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Neutralization of low-energy Ne™ colliding with MoS, and metallic molybdenum:
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The neutralization probability in the scattering of Ne™ ions by a molybdenum disulfide semiconductor
(MoS,) surface in a backscattering geometric configuration is experimentally and theoretically analyzed. The
low-energy ion scattering technique was used to experimentally determine the neutral fractions of Ne projectiles
backscattered by the Mo atoms of the MoS, target surface after a single collision. A high neutralization rate in the
backscattered projectiles (of the order of 95%) was obtained, practically independent of the projectile incoming
energy and the collision geometry. Additionally, the remaining dispersed ions were measured to be all positive,
within the experimental error. An identical experiment was conducted on a polycrystalline metallic molybdenum
surface to assess for differences between the two target surfaces, with completely different electronic properties.
A quantum-mechanical formalism was employed to theoretically describe the projectile-surface resonant charge
transfer during the binary collision of Ne projectiles with both surfaces. Our calculations show that the inner
states of Mo atoms play a central role in the resonant charge transfer in the Ne/MoS, system. From the
comparison with the experimental results, we can conclude that the resonant charge transfer to the projectile
ground state is not sufficient to explain the large neutralization of the Ne projectiles observed for both surfaces.
An Auger neutralization mechanism and resonant charge transfer to the excited states of the projectile are

expected to be particularly relevant for polycrystalline Mo and MoS, target surfaces, respectively.

DOI: 10.1103/PhysRevA.110.012806

I. INTRODUCTION

Two-dimensional structured materials play a key role in
the current development of nanoscience and nanotechnology.
In addition to the well-known carbon based two-dimensional
(2D) materials, transition metal chalcogenides (TMDs) and
metal oxide layers present unique electrical properties that
make them suitable for the next generation of supercon-
ductors, metallic/semimetallic materials, semiconductors, and
insulators [1]. TMDs, like molybdenum sulfides, emerge as
promising candidates for potentially replacing platinum elec-
trodes in acidic solutions or for electrolytic production of
hydrogen in fuel cells due to their stability, affordability,
nontoxicity, and natural abundance [2]. Particularly in mono-
layer molybdenum disulfide (MoS,), effects from dimensional
reduction such as quantum confinement and intense photolu-
minescence, enable the construction of interband field-effect
transistors promising lower power consumption than classical
transistors [3].

The charge exchange between projectile atoms and sur-
faces during dynamic interactions involves complex intercon-
nected mechanisms that are not yet completely understood
[4-7]. Depending on the specific projectile/surface system
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under investigation, this phenomenon usually exhibits a
pronounced dependence on two experimentally adjustable pa-
rameters: the projectile incoming energy and the collisional
geometry (scattering, incoming and exit angles; and
crystallographic direction explored through the independently
controlled azimuthal angle of the sample). While the former
is directly associated with the projectile-surface interaction
time, the second parameter predominantly determines which
specific atoms on the surface will effectively interact with the
projectile. The characteristic timescale of the charge exchange
processes is generally in the picosecond range, leading to
collisional experiments in the low- to very low-energy regime
(0.5-10 keV) [8-10].

For approximately four decades, the low-energy ion scat-
tering (LEIS) technique [11-15] has served as a valuable
tool for investigating charge transfer in dynamic interac-
tions between projectiles and surfaces. Owing to its notable
surface sensitivity, LEIS has found widespread application
in the study of charge transfer across various projectile-
target systems [16-36]. Noble inert gases have been prevalent
as projectiles in a substantial number of these studies
[17,18,21,22,28,31,34-36]. However, when employing heavy
ions as projectiles, it becomes imperative to utilize sufficiently
low irradiation doses and incoming energies to prevent signif-
icant surface damage within the experimental time frame [37].
Notably, investigations have revealed a high neutralization
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rate when helium (He), neon (Ne), or argon (Ar) projec-
tiles impinge upon a diverse range of metals [18,21,22,31,34]
and two-dimensional structured materials such as graphite
[28,35,36].

The present work is aimed to experimentally and theoret-
ically analyze the charge exchange of Ne™ projectiles after
being backscattered by a MoS, surface in the low-energy
regime (2-8 keV). When a Ne™ projectile is scattered by
a MoS, surface, binary collisions with S or Mo atoms take
place. Due to the extremely low cross section of Ne-S colli-
sions for large scattering angles in the low-energy regime, the
corresponding binary collision peak can be barely detected
by LEIS in reasonable experimental times. On the contrary,
the Ne-Mo binary peak can be straightforwardly detected,
so the present work is focused on the charge exchange of
Ne projectiles singly colliding with Mo atoms of the MoS,
surface. For comparison, we also studied the charge exchange
of Ne projectiles that binary collide with Mo atoms of a poly-
crystalline metallic surface. The experimental study explores
a large range of projectiles incoming energies (2-8 keV), two
incoming/exit angle combinations, and two distinct crystallo-
graphic directions.

