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ABSTRACT: To understand the recently observed enigmatic nonadiabatic
energy transfer for hyperthermal H atom scattering from a semiconductor
surface, Ge(111)c(2 × 8), we present a mixed quantum-classical non-
adiabatic molecular dynamics model based on the time-dependent evolution
of Kohn−Sham orbitals and a classical path approximation. Our results
suggest that facile nonadiabatic electronic transitions from the valence band
to the conduction band occur selectively at the rest atom site, where surface
states are doubly occupied, but not at the adatom site, where empty surface
states are localized. This drastic site specificity can be attributed to the
changes of the local band structure upon energetic H collisions at different
surface sites, leading to transient near degeneracies and significant couplings
between occupied and unoccupied orbitals at the rest atom but not at the
adatom. These insights shed valuable light on the collision-induced
nonadiabatic dynamics at semiconductor surfaces.
KEYWORDS: surface scattering, nonadiabatic molecular dynamics, site specificity, interband electronic transitions, semiconductor surface

I. INTRODUCTION
The Born−Oppenheimer approximation (BOA),1 which
assumes much faster electronic motion than nuclear motion,
represents a key construct for understanding spectroscopy and
collision dynamics. This approximation is however known to
break down when two or more electronic states are
energetically close to each other. The resulting nonadiabatic
effects are of fundamental importance in chemistry, ranging
from photochemistry in the atmosphere, electron transfer
processes in solutions, to electrochemistry at interfaces. For gas
phase systems, where electronic degeneracies are infrequent,
the breakdown of BOA is reasonably well understood and
various theoretical methods for treating nonadiabatic dynamics
have been developed.2−7 In solids and at surfaces, where
nonadiabatic effects have profound implications in plasmonic
catalysis and photoelectrochemical applications,8,9 however,
the relevant mechanisms for the breakdown of BOA remain
largely unexplored until recently.
Recent experiments have started to examine nonadiabatic

processes on metal surfaces, in which a large number of
electronic states exist with infinitesimal energy differences. As a
result, the breakdown of BOA is found to be more
prevalent.10,11 Indeed, a range of electronically nonadiabatic
phenomena, such as efficient vibrational quenching,12,13

electron emission,14 chemicurrents,15 and collisional energy
dissipation,16 have been reported when atoms/molecules
interact with metal surfaces. These behaviors can often be

interpreted in terms of instantaneous formation of electron−
hole pairs (EHPs) due to the coupling of metallic electrons
with nuclear motion through formation of a transient anion, or
arising from an electronic frictional (EF) force on nuclear
motion.17 The ready breakdown of BOA on metal surfaces is in
sharp contrast with their insulator counterparts, in which the
large band gap prevents electronic excitation between the
valence band (VB) and conduction band (CB).16,18

Very recently, nonadiabatic effects have been reported on
semiconductor surfaces. As an intermediate case between
insulators and conductors, semiconductors have a significant
energy gap between VB and CB that cannot be easily
overcome by thermal excitation. By impinging hyperthermal
H/D on a reconstructed Ge(111)c(2 × 8) surface, Krüger et al.
measured the energy loss of the scattered projectiles at
different incidence energies.19 For an incidence energy below
the band gap, there is only one peak in the energy loss
distribution. This distribution, along with the corresponding
angular distribution of the scattered H, was accurately
reproduced by adiabatic molecular dynamics,19 signaling its
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mechanical nature. When the incidence energy is above the
band gap, however, two peaks were found. Again, one peak can
be successfully modeled with adiabatic molecular dynamics;
however, the second peak exhibiting a large energy loss cannot
be accounted for by any existing model. Interestingly, the
threshold coincides with the surface band gap (0.49 ± 0.03
eV20), prompting the obvious conclusion that the large energy
loss peak is due to nonadiabatic excitation of substrate
electrons induced by the energetic collision of the fast atomic
hydrogen.19 A recent work with deuterium atoms scattering
from the same surface revealed the same energy loss pattern as
hydrogen atoms, which was speculated to be due to strong site
specificity of nonadiabatic effects.21

Naturally, the situation here is quite different from metals,
where an EHP excitation is relatively easy and delocalized due
to the lack of a band gap, and as a result the perturbation to the
nuclear motion can be approximated by the EF theory.22−24

