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ABSTRACT

Collisions of atoms and molecules with metal surfaces create electronic excitations in the metal, leading to nonadiabatic energy dissipa-
tion, inelastic scattering, and sticking. Mixed quantum-classical molecular dynamics simulation methods, such as molecular dynamics with
electronic friction, are able to capture nonadiabatic energy loss during dynamics at metal surfaces. Hydrogen atom scattering from semicon-
ductors, on the other hand, exhibits strong adsorbate-surface energy transfer only when the projectile kinetic energy exceeds the bandgap of
the substrate. Electronic friction fails to describe this effect. Here, we report a first-principles parameterization of a simple Haldane—Anderson
Hamiltonian model of hydrogen atom gas-surface scattering on Ge(111)c(2 x 8), for which hyperthermal scattering experiments have been
reported. We subsequently perform independent-electron surface hopping and Ehrenfest dynamics simulations on this model and validate
these results through numerically exact quantum-dynamical simulations using the hierarchical equation of motion approach. While mean-
field dynamics yield weak nonadiabatic energy loss that is independent of the initial kinetic energy, independent electron surface hopping
simulations qualitatively agree with the experimental observation that nonadiabatic energy dissipation only occurs if the initial kinetic energy
exceeds the bandgap of the surface.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0297254
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I. INTRODUCTION

Well-defined collision experiments of atoms or molecules with
surfaces, complemented by computer simulations, have shaped
our understanding of energy transfer between impinging parti-
cles and the surface of the substrate.' * Energy exchange during
a collision event can occur by coupling of adsorbate motion to
substrate phonons or electronic excitations, so-called electron-hole-
pair (EHP) excitations.” The magnitude of one or the other energy
loss mechanism depends on the electronic properties of the surface

and the projectile and their respective atomic masses. EHP excita-
tions contribute significantly in the case of metal substrates where no
electronic bandgap exists, and when projectiles exhibit low electron
affinities.

To account for nonadiabatic energy loss that arises due to
EHP excitations, molecular simulation methods are required that go
beyond the Born-Oppenheimer approximation—the cornerstone
of molecular dynamics (MD) simulation. One aspect is the elec-
tronic nature of the projectile: nonadiabaticity plays only a minor
role in the scattering dynamics of hyperthermal molecules with an
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electronic closed-shell configuration such as H,""~” or CO."""""
However, NO scattering experiments from metal surfaces revealed
strong nonadiabatic effects, which result in an efficient vibrational
energy relaxation or excitation.” "> The same picture holds for
atom-surface scattering: the scattering of noble-gas atoms from
metal surfaces is governed by lattice excitation and can be semi-
quantitatively explained with a simple collision model."'® It has been
shown that the energy transfer in hydrogen atom scattering from
metal surfaces is dominated by EHP excitations.” '’ This insight
was obtained using molecular dynamics with electronic friction
(MDEF) simulations, where EHPs are treated as a weak perturba-
tion to the dynamics in the form of a dissipative frictional force.””’
When the metal surface is replaced with an insulating surface or
the surface is decorated with adsorbates, nonadiabatic effects do not
significantly contribute and phonon excitation becomes the prime
energy dissipation channel.'”**

Recent experiments for hydrogen scattering from Ge(111)c(2
x 8) indicate that hyperthermal scattering of hydrogen atoms
leads to a bimodal energy loss profile.”® One maximum occurs
at small energy losses, regardless of the initial kinetic energy.
This can be completely explained by energy loss due to lattice
excitations.”””” The second peak, however, only appears when the
initial kinetic energy of the impinging hydrogen atoms exceeds the
electronic bandgap. The center of this second peak corresponds
to an energy loss that is always larger than the bandgap of the
substrate. MDEF simulations at the level of the local density fric-
tion approximation,”*** an established approach in gas-surface
dynamics to include weak nonadiabatic effects, were not able to
reproduce this bimodal curve but instead were found to produce
a single peak that sits between the low energy loss and the high
energy loss features observed in experiment.”® It was, therefore, pos-
tulated that the second peak arises from the excitation of valence
electrons into the conduction band. This hypothesis was further cor-
roborated by hydrogen atom scattering experiments, with varying
temperatures ranging from 150 to 1100 K. With increasing tem-
perature, the center of the inelastic energy loss peak shifts to lower
values and the measured energy loss spectrum bears more and more
in similarity with measurements on conventional metal surfaces.

Hyperthermal hydrogen atom scattering on Ge(111)c(2 x 8)
has further been characterized with electronic structure theory and
computational simulations: Based on first-principles calculations of
the band structure of hydrogen on different types of Ge surface
atoms on the Ge(111)c(2 x 8) surface, it was postulated that non-
adiabatic transitions from the valence into the conduction band only
occur on specific sites on the surface, namely, the Ge rest atom site.”’
This was further corroborated with time-dependent Kohn-Sham
and classical path approximation simulations of the kinetic energy
loss along selected trajectories. A shortcoming of the classical path
approximation is that the simulation trajectory cannot respond to
nonadiabatic transitions.

Several nonadiabatic mixed quantum-classical simulation
methods have been proposed in the past and applied to dynam-
ics at metal surfaces. This includes the mean-field Ehrenfest
method,”” the independent electron surface hopping (IESH)
method,'*”’ and the broadened classical master equation (BCME)
approach.”® The IESH method is based on mapping the many-
electron system onto an independent many-electron system rep-
resented by a Newns—Anderson Hamiltonian (NAH). A variety of
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mixed-quantum classical molecular dynamics simulation techniques
based on the NAH picture have recently been benchmarked for
low-dimensional model systems, describing molecule and atom
interactions with metal surfaces.”” *’ Furthermore, scattering simu-
lations incorporating nonadiabatic and nuclear quantum effects via
the hierarchical equations of motion (HEOM) approach were con-
ducted, which can provide numerically exact reference data.”® " In
Ref. 39, both IESH and BCME were found to closely agree with
full quantum dynamics in their description of nonadiabatic effects
during scattering of hyperthermal diatomic molecules from metal
surfaces. Recently, IESH simulations have been performed with
a high-dimensional NAH representation for CO scattering from
Au(111) based on constrained density functional theory calcula-
tions and machine learning representations.'”*' The resulting NAH
model captured energy dissipation due to phonon and EHP excita-
tion, showing the utility of the NAH representation for gas surface
dynamics.

Nonadiabatic MQCD simulations are less commonly reported
for hyperthermal scattering dynamics at semiconductors. While
fewest switches surface hopping is an established technique to simu-
late nonadiabatic transitions in molecular photochemistry, it is less
commonly applied in solids and surface systems.'”"’ Many existing
surface hopping studies in semiconductor materials focus on aspects
of charge carrier mobility."* ** Kretchmer and Chan reported the
evolution of a projectile’s spin during the scattering process and
found that the depolarization during the scattering process decreases
with increasing bandgap size.”” However, in this study, the classi-
cal path approximation was imposed, which decouples the electronic
dynamics from the nuclear trajectory. Many existing MQCD simu-
lation methods require the substrate to be metallic or make the wide
band limit approximation, which implies that the substrate has a
constant density of states in the spectral range relevant to the cou-
pling between the adsorbate state and the substrate states.*® This
is especially true for NAH-based MDEF'*"’ and BCME. Further-
more, the scope of Ehrenfest dynamics has been analyzed by Loaiza
and Izmaylov’® via analytically solvable models, with a particular
focus on metallic systems with many but finite states involved. For
semiconductors, this assumption naturally breaks down, and thus,
MDEF and BCME are not applicable.

