
y 

(e
V

) 

z/a

DFT/PBE
DFTB

−2.0

−1.5

−1.0

−0.5

 0.0

 0.5

−3.0 −2.0 −1.0 0.0 1.0 2.0

B
in

di
ng

 e
ne

rg
y 

(e
V

) 

z/a

DFT/PBE
DFTB

−2.0

−1.5

−1.0

−0.5

 0.0

 0.5

−3.0 −2.0 −1.0  0.0  1.0  2.0

B
in

di
ng

 e
ne

rg
y 

(e
V

)

 z/a

DFT/PBE
DFTB

Fig. 2 Comparison between DFTB and DFT/PBE ener-
gies along three selected paths: vertical paths for H inci-
dent above the Hollow (upper panel) and Bridge (center
panel) sites, with no Ag relaxation, and the minimum energy
path (lower panel) for a 45◦ incident H with full relaxation
(see text). z/a is the z coordinate relative to the respective
DFT/PBE or DFTB lattice constant, a, with the origin at
the surface (vertical dashed lines)

4 DFTB/Langevin dynamics application

The DFTB calculations have been conducted with PBC
conditions and restriction to the Γ point of the Brillouin
zone. The silver metal was modeled via a slab. The
supercell included 6×6 atoms per layer and 5 layers,
i.e., 180 atoms and is shown in Figs. 3 and 4. Figure 5
shows the components Λxx, Λyy and Λzz of the tenso-
rial friction along the vertical path above the Hollow
site. Consistently with the symmetry along this path,
the tensor is diagonal in the main slab axes and the

components Λxx, Λyy are found to be equal while Λzz

is a bit different.
The top plot of Fig. 6 shows the comparison of the

average of the tensorial components (the third of the
trace) and the value of the LDFA scalar friction along
the vertical path above the Hollow site. The bottom
plot shows the energy variation along the same path
(note that the binding energy is slightly smaller than
that obtained from the above fitting procedure, due
to the use of a larger supercell and of the Γ-point
approximation). The good agreement observed in the
top panel can be expected for the Ag noble metal, hav-
ing a closed d electronic shell, which induces a small
density of states at the Fermi level and consequently a
low electron–hole pair excitation efficiency from H scat-
tering dynamics, as speculated by Kolovos-Vellianitis
and Küppers [25] who indirectly evidenced a notably
weak friction regime in their experiments. In such a
regime LDFA proves to be a good approximation. This
fair correspondence allows us to demonstrate the con-
sistency of our DFTB implementation and furthermore
constitutes the first theoretical study that confirms the
above-mentioned speculation [25]. Note that conversely,
a strong departure from LDFA was found by Askerka
et al. [5] in the case of H with Pd(100). From their
Fig. 1, the LDFA scalar friction can be calculated to
be 3.9, 3.9, 3.5 and 2.9 times larger than the isotropic
average of the tensorial friction at the Hollow, Bridge
and Top adsorption sites and at the subsurface absorp-
tion site, respectively. The greatest deviation among
their studied cases occurring at the Hollow and Bridge
sites, it is thus relevant to illustrate the comparison for
Ag(100) with the vertical path above the Hollow site.

We now report a molecular dynamics study of H scat-
tering from Ag(100) under normal incidence. All atoms
were left to move freely except for the two bottom-most

Fig. 3 Ag slab with periodic box drawn. Left: side view.
Right: top view

Fig. 4 3D views of the Ag slab unit cell
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path above the Hollow site. Bottom: energy profile along the
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Ag layers that are constrained to remain fixed in order
to represent the bulk. The initial energy of hydrogen
was set at 0.2 eV and the temperature to zero. The
results were compiled over 64 trajectories, sampling
randomly the initial position of H within an irreducible
triangular area which apexes lie in a plane parallel to
the surface above the Bridge, Hollow and Top sites.
The resulting dynamics can be rather complex, often
showing multiple bounces. Figure 7 displays selected
trajectories illustrating the three possible outcomes for
H scattering from Ag(100), i.e., adsorption, absorption
and backscattering. Compilation over the 64 trajecto-
ries yields the following results: 25 % of the trajectories
lead to the backscattering of H to the gas phase, 50
% to adsorption and 25 % to absorption, most often
between the surface and the second layer.