From the theoretical side, we employed a formalism based
on the Anderson model [38] under the spinless approxima-
tion [39] to describe the resonant charge transfer during the
Ne-Mo low-energy collisions. Resonant mechanisms, when
present, are dominant over other neutralization channels such
as Auger processes [40]. Our model incorporates specific
details such as the influence of the neighboring S or Mo
atoms and the electronic band structure of the surface along
the trajectory of the projectile. Given the distinctive features
of noble gases, where the relevant electronic energy level
is positioned deeply relative to the surface Fermi level, we
only consider two charge states simultaneously for the pro-
jectile: neutral or positively charged. The theoretical model
developed in our group, with the different approximations
regarding electronic correlation, has succeeded in describing
the charge exchange process in numerous projectile/surface
systems [26,33,36,41-47]. Several of these studies include
noble gases as projectiles and 2D structured materials or thin
films as targets [25,33,35,36,42,44].

Experimentally, we found that Ne' projectiles are al-
most completely neutralized when they are backscattered
by Mo atoms of a MoS, surface. Residual non-neutralized
Ne projectiles remain positively charged. Notably, this re-
sult is independent of the projectile incoming energy, the
geometric configuration of the collision, or the crystallo-
graphic direction investigated. Similar trends were identified
in the case of the metallic Mo sample, albeit with a de-
creasing neutralization rate as the incoming projectile energy
increases.

The theoretical findings and their comparison with experi-
mental results lead us to conclude on the relevance of resonant
charge transfer mechanisms in both studied surfaces. Fur-
thermore, our observations indicate that Auger neutralization
mechanisms govern charge exchange in collisions of Ne with
metallic Mo, and that Ne projectile excited states might play
a crucial role in the charge exchange of Ne backscattered by a
MoS, surface.

II. EXPERIMENT

We use the LEIS technique [8,14,15] to measure the fi-
nal charge state of positively charged neon ions (Ne™) after
they are scattered by a 2H phase molybdenum disulfide
(2H-MoS,) surface. In short, the device available in our
laboratory consists of an ion source where the ions are
produced and accelerated, a Wien filter that allows for
projectiles charge/mass ratio differentiation, and a time-of-
flight (TOF) detector [48]. The system is located inside an
ultrahigh-vacuum (UHV) chamber with a base pressure of
10~ mbar. The low-energy electron diffraction (LEED) and
Auger spectroscopy techniques are also available within the
same chamber for crystallographic, elemental, and chemical
characterization of the sample.

The Ne* ions are produced in the interior of a Colutron
ion source and subsequently accelerated and mass filtered by
a velocity filter. After that, the ion beam is pulsed and focused
before impacting the 2H-Mo0S,(0001) monocrystalline target.
The impinging beam should be pulsed in order to avoid sig-
nificant target damage during the experiment. The scattered
projectiles are detected at the end of the 157-cm flight tube,
positioned at an angle of 135° relative to the incident direction
(scattering angle). The angular acceptance of the detector
is 0.4°, ensuring precise filtering of the projectiles that are
scattered at 135° from the incident direction. Consequently,
this results in a low spread (around 0.04%) in the distances of
closest approach for the detected single-scattered projectiles.

The MoS, target is mounted on a sample holder where
the incoming (o) and exit (8) angles can be continuously
varied. For the present experiment, we used /8 = 45°/90°,
where both angles are measured with respect to the surface
plane [see Fig. 1(a)]. This geometrical configuration choice is
based on the consideration that the exit angle 8 matches the
exit angle of the collisional geometry used in the theoretical
model: /B = 90°/90° [see Fig. 1(b)]. The dependence of the
charge transfer with the azimuthal angle was also experimen-
tally evaluated for two crystallographic different azimuthal
directions. The two nonequivalent crystallographic orienta-
tions were assessed by LEED [inset of Fig. 1(a)] [49,50].