In this work, we develop a Haldane-Anderson model of a
surface impurity in the presence of the electronic states of a semi-
conducting substrate. The bandgap in the electronic density of states
of the substrate is realized through an adapted discretization scheme
of the hybridization function, which effectively results in a simi-
lar model as previously proposed by Haldane and Anderson.”’ The
model is parameterized based on density functional theory data
to represent normal incidence scattering of hydrogen from the Ge
rest atom of the Ge(111) (2 x 8) surface in one dimension. This
choice is motivated by earlier work proposing that the electronic
transitions are specific to this surface site.”’ A representation of the
surface adsorption geometry and the adsorption site can be seen
in Fig. 1. Equipped with this model, we perform Ehrenfest and
IESH simulations and find that Ehrenfest simulations do not provide
results that are compatible with experimental observations. Ehren-
fest predicts nonadiabatic energy loss at any initial kinetic energy—a
shortcoming that we can trace back to the mean-field nature of the
method. We find that IESH simulations of hydrogen atoms with ini-
tial kinetic energies smaller than the bandgap do not exhibit energy
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FIG. 1. Atomic hydrogen (gray) at Ge(111)c(2 x 8) above a rest-atom (green).
Adatoms are shown in blue and represent the second kind of reconstructed Ge
atoms of this respective surface reconstruction. The surface is shown in the side
view along with the definition of the spatial model variable x (panel a) and in the
orthographic top view (panel b).

loss when scattered. However, once initial kinetic energies larger
than the bandgap are applied, we obtain kinetic energy loss distri-
butions that qualitatively match the highly inelastic scattering signal
obtained in the experiment. The results from IESH simulations are
validated against numerically exact quantum-dynamical simulations
based on the HEOM approach, which incorporates all nonadiabatic
and quantum nuclear effects, and we find quantitative agreement
between the two methods.

Il. THEORY
A. Newns-Anderson Hamiltonian

The Newns-Anderson Hamiltonian describes an electronic
impurity in the presence of a continuum of electronic states, which
can be used to represent an adsorbate electronic state in contact with
N electronic states of a metal surface.”””” When parameterized with
a nuclear degree of freedom, x, the Newns—Anderson Hamiltonian
can be written as

52
Ana(x.0) = 2+ Uo(3) + Ha (), M)
2m
where x and p are the nuclear position and momentum operator
of the particle with mass m, respectively. Ug(x) is a potential that
is independent of the electronic state. The third term Hy (x) is the
electronic Hamiltonian parameterized by x and has the following
expression in the discretized second quantization notation:

N N
Ha(x) = h(x)d'd+ > eéltr + > Vi(x)(dTe + &l d). ()
k=1 k=1

Here, d t(d) stand for the Fermionic creation (annihilation) oper-
ators for the electronic impurity state, whereas El(ék) are the
Fermionic creation (annihilation) operators for an electron in the
substrate electronic state k. If the impurity is occupied, the adsorbate
state energy contributes to this Hamiltonian,

h(x) = Ui(x) = Up(x). 3)

In the diabatic Newns-Anderson picture, U;(x) and Ug(x) corre-
spond to the charged and neutral state of the impurity, respectively.
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The first two terms in Eq. (2) describe the energies of an impurity
state and the N continuum substrate states, while the last term repre-
sents their mutual coupling, with V(x) being the coupling strength
between substrate state k and the impurity. This simple model can be
readily extended to semiconductors by introducing a bandgap into
the density of states of the substrate.”

B. Mixed quantum classical dynamics methods

We employ mixed quantum classical dynamics (MQCD) meth-
ods to incorporate coupling effects between the motion of the hydro-
gen atom and the electrons of the germanium surface upon collision.
Electrons are propagated by the time-dependent Schrédinger equa-
tion, whereas the nuclei are treated as classical objects and thus
follow Newton’s equation of motion. Therefore, we neglect nuclear
quantum effects. Given that the postulated electronic transition
from the valence band of germanium into the conduction band has
a strong nonadiabatic effect, the commonly employed molecular
dynamics with electronic friction (MDEF) method is not applicable,
as already shown by Kriiger et al.”

1. Independent electron surface hopping dynamics

The independent electron surface hopping (IESH) approach is
an extension of the fewest-switches surface hopping method>® for
nonadiabatic dynamics of adsorbates on metal surfaces.'* To enable
surface hopping across N + 1 electronic states, the correlated many-
electron system is approximated as an independent N.-electron
system. As a consequence, the many-electron wavefunction |¥) can
be formulated as a single Slater determinant,

%) =ly1---yi---ywe), (4)

where |y,) is the Ith occupied single electron state and the elec-
tronic Hamiltonian can be represented by a sum of single particle
Hamiltonians, represented in the form of the NAH,

Ha(x) = h(x)|d)(d] + k}_: exlke) (K| + kZ_: Vi(x) (|d) (k| + [k)(d]), (5)

where |d) and |k) are single electron states created by the action of
operators d' and cl, respectively.

The N. one-electron wavefunctions can be expanded in the
basis of the adiabatic eigenstates of the single-electron Hamiltonian
Hy(x),

N+1
st = Y A1), ©)
k=1
with ci(t) being the time-dependent expansion coefficients and

¢, (x) being the eigenstates of H, L (x). The expansion coefficients can
be propagated by the time-dependent Schrodinger equation,

il = M(x)ck - i 2 dy(x)cl, )
j*k m

where p stands for the nuclear momentum, A;(x) is the eigenvalue
for state k, and dj(x) is the nonadiabatic coupling vector between
states j and k,

(Q@wFeaw),

pREyH ®)

djk(x) =
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Here, Q(x) stands for a unitary matrix constituted by the eigen-
vectors of H(x), which enables rotation from the diabatic into the
adiabatic representation. The Hamiltonian that defines the classi-
cal nuclear propagation in IESH combines the kinetic energy of the
nuclei, the electronic Hamiltonian in adiabatic representation, and
the state-independent potential Uq(x) and

2
Higsu(x,p) = 571 +Uo(x) + Y A(x). 9)
kes(t)

The potential energy of Hirgsy comprises the state-independent term
Uo(x) and the sum of N, occupied eigenvalues of H}j(x). The state
vector s(t) lists the indices of the electronic states that are occupied
at time t. Here, s(¢) connects the electron dynamics governed by
Eq. (7) and the nuclear dynamics governed by Eq. (9). The state vec-
tor is subject to change due to surface hopping events that can occur
at every time step, which in turn changes the potential energy sur-
face in Higsu. Within IESH, only up to one electron is allowed to
change its occupied state through a hop per time step, which limits
the maximum time step in regions of strong nonadiabatic coupling.
The probability for a hop from state k — j, which replaces index k in
s(t) with j, is evaluated by

