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Abstract

Energy transferred in atom-surface collisions typically depends strongly on projec-

tile mass, an effect that can be experimentally detected by isotopic substitution. In

this work, we present measurements of inelastic H and D atom scattering from a

semiconducting Ge(111)c(2×8) surface exhibiting two scattering channels. The first

channel shows the expected isotope effect and is quantitatively reproduced by elec-

tronically adiabatic molecular dynamics simulations. The second channel involves

electronic excitations of the solid and, surprisingly, exhibits almost no isotope effect.

We attribute these observations to scattering dynamics, wherein the likelihood of

electronic excitation varies with the impact site engaged in the interaction.

Key Points

∙ Previous work revealed that H atoms with sufficient translational energy can excite

electrons over the band gap of a semiconductor in a surface collision.

∙ We studied the isotope effect of the energy transfer by H/D substitution and

performed band structure calculations to elucidate the underlying excitation mech-

anism.

∙ Our results suggest a site-specificmechanism that requires the atom to hit a specific

surface site to excite an electron-hole pair.
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INTRODUCTION

A common experimental approach to elucidate reaction, scatter-

ing, and energy transfer mechanisms of atom−surface interactions

employs the isotope effect, usually using H/D substitution.1–9 Depen-

dent on the underlying mechanism, different responses of the system

to isotopic substitution are found. Inelastic scattering may result from

mechanical excitation of lattice vibrations (phonons) by the impinging

projectile. Here, the influence of isotopic substitution on energy trans-

fer can be understood as the result of momentum conservation and D

will transfer more energy than H. This behavior is seen for scattering

from an insulator surface, where the energy loss of D atoms is about

two times larger than for H atoms.10 Alternatively, electron-hole-

pairs (EHPs) can be excited by the collision via an electronic friction

mechanism11; here, iso-energetic H and D impinge at the surface with

different velocities, resulting in reduced friction and reduced energy

transfer for D compared to H. For example, strong isotope effects are

observed in chemicurrentmeasurements,5,12–15 where ultrathinmetal

film Schottky diode detectors enable the direct detection of electronic

excitation that results from chemisorption. Here, deuterium-induced

chemicurrents are two to five times smaller than those measured with

H atom exposure. In fact, both isotope effects are present in inelas-

tic scattering experiments frommetals,8,16,17 where a reduced isotope

effect is due to compensation of two mass-dependent effects on the

energy transfer: an increased energy loss to the phonon system and a

decreased energy loss to electronic excitation for D compared to H.

In a recent study on H atom scattering from the semiconducting,

reconstructed Ge(111)c(2×8) surface, a bimodal energy-loss distribu-

tion was observed when the incident translational energy exceeds

the energy of the surface band gap.18 One channel, which is present

for translational energies both above and below the band gap, could

be well described by an electronically adiabatic molecular dynamics

(MD) simulation, whereas, until now, there are no theoretical models,

including an electronic friction model capable of describing the second

channel, which only emerges when translational energies exceed the

surface band gap.19 Due to its large energy loss with an onset close to

the surface band gap and its absence in the adiabatic simulations, the

second channel was assigned to an electronically nonadiabatic process

leading to the excitation of a surface electron across the surface band

gap.

The goal of the present work is to provide further insights into

the scattering dynamics by studying the isotope effect. This approach

helps to confirm the previous conclusions of the adiabatic behavior

of the first scattering channel; it also serves to help us gain a deeper

understanding of the nature of the second nonadiabatic channel. In

particular, we present translational energy-loss measurements of D

atoms scattered fromGe(111)c(2×8)with incidence translational ener-

gies of about 1 and 2 eV and compare them to H atom scattering with

similar incidenceenergies. Theexperiments reveal bimodal energy-loss

distributions for D that are very similar to those for H; one scatter-

ing channel exhibits low energy loss, while the other one transfers

much more energy to the surface. The experimental results are fur-

ther compared to electronically adiabatic MD simulations, which were

performed using a high-dimensional neural network potential energy

surface (NN-PES). MD simulations reproduce the energy-loss distribu-

tion for both isotopes, but only for one of the two scattering channels.