The MoS,; crystal was mechanically exfoliated in air with
adhesive tape. In order to remove a large area layer, the tape
was stuck close to one edge of the sample (without rubbing
it) and then lifted. Immediately after exfoliation, the sample
was introduced into the UHV chamber to minimize surface
contamination. Once inside the chamber, the MoS, crystal
was heated to ~600 K for 60 min. Subsequently, the sample
was checked by Auger electron spectroscopy to be free of
contaminants (C or O). For Mo polycrystalline, the sample
was cleaned by Ar" sputtering (dc current of 400 nA) dur-
ing approximately 3 h prior to each set of measurements.
The efficiency of the cleaning process was confirmed through
forward-scattering LEIS spectra, capable of detecting the
presence of potential contaminants like carbon or oxygen.

The time-of-flight distributions of the detected particles
are obtained as explained in previous works [9,33,44,51,52].
Briefly, the same voltage pulse used for pulsating the incident
beam is used as a triggering starting pulse in a microchannel
scaler (MCS; Ortec). A scheme of the general experimental
setup can be observed in Fig. 2(a). The detected particles
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FIG. 1. Experimental (a) and theoretical (b) geometrical configuration of the collisional system studied. Lateral and top views can be
seen in the upper and lower panels, respectively. In the top view the S and Mo nearest neighbors to the Mo scatter atom are highlighted in
darker colors. Panel (a) corresponds to one of the azimuthal configurations experimentally studied. The corresponding LEED pattern for an
electron energy of 100 eV is shown in the inset. The relevant Mo-Mo atomic distance, the layer thickness, and the incoming/exit angles are

also indicated.

generate a voltage pulse at a particular time channel of the
MCS and, therefore, a histogram of the number of counts
detected (proportional to the number of particles reaching the
detector) vs TOF (TOF spectrum) can be obtained [Fig. 2(b)].
Depending on the signal intensity, the time resolution (channel
width) can be varied within certain margins, ranging from 40
to 200 ns in the present work. The minimum time resolution
allowed by our spectrometer is 5 ns.

For experimentally obtaining the percentage of neutral
scattered particles, total (ions plus neutrals) and only neu-
tral scattered Ne projectiles are separated by a first pair of
deflecting plates located at the entrance of the drift tube
[Fig. 2(a)]. Later, they are collected by the same microchannel
plates at the end of the drift tube in two independent experi-
ments. For each incident energy, the experiment is repeated
approximately ten times to gather sufficient statistical data
while monitoring and keeping a constant incident current
on the sample. Given that we want to describe the charge
exchange processes occurring in Ne-Mo binary collisions,
the neutral fraction is obtained via integrating a small TOF

window around the elastic peak position [shadowed region in
Fig. 2(b), around 200 ns] [9]. The final neutral fraction F' is
calculated as F = N/T, where N and T are the correspond-
ing background-subtracted TOF spectra intensities (number of
counts in the integrated region) of neutral and total scattered
particles, respectively. A similar procedure was employed for
determining the positive and negative scattered ion fractions
[42], via applying a precalibrated voltage to a second set of
deflecting plates located in front of the detector [see inset of
Fig 2(a)].

III. THEORETICAL CALCULATIONS: RESONANT
NEUTRAL FRACTION

A. General aspects

The model here presented attempts to properly describe the
dynamic interactions between a surface of MoS,(0001) with
a Ne atom. Additionally, and for comparison, the dispersion
of Ne on a polycrystalline Mo surface is also examined. The
description of this scattering process is suitably provided by
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FIG. 2. (a) Scheme of the employed experimental setup. The incident («), exit (8), scattering (o + B), and azimuthal () angles are

indicated. Two different pairs of /8 were used in this study: o/ =

45°/90° and 90°/45°. (b) Background-subtracted LEIS-TOF spectra

obtained for total and neutral particles for 8 keV incident Ne%t ions. The shadowed region (around 200 ns) corresponds to the theoretical
Ne-Mo binary collision and it is used for obtaining the final scattered neutral fractions. The corresponding TOF spectra for positive and
negative ions are shown in the inset. Predominantly positive ions are scattered from the surface.

the Anderson model [53], which furnishes the Hamiltonian
for this analysis:

ey

The first term on the right side of Eq. (1) purely describes
the Ne projectile electronic levels; the second term portrays
the electronic structure of the solid MoS, (or Mo polycrys-
talline) surface, and the last term represents the interaction
between the target surface and the projectile atom during the
scattering process.