By At
gy = max (4 50), (10)
with
By = —2Re(A};) £ d; 1)
jk ki) Cike

The quantity Ay; is calculated from the many-body electronic
wavefunction and the occupation vectors |k} and |j) via

Ay = (kW) (]j). (12)

The occupation vectors |k) and [j) are eigenstates of the many-
electron Hamiltonian and can be expressed as single Slater determi-
nants, with the underlying basis functions being the eigenfunctions
of A (x). Hence, the inner product of |k) and |¥) is thus

(k|¥) = det|S]|, (13)
with the entries of the overlap matrix § being
Sij =, (14)

where k; is the single-electron state k which is occupied by electron
i in the many-electron state |k) and ¢’ is the vector of expansion
coefficients of electron j. The hopping probabilities are evaluated
and compared to a uniform random number between 0 and 1. If
there is a sufficient amount of kinetic energy to overcome the jump
in potential energy, the hop is allowed to occur and the vector
s(t + At) is modified; otherwise, the hop is rejected and the elec-
tronic population of the total system remains unchanged. Upon
a successful hop, the velocity of the particle is rescaled along the
direction of the nonadiabatic coupling vector to ensure energy
conservation.

ARTICLE pubs.aip.org/aipl/jcp

2. Mean-field Ehrenfest dynamics
In Ehrenfest dynamics (ED), the classical particle evolves on the
following time-dependent Hamiltonian:

Hene (x,p) = 571 + Uo(x) + (¥()|Ha(0)[¥ (), (15)

where (W (t)|Hea(x)[¥(t)) is the time-dependent expectation value
of the electronic Hamiltonian. The force acting on the nuclei in the
simulation is, therefore,

po_OHm(xp) (16)
Ox
_ _5‘U0(x) _ a(‘l’(t) Hel(x)|\y(t)) (17)
Ox Ox '

When defining the many-electron Hamiltonian as an indepen-
dent N,-electron system, we can propagate the electronic wavefunc-
tion according to Eq. (7). We can further re-express Eq. (15) in
terms of the eigenstates of the Hamiltonian and the time-dependent
coefficients,

2

Hepe(3,0) = 2= + Up(x) + 3 Je(£) PAe(x). (18)
k

2m

Equation (18) closely follows the IESH Hamiltonian except that
all eigenvalues contribute to the smoothly varying energy land-
scape according to their time-dependent electronic population. In
the IESH Hamiltonian, all electronic states only contribute as fully
occupied states, whereas in ED, electronic states contribute to the
energy landscape according to their fractional population during the
dynamics. Unlike in IESH, Ehrenfest trajectories are deterministic
and thus entirely determined by their initial conditions.

C. Hierarchical equations of motion

The hierarchical equations of motion (HEOM) approach is a
numerically exact, fully quantum method for modeling the dynam-
ics of open quantum systems. As such, it can provide benchmarks
for MQC methods.” Here, we give a brief overview of the method,
leaving the more technical details to Refs. 54-64.

The surface is treated as a continuum of noninteracting elec-
tronic states held at local equilibrium with temperature T and
chemical potential y. The occupation function of the surface is
given by

-1

Fo(e) = (1T (19)
where o € {+, -}, with o = + for electrons and ¢ = — for holes. The

electronic interaction of the molecule with the surface is quantified
by the spectral density,

[(ex) =27 Vi(x)8(e— &) (20)
k

We assume that it can be factorized into coordinate- and energy-
dependent components,

['(e,x) = V*(x)I(e), (21)
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FIG. 2. Comparison of the molecule-surface couplings, I'(¢), used in the MQC
(dashed line) and HEOM (solid line) methods. In the HEOM approach, the band-
width is chosen as W = 50 eV and the steepness parameter is m = 3, whereas
the MQC calculations explicitly enforce the wide-band and infinite-m limit.

where the normalized strength of the electronic coupling to the sur-
face is now quantified by V(x). To model the bandgap required for
a semiconductor, we take I'(¢) to have the form

W2 £2m
(W2 &) (& + (B /2"

I(e) =27 (22)

As shown in Fig. 2, this has the functional form of a Lorentzian of
width W with a bandgap of width Eg,, centered at € = 0. The para-
meter m tunes the steepness of the bandgap edge, such that for large
m, it approaches the sharp bandgap used in the MQC methods, also
shown in Fig. 2 for W = 50 eV and m = 3.

The HEOM method propagates the reduced density matrix
of the molecule, p _, obtained by integrating out the surface
degrees of freedom. The influence of the molecule-surface cou-
pling on the dynamics of the molecule arises via the bath-correlation
functions,

(1) = % [T e (), (23)

which are decomposed into a sum over exponential functions for use
in HEOM,

Ch(t)~ v (x)Z e . (24)

dp™™ (1)

dt == [ mol> P

N

I=1 k=1
K

(] - Z”k)’lekakp"m(f) Zmz
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This decomposition effectively maps the continuum of elec-
tronic states in the surface onto a finite set of K virtual fermionic
levels. Although several different pole decomposition schemes
have previously been employed, in this work we use the AAA
decomposition scheme®* to decompose the occupation function
in Eq. (19). In contrast, the spectral function modeling the bandgap,
given in Eq. (22), can be analytically decomposed in terms of m + 1
unique poles. The sum over exponential functions in Eq. (24) runs
over both sets of poles.

The influence of surface phonons can also be included in the
HEOM framework by coupling to a phonon bath in an equivalent
manner to the coupling to an electronic reservoir.”” For the sake
of simplicity, we model the phonon bath by a Lorentzian spectral
density,

J(&x) = 207 (%) 5—— 2 (25)

QZ’
where Q. is the cutoff frequency and A(x) is the coordinate-

dependent coupling strength. A(x) is taken to have the following
phenomenological dependence on x:

A(x) = de™™. (26)

The correlation function for the phonon bath,
1 o i€
Con(t) = 5= [ _ deJ()[2fale) + 116", (27)

is similarly decomposed as a power series of exponential functions,
L h.
Con(£) % A2(X)Y e, (28)
p=1

so that the interaction with the continuum of phonon modes in the
surface is mapped onto L effective virtual phonon modes.