For the Ge surface, the interband transition across a large band
gap of approximately 0.5 eV induced by the incidence of H/D
requires a completely new theoretical framework. In the
original publication,19 the authors speculated that the non-
adiabatic transition can be likened to a localized curve crossing
between two electronic states in a gaseous system. The EF
model was found unable to reproduce the experimental
observations,19 which clearly indicate its incapability of treating
localized excitation of EHPs due to collisions from semi-
conductor surfaces. Indeed, a large number of electronic states
in the VB and the CB need to be modeled if a first-principles
characterization is to be established. Currently, such a theory
does not exist, although recent band structure calculations have
provided some hints on the origin of the site specificity.21 As
depicted in Figure 1, there are three types of surface atoms on

the reconstructed Ge(111), namely the adatoms, the rest
atoms, and the saturated atoms, respectively. Their disparate
coordination numbers make their interactions with the
hydrogen atom distinct. It is thus intriguing to investigate
the correlation between their local electronic structures and the
nonadiabatic effects.

To this end, in this work, we analyze the change in the band
structure of Ge(111)c(2 × 8) upon the adsorption of H on
different surface sites and extract information about charge
transfer and spin polarization. Furthermore, we follow
explicitly the electronic dynamics during the direct scattering
of H atoms off these sites by time-dependent nonadiabatic
molecular dynamics (NAMD) simulations based on Kohn−
Sham (KS) orbitals. While such simulations cannot model the
experiment directly, clear and strong site-specific nonadiabatic
effects are revealed, which support the curve-crossing
hypothesis recently proposed.19,21 It is found that such
curve-crossings are present when H atoms collide at the Ge
rest atom site, most likely leading to interband transitions from
the VB to the CB, while not at the Ge adatom site. The
theoretical studies reported here thus advance our under-
standing of the newly discovered nonadiabatic effects in surface
dynamics.

II. METHODS
Spin-polarized plane-wave DFT calculations were performed with the
Vienna Ab initio Simulation Package (VASP).25 The core electron-
nuclei interaction was described by the projector augmented wave
(PAW) method26 and the KS wave function was expanded in plane
waves with an energy cutoff of 400 eV. The reconstructed Ge(111)
surface was represented by a slab in a c(2 × 8) supercell with the size
of 8.0 × 32.0 Å plus a vacuum space of 16 Å in the z direction to
avoid artificial interslab interactions. Each slab contains eight atomic
layers, with four additional Ge adatoms exposed on the topmost layer,
as illustrated in Figure 1. The Ge adatoms, along with the upper six
layers�including rest atoms and saturated atoms�were allowed to
move, while the bottom two layers were fixed in its equilibrium
positions and passivated by H atoms. A Γ-centered k-point grid of (6
× 1 × 1) was used for geometric optimization, while an irreducible k-
point grid of (4 × 1 × 1) together with selected zero-weighted k-
points along a high-symmetry path were employed for band structure
calculations.

In our recent work,19 the Perdew−Burke−Ernzerhof (PBE) density
functional27 within the generalized gradient approximation (GGA)
was used to generate the ground-state potential energy surface (PES),
which described the adiabatic energy transfer channel well. However,
it is well-known that GGA-based density functionals often under-
estimate bandgaps of semiconductors owing to self-interaction
errors.28,29 Indeed, we found that PBE predicts a near-zero band
gap for a clean Ge surface. With a moderate increase of computational
cost, we obtained a finite band gap of 0.32 eV of the Ge(111)c(2 × 8)
surface by using a meta-GGA-based made simple (MS2)30 functional.
Interestingly, based on the MS2-optimized surface structure, we found
that the hybrid HSE0631 functional yields a comparable band gap of
0.35 eV. This value further increases to 0.57 eV when the surface
structure was optimized by HSE06, which is very close to the
experimental value20 (0.49 ± 0.03 eV at 30 K), at the price of being
much more expensive than MS2. In addition, the optimized lattice
constant by MS2 is 5.688 Å, agreeing well with the experimental value
(5.658 Å32). As a result, unless explicitly stated otherwise, the MS2
functional was chosen for subsequent NAMD calculations for its good
balance between accuracy and efficiency. The experimental lattice
constant was applied to be consistent with the PBE-based PES.19 The
MS2-based and HSE06-based band structures will be compared and
discussed in more detail along with Figure 2 below.