When feasible, resonant charge exchange mechanisms tend
to be dominant [41,54]. Therefore, and in case the projec-
tile ground state can resonate with the surface valence band,
a resonant neutralization to the ground state of Ne should
be expected. This neutralization process is associated to the
charge fluctuation Ne*(1s% 252 2p°)<> Ne®(1s2 252 2p®). The
most complete calculation consistent with the Hamiltonian of
Eq. (1) corresponds to a correlated treatment of the projectile
atomic configurations. However, under certain conditions, it
is convenient to perform approximations to make the calcula-
tions simpler. In this work, and as the projectile is a noble
gas with filled shells, we applied the spinless approxima-
tion, where atomic orbitals are treated independently and the
spin of the relevant electron is disregarded [32,55-57]. Even
when the spinless approximation is the simplest among the
three approaches regularly used within our theoretical model,
it has been demonstrated to be adequate for describing the
charge transfer processes when noble gases act as projectiles
[35,36,56,58]. Thus, in the spinless Anderson Hamiltonian
there will be only one active electronic energy level that ad-
mits one electron:

H = E 0 + Y ez + Y Vi élea+ccl, ()
i i

H= Hproj + Hgyt + Hprojfsurf-

where E, corresponds to the energy of the active state of the
atom projectile (ionization level in our particular problem) and
k denotes the surface states with energy ¢; and fi = E%é,; its
occupation number. The hopping integral V;  represents the

coupling between the k-surface state and the active a orbital
of the projectile atom. In the problem presented here, the
parameters E, and V;, are time dependent since the projectile
position relative to the target surface changes with time along
the collision process.

The hopping parameters V;, are calculated using to the

bond pair model [38]. Then, V/Za(ﬁ(t)) is finally expressed as
a superposition of the dimeric atomic hopping integrals Vz
between the atomic states ¢,z of an atom at position Rs of
the surface, and the projectile atomic state, ¢,, at position
R(t) relative to the origin of an arbitrary coordinates system
(usually chosen at the surface scatter atom). Then, the final
expression for the hopping terms is

Vi, R) = Y ek Vig, JRO = Rs)).  (3)
iRs

In Eq. (3) the parameters c’%

of the solid surface wave funé:tsion expressed as a linear com-
bination atomic orbital (LCAO) of the target-surface k states
centered at the position Rs of the surface atoms. They are
related to the density matrix elements of the solid p;z ;5 (€)

through

are the expansion coefficients

Pty (8) = ) Ciz €z (e — £p). 4

k

The atomic states of the Ne projectile atom and the S and
Mo surface atoms are described by using the most accurate
Huzinaga Gaussian basis sets [59,60].
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B. Description of the dynamical collision process

The time dependence of the scattering process originates
in the motion of the projectile relative to the target surface.
For a projectile with a linear trajectory, with incoming/exit
velocities iy oue Telative to a coordinate system with origin in
the scatter atom, the position vector R(r) is

R(t) = R(0) + Binjout, Q)

where R(0) corresponds to the point where the distance of
closest approach is reached or the return point (rtp). For the
present collisional system, Ne on Mo with a scattering angle
of 135°, the distance of closest approach ranges from approxi-
mately 1 a.u. (atomic units) at 2 keV to 0.5 a.u. at 8 keV, based
on calculations using the Ziegler, Biersack, and Littmark or
Thomas-Fermi-Moliere interaction potentials [61]. However,
due to our calculations becoming unstable for ion-surface
distances below 1 a.u., we decided to fix this distance at 1 a.u.
Despite this limitation, the approximation can be justified
since we found only a very slight dependence of the calculated
neutral fraction with the distance of closest approach within a
relevant range of projectile-surface distances (between 1 and
2 a.u.).

Trajectories normal to the surface (I_é(t) = z(t )12) and con-
stant velocities (¥;, and U,,) are assumed for the incoming
and exit paths, respectively. The exit kinetic energy of the
projectile is calculated as Eq, = AEj,, being A the kinematic
loss factor for the experimental scattering angle (135°). Then,
A = 0.48 for the Ne-Mo binary collision [8].

To theoretically determine the charge state of Ne projec-
tiles at the time ¢ during its interaction with the surface, we use
the nonequilibrium Green-Keldysh functions formalism [62].
Under the spinless approximation, these functions reduced to

Gaat, 1) = 0" — D)({e} (1), ea(®)}),
Foa(t, 1) = i([2(1"), ea(0)]), (6)

where [,] and {,} indicate commutator and anticommutator,
respectively. The Green’s functions are solved by using an
equations of motion method [39]. The neutralization proba-
bility is then given by the average occupation of the relevant
atomic state (71,(¢)) [58], and it is obtained from the Keldysh
function F,(z,t’) at equal times t = ¢:

(Aa(1)) = 51 — iFua(t, 1)]. (7

The neutralization (P°) and ionization (P*) probabilities at
time ¢ are calculated as

PO(t) = (A, (1)),
PT(t) =1 — (A1) (8)