The influence of the phonon and electronic bath-
correlation functions on the molecule can be expressed with
the Feynman-Vernon influence functional approach. Given the
self-similarity of the summands of the bath-correlation functions in
Egs. (24) and (28) with respect to a time derivative, this can then be
writte}?i as a hierarchical set of coupled equations of motion of the
form) ,56-64,67

ph nm t)

K
050 Sna By (1) T (1) + (1)

viy (- DV (ko ™ (6) = (<1 it )

30 mTAG0) - p"'"“%r)A(x))ﬂz AEAR (@) - MO A). (29)
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Here, n=[ni,n,,...,nx] and m = [my,my,...,mg] are the
vectors of occupations of the virtual fermionic states and virtual
phonon bath modes, respectively. The reduced density matrix of
the scattering molecule is obtained by setting the occupations of all
virtual states to zero, so thatp | = {00 OLO0.- 0D "Each unique
configuration of occupations of the virtual states with non-zero
norm corresponds to an auxiliary density operator (ADO), p™™,
where the norm of the virtual fermionic states is [n| = S, 7, and
the norm of the virtual phonon modes is |m| = Y}, m;. Taken
together, the ADOs contain all non-Markovian and higher-order
effects of the baths on the molecular dynamics. Each ADO is coupled
to ADOs of higher and lower tiers, p"*'*™ and p™™*!, where

n+tly={n,nm,....,1—ng...,ng| (30)

and

mz+l,=[m,my,....m=1,...,m]. (31)

This culminates in a hierarchy of equations of motion that can
be solved for the exact dynamics of the molecule. Note that in
the HEOM formalism, the creation and annihilation operators are
rewritten in a more convenient notation, such that dj/ = dfk, d;, = di,
and ¢ = —o. In our calculations, the basis set for each virtual phonon
mode is limited to the 20 lowest energy states while the fermionic
hierarchy is truncated after the sixth tier, so that the observables are
converged to the exact result.

The direct propagation of Eq. (29) is usually not computation-
ally feasible when modeling scattering molecules due to the poor
scaling of the dimensionality of the ADOs with respect to the num-
ber of vibrational basis states. An alternative is to reformulate the
HEOM into a Schrédinger-like equation of motion for an extended
wavefunction in twin space.®” This then facilitates the use of a matrix
product state (MPS) representation of the state of the system,’**"’
which scales more favorably with respect to the basis size and eases
the computational load. In this work, we employ an MPS represen-
tation of the state that is propagated in time via the time-dependent
alternating minimal energy (tAMEn) propagator.”’

111. HAMILTONIAN MODEL DEFINITION
AND PARAMETERIZATION

A. Model definition

We choose a finite number of N metal states and rewrite the
electronic Hamiltonian, HYj, Eq. (5) in matrix form

h(x)  Vi(x) Vi(x) Vn(x)

Vi (x) & 0 0
B@=y g 0 o & o o | @

W@ 0 e 0 e e

The parameterization of adsorbate energy curves takes inspiration
from earlier work by one of the present authors on one-dimensional
models for molecular junctions.”” "~ To model the nonadiabatic
dynamics of hydrogen on a germanium surface, we define neutral
and negatively charged diabatic adsorbate energy landscapes, Uy (x)
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and U, (x), respectively. In the neutral state, the interaction with the
surface is described by a Morse potential, as, in the absence of charge
transfer, the energy landscape of the neutral atom is dominated by
Pauli repulsion effects,

Uo(x) = De(exp (—a(x—x0)) —1)* +c. (33)

In the charged state, we add a logistic function to describe the
attractive interaction associated with charge transfer, such that

Ui(x) = Up(x) + h(x), (34)

where

= Dy +c
1+exp(-a'(bx-xp))

(35)

h(x)

When the adsorbate approaches the surface, the adsorbate state
couples with the metal states via impurity-bath coupling terms,

Vi(x) = a- /i - A(x), (36)

where

A(x)=A[%-(l—tanh(x;fo))+q] (37)

describes the hybridization of the impurity in the wide band limit,
/Wy are bath discretization weights (with units of eV, vide infra),
and a is a geometry-independent rescaling factor (with units of
eV %), The rescaling factor @ depends only on the chosen electronic
bandwidth and thus serves as a convenient adjustment parameter
when the model is parameterized for different bandwidths. This
helps avoid having to reparameterize A (x) when the number of elec-
tronic states or the bandwidth is changed and facilitates the study of
the convergence behavior of the simulation results with respect to
bandwidth and discretization shown in Fig. S3 of the supplementary
material. The choice of modeling the dynamic charge transfer as an
anionic resonance of hydrogen is based on the fact that the electron
affinity level of hydrogen is more easily accessible than its ioniza-
tion potential. It is further corroborated by Bader charge calculations
(Fig. S5 in supplementary material), which indicate that the hydro-
gen atom is partially negatively charged when adsorbed at the Ge
surface.

B. Bath discretization for semiconductors

To render MQCD simulations of systems coupled to a contin-
uum of states computationally feasible, the electronic bath needs
to be discretized, for which many numerical techniques have
been proposed.”® In previous work on MQCD on the NAH, the
continuum of electronic states was efficiently discretized with a
Gauss-Legendre method.'”'""**" However, since Ge(111)c(2 x 8)
is a semiconducting surface, it features a bandgap in its electronic
band structure. Haldane and Anderson’’ extended Anderson’s orig-
inal work™ to materials with bandgaps. Inspired by this, we modify
the Gauss-Legendre scheme of previous work,””” such that the
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discretization includes an energy gap, Eg.p, centered at the Fermi
energy. To achieve this, the energy of a discretized electronic state
k, &, in Eq. (32), is calculated via

AE - E
Er— | =22 (1 + epnjoiet) + Egap]/z ifk <NJ/2,
& = AE - Ey
Ep + % (1+ eL,k_N/z) + Egap]/z otherwise,
(38)
with conjugate weights,
AEw, _ 2 ifk <N/2,
Wi = LN/2 ke1/ 1 / (39)
AEWyk_n/2/2 otherwise.

Here, e1,; and wy; represent the knot points and weights, respec-
tively, derived from Legendre quadrature over the interval [-1,1],
using N/2 knots. The parameter Ep indicates the Fermi level, usu-
ally set to 0 eV or the center of the continuum. The total number of
metal states, N, must be an even number for this formulation. Simply
put, the Gauss-Legendre discretization is done independently for
the valence and conduction bands, such that a gap is formed between
the two sets of knots that constitute the bands. Other discretization
schemes are possible and modification of those schemes by inser-
tion of a bandgap would be equally straightforward. For example,
we can discretize the Hamiltonian with a simple trapezoidal scheme,
which allows us to assess the impact of the gap-inserting discretiza-
tion scheme on the resulting density of states. Upon comparison of
the resulting density of states obtained with the two schemes (Fig.
S2 in the supplementary material), we find no substantial difference
between the two schemes.