A quantitative treatment of the nonadiabatic dynamics of surface
scattering process is extremely challenging. Indeed, an accurate
determination of a manifold of excited states of this periodic system is
currently not feasible. Furthermore, the explicit evolution of the
system along the nuclear and electronic degrees of freedom in a fully
coupled way is even more formidable. In this work, we will focus on
the response of the substrate electronic structure to the impact of the
H atom at different surface sites, an approach which is aimed at
uncovering the mechanism of the interband transition. The case of D

Figure 1. Schematics of two exemplary trajectories of H (white)
collisions with a reconstructed Ge(111)c(2 × 8) surface at a Ge
adatom (magenta) and a Ge rest atom (yellow) in a side view. A top
view of the clean surface is also included for showing the site
positions.
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scattering is not considered in this work, as the change of projectile
mass is not expected to qualitatively alter the electron dynamics. A
mixed quantum-classical strategy is used, in which the electronic
degrees of freedom are treated quantum mechanically, while the
nuclear motion classically. Specifically, we chose an approximate
NAMD approach that solves the time-dependent Kohn−Sham
(TDKS) equation at the one-electron orbital level based on the
surface hopping algorithm2 and the classical path approximation
(CPA).33−35 This approach has been widely used in combination with
ground-state ab initio molecular dynamics (AIMD) to study real-time
photoexcited carrier dynamics in condensed phase materials.36−40

Here, all NAMD calculations were performed with the Hefei-NAMD
program.38

Specifically, this approach starts with an ansatz that approximates
the energies of many-electron states as uncorrelated single excitations
in a selected active space (i.e., energy differences of KS orbitals).36

Single excitations are allowed only among KS orbitals in this active
space to form singly excited determinants, Φj(r;R), which are
composed of adiabatic one-electron KS orbitals,33

A Nr R( ; ) (1) (2)... ( )j j j jN1 2
= [ ] (1)

where φj(n) is the adiabatic KS orbital (i = 1,···, N) dependent on the
coordinates of the nth electron, N is the number of the KS orbitals
included in the active space, and Â denotes the antisymmetrization
operator. Φj(r;R) is explicitly dependent on the electronic
coordinates, r, with a parametric dependence on the nuclear
coordinates, R. The electronic wave function, Ψe(r, R, t), is thus
expanded as a linear combination of these determinants, respectively.

t c tr R r R( , , ) ( ) ( ; )e
j

j j=
(2)

Inserting eq 2 into the TD Schrödinger equation leads to a set of
differential equations,

i
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where εk is the excitation energy of the kth eigenstate, σjk is the time
derivative coupling (TDC) between Slater determinants Φj and Φk,
Since we are using one-electron KS orbitals as basis functions, σjk is
nonzero only for pairs of configurations that differ by no more than
one KS orbital. As a result, σjk can be replaced by the coupling
between the two KS orbitals (say φk′ and φk″) differing in the
configurations of Φj and Φk, namely,38

t
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which is evaluated by a finite difference method.41

The CPA further assumes that the nuclear motion is governed by
the ground state PES, unaffected by the electronic dynamics. The
electronic dynamics along a given classical path of nuclei can be
initiated from different electronic configurations, during which the
single-electron hopping probabilities between these KS states can then
be obtained according to Tully’s fewest-switches algorithm,2

P t t
c c t

c c
( , )

2
j k

j k jk

j j
=

[ ]

(5)

where takes the real part of the quantity in the parentheses. Since
we are considering transient electronic excitations during a non-
equilibrium collisional process, the Boltzmann factor to maintain the
detailed balance was not imposed.36 It is important to recognize that
this ansatz does not properly describe the coupled electron−nuclear
dynamics as there is no feedback to the nuclear motion from the
electronic dynamics. Specifically, it fails to consider how the nuclear
trajectory of the entire system changes after VB-CB excitation
compared to the ground state. As a result, our results cannot be
quantitatively compared with experimental data. As shown below,