C. Density matrix of MoS, and polycrystalline Mo

To derive the neutralization probability described in
Eq. (8), it is essential to provide a precise description of the

target surface via the coefficients c’jfﬁ [Eq. (4)]. Thus, and

even when the projectile ion directly interacts with a limited
number of surface atoms, the extended nature of the target sur-
face comes into play through the density matrix coefficients

PiRsj Ry

The density matrix coefficients of the two target surfaces
studied (MoS, and Mo) were calculated using the density
functional theory (DFT) implemented in the FIREBALL pack-
age [63], where the LCAOs approximation was used to
describe the wave function of the solid targets. This code
uses the multicenter weighted exchange-correlation density
approximation [64] expression for the local density approx-
imation for the exchange and correlation functional as well
as the Troullier-Martins pseudopotentials [65]. The mentioned
orbitals vanish for a certain cutoff radius, drastically reducing
the number of interactions and speeding up the calculations. In
our simulations, the following cutoff radii, 7., have been used
for each orbital: r.(s) = 3.9(5.0)a.u., r.(p) = 4.5(4.5)a.u.,
and r.(d) = 5.0(4.8)a.u. for sulfur (molybdenum), respec-
tively. The basis has been successfully tested in previous
studies [66], obtaining a good agreement with both the atomic
and the electronic structure. For the MoS, surface, we found
a lattice parameter of 3.20 A close to the experimental value
(3.15 A) [67] and the change from the direct to the indirect
gap has been observed as the number of layers in the system
increases from a unique monolayer to the bulk. In a first step,
the MoS, surface has been relaxed using a 5 x 5 superficial
unit cell including four layers with its corresponding bulk
stacking (300 atoms) [67]. In a second step, the Mo surface
has been created with eight layers in the slab, and a 5 x 5
periodicity (400 atoms) in the unit cell. Both materials have
been sampled with 16 k points in the first Brillouin zone. For
both systems, the density matrix has been calculated taking
the Hamiltonian (H) from the DFT relaxation and using the
standard equation given by

Pmn(€) = %Im[l(s +in) —Hl,., )

where m and n summarizes atom and state indices [i, I?S and
j, Ry, respectively as in Eq. (4)], ¢ is the energy, I is the
identity matrix, and 7 is a small value that gives a broadening
to the atomic states avoiding mathematical problems with the
zeros in the denominator.

For the present study and in order to ensure proper conver-
gence of the ionization level and its hybridization functions
[68], it is necessary to include 10 atoms in our scattering
model (Mo scatter plus three neighboring S atoms and six Mo
atoms) in the case of a MoS, surface (shown as highlighted
atoms in darker colors in the lower panels of Fig. 1); and
11 atoms (Mo scatter plus 10 neighboring Mo atoms) in the
case of the metallic Mo polycrystalline.

IV. RESULTS AND DISCUSSION

A. Experimental results: Measured neutral fractions

Figure 3(a) shows the neutral fractions measured by
LEIS for the binary collision of Ne projectiles with Mo
atoms of a 2H-MoS,(0001) surface as a function of the
projectile incoming energy for two geometrical configura-
tions (a/B = 45°/90° and o/ B = 90° /45°) while keeping the
same scattering angle (6. = 135°). In Fig. 3(b) we show
the measured neutral fractions for two structurally different
crystallographic directions, ¢ = 0° and ¢ = 30°, as assessed
by LEED [see inset in Fig. 1(a)] for the «/8 = 45°/90° ge-
ometric configuration. Even when the crystalline structure of
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FIG. 3. Comparison of the final backscattered neutral fractions obtained after Ne™ projectiles singly colliding with Mo atoms of an MoS,
surface for two combinations of incoming/exit angles for ¢ = 0° azimuthal direction [left panel, (a)] and two different azimuthal directions,
¢ = 0° and ¢ = 30° for the 45°/90° entrance/exit angle configuration [right panel, (b)]. Almost fully neutralized backscattered projectiles are
obtained independently of the incident energy, the geometrical configuration, and the crystallographic direction explored.

the 2H-MoS,(0001) surface presents a threefold (120°) rota-
tion symmetry and given the entrance/exit angles used, other
relevant directions such as ¢ = 60° or ¢ = 90° are expected
to be equivalent to the measured ones.

A neutralization higher than 90% is obtained for all the
explored parameters: incoming energy, incoming/exit angles
and crystallographic azimuthal directions. These results are
consistent with the typical final charge state obtained for inert
gases colliding with different surfaces [7,8,18,31,35,36,69—
71]. The remaining ions (lower than 10% of the incoming
projectiles) were measured to be almost totally positive [see
inset of Fig. 2(b)].