Comparing the results of H to D atom scattering reveals that the adi-

abatic channel shows an isotope effect matching the prediction for

an adiabatic energy transfer mechanism. In contrast, nearly no iso-

tope effect is observed for the second, nonadiabatic channel. The

results give further insights into the properties of the second channel

suggesting the importance of site-specific nonadiabatic coupling.

METHODS

Experimental methods

The experimental setup is described in detail in Refs. 20, 21. In short,

an H or D atomic beam with translational energies of Ei,H = 0.99 and

1.92 eV or Ei,D = 0.94 and 1.87 eV, is produced by ultraviolet photodis-

sociation ( 𝜆photolysis = 248.35 nm) of a supersonic molecular beam of

hydrogen iodide or deuterium iodide, respectively. The H or D atom

beam passes two differential pumping chambers to enter an ultra-high

vacuum scattering chamber before colliding with the germanium crys-

tal. The Ge sample is mounted on a 5-axis manipulator allowing the

variationof thepolar incidence angle𝜗i with respect to the surfacenor-

mal. The translational energy and angular distributions of the scattered

H or D atoms are detected by Rydberg atom tagging time-of-flight.

Here, the atoms are excited to a long-lived Rydberg state just below

the ionization limit,22 pass a distance of 250mm, are field-ionized, and

then detected by a multichannel plate assembly. A multichannel scaler

records the arrival time to obtain the time-of-flight (TOF) distributions,

which we convert to energy spectra by applying the appropriate Jaco-

bians. The detector is rotatable in the plane defined by the surface

normal and the incident H/D atom beam allowing to measure TOF dis-

tributions at various final scattering angles 𝜗f. The used Ge crystal is

undoped with a purity of 99.999%. The Ge(111) surface was cleaned

with cycles of Ar+ ion sputtering and annealing at ∼ 670◦C. The clean-

liness and c(2×8) structure of the surface is validatedbyAuger electron

spectroscopy and low-energy electron diffraction.

Theoretical methods

To perform theoretical simulations, a previously constructed NN-PES

was improved and used for the D@Ge(111)c(2×8) system, and MD

simulations were performed. For the MD simulations, the recon-

structed Ge(111)c(2×8) surface was modeled using the c(2×8) surface

unit cell, see Figure 1b. Details on the density functional theory (DFT)

calculations,NN-PES, andMDsimulations canbe found in theMethods

section of Ref. 18. Briefly, the Ge(111)c(2×8) slap consists of six mobile

atomic layers plus two fixed layers with the bottom layer capped with

H. The experimental lattice constant of 5.6575 Å23 was used in the

calculation. The supercell contains 148 atoms with a 3×1×1 k-grid.

The Perdew−Burke−Ernzerhof functional24 was used, and the core
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NATURAL SCIENCES 3 of 9

F IGURE 1 Top and side views of the Ge(111)c(2×8) surface structure and surface Brillouin zone. Panel (a) shows the Ge(111)c(2×8) surface
structure in top viewwithmarked c(2×8) surface unit cell (black solid line) and c(2×8) primitive surface unit cell (black dashed line). The red, yellow,
blue, and gray balls represent adatoms, rest atoms, saturated atoms, and sublayer atoms, respectively. Panel (b) shows the c(2×8) surface unit cell
used inMD simulations in top and side view. The black line in the top view represents the periodic boundary. The white balls are H atoms used to
terminate unsaturated Ge atoms of the lowermost layer in the theoretical model. Orange arrows point to adatoms and rest atoms in the front row
of the side view representation. Panel (c) shows the c(2×8) primitive surface unit cell as well as a schematic of the (1×1) (red dashed lines) and
c(2×8) primitive (blue dotted lines) surface Brillouin zones.

electrons were treated with the augmented project wave method.25

About 6000 points were added to the original dataset to cover more

configuration space and the newly fitted NN-PES has a root mean

square error of about 80 meV/cell (or 0.8 meV/atom). For each exper-

imental condition, 400,000 trajectories were calculated to achieve

sufficient statistics and the error due to statistical sampling is negli-

gible. These trajectories were initiated with conditions mimicking the

experimental conditions and only scattered trajectories within ± 20◦

of the incidence plane were collected to imitate the in-plane experi-

mental detection. For the energy-loss spectra, a polar acceptance angle

of± 2.5◦ was chosen. For one experimental condition, a few percent of

the overall trajectories contribute to the energy-loss spectrum.