C. Model parameterization

To specifically describe the interaction of a hydrogen atom with
a Ge(111)c(2 x 8) surface, we impose the following constraints to
the Hamiltonian and the state-independent potential.

o The total ground state energy landscape is fitted to match the
hydrogen-germanium interaction energies obtained with
density functional theory (DFT),

. N/2
EDFT(JC) = Uo(x) + Z )Lk(x). (40)
k=1

e Second, in the interaction free region, the energy differ-
ence between the diabatic curve for the charged and neutral
hydrogen atom, h(x — oo) = U; — Uy, needs to be close
to the difference between the work function of Ge, which
is 4.78 eV”7 and the electron affinity of atomic hydrogen
(0.75eV).”®

o Third, the NAH model is parameterized such that the gap
between the adiabatic ground state and the first excited
state closes at a point closer to the surface than the adsorp-
tion minimum. We set h(x) = —Egap/2, where x corresponds
to an adsorption height of x ~ 1.15 A. At this height, the
potential energy of the DFT-calculated adiabatic ground
state is exactly the experimentally measured Ge(111)c(2
x 8) bandgap of 0.49 eV”’ above the dissociated limit, i.e.,
Egroundstate (X = 1.15) = Eppr(00) + Egap, and a particle with
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sufficient kinetic energy to overcome the gap can reach
the region where the adsorbate state h(x) becomes degen-
erate with the upper edge of the valence band. This is
depicted in Fig. S4 [a zoomed-in version of Fig. 3(b) in
the supplementary material]. When particles reach x ~ 1.15
A, excitations between the many-electron ground state and
excited states can readily occur.

The fitting of model parameters is performed with the pack-
age BlackBoxOptim. j1% (version 0.6.3). The final parameterized
adsorbate functions are visualized in Fig. 3(a), and the individual
parameters of Uo(x), U1 (x), and A(x) are given in Table L.

Given a discretized bath with a bandgap and the above defined
adsorbate diabatic potentials, Fig. 3(b) shows the 2000 lowest energy
states produced by swapping occupied with unoccupied states com-
pared to the ground-state Slater determinant. At large distances,
the ground state curve and the first excited state show an energy
difference equal to the experimentally determined bandgap value

a |— U9 — U@ —he) —Aw

Y

>
L
E} i |U\(54) — Uy(54)] ~ 4.016 eV
g 21
=]
[Sa]
14
0 4
-1 4
24 - - DFT PES - - Band Gap
1 2 3 4 5
x/ A

FIG. 3. Panel (a): the diabatic adsorbate states and coupling strength given by
Egs. (33)—(37) as a function of hydrogen atom height x with corresponding conju-
gate parameters given in Table |. Panel (b): the adiabatic potential energy spectrum
for the 2000 lowest energy many-electron states. The spectrum is produced with
the gap-inserting Gauss-Legendre method using 150 states, 75 electrons, and
a bandwidth of AE = 50 eV. The inserted bandgap has width Egsp = 0.49 eV.
The Fermi level is Er = 0 eV. The rescaling parameter for the couplings is
a=0479eV~"72,

TABLE 1. Parameters for the adsorbate model defined in Egs. (33)-(37).

Uo(x) h(x) A(x)

D, 0.0502 eV D) 4351 eV A2.28499eV
a2.39727 A~ a’ 3.9796 A~ L1.1012A
X0 2.0727 A x5 2.2798 A %0 2.0589 A
€2.67532 eV ¢ -0.33513 eV §2.26x107'¢

b1.02971
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of 049 eV’ as was enforced during parameterization. At the
equilibrium height, the ground state is still energetically well sep-
arated from the excited state. In the repulsive region—at energies
close to the bandgap—the energy difference between the adiabatic
ground state and the first four excited states becomes very small
as it was proposed in previous studies.”””' For an electronic bath
with an effective (combined valence and conduction) bandwidth of
49.51 eV, the rescaling factor a in Eq. (36), used for Fig. 3(b), is
set to 2.5 a.u. (~0.479 ev Y %). We observe that the parameteriza-
tion remains robust across a range of constant electronic effective
bandwidths, with appropriate tuning of a. In particular, larger band-
widths require smaller values of @, while narrower bandwidths
require larger rescaling factors. This behavior is illustrated in Fig.
S1 of the supplementary material.

IV. COMPUTATIONAL DETAILS
A. Density functional theory reference data

The density functional theory (DFT) input data for the 1D
energy landscape were generated with the electronic structure code
FHI-aims.” We used the standard “tight” default basis set for Ge
and light basis set for hydrogen. Convergence tests with tight basis
on hydrogen showed no significant change. The Brillouin-zone was
sampled with a 12 x 4 x 1 Monkhorst-Pack k-point grid.*” Rela-
tivistic corrections were incorporated with the ZORA scheme.®’
We used a Gaussian occupation smearing width of 0.1 eV and the
PBE exchange-correlation functional.”**” Convergence criteria for
the energy, eigenvalues, and density were 107® eV, 107> eV, and
107° e/ag, respectively. To account for the open-shell nature of the
hydrogen atom, we performed spin-polarized DFT calculations. The
Ge(111)c(2 x 8) surface was modeled by a slab with eight layers and
four additional Ge atoms added onto the top-layer, as described in
Ref. 26. The resulting structure is depicted in Fig. 1. A vacuum slab
of 40 A and a dipole correction were used. The Ge atoms constitut-
ing the lowest layer in the slab were saturated with hydrogen atoms.
To obtain a static grid of interaction energies, we placed the hydro-
gen atom 5 A above the rest-atom and then varied the z-coordinate
in 0.1 A increments until a vertical distance of 0.8 A was reached.
Thus, the input dataset consists of 52 data points.

We also conducted a charge analysis using the quantum the-
ory of atom in molecule (AIM) theory proposed by Bader.*® For
this purpose, the AIM utility was employed to analyze the charge
density obtained from additional DFT calculations performed with
the ABINIT package.”” A slab model was built, consisting of a 2 x 2
germanium surface cell, comprising eight Ge layers symmetrically
arranged along the z axis, with a vacuum region 18 A thick. A
hydrogen atom was placed above the surface at varying distances
from the outermost germanium atoms. Similarly to the FHI-aims
case, these calculations used spin-polarized wavefunctions and the
PBE functional. Furthermore, norm-conserving pseudopotentials,
a plane-wave energy cutoff of 40 Ha, and a Gaussian occupation
smearing of 0.01 eV were employed.

B. Dynamics simulations
The MQCD calculations were performed with the

NQCDynamics.jl’“”’ package (version 0.13.4) and its com-
panion package, NQCModels. j1 (version 0.8.19), written in the
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Julia programming language. At the beginning of all simulations,
the hydrogen atom was placed in the interaction free region of the
potential at a height of 5 A above the surface. The initial momentum
vector of the hydrogen atom always points toward the surface and its
magnitude is determined by a preset kinetic energy, which is in line
with previous scattering simulations for hydrogen atom scattering
from insulators,”® metal,"”* and semiconductor surfaces.”*" The
electronic population was sampled from a Fermi-Dirac distribution
with a temperature of 300 K. For the discretization, we used
the gapped Gauss-Legendre discretization detailed in Sec. III A.
Numerical integration of the equations of motion was performed
with a time step At = 0.05 fs. The trajectories were terminated if
either the hydrogen reached a final height of more than 5 A or the
simulation time exceeded 1001 fs. The band of the electronic states
was represented by 150 electronic states, and the width of the band
was set to 50 eV for which we found that convergence was achieved
(see Sec. S3 in the supplementary material for details).