Figure 2. Comparison of the band structures of the Ge(111)c(2 × 8) surface with H(g) being 6 Å above (H(g)+Ge, left), H adsorbing on the Ge
adatom (H*@Ge(ad), middle), and the Ge rest-atom (H*@Ge(rest), right), optimized by the MS2 (a−c) and HSE06 density functionals (d−f).
Solid (dotted) lines represent occupied (unoccupied) energy levels. Fermi levels (Ef) are indicated by horizontal black dashed lines and the original
bandgaps of the Ge(111)c(2 × 8) surface are marked by vertical arrows (in eV). Spin-up and spin-down band structures are identical for the
H(g)+Ge and H*@Ge(ad) cases, but not for the H*@Ge(rest) case, which are distinguished by blue and red colors, respectively.
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however, it is sufficient to qualitatively reveal the impact of the
hyperthermal H on the substrate electronic structure and the potential
mechanism for nonadiabatic transitions.

In practice, several representative MD trajectories on a previously
constructed neural network PES19 were selected to describe the H
atom scattering off the Ge(111)c(2 × 8) surface at different surface
sites at a normal incidence energy (Ei) of 0.99 eV, a representative Ei
used in the experiment.19 The propagations of these trajectories were
efficiently carried out using the high-dimensional NN PES and the
total energy is well converged within ∼2 meV (Figure S1 in
Supporting Information (SI)). Along each trajectory, single point
DFT calculations were reperformed at the MS2 level at selected
snapshots every 0.5 fs to get the KS orbitals and associated TDCs
with a single Γ point. After that, stochastic surface hopping processes
were initiated with one electron filling in the valence band maximum
(VBM) and then propagated along the selected nuclear trajectory
with a step size of 1/1000 of that of AIMD, allowing electron
excitation/de-excitation among 50 orbitals below and above the Fermi
level. We focus on the electron dynamics from VBM to CBs and
exclude the unphysical population transfer from VBM to lower VBs.
Due to the stochastic nature of the surface hopping algorithm, the
final electronic state populations of different surface hopping events
are not expected to be the same. To converge the stochastic surface
hopping processes, 20,000 electronic trajectories were conducted for
each site to yield the evolution of electronic populations in different
orbitals, providing useful information on the electron dynamics.

III. RESULTS AND DISCUSSION
First, let us consider a static description of electronic structures
of the Ge(111)c(2 × 8) surface with and without hydrogen
adsorption. In a bare surface, as shown in Figure 1, the Ge
adatoms (magenta) and the Ge rest atoms (yellow) are bound
to three saturated atoms of the first layer (blue), both featuring
a single dangling bond. The saturated atoms are tetrahedrally
coordinated and have no unpaired valence electrons.
Accordingly, the H atom preferably adsorbs on a Ge rest
atom with a binding energy of 2.77 eV (which is defined as the
energy of the adsorbed configuration minus that of a H atom
being 6 Å above a clean surface), followed by on a Ge adatom
(2.25 eV), and on a Ge saturated atom (2.06 eV), at the MS2
level. Since the rest and adatoms pucker a little out of the

surface and have a stronger attraction to the H atom, they cast
a “shadow” over the saturated atoms, preventing the impinging
H atom from directly colliding with latter to a large extent.
Consequently, the H atom directed toward the saturated atom
will likely be steered to adjacent rest and adatoms during the
approach to the surface. In practice, we found it more difficult
to select a direct scattering trajectory from a saturated atom
than from a rest atom and adatom without being affected by
other neighboring atoms. Indeed, we find that merely 8% MD
trajectories with our NN PES can be recognized as a single
collision of the H atom at saturated atoms with Ei = 0.99 eV,
due to this “shadowing” effect, even though the proportion of
saturated atoms is much higher than others on the surface.
Therefore, we shall focus on the rest and adatoms
subsequently. As a signature of the dynamical steering effect,
interestingly, the probability of the direct collision on the
saturated atom decreases (increases) with the decreasing
(increasing) Ei. We would expect a more important role of the
saturated atoms in the scattering process at higher incidence
energies, which will be studied in the future.
Figure 2 compares the calculated band structures of the