To gain insight into the change of local electronic structures of

specific surface sites upon hydrogen impact, we computed the band

structures of the clean Ge(111)c(2×8) surface in a primitive cell (one-

half the size of the Ge(111)c(2×8) cell, see Figure 1c)26 and the ones

with an H atom adsorbed at adatom or rest atom site. Spin-polarized

DFT calculationswere performedusing theViennaAb initio Simulation

Package (VASP)27,28 with aMadeSimple (MS2)29 exchange-correlation

functional at the meta-generalized gradient approximation (meta-

GGA) level. This MS2 functional was chosen differently from that used

for generating the NN-PES, because it yields similar band structures

with a finite band gap for the Ge(111)c(2×8) surface (0.32 eV) as

predicted by the more advanced yet much more costly hybrid func-

tional (HSE06).30 The plane-wave kinetic energy cutoff was 400 eV

and the Brillouin zone was sampled by a 6 × 2 × 1 Gamma-centered

k-point grid. All adsorption geometries have been reoptimized with

the MS2 functional and the same experimental lattice constant for

band structure calculations. The suggested k-path in band structure

calculations was along the Γ-J1-K1-J1 ΄-Γ symmetry directions in the

Brillouin zone of the clean surface. The VASPKIT code31 was used

for post-processing of the VASP calculated data. Other settings of

the slab model are identical to those used for generating the training

data of the NN-PES, as detailed in Ref. 18. A more complete the-

oretical analysis of this system will be described in a forthcoming

publication.

RESULTS

Figure2 showsexperimental translational energy-loss distributions for

H and D atoms scattered fromGe(111)c(2×8) with incidence energies,

Ei , of approximately 1 eV (Figure 2a) and 2 eV (Figure 2b). At both

incidence energies, bimodal energy-loss distributions are obtained for

both isotopes. One channel shows low energy loss, while the other

channel shows high energy loss with an onset close to the surface band

gap of the Ge(111)c(2×8) surface of 0.49 eV (marked by the vertical

black dashed lines in Figure 2). We note that the value of the surface

band gap was measured at a surface temperature of 30 K,32 whereas

our measurements were performed at 300 K. Nevertheless, a similar,

slightly lower, value of the surface band gap is expected at 300 K since

the reconstruction of the surface remains the same. The H atom’s low

energy-loss channel was previously assigned to a mechanical interac-

tion that can be described within an adiabatic model, whereas the high

energy-loss channel is presumably formed by H atoms that induced

electronic excitation of the surface.18

The two channels show different isotope effects. While the adia-

batic channel shifts toward higher energy losses for deuterium, the

high energy-loss channel shows no significant isotope effect. Also

shown in Figure 2 are the ratios of the adiabatic to the nonadia-

batic channel obtained at the specified experimental conditions. The

branching ratio is nearly independent of isotopic substitution. For both

isotopes, the nonadiabatic channel is strongly promoted by incidence

translational energy.
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F IGURE 2 Experimental translational energy-loss distributions of
H andD atoms scattered fromGe(111)c(2×8). The polar incidence and
scattering angles 𝜗i and 𝜗f were both 45

◦ and the incident atoms
travel along the [1̄10] surface direction. The surface temperature TS
was 300 K. Experimental data for the two isotopes are shown for
translational incidence energies of Ei, H = 0.99 eV and Ei, D = 0.94 eV
(a) as well as Ei, H = 1.92 eV and Ei, D = 1.87 eV (b) for H (black) and D
(blue), respectively. The band gap of the surface is 0.49 eV and
indicated by the vertical dashed line. The experimentally obtained
ratio of the low energy-loss channel to the high energy-loss channel,
separated by the value of the surface band gap, appears in each panel
for both isotopes, H (black) and D (blue). All curves are normalized to
the integrated signal.

Figure 3 shows the comparison of the experimental data to the

results of electronically adiabatic MD simulations for H and D atoms

scattered at the specular angle. TheMDsimulations reproduce the adi-

abatic channel for both isotopesquitewell. Additionally, vertical dotted

lines show the energy losses predicted by a line-of-centers binary colli-

sion model for both isotopes and incidence energies. These values are

close to the peaks of the experimentally and theoretically obtained dis-

tributions. The observed isotope effect for the adiabatic channel is well

reproduced by the MD simulations. For both H and D atom scattering,

the high energy-loss feature is not accounted for by the adiabatic MD

simulation.