To study the influence of the initial kinetic energy on the mixed
quantum classical dynamics simulations, we explored a wide range
of initial kinetic energies ranging from 0.1 to 7 eV. Two MQCD
techniques were used: Ehrenfest dynamics and IESH.'* The specific
implementation details for the propagation algorithm of Ehrenfest
dynamics and IESH can be found in Refs. 36 and 33, respectively.
Only a single Ehrenfest dynamics trajectory was simulated for each
initial condition. Given the stochastic nature of IESH, however, we
ran 500 trajectories in order to acquire mean final kinetic ener-
gies of scattered hydrogen atoms. The statistical uncertainty was
quantified via a 95% confidence interval. To achieve statistical con-
vergence for the energy loss distributions and associated sticking
events, we ran the following numbers of trajectories: 509 680 for
Fig. 6 and 1065167, 1071077, and 1357661 for panels (a)-(c) in
Fig. 7, respectively. Furthermore, to study the energy dependence of
sticking with IESH, we launched 87 000 trajectories at several kinetic
energies above and below the bandgap (Fig. S4 in the supplementary
material). To compare the nonadiabatic behavior between IESH
and HEOM for the proposed H/Ge model, we launched trajecto-
ries with initial position and momenta sampled from a Wigner
distribution.

V. RESULTS AND DISCUSSION

A. Comparison between IESH and Ehrenfest
dynamics

With the intent to assess which MQCD method is more suitable
for describing the experimentally observed nonadiabatic electron
transfer into the conduction band of Ge, we performed hydrogen
atom scattering simulations incorporating nonadiabatic effects with
IESH and Ehrenfest. The mean kinetic energy loss as a function of
initial kinetic energy is reported in Fig. 4.

The IESH simulations only yield kinetic energy loss upon scat-
tering when the initial kinetic energy of the impinging hydrogen
atoms exceeds the bandgap, i.e., (Ei > Egyp = 0.49 eV). When E;
< Egap, the hydrogen atoms scatter elastically. This can be explained
with the adiabatic potential energy spectrum shown in Fig. 3(b).
The energy gap between the adiabatic ground and first excited
states closes at a potential energy value equal to the bandgap,
ie., 0.49 eV. Thus, the closer the hydrogen atom approaches this
region in the PES, the more likely it is that surface hops occur. At
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FIG. 4. Average kinetic energy loss of scattered hydrogen atoms obtained via IESH
and Ehrenfest simulations, with incidence energies E; ranging from 0.2 to 0.8 eV.
Each IESH data point is averaged over 1000 trajectories (60 000 for E; = 0.5 and
0.525 eV), while the deterministic Ehrenfest method uses a single trajectory. The
blue dashed line represents zero energy loss (elastic scattering); the black solid
line references an absolute constant energy loss; and the vertical black dashed
line indicates the bandgap, Eqap = 0.49 eV.

small kinetic energies, the nonadiabatic energy dissipation chan-
nel is closed as the incoming hydrogen atoms will not reach the
repulsive region where the adiabatic ground state and the first
excited state intersect and, therefore, the hopping probabilities are
small.

In contrast, ED simulations yield nonadiabatic energy loss at
any initial kinetic energy across the range of incidence energies from
0.2 to 0.8 eV. This contradicts experimental observations.”°

To understand the origin of linear increase of energy loss across
the range of investigated energies in Fig. 4, we investigated the pop-
ulations of the adiabatic ground state and first excited state across
the scattering trajectory for three different kinetic energies. At the
beginning of each simulation, only the adiabatic ground state is
populated (Fig. 5). The analysis indicates that the first excited state
always starts to contribute to the effective electronic potential of
Ehrenfest dynamics once the hydrogen atom has reached a height
of ~2.5 A from the surface. Upon further approach, the contribu-
tion of the first excited state to the effective potential increases up
to a maximum of ~8% until it starts to reduce once the hydrogen
atom recoils from the surface. This observation holds irrespective of
whether or not the incidence energy is above or below the bandgap.
Note, however, that the contribution of the adiabatic ground state
monotonically decreases over the entire course of the trajectory and
ends up at a population of about 88%. Hence, excited electrons are
created in the conduction band during the scattering, which imme-
diately affect the mean-field potential that steers the hydrogen atom
dynamics. Given that the final contribution of the first excited state
is smaller than 12%, we can assert that not only the first excited state
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FIG. 5. Ehrenfest adiabatic electronic state population and height of the hydrogen
atom during scattering at an initial height of xo = 5 A, with three initial kinetic
energies E; = 0.7 eV (a), 0.4 eV (b), and 0.3 eV (c). The black curves are the
adiabatic population and the red curve describes the hydrogen atom position (with
respect to the right ordinate).

but also higher excited states contribute to the mean field poten-
tial. This mixing effect is slightly stronger for higher initial kinetic
energies because the hydrogen atom manages to come closer to the
surface but the overall picture stays the same through the entire
investigated kinetic energy range.

We conclude that ED simulations are not able to describe the
bandgap threshold in collision-induced electron excitations into the
conduction band in the H/Ge model, whereas IESH correctly cap-
tures this effect. In the subsequent sections, we will, therefore, only
focus on IESH simulation results.

B. Low incidence energy regime

Complementary to the mean kinetic energy loss for scattered
hydrogen atoms depicted in Fig. 5, we also report kinetic energy
loss distributions, which can be measured experimentally.” The
IESH simulations yield an energy loss distribution in the form of
a sharp peak centered precisely at zero energy loss (Fig. 6). This
means that at incidence energy of 0.37 eV, only elastic scattering
occurs. This observation aligns with the general trend shown in
Fig. 4, which demonstrates that the IESH simulation predicts no
significant energy loss until the incidence energy exceeds the gap
energy (E; > Egap). The differences between simulation and exper-
iment are expected because it was shown that the experimental
peak below the bandgap is caused by excitation of lattice vibra-
tions,”” a physical process that our simple model does not capture.
In other words, the IESH simulations are consistent with expec-
tations; this MQCD method does not predict any nonadiabatic
energy loss in the kinetic energy distribution for energies below the
bandgap.
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FIG. 6. Probability density of scattered kinetic energy loss simulated by [ESH, with
incidence energies E; = 0.37 eV at temperature T = 300 K, compared with exper-
imental data for hydrogen atom scattering from Ge(111)c(2 x 8).26 The IESH
distribution is constructed using a Gaussian kernel density estimate (KDE) with
standard deviation ds4 = 0.000 05.