The lack of dependence of the neutral fractions obtained
with the different experimental parameters explored strongly
suggests that the leading charge transfer mechanism is primar-
ily ruled by the colliding atoms (Ne-Mo), with a low influence
of the neighboring atoms or the surface in general. In order
to experimentally explore this idea, we measured the neutral
fraction obtained after Ne™ projectiles are backscattered on a
molybdenum metallic polycrystalline sample. Figure 4 shows
a comparison between both the neutralization rates obtained
for both samples for an incoming/exit angle of 45°/90°. An
average of the neutral fractions obtained for both azimuthal
directions was used for the Ne-Mo (MoS,) system.

The comparison between the experimental neutral fractions
obtained for both surfaces can be summarized in five features:
(i) in a general view, the neutral fractions obtained for both
surfaces are quite alike in magnitude and dependence with
projectile incoming energy; (ii) an efficient neutralization is
taking place in both systems: neutral fractions higher than
85% are measured in the whole analyzed energy range; (iii) no
appreciable differences are obtained for the neutral fractions at

energies lower than 4 keV; (iv) slightly lower neutral fractions
are obtained for the polycrystalline Mo surface for energies
larger than 4 keV; and (v) as a consequence of (iii) and
(iv) a higher dependence with the incoming energy is obtained
for the metallic surface. The similar neutral fractions obtained
for these two surfaces with such different electronic properties
suggest that the projectile features, such as the position of its
ground state level, are more important than the details of the
electronic structure of the surface.

B. Theoretical results: Resonant charge transfer contribution

In Fig. 5 we show the dependence of the Ne-2p, ionization
level (E,) with the projectile-surface distance, when a Ne
projectile is directly scattered by a Mo atom of the analyzed
surfaces. The local density of states of both studied surfaces
are also shown. The energy positions of the core states of Mo
atoms included in the calculation (Mo-4p and Mo-4s) relative
to the active electronic energy level of the projectile indicate
that they play a relevant role in resonant charge transfer.
These states are considered zero-width electronic energy lev-
els. The S-2p core state, positioned at —158.5 eV, was found
to have no relevance in the calculation since it is not reached
by the level demotion at 1 a.u. However, this state could
be relevant at shorter projectile-surface distances of closest
approach.

For Ne™ colliding with the Mo atoms of the MoS; surface
and for large projectile-surface distances (2 a.u. < z < 6 a.u.)
the ionization level (Ne-2p,) resonates with the bottom region
of the MoS, valence band and then, the whole charge transfer
process should be governed by the resonant mechanism in this
region [4,7]. For lower ion-surface distances (z < 2 a.u.), a
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FIG. 4. Neutralization rates obtained for binary collisions of Ne™ projectiles backscattered by Mo atoms of a semiconducting MoS, surface

[left panel, (a)] and a metallic polycrystalline surface [right panel, (b)].

region where the ion-surface charge exchange is still active
[7,9], the ionization level lies below the bottom of the surface
valence band and then, contributions other than valence-band
resonant processes should become important. Then, resonant

40
Mo polycrystalline
20 MoS, (Mo)
R e Surface Fermi level
< = e==se= ==
3 2f o
> Mo(4p) =-31 eV
40 /
]
60 F Mo(4s) =-58 eV
-80
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=== 2p,Ne* - MoS,
-120 1 1 I I
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lon-surface distance (a.u.)

FIG. 5. Ionization energy level (Ne-2p,) for the Ne projectile
interacting with a Mo atom of a MoS, surface (red dashed line) and
a Mo polycrystalline (black solid line) target as a function of the
projectile-surface distance. The shadowed areas correspond to the
local density of states of MoS, (red) and Mo polycrystalline (black)
projected on the Mo atom. The energies refer to the surface Fermi
level (dashed black line), where a work function of 4.54 eV was
used for the MoS, surface [72] and 4.5¢eV for metallic Mo [73].
Relevant core levels are indicated (cyan solid). The deep energy
position of the active projectile energy level relative to the surface
valence band suggests, at first glance, a non-negligible contribution
of charge transfer mechanisms other than resonant.

and other charge transfer mechanisms are expected to con-
tribute to the ion neutralization in this system.

The ionization level of Ne on the polycrystalline Mo metal-
lic surface consistently resides well below the low-energy
limit of the valence band throughout the region where charge
transfer is possible (1 a.u. < z < 8 a.u.), rendering the reso-
nant charge transfer mechanism unlikely. Therefore, and given
the metallic character of the surface studied, it is expected that
charge transfer via Auger mechanisms will be dominant.