In Figure 4, we present polar plots that show energy-resolved

angular distributions of the scattered atoms. Experimental data

(Figure 4a,b) are compared to the results of adiabatic MD simulations

(Figure 4c,d). Incidence translational energies of Ei, H = 0.99 eV and

Ei, D = 0.94 eV for H and D, respectively, were used. In Figure 4a,b,

black dotted lines show the expected minimal energy loss for the exci-

tation of an electron across the band gap of the surface, separating

the adiabatic channel from the nonadiabatic channel for scattered H

andDatoms. The adiabatic channel shows abroad angular distribution.

Thenonadiabatic channel exhibits a narrower angular distribution than

the adiabatic feature for both isotopes. Again, the ratio of the nona-

diabatic channel to the adiabatic channel is only slightly larger for D

compared to H. The results of MD simulations (Figure 4c,d) reproduce

the broad angular distributions of the adiabatic channels, while the

nonadiabatic channel is absent. In Figure 5, the data given in Figure 4

are further analyzed and direct comparisons of the angle-integrated

translational energy loss and energy-integrated angular distributions

are shown for both isotopes. The energy loss of the adiabatic channel

is well reproduced by theMD simulations. The angular distributions of

theadiabatic channel obtained fromexperiment and theory showslight

differences but still compare fairly well. In this representation, the dif-

ferent angular distributions of the adiabatic and nonadiabatic channels

are especially pronounced: the angular distribution of the nonadiabatic

channel is narrower.

DISCUSSION

A bimodal energy-loss distribution is observed for both H andD atoms

scattered from the semiconducting Ge(111)c(2×8) surface. Both scat-

tering channels show distinct isotope effects. We will first discuss the

isotope effect on the energy loss and the angular distribution of the

adiabatic channel, followed by the isotope effect on the nonadiabatic

channel and finally, we will discuss the isotope effect on the branching

ratio between both channels. We focus on the scattering dynam-

ics of the nonadiabatic channel that has not yet been characterized

theoretically.

Figure 2 reveals a small isotope effect on the energy loss of the adia-

batic channel that is reproduced by both the adiabatic MD simulations

and a simple binary collision model, as shown in Figure 3. The amount

of transferred energy is larger for D than for H. This can be attributed

to the higher mass of the D atoms compared to H leading to a more

efficient energy transfer during themechanical interactionwith theGe

surface atoms. As shown in Figures 4 and 5, the angular distributions

are broad and similar for both isotopes and fairly well reproduced by

MD simulations. Overall, the isotope effect of the adiabatic channel

reflects the expectations for amechanical interaction and confirms the

prior interpretation.

The observed energy loss of the nonadiabatic channel is very sim-

ilar for both isotopes, see Figure 2. The value of the surface band

gap of Ge(111)c(2×8) seems to determine the onset of the energy-

loss distribution for both isotopes. Also, the shape and the peak of the

energy-loss distributions are nearly identical for both isotopes. This

is somewhat surprising, since one might expect—for example, within

andelectronic frictionpicture—differentEHPexcitation spectra for the

two isotopes, with a smaller EHP excitation probability for D atoms.8

Furthermore, the angular distributions of the nonadiabatic channel,

which are considerably narrower than those of the adiabatic channel

at 1 eV, are very similar for both isotopes, as shown in Figures 4 and 5.
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F IGURE 3 Comparison of experimental data to the results of adiabaticMD simulations for H andD atoms scattering fromGe(111)c(2×8) at
the specular angle. Translational energy-loss distributions for H (black) and D (blue) atoms are shown for incidence translational energies of
Ei, H = 0.99 eV (a) or Ei, H = 1.92 eV (c) and Ei,D = 0.94 eV (b) or Ei, D = 1.87 eV (d), respectively. The experimental conditions are the same as
in Figure 2. Experimental data (+,×) are compared to the results of adiabaticMD simulations (solid lines). All experimental curves are normalized
to the peak intensity. TheMD curves are scaled to fit the adiabatic channel. The band gap of the surface is 0.49 eV and indicated by the vertical
black dashed lines. Dotted lines represent the energy loss predicted by a line-of-centers binary collision
model: Ei − Ef = Ei cos2[(𝜗i + 𝜗f)∕2] × [1 − (mH −mGe)

2
∕(mH +mGe)

2
].