pristine Ge(111)c(2 × 8) surface (H(g)+Ge), H adsorbed on a
Ge adatom (H*@Ge(ad)), and on a Ge rest atom (H*@
Ge(rest)) using the MS2 and HSE06 functionals, respectively.
In both cases, the Ge(111)c(2 × 8) surface is predicted to have
a finite band gap or energy difference between VBM and the
conduction band minimum (CBM), 0.32 eV for MS2 and 0.35
eV for HSE06. It is encouraging that the band structures
obtained by the two density functionals are quite similar,
except for H*@Ge(rest). Note however that the HSE06
results shown here were obtained using the MS2-optimized
geometries for computational efficiency. Results with the
HSE06-optimized geometries (at a much higher expense) are
shown in Figure S2, in which the band structure of H*@
Ge(rest) is more consistent with the MS2 result with the spin-
down VBM manifesting a similarly weak dispersion around the
Γ point. Other site-specific features of band structures are
generally unchanged except for a unified lifting of the band

Figure 3. Differential charge density (a, c) and spin density (b, d) distributions of the H*@Ge(ad) and H*@Ge(rest) configurations. Positive
values (gaining electrons or spin-up) are shown in pink and negative values (losing electrons or spin-down) in green. Iso-values are 0.007 eV/Å3 for
charge density and 0.0005 au for spin density. Only the Ge atoms of the first layer and above are shown for clarity. Note the relaxed surface
structure of the adsorption configuration, rather than the bare surface equilibrium, is taken as the reference geometry for evaluating the charge and
spin differences.
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gap, as already mentioned in the Methods. This comparison
validates the accuracy of MS2 in describing the band structure
of this system. According to the analysis of the projected
density of states (PDOSs) in Figure S3, we find that the
highest VBs (−1−0 eV) are mainly contributed by the rest
atoms, while the lowest CBs (0−1 eV) are more related to the
adatoms, which is consistent with previous theoretical42 results
and experimental43 observations.
We next discuss in more detail how the adsorption of an H

atom influences the local electronic structure at different
surface sites. As the Fermi level of the Ge surface is mostly
related to surface states rather than bulk states of the
semiconductor, the adsorption of a single H atom can
significantly change the Fermi level of the substrate and the
PDOSs of relevant Ge atoms, as clearly shown in Figure S3.
When a hydrogen atom adsorbs on a Ge adatom, one of the
lowest CBs mainly consisting of the unoccupied pz orbitals of
this Ge atom become hybridized with the 1s orbital and filled
by the electron of the adsorbed hydrogen atom, leading to a
lowering of the Fermi energy (Figures 2b,e and S3b) and
making the VBs partially occupied. The change of Fermi level
due to the adsorption of a hydrogen atom is not surprising, as
also observed in a semiconductor MoO3, though in an opposite
way, because the CB edge becomes partially occupied by
doping the H atom in that case.44 The relative downshift of
Fermi energy is ∼0.2 eV using MS2 and ∼0.23 eV with
HSE06. In contrast to this, the H−Ge bond formation at the
rest atom involves interaction with the fully occupied VB.
Consequently, the hybridization of the H atom 1s orbital with
the Ge (rest) orbitals, necessary to form a covalent bond,

involves transfer of an electron to another originally
unoccupied orbital of a dangling bond on the nearest adatom,
resulting in the presence of a new VBM.43 This behavior
corresponds to the transfer of PDOSs from the rest atom to
the nearest adatom right below the Fermi level in Figure S3c.
The site-dependent electronic structures can be also clearly

seen in Figure 3, where the charge density difference between
the pristine surface and the surface with an H atom bonding to
an adatom and a rest atom is shown. Also shown in Figure 3
are the corresponding spin density distributions. For hydrogen
adsorption on the rest atom, it is evident that the H atom loses
its electron, which transfers to an adatom next to the rest atom
where the hydrogen atom attaches. This reverse charge transfer
phenomenon was observed in earlier scanning tunneling
microscope images.42,43 More interestingly, since the H atom
brings only one additional electron, the filled orbital of a
dangling bond on the adatom (the new VBM) is present only
in one spin manifold, as seen in Figures 2c,f and S3c. It is
further verified in Figure 3d that a strong spin density only
appears on this adatom. This dramatic change sets the stage for
the curve crossing discussed below. On the other hand, no
such indirect charge transfer is observed when the H atom
binds to the adatom, see Figure 3a, suggesting that a crossing
of electronic states is less likely (vide inf ra). It is shown that the
H−Ge bond formed with the adatom enriches electrons on the
H atom and borrows some electron density from nearby
saturated Ge atoms. Additionally, there is no net spin density
at this configuration (Figure 3b), confirming that the hydrogen
adsorption on the adatom does not violate the spin-
degeneracy, consistent with Figures 2b,e and S3b. The