In Fig. 6 we show the calculated neutral fractions due
to resonant processes, contrasted to the experimental val-
ues. In this figure we can observe that, for Ne scattered
by Mo in MoS,, the contribution from the resonant mecha-
nisms strongly decreases for increasing projectile velocities,
clearly indicating that this process is more efficient for higher
projectile-surface interaction times. Moreover, it explains the
almost full neutralization observed at the lowest projectile
incoming energy (2 keV) but only accounts for approximately
half of the measured neutral fractions at higher projectile
velocities. In addition, the pronounced dependence with the
projectile velocity is not consistent with the nearly negligible
dependence observed in the experiment. Therefore, even when
the resonant mechanism primarily contributes to the projectile
neutralization, it is expected that other charge transfer mech-
anisms will also play a significant role, especially at higher
projectile velocities. On the other hand, and mostly due to the
deep position of the relevant energy level, the resonant con-
tribution only explains a minor portion of the neutralization
obtained for the Mo polycrystalline surface.

Figure 7 shows the evolution of the calculated neutral-
ization rates due to resonant processes as the Ne projectile
approaches and leaves the target surface. The results are
shown for the two studied surfaces for 8-keV Ne incoming
projectiles. In order to show the relevance of the inner (core)
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molybdenum disulfide (red squares) and metallic polycrystalline
molybdenum (black circles).

states in the resonant charge transfer, the neutral fraction evo-
lutions are shown for two different situations: (i) when the
core states are included in the calculation and (ii) when they
are disregarded. The results for Ne projectiles colliding with
MoS, are also presented for 2-keV incoming projectiles to
explore the large variations in neutral fractions shown in Fig. 6
at the two ends of the examined incoming energy range.

100
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FIG. 7. Normal distance dependence of the neutral fraction due
to resonant mechanisms for Ne™ projectiles directly colliding with a
Mo present in the two target surfaces studied: molybdenum disulfide
and metallic molybdenum. Negative and positive values for the ion-
surface distance represent incoming and exit projectile trajectories,
respectively. The return point, located at 1 a.u. from the Mo atom,
is indicated as “rtp.” The contrast between curves obtained when
inner states are included and not included, allows us to separate
contributions from the core and band states.

The analysis of the Ne on Mo (MoS;) neutral fraction
evolution indicates that resonant charge transfer mechanisms
are active for ion-surface distances lower than around 8 a.u.
The projectiles are fully neutralized at the end of the entrance
path and subsequently, they lose part the captured electrons in
the outgoing trajectory for ion-surface distances close to the
surface (1 a.u. < z < 3 a.u.). In this region, there is an appar-
ent competence between losing electrons to the inner states
and capturing them from the valence band. Finally, projectiles
mostly capture electrons again at the end of the outgoing path
when inner states are not available. The contrast between
calculations when core levels are included and not included
provides crucial information to understand the process. The
comparison between both plots (solid and dashed red lines)
clearly indicates that the abrupt rise and fall observed in the
neutralization rates for close ion-surface distances (z < 3
a.u.) in the incoming and exit paths, respectively, are a direct
consequence of the capture and release of electrons from and
to the inner states. The oscillation observed in the neutral
fractions in the outgoing path are typical of resonant processes
occurring with narrow (or zero-width) density of state (DOS)
peaks as exhibited by core states. On the other hand, the
resonance with the valence band is active for distances larger
than around 2 a.u. and contributes to electron capture as
evidenced by the nearly monotonously increasing neutral
fraction in the absence of inner states (red dashed line). In
addition, the MoS, DOS peak centered at around —15 eV
(see Fig. 5), is responsible for the main rises (around 2 a.u.
from the surface) of the neutralization observed in Fig. 7.
This DOS peak originates in the 3s states of the S atoms of
the MoS, surface. The contrast between curves obtained for
2- and 8-keV incoming energies highlights the relevance of
the projectile-surface interaction times in the resonant charge
exchange mechanism, where the explored energy range
noticeably matches the timescale of the resonant processes
for this system. Shorter interaction times, associated to lower
incoming energies, result in a much more efficient capture of
electrons from the valence band by the projectile.