Our observations suggest that the shape of the energy-loss distribu-

tion of the nonadiabatic channel is controlled by the density of states

of the involved surface states. Thenarrowangular distribution could be

caused by the fact that a specific surface site has to be hit in a certain

geometry for an EHP excitation to occur.

The ratios of the nonadiabatic channel to the adiabatic channel are

given in Figure 4a,b for both isotopes for incidence translational ener-

gies of about 1 eV. A similar branching ratio is observed for H and D,

with a slightly stronger nonadiabatic channel for the heavier isotope.

We want to highlight that the probability to initiate electronic excita-

tion during a collision with the surface is nearly equal for H and D at

a given incidence energy. From past work, one expects a smaller EHP

excitation probability for deuterium. In chemicurrent experimentswith

Schottky diodes, for example, differences in EHP detection efficiency

are observed for impinging H andD atoms.13–15 Such an isotope effect

is clearly not seen in the current study, leading to the conclusion that

the observed branching ratio cannot be determined by the probability

to induce nonadiabatic processes. It has to be related to another prop-

erty of the system. To understand this, we next consider the surface

electronic structure.

The formally defined Ge(111) surface structure is highly unstable,

as each atom of the first surface layer exhibits a dangling bond. This

situation is remedied by the formation of a c(2×8) reconstructed sur-

face shown inFigure1. The surface consists of 0.25monolayer adatoms

(shown in red) each possessing a single dangling bond and bound to

three saturated atoms of the first layer (shown in blue). Additional

dangling bonds are located at rest atoms in the first layer (shown in yel-

low). The surface is further stabilized by the transfer of one dangling

bond electron from adatoms to rest atoms, which are present in equal

quantities.33 Also note that there are also second layer (shown in blue)

and sublayer (shown in gray) tetravalent Ge atoms.

Figure 6 shows calculations of the electronic structure of the sur-

face and how it is changed in the presence of an H atom. The left panel

shows the calculated band structure of the pristineGe(111)c(2×8) sur-

face, whereas the other two panels show the band structures obtained

for H adsorbed on a Ge adatom (middle panel) and on a Ge rest atom

(right panel). Note that in Figure 6, red and blue colors are used to

denote nondegenerate spin states, whereas green curves are used to

denotedegenerate spin states.We find that for thepristine surface, the

highest occupied (valence band) surface state is doubly occupied and

localized at rest atoms, whereas the lowest unoccupied (conduction

band) surface state is localized at adatoms. It is, therefore, reason-

able to assume that the promotion of an electron from the valence

band to the conduction band via an H atom collision at the surface

involves the transfer of an electron from a rest atom to an adatom.

Figure 6 shows that H binding to a Ge rest atom results in a pop-

ulation of the previously unoccupied adatom surface state (bold red

line in Figure 6), suggesting strongly that an H atom collision at a rest

atom site can lead to electron transfer to an adatom site, promoting an

electron from the valence to the conduction band. Hence, we hypoth-

esize that when an H atom forms a 2-electron bond to a rest atom, the

charge is simultaneously transferred back to an adatom, bringing the
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F IGURE 4 Energy-resolved angular distributions observed for H andD atom scattering fromGe(111)c(2×8). Distributions derived from
in-plane scattering flux are shown for H (a & c) andD (b & d) atomswith incidence translational energies Ei, H = 0.99 eV ( a & c) and
Ei, D = 0.94 eV ( b & d) at an incidence angle 𝜗i = 45◦. Specular scattering angles aremarked by black arrows. The surface temperature was
TS = 300 K. Experimental results (a & b) are compared toMD simulations (c & d). TheMD simulations reproduce the behavior of the adiabatic
channel only. To construct the experimental plots, data were recorded in 5◦ increments from 𝜗f = 0◦ to 75◦. Bold numbers show the ratios of the
experimentally observed nonadiabatic channel (left) to the adiabatic channel (right). Each experimental distribution is normalized and theMD
simulations are scaled to the respective experiment such that the integrated adiabatic channels are equal in both. The black dashed lines represent
the final energy predicted by a line-of-centers binary collisionmodel: Ef = Ei {1 − cos2[(𝜗i + 𝜗f)∕2] × [1 − (mH −mGe)