C. High-incidence energy regime

We now turn to initial kinetic energies above the bandgap,
where experimental inelastic kinetic energy loss distributions for
hydrogen atom scattering from Ge(111)c(2 x 8) have a bimodal
shape.”””””’ While the peak at energy losses smaller than the value
of the bandgap of Ge(111)c(2 x 8) has been well-characterized and
assigned to lattice excitations, it was proposed that the other peak in
the energy loss regime originates from electronic excitations into the
conduction band. We, therefore, conduct IESH simulations at three
different experimentally accessible initial kinetic energies (E; = 0.99,
1.92, and 6.17 eV), and the results are shown in Fig. 7. As antici-
pated, IESH simulations predict an inelastic peak located at energies
above the gap energy Eg,p and also a narrow peak centered at 0 eV
demonstrating elastic scattering for each E;. The elastic component
is artificially narrow due to the omission of phonons, which con-
tribute to the quasi-elastic peak seen in the experiments. For all
applied kinetic energies that exceed the bandgap value, we find that
the ratio between the inelastic scattering and elastic scattering events
is lower in comparison with the experiment. The simulated ratios
are 0.11, 0.17, and 0.26 for 0.99, 1.92, and 6.17 eV, respectively. The
experimental ratios reported by Kriiger et al. are 1.2, 2.2, and 10 for
0.99, 1.92, and 6.17 €V, respectively.”® We assign this difference to
the simplicity of the model and the single wide band limit represen-
tation of the electronic structure, which we will discuss in detail in
the following. We will first focus on the discussion of the shape of
the inelastic peak.

A comparison with the experimental data shows that the simu-
lation with lower incidence energy provides good agreement for the
nonadiabatic component. As shown in Fig. 7(a), one can see that
despite the simplicity of the underlying model, the IESH inelastic
simulation already manages to reproduce the experimental width
and height of the probability density.

In contrast, for the higher kinetic energy values, E; = 1.92 eV
and E; = 6.17 €V, shown in Figs. 7(b) and 7(c), respectively, more
pronounced differences start to emerge. For E; = 1.92 eV, the max-
imum of the IESH-based kinetic energy loss distribution sits at
an energy loss close to 0.49 eV, ie., the bandgap of Ge(111)c(2
x 8), whereas the maximum of the experimental peak is located
around 1 eV. Moreover, the high-energy part of the experimental
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FIG. 7. Probability density of kinetic energy loss simulated by IESH with incidence
energies E; = 0.99 eV (a), 1.92 eV (b), and 6.17 eV (c) at temperature T = 300 K,
compared with experimental data for hydrogen atom scattering from Ge(111)c(2
x 8). The inelastic and elastic distributions from IESH are independently con-
structed via a Gaussian kernel density estimate (KDE) with standard deviations
ds¢ = 0.02 and 0.003, respectively. The experimental data are normalized with
respect to the area under the curve. The fraction of inelastic IESH scattering events
is 11.5% (a), 16.88% (b), and 26.46% (c).

distribution is symmetric around its maximum, whereas the sim-
ulated kinetic energy distribution comprises a sharp increase in
intensity to its maximum at an energy loss value close to 0.49 eV, i.e.,
the bandgap of Ge(111)c(2 x 8), followed by a decaying tail toward
higher energy loss values. For E; = 6.17 eV, the observed differences
in the shape of the experimental and computational distribution are
very similar to the differences for the E; = 1.92 eV curves but more
exaggerated: Here, the experimental distribution is broadly spread,
mostly covering energy losses from 1 to 4 eV. However, the IESH
simulations in the one-dimensional model deviate significantly, with
most trajectories ending up with an energy loss within a narrow
range from 0.49 to 1 eV and thus showing a much higher probability
in this energy loss range compared to experiments.

It is worth highlighting that we do not aim for a quantitative
modeling of the scattering experiments but rather for an assess-
ment of the different MQCD methods proposed to be suitable for
the description of strong nonadiabatic effects. There are several rea-
sons why the one-dimensional model cannot provide quantitative
predictions of experimental kinetic energy loss distributions: First,
we restrict our model to one degree of freedom that describes nor-
mal incidence scattering at the Ge rest atom of the surface. The
scattering geometry in our model corresponds to a central impact
of one hydrogen atom on a single Ge atom with normal incidence
angle, with the exit channel being normal incidence as well. In the
experiment, however, this particular scattering geometry cannot be
detected. Instead, commonly, specular scattering for an angle of
45° with respect to the surface normal is recorded. This difference
between our simulations and the experimental conditions prevents
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any quantitative comparisons with experiment. Due to the reduc-
tion to one degree-of-freedom, our model also does not capture the
distortion of the surface geometry caused by the impact of the hydro-
gen atom and the concomitant charge redistributions and changes
in the electronic structure of the germanium surface. Second, in our
model, the probability for colliding with a surface atom is always
one, whereas this is not the case in reality. In fact, the likelihood for
an incoming hydrogen atom to penetrate the first surface layer and
explore deeper surface areas increases with decreasing packing den-
sity.!” The reconstructed Ge(111)c(2 x 8) surface is relatively open
and, therefore, subsurface dynamics cannot be ruled out—in partic-
ular, at increasing initial kinetic energies, which may be one of the
reasons why the 0.99 eV simulations agree best with the experiment.
Another simplification is the treatment of the electronic structure.
We assume a constant density of states with constant coupling to the
adsorbate through the entire spectral range, except for the bandgap
of the Ge(111)c(2 x 8) surface. The model neglects variations in
coupling due to varying contributions of s and p bands at different
energies. In conjunction with the previous argument on subsurface
scattering, when hydrogen atoms with high kinetic energy such as
1.92 or 6.17 eV explore the deeper region of the substrate, excitations
of electrons across the bandgap of the germanium bulk, 0.66 eV,
cannot be ruled out. Moreover, our treatment of the electronic states
also neglects the contribution of interband excitations at higher
energies. IESH neglects electron-electron scattering and excited
electrons have longer lifetimes than expected. Therefore, there is a
finite probability that excited electrons might deexcite again during
the same scattering event to transfer energy back to the hydrogen
atom, leading to a scattering event with two nonadiabatic transitions
but almost no energy loss. In addition, the probability for a single
collision is increased if the colliding particle impacts a surface atom
centrally, and therefore, we miss out on a major fraction of the scat-
tering dynamics. Moreover, in our simulations, the hydrogen atom
cannot dissipate kinetic energy via lattice excitations, which explains
why the maxima of our kinetic energy distributions are located
close to the gap energy and do not shift to slightly higher energy
losses with higher initial kinetic energies. Energy dissipation to lat-
tice vibrations may broaden the final kinetic energy distribution as
the impinging adsorbates probe a statistical distribution of displaced
lattice geometries. However, it was previously shown that phonons
do not strongly affect energy loss distributions for hydrogen atom
scattering from metal surfaces.'”**”" We will discuss this further in
Subsection V' D. Finally, the only first-principles component that
enters our model is the DFT ground state energy but all other
ingredients are phenomenological. Constrained density functional
theory,1I 12 for instance, could provide ab initio diabatic states and
couplings from which one could construct Haldane-Anderson-type
Hamiltonians for MQCD simulations for hydrogen atom scattering
from Ge(111)c(2 x 8). In consequence, we assert that despite the
simplicity of our model Hamiltonian, which we used for MQCD
simulations, the final results are already respectable and correctly
capture the key physical phenomenon that leads to nonadiabatic
energy dissipation.