Figure 4. Time evolutions of the KS eigen-energies at the Γ point, the electronic populations of these energy levels near the Fermi level and the
average electronic energy of the electronic trajectories of H atom scattering from the adatom (a−c) and the rest atom (d−f) for the spin-down and
(g−i) for the spin-up eigenstates) of Ge(111)c(2 × 8) with an electron initially placed in the VBM and Ei = 0.99 eV. Energy levels in the VB (CB)
are given in solid (dotted) curves and labeled by their relative sequence to the VBM (CBM). In panels (a), (d), and (g), the Fermi levels are
marked by the black solid lines. Pink arrows in panels (d) and (e) indicate the positions of avoided crossings where the electronic transitions occur.
Note that the unphysical electronic transition from VBM to VBM-1 and VBM-2 has been excluded. Note the average electron energies are
calculated by wi

N
i i· , where wi is the population of the ith KS orbital.
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comparison clearly underscores the drastic differences in the
local electronic structures for H adsorption at different surface
sites.
We next study the electronic dynamics of the hydrogen atom

colliding at two surface sites of the Ge(111)c(2 × 8) surface by
initially placing an electron in the VBM. Two exemplary
scattering trajectories are illustrated in Figure 1. The
corresponding time evolutions of the KS eigen-energies at
the Γ point, the electronic populations of these eigenstates
near the Fermi level, and the average electronic energy are
shown in Figure 4. To simplify the problem, here the incident
H atom is directed toward the specified site initially along the
surface normal from 6 Å above the surface and the initial
surface temperature is set to 0 K to avoid mixing of KS orbitals
caused by the thermal motion of surface atoms. During this
process, the hydrogen impact only affects the Ge atoms within
a small range, and there is no interaction between the
neighboring supercells. Consequently, using only the Γ point
should be sufficient to capture the site-dependent electronic
structure. In addition, the VBM and lowest CBs are relatively
flat for the H*@Ge(rest), the only site that triggers
nonadiabaticity. Furthermore, we have calculated the electron
density of states with a dense grid of k-points (8 × 2 × 1) and
compared its projection on the Γ point with that calculated
with a single Γ point. As shown in Figure S4, the two results
agree with each other very well. This indicates that the
dispersion of VB does not affect the electron density of states
at the Γ point. It is thus reasonable to discuss the electron
dynamics at the Γ point only. Note that the electron transfer
effect on the local structure around the adsorbed H atom is
considered in the ground state trajectory. Since the scattering
process is fast with a time scale on the order of dozens of

femtoseconds and small energy gaps, decoherence is not
considered important in this process.34 Due to these
limitations, this model is by no means a faithful representation
of the experiment, it nevertheless provides insight into how the
nuclear motion affects the electronic energy and transitions.
For the collision at the adatom site, as shown in Figure 4a−

c, the KS orbitals exhibited a synchronized lowering of their
energies, as H approaches the surface reaching its distance of
closest approach at about 25 fs. The system largely recovers
when H departs after 40 fs. Importantly, overall, the order of
the KS orbitals is almost kept the same and no near
degeneracies arise between VB and CB states. The band gap
remains throughout the scattering. As shown in Figure 4b, the
occupancy of VBM is kept at one, while all other orbitals are
essentially unoccupied throughout, indicating that no
electronic transition takes place. The average electronic energy,
which is calculated by summing the energies of all electronic
states weighted by their relative populations, shows two
pronounced dips in Figure 4c, reflecting the lowering of the KS
energies (particularly that of VBM) as H forms a bond with the
adatom. Overall, the incoming and outgoing average electronic
energies are only slightly different due to the small energy
change of the adiabatic KS orbitals, which is irrelevant to
nonadiabatic transitions.
The situation is drastically different for H impinging on the

rest atom. Note in this case that avoided crossings are present
for one manifold of spin states, while absent in the other, as
expected from the band structure of H*@Ge(rest) in Figure 2
(where spin−orbit coupling is neglected). For the spin
manifold with strong nonadiabatic characteristics (spin-down
here), Figure 4d shows that VBM first undergoes an avoided
crossing with VBM-1 and VBM-2 at ∼30 fs as the H projectile