2
∕(mH +mGe)

2
]}. The black

dotted lines indicate the final energy of H andD atoms, respectively, that lost 0.49 eV during the interaction with the surface, corresponding to the
value of the surface band gap.

previously unoccupied surface state below the Fermi level. Once the H

atom again leaves the surfaces (a process requiring only ∼25 fs), elec-

tron population remains in this adatom surface state, which once again

belongs to the conduction band. This viewpoint can explain the lack of

an isotope effect as electronic excitation probabilities are determined

by the likelihood to hit a specific surface atom, which is equal for both

isotopes.

The changes in electronic structure induced by an H atom collision

can be more clearly seen in Figure 7. When H binds to the Ge adatom

(Figure 7a), the previously unoccupied dangling bond now forms the

H-Ge bond with the electron of hydrogen atom, borrowing electron

density from nearby saturated Ge atoms. This leads to a drop of the

Fermi energy. In contrast, Figure 7b shows the difference in charge

density between the pristine surface and the surface with an H atom

bonding to a rest atom. The calculations reveal that the additional

electron is transferred to an adatom site.

H atom-induced electron transfer from rest to adatoms is also con-

sistent with the results of scanning tunneling microscopy experiments,

in which a charge transfer from the rest to the adatom upon H adsorp-

tion on the rest atom site was observed.34,35 As a consequence, the

transferred electron fills the unoccupied adatom dangling bond band

originally in the conduction band, making it fall into the valence band.

Interestingly, since there is only one additional electron, the dropof the

energy level occurs only in one spin manifold. Note that in the case of

an H atom binding at the adatom, no such charge transfer between ad

and rest atoms is seen (see Figure 7a). Of course, electronically nona-

diabatic dynamics calculations are needed. Nevertheless, the process

just described could involve a crossing of electronic states during the

collision of a hydrogen atom.

Site-specific scattering is also expected toproduce anarrower angu-

lar distribution of the scattered H atoms. This might well explain

why the electronically nonadiabatic channel exhibits a much narrower

angular distribution than does the adiabatic one, which is not site-

specific. Scattering from each of the surface sites contributes to the

shape of the overall angular distribution. The potential, geometry,

energy transfer, and stickingprobabilitymaydiffer for different surface

sites, all of which will affect the contribution of one site to the overall

angular distribution. While adiabatic MD simulations are not capable

of reproducing the observed angular distributions, we can neverthe-

less analyze whether the angular distributions depend strongly on the

scattering site. Such an analysis shows that the angular distribution

of H atoms scattered from the adatom site shows the best agreement
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F IGURE 5 Comparison of energy loss and angular distributions for H andD atoms scattering fromGe(111)c(2×8). Angle-integrated
translational energy-loss distributions (a & b) and energy-integrated angular distributions (c & d) derived from data given in Figure 4 are shown for
H (a & c) andD (b & d) atomswith incidence translational energies Ei, H = 0.99 eV (a & c) and Ei, D = 0.94 eV (b & d) at an incidence angle
𝜗i = 45◦. All other experimental conditions are the same as in Figure 4. To construct the angle-integrated energy-loss distributions,
angle-resolved energy-loss distributions recorded in 5◦ increments from 𝜗f = 0◦ to 75◦, given in Figure 4, were summed up. The curves are
further normalized to the peak intensity of the experimental data. To construct the energy-integrated angular distributions, the energy-loss
distribution at each scattering angle was summed up in energy space; however, in the case of the experimental data, divided into the adiabatic
channel (filled diamonds) and the nonadiabatic channel (open diamonds), separated by the surface band gap. The curves are normalized to the peak
intensity of the nonadiabatic channel. The results fromMD simulations are shown by solid lines. The specular scattering angle is marked by an
arrow at the top of panel c.

with the observed angular distribution of the adiabatic channel. How-

ever, scattering from all surface sites exhibited rather broad angular

distributions, and only small site-dependent differences are seen.