D. Comparison with HEOM

In this section, the IESH scattering data are validated against
numerically exact data computed via HEOM. The quantum

ARTICLE pubs.aip.org/aipl/jcp

wavepacket in the HEOM simulations is initiated as a Gaussian
wavepacket with an average kinetic energy ph;/2m toward the
surface,

W) - e[ ]y
(2710- )4 40

where o determines the width of the wavepacket and xini and p, ;
are the initial center position and momentum, respectively. The
vibrational basis set is given by a sine-DVR basis on a grid that
ranges from xp = 0 A to XNpyr = 10A, with Npygr = 315 basis states.
Unless otherwise specified, we take xin; = 6 A. To facilitate a direct
comparison between the methods, the initial conditions of each
IESH trajectory are now sampled from the corresponding Wigner
distribution for the Gaussian wavepacket,

O(x,p) = h—lﬂ exp[ (x 352 mt) ] [ —(p- hpini)z]. (42)

A direct application of the HEOM approach is limited to initial
energy distributions for the wavepacket that are much wider than
the narrow distributions achieved in hyperthermal atom scattering
experiments. Since the kinetic energy loss distribution is strongly
dependent on the initial wavepacket width, a more meaningful com-
parison in this section is obtained by benchmarking the final kinetic
energy distribution directly. In the future, a more refined treatment
could employ, for example, a flux correlation analysis.”

A comparison between the final kinetic energy distributions
calculated via IESH and HEOM is shown in Fig. 8 for three differ-
ent initial kinetic energies of the atom. If all scattering events were
purely elastic, the simulated distributions would coincide exactly
with the initial Wigner distributions for every incidence kinetic
energy. The observed deviations from the initial Wigner distribu-
tions arise from a small fraction of inelastic scattering processes. We
find a good agreement between IESH and HEOM for a variety of
different initial wavepacket widths o, which we show in Figs. S7 and
S8 in the supplementary material. The close agreement between the
final scattering results obtained from the IESH and HEOM methods
indicates that both approaches capture similar elastic and inelastic
behavior. It further demonstrates the validity of IESH as an approx-
imate non-adiabatic simulation technique for energetic transition
over energy ranges of the scale of several hundreds of meVs, such
as bandgaps. The absence of the double peak structure in Fig. 8 in
the final kinetic energy distribution is a result of the narrow spatial
width o of the Gaussian wavepacket. As one can infer from Egs. (41)
and (42), a spatially narrow wavepacket results in a broad distribu-
tion in momentum space. When we increase o, a bimodal structure
is found, as is shown in Fig. S9 in the supplementary material. A
broader wavepacket in real space makes the HEOM calculations
computationally more demanding and unfeasible if we attempt to
simulate energetic widths of the H atom pulses in the experiment,
which are on the order of meV.*

We also performed HEOM calculations with the inclusion of
a phononic bath based on the approach proposed by Ke et al.®
We find a weak influence of the phonons on the overall final
kinetic energy distribution for a variety of coupling strengths. This
is in accordance with previous simulations of H atom scattering
off a W(110) surface, where the impact of phonons—either mod-
eled explicitly via full-dimensional potentials or in the form of a
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FIG. 8. Probability density of the final kinetic energy for hydrogen atom scat-
tered from Ge(111)c(2 x 8), simulated using IESH and HEOM. The results are
shown for incidence energies E; = 0.99 eV (a), 1.92 eV (b), and 6.17 eV (c) at
T =300 K. The initial states are the Wigner distribution with width ¢ = 0.4 a.u
in real space (black line). The full scattering distribution (red dashed line), which
includes both elastic and inelastic contributions, and the inelastic scattering distri-
bution (red baseline) from IESH were constructed using a Gaussian kernel density
estimate (KDE) with a standard deviation ds4 = 0.005. The probabilities for inelas-
tic scattering events are 0.112, 0.170, and 0.264 for 0.99, 1.92, and 6.17 eV,
respectively.

phononic bath—on the overall shape of the energy loss distribution
was found to be minor.””" Our findings also make sense from a
qualitative point of view, as the energy exchange between projectile
and surface can be reasonably well approximated by a binary colli-
sion model in which the relative energy transfer scales with m/M,
with m and M being the mass of the projectile and substrate atom,
respectively.' ™’ The mass ratio for H/Ge is ~1/73, so that one can
immediately see that the influence of energy exchange directly to the
lattice is minor compared to the non-adiabatic effects that drive the
energy transfer for scenarios E; > Eggp.

VI. CONCLUSIONS

We have introduced an electronic structure model parameter-
ized for hydrogen atom scattering on a Ge(111)c(2 x 8) surface. The
model considers a single adsorbate state that can switch between
a neutral (repulsive) and a negatively charged (attractive) inter-
action potential upon charge transfer with the surface. Combined
with a modified discretization scheme that introduces a bandgap
into the spectrum of the electronic states, we constructed a one-
dimensional Haldane-Anderson Hamiltonian model suitable for
MQCD simulations of gas-surface scattering. We employed mean-
field Ehrenfest dynamics, independent electron surface hopping, and
hierarchical equation of motion quantum dynamics simulations to
study nonadiabatic energy loss as a function of incidence kinetic
energy.

ARTICLE pubs.aip.org/aipl/jcp

The IESH simulations were able to capture a key fea-
ture observed in hydrogen atom scattering experiments from
Ge(111)c(2 x 8): For kinetic energies below the bandgap, the scat-
tered hydrogen atoms do not show any energy loss due to elec-
tronic excitations into the Ge conduction band. Above the bandgap,
the scattered hydrogen atoms lose energy due to electronic tran-
sitions. On the other hand, mean field Ehrenfest dynamics of
hydrogen atom scattering exhibit nonadiabatic energy loss under all
conditions—an unphysical artifact caused by the mean-field nature
of the method. This behavior is in contradiction to experimental
observations. We, therefore, conclude that mean-field dynamics are
not suitable to describe nonadiabatic effects during reactive scat-
tering in the present model. We further derived kinetic energy loss
distributions from IESH simulations for three experimentally acces-
sible incidence energies and, given the simplicity of our model,
achieved good agreement with the experiment—in particular for
low initial kinetic energies. Our IESH simulations are also in good
agreement with numerically exact HEOM simulations on the same
model.

The current model is limited in the description of the elec-
tronic structure. With more and more advanced input on the excited
electronic states through electronic structure calculations, a more
accurate and higher-dimensional model may be parameterized that
is better suited to describe the previously reported site specificity of
nonadiabatic effects on germanium and energy loss at the highest
measured kinetic energies.”’ This work outlines how diabatic energy
curves and their couplings from first-principles calculations can be
used to construct a physically suitable Hamiltonian. In addition to
the reported MQCD simulations on this model, the HEOM results
form a firm benchmark for the future development of improved
MQCD methods.

SUPPLEMENTARY MATERIAL

The supplementary material provides numerical convergence
tests and additional results.
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