Energy transfer of the projectile to the surface is
obviously a crucial quantity to report. Figure 8 shows
the energy loss for two characteristic trajectories, the
first one leading to direct absorption and the second
one to adsorption. Both trajectories are characterized
by a rapid decrease extending up to 1.5 ns. However,
while the energy loss in the adsorption regime, involv-
ing only surface scattering, is fairly well represented by
a single exponential decrease exp(−t/τ) with τ ≈ 420
fs, a double exponential fitting with different charac-
teristic times, respectively 195 and 410 fs, is needed
to correctly reproduce the energy loss evolution in the
absorption regime, involving both surface and subsur-
face scattering and thus two distinct timescales.

5 Conclusion

Using a modified set of DFTB parameters for the
AgH interaction, we were able to reproduce sev-
eral energy pathways obtained from plane-wave first-
principles DFT calculations. We have adapted the ten-
sorial and LDFA friction formalism to the DFTB frame-
work, which gives access to large supercells and to
dynamical simulations. A check was made for the sym-
metry of the tensorial components with respect to x–y
for the normal incidence pathway crossing the Hollow
site. In addition, the isotropic average of the tensorial
friction was found to be in good agreement with the
isotropic LDFA friction term, which can be expected
for the Ag noble metal, having a closed d electronic
shell, which induces a small density of states at the
Fermi level and consequently a low electron–hole pair
excitation efficiency from H scattering dynamics, as
speculated by Kolovos-Vellianitis and Küppers [25] who
indirectly evidenced a notably weak friction regime in
their experiments. In such a regime LDFA proves to be
a good approximation. This fair correspondence vali-
dates the consistency of our DFTB implementation. It
is, to our knowledge, the first theoretical study that
confirms the above-mentioned speculation [25]. Nor-
mal incidence molecular dynamics within the tensorial
Langevin scheme for H scattering from Ag(100) with
0.2 eV energy reveals complex trajectories at and below
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Fig. 7 Selected trajectories illustrating the three possible
outcomes for H scattering from Ag(100) under normal inci-
dence above the Hollow site: adsorption (top), absorption
(center) and backscattering (bottom)

Fig. 8 Energy loss as a function of time for two character-
istic trajectories, the green one leading to direct absorption
and the red one to adsorption. The dotted and continuous
lines are exponential fittings (see text)

the surface, as well as multiple-timescale energy loss
behaviors. Preliminary results with a statistics over 64
trajectories yield 25% reflection, 50% adsorption and
25% absorption.

In future works achieving larger statistics, it would
be interesting to analyze in more details the locations
of the adsorbed and absorbed hydrogen atoms, as well
as to study the effect of varying incidence angles and
energies, and finally compare with H-Ag(111). The
H–Ag(100) system was motivated by the experimen-
tal studies of Kolovos-Vellianitis and Küppers [25] who
did not evidence H subsurface insertion with Ag(111)
whereas subsurface insertion could become much larger
than adsorption on the surface at the highest H expo-
sures with Ag(100). Furthermore, at these high expo-
sures, a surface reconstruction could be evidenced for
H and yet not for D, which then represents a huge iso-
topic effect. In addition, the above authors estimated
large cross-sections of abstraction reactions, namely
molecular hydrogen recombinations between an incom-
ing hydrogen atom and an adsorbed one, for H reacting
with D/Ag(100) and D/Ag(111) as a function of cov-
erage [25]. The present work represents the first step
through the development of an accurate and an efficient
theoretical description of tens of scattering or diffusing
hydrogen atoms with dissipative friction dynamics as
well as of hundreds of vibrating and/or relaxing silver
atoms at the least, in order to address those challenging
experimental results.
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from w(110): a benchmark for molecular dynamics with
electronic friction. Phys. Chem. Chem. Phys. 24(35),
20813–20819 (2022)

32. R.J. Maurer, M. Askerka, V.S. Batista, J.C. Tully,
Ab initio tensorial electronic friction for molecules
on metal surfaces: nonadiabatic vibrational relaxation.
Phys. Rev. B 94, 115432 (2016)

33. L.F.L. Oliveira, N. Tarrat, J. Cuny, J. Morillo, D.
Lemoine, F. Spiegelman, M. Rapacioli, Benchmarking
density functional based tight-binding for silver and gold
materials: from small clusters to bulk. J. Phys. Chem.
A 120(42), 8469–8483 (2016)

123

http://demon-nano.ups-tlse.fr/


Eur. Phys. J. Spec. Top.

34. J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gra-
dient approximation made simple. Phys. Rev. Lett.
77(18), 3865–3868 (1996)

35. J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gra-
dient approximation made simple [phys. rev. lett. 77,
3865 (1996)]. Phys. Rev. Lett. 78(7), 1396–1396 (1997)

36. D. Porezag, T. Frauenheim, T. Köhler, G. Seifert, R.
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