For both isotopes, the nonadiabatic channel is strongly promoted by

incidence translational energy, as shown in Figure 2. Three factors have

to be considered within the context of this observation. First, higher

energy means higher speed which is known to promote nonadiabatic

effects. However, since we see nearly no isotope effect on the branch-

ing ratio, we also do not expect a large effect due to an increased speed

of the atoms. Second, higher translational energies make additional

interband transitions energetically possible.33 Additional transitions,

whichmight not be constrained to certain surface sites, become acces-

sible. The broadening of the angular distributions when going from 1

to 2 eV incidence energy (see Ref. 18 for H) is consistent with this

interpretation. Third, the incidence energy dependence of the sticking

probability canbeexpected tobedifferent for both scattering channels

and thus for different surface sites. As shown in Ref. 18, more inte-

grated signal is observed for higher incidence energies, meaning that

the sticking probability decreases with increasing incidence energy.

Additionally, it was observed that the difference in signal is mainly due

to the nonadiabatic channel. Overall, the change of the branching ratio

with increasing incidence translational energy—promoting the nonadi-

abatic channel—appears to be due to additional interband excitations

that become accessible combined with a reduced sticking probability

mainly attributed to the nonadiabatic channel.

As mentioned above, a quantitative theoretical mode, capable of

describing the experimental observations, is still lacking. An earlier

attempt to use an electronic friction model failed to capture the

bimodal energy-loss distributions,18 underscoring the inadequacy of

the perturbative treatment of nonadiabatic transitions. Nevertheless,

the evidence presented in this paper strongly suggests a site-specific

process is responsible for the nonadiabatic excitation of electrons from

the valence band to the conduction band. Specifically, we envision that

as the H/D atom approaches the Ge surface, its high speed causes a

strong perturbation of the local electronic structure at the impact site,

which leads to a mixing of occupied and unoccupied surface states.

The mixing enables the population of states lying above the surface

band gap, converting the kinetic energy of the incident atom to elec-

tronic excitation. Finally, the atom is scattered from the surface with

significant energy loss.
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F IGURE 6 Change of band structures of Ge(111)c(2×8) uponH
adsorption on different surface sites. Comparison of band structures
of the Ge(111)c(2×8) surface (Ge, left), H adsorbing on the Ge adatom
(H*@Ge(ad), middle), and on the Ge rest atom (H*@Ge(rest), right).
Horizontal black dashed lines represent the Fermi level in different
cases on the same energy scale. The calculated band gap of
Ge(111)c(2×8) between conduction (dashed line) and valence band
(solid line) is marked in the left panel by a vertical arrow (in eV).
Spin-up and spin-down band structures are identical for the Ge and
H*@Ge(ad) cases, but not for the H*@Ge(rest) case and thus shown in
blue and red, respectively. Note that H adsorption on the adatom only
results in a downward shift of the Fermi level, while on the rest atom,
H atom adsorption causes a flip of one energy level from the
conduction band to valence band (bold red).

F IGURE 7 Differential charge density. Charge density of
H*@Ge(ad) (a) and H*@Ge(rest) (b) minus that of the pristine Ge
surface. Net charge gain is shown in pink and loss in green. The
iso-surface value is 0.005 eV/Å3. Red, yellow, blue, and gray balls
represent adatoms, rest atoms, saturated atoms, and sublayer atoms,
respectively, the same as in Figure 1.

CONCLUSIONS

In summary, we used experimental data and results of electronically

adiabatic MD simulations to investigate inelastic D atom scattering

fromGe(111)c(2×8) and to study the isotope effect by comparing D to

H atom scattering. The results confirm the existence of two channels

that show fundamentally different scattering mechanisms: D and H

atoms can either experience a mechanical interaction with the surface

well describedwithin theBorn−Oppenheimer approximation (BOA) or

a nonadiabatic interaction leading to electronic excitation across the

surface band gap. To fully describe the experimentally observed energy

loss and to understand the dynamics in detail, MD simulations beyond

the limits of the BOA will be needed in the future. However, based

on the observed branching between both scattering channels, which is

only marginally influenced by isotopic substitution, we propose a sur-

face site-specific energy transfermechanism,which is supportedby the

change of the electronic band structure upon H adsorption at differ-

ent surface sites. The experimental observations presented here pose

a challenge to theory in providing a quantitative characterization of

the nonadiabatic dynamics involving the excitation of EHPs across the

semiconductor band gap.
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