Figure 5. Time-averaged TDC matrices among different orbitals during the H atom scattering from the adatom (a) and rest atom (b) of Ge(111)
c(2 × 8), where the orbitals are labeled by their sequence relative to VBM and CBM, respectively. TDC elements involving these orbitals near the
Fermi level are highlighted in the red square and corresponding time-dependent values are presented in panels (c) and (d). Note for the rest atom
that the TDCs among spin-down eigenstates are shown only and all TDCs are calculated by i

N
jk N

1000
2

step

step
· , where Nstep is the total number of time

steps and 1000 is a factor for converting the unit to meV.
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approaches the surface and then steadily rises in energy by
more than 0.3 eV at 33 fs, and more importantly, becomes
near-degenerate with the CBM. This increase in energy is close
to the band gap of the pristine Ge surface, leading to the
absence of a band gap at the crossing point. The near-
degeneracy reappears at 41 fs as H departs the surface and re-
enters this curve-crossing area. In the meantime, there are
some other avoided crossings between other KS orbitals, e.g.,
CBM and CBM+1. As a result, we observe an increasing
population in CBM and CBM+1 at 33 and 41 fs, indicating an
interband nonadiabatic transition. Accordingly, the average
electronic energy climbs dramatically as the H atom
approaches the rest atom, as seen in Figure 4f. In contrast,
Figure 4g shows clearly in the other spin manifold (spin-up
here), these KS orbital energy curves in the VB and CB do not
cross at all. Consequently, electronic transitions are unlikely
(Figure 4h) and the mean electronic energy varies only
modestly (Figure 4i), analogously with the energy of VBM. We
note however that the inclusion of the spin−orbit coupling
may allow electronic transitions between different spin states.
We can further relate the site-specific electron dynamics of

the H collision to the TDCs along the electronic trajectories.
Figure 5 compares time-dependent and time-averaged TDCs
over all snapshots of electronic trajectories for H scattering
from the adatom and from the rest atom (for the spin-down
manifold with strong couplings only). It is clear that for the H
atom collision at the adatom site, the KS orbitals above and
below the Fermi level have negligibly small couplings. The
largest TDC is found between VBM-3 and VBM-2 (see Figure
5a), which are deep in the VB but should have little impact on
the nonadiabatic interband transitions from VB to CB.
Consequently, no electronic excitations from VB to CB are
seen in this process. In contrast, for the H atom collision at the
rest atom, the TDCs are on average much larger and more
widely distributed among these orbitals near the Fermi level.
Specifically, the TDCs between VBM-1 and VBM, VBM and
CBM, CBM and CBM+1, increase sharply when the KS
orbitals undergo avoided crossings around 30 and 40 fs,
indicating high probabilities of nonadiabatic transitions at
these snapshots. This physical picture is fully consistent with
that shown in Figure 4, corresponding to the changes of
electronic populations in these orbitals. We note in passing
that the TDCs between CBM and CBM+1 are also large for
the adatom site near 25 fs. While CBM is unoccupied at low
temperatures, it can be thermally populated at elevated
temperatures. Furthermore, one can also populate CBM by
n-doping in a semiconductor sample. In such cases, the
transitions between CBM and CBM+1 could become relevant,
for example, to recent surface temperature-dependent scatter-
ing experiments.45

It is worth mentioning that the transient near degeneracies
between VBM and CBM observed here along the trajectories
are analogous to avoided crossings between different electronic
states in a gaseous system. The drastic changes in the KS
energies in a very localized region are obviously caused by the
strong perturbation of the electronic structure by the collision
of the hyperthermal H atom. With sufficient collision energy,
the impinging H pushes the system to reach a sufficiently high
electronic energy, thus allowing the transition of a surface
electron from the VB to the CB. The newly created high-
energy EHP may dissipate its energy quickly to the Ge
substrate and the rebounding H atom loses a significant
portion of its kinetic energy, as observed in the experiment.

The observed site-specific nonadiabatic effects also provide a
qualitative interpretation to the experimental observation for
the similar measured nonadiabatic energy loss spectra of H and
D atoms scattered from Ge(111)c(2 × 8).21 This observation
can be understood, if the nonadiabatic transition only occurs
near the rest atom site. In such a case, both D and H atoms can
excite electrons from VB to CB, regardless their velocity
difference at the same incidence energy, thus leading to the
absence of an isotope effect.
Overall, using the CPA-NAMD approach, we have provided

the qualitative first-principles interpretation to experimental
observations for hydrogen scattering from Ge(111)c(2 × 8)
and additional insights about the site-specific nonadiabatic
effect. Such a detailed level of understanding cannot be
obtained by the EF theory, which only approximates the
delocalized and low-energy electronic excitation within a
continuum of excited states as a dragging force to nuclei but
fails to account for explicit electronic excitation from the VB to
the CB overcoming a finite gap. Admittedly, the main
limitation of the CPA is that there is no feedback to the
nuclear motion from the electronic dynamics, which prevent us
from gaining the energy loss profile to be quantitively
compared with experiment. The lack of nuclear-electronic
feedback can of course affect the electron dynamics to some
extent, for example, on the precise time and position where
electronic transition would occur. However, we believe that
our observation on the site-specific nonadiabatic dynamics is
largely determined by the perturbation of the local electronic
structure by the impinging H atom, which would not be
significantly altered by this approximation. Another source of
uncertainty of our dynamics results is the influence of the
density functional. Here, the ground state PBE-based PES is
less crucial provided that the selected trajectory involves direct
scattering from the same surface atom, where the electron
dynamics should be similar. Of course, using a more accurate
functional, like HSE06, to run the NAMD dynamics may
change the results of the current simulations to some extent.
But this should be a minor change, as the band structures by
MS2 and HSE06 are very similar except the somewhat larger
band gap of the latter. More sophisticated electronic structure
and nonadiabatic dynamics theories are needed in the future to
quantify the nonadiabatic effects in this system.

IV. CONCLUSIONS
Recent experimental exploration of gas-surface scattering has
uncovered various nonadiabatic phenomena. Many such
phenomena at metal surfaces can be framed within an
electronic friction model in which thermal excitation of
electron−hole pairs leads to a frictional force for the nuclear
motion. However, such a friction model becomes inadequate
for collisions from semiconductor surfaces, which have
significant bandgaps. In recent experimental studies of H
atom scattering from a reconstructed Ge(111)c(2 × 8) surface,
significant energy losses were observed and attributed to a
nonadiabatic transition of a surface electron from its valence
band to conduction band. In this work, we present a mixed
quantum-classical model to examine the collision-induced
nonadiabatic dynamics and its site specificity, in which the
quantum electronic degrees of freedom are modeled by single-
electron Kohn−Sham orbitals with classical nuclear motion
within the classical path approximation.
Our nonadiabatic molecular dynamics simulations revealed

significant collision-induced perturbation of the Kohn−Sham

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00909
JACS Au 2024, 4, 4518−4526

4524

pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


orbitals, leading to electronic transitions from the valence band
to the conduction band. Specifically, the high kinetic energy of
the impinging H atom enables the access of high-energy near
degeneracies between Kohn−Sham orbitals that are normally
separated by the large band gap, resulting in the conversion of
nuclear kinetic energy to electronic energy and ultimately the
significant slowdown of the scattered H atom observed in the
experiment. Such nonadiabatic transitions are possible at the
rest atom site of the Ge surface and only in a particular spin
manifold, but not at the adatom site, confirming our earlier
speculations. This dramatic site specificity in nonadiabatic
dynamics can be traced back to the different local band
structures perturbated by the approach of the energetic H
atom at these sites. The site specificity of nonadiabatic
transitions might have important implications in an array of
fields including semiconductor device fabrication. It also
provides a useful construct for future development of more
quantitative models for nonadiabatic processes on surfaces.
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