The analysis of the neutralization evolution of Ne projec-
tiles impinging on polycrystalline Mo contains less ingredi-
ents than that of MoS,. Given the deep energy position of the
Ne ionization level relative to the bottom of the Mo metallic
valence band, the ion-surface charge exchange takes place in
a more limited region (z < 4 a.u.) and the ionization level
can only resonate with the inner states of the Mo metallic
surface. As a consequence, the valence and conduction bands
do not play any significant role in the resonant charge transfer
mechanism, as revealed by a fully null neutralization observed
during the whole collision process when the inner core states
are not considered in the calculation (black dashed line).

C. Theoretical results: Other charge transfer contributions

The substantial differences observed between the exper-
imental data and the theoretical resonant charge exchange
contributions clearly indicate that, for both samples, other
charge transfer mechanisms should be included to adequately
describe the measured final charge state of the Ne projectiles.
On the other hand, previous studies of charge exchange when
inert gases are used as projectiles indicate that Auger and
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FIG. 8. Difference between the measured neutral fractions and the calculated neutralization purely due to resonant mechanisms as a
function of the perpendicular velocity, v, for Ne projectiles colliding with Mo atoms of metallic polycrystalline molybdenum (a) and a MoS,
surface (b). The fitting function used [Eq. (10)] and the fitting parameters obtained are indicated in the figure. The best-fit curves obtained for
both systems are plotted with solid lines. Parameter A represents the weight of Auger neutralization in the total measured neutral fraction. Only
a good description of the data was found for the Mo metallic sample. The poor curve fitting and parameters obtained for Ne/MoS, suggests
that neutralization mechanisms other than resonant and Auger processes are crucial for explaining neutralization in this system.

further mechanisms other than resonant to the ionization level
are dominant in these systems. For example, for noble gases
colliding with metals, it has been shown that Auger neutral-
ization mechanisms adequately explain the measured final
neutral fractions [18,21,34,74], except when autoionization
processes are present [17]. However, for He colliding with
nonmetal surfaces such as HOPG (highly oriented pyrolytic
graphite), more complex phenomena such as neutralization to
the projectile ground state mediated by the correlation with He
excited states through their interaction with the surface band
states were shown to be relevant for a proper description of the
experimental results obtained [36,56]. An Auger deexcitation
process follows the resonant electron capture to the He excited
states and substantially contributes to the neutralization of the
ground state of the He projectiles.

Figure 8 exhibits the difference between measured and cal-
culated neutral fractions, when only the resonant mechanism
to the Ne ground state is considered, for both investigated
samples. In order to examine whether only the Auger neu-
tralization processes are responsible for the large differences
observed, these data are fitted with a typical Auger neutraliza-
tion probability contribution following the simple Hagstrum
model [75]:

PO =1—exp| —< (10)
Auger — p v, )
where P/(x)uger is the neutralization probability due to Auger

processes, v, is the Auger characteristic velocity for the partic-
.|

ular system analyzed, and v, = (vm‘l1 + ”;i) corresponds

to the general perpendicular velocity, being v, and v ,, per-

inl

pendicular to the surface components of the incoming and
outgoing projectile velocities, respectively.

The good agreement obtained between the data and the
fitting function shown in Fig. 8(a) allows us to assert that
neutralization for this system is mainly ruled by Auger
mechanisms. Additionally, the characteristic Auger velocity
obtained, v, = (1.72 4+ 0.08) x 10° ms~’, is quite similar to
those obtained for the neutralization of Ne colliding with other
transition metals such as tungsten [v, = (1.70 £ 0.08) x
10°ms™! was reported for Ne on W in [22]] and comparable
to that of Ne™ scattered by Ba, Cu, or Au [21,22].

The visible and complete disagreement between the data
points and the fitting curve shown in Fig. 8(b) for Ne collid-
ing with MoS, leads us to conclude that other neutralization
mechanisms, different than resonant and Auger, significantly
contribute to the neutralization of Ne projectiles. The results
obtained in the present system (Ne on MoS,) resemble that
obtained for the He on HOPG in [36] in many features: (i)
an almost complete neutralization experimentally obtained;
(i) a very deep projectile ionization level that, at large
projectile-surface distances, resonates with the bottom part
of the surface valence band and at short distances resonant
mechanisms are not feasible; (iii) surfaces with rather similar
work functions (~4.5 eV) and with certain similarities in
their electronic DOS (low DOS at the Fermi level, valence-
and conduction-band extensions, etc.); (iv) first excited states
lying very close to the surface Fermi level; and (v) neutral-
ization values on the order of 50% are calculated due to
resonant mechanisms to the ground state using the spinless ap-
proximation, with the neutral fraction mostly decreasing with
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increasing projectiles’ energies. Concerning the last point,
a significant difference emerges in the calculated resonant
neutralization for both systems at low incoming energies.
These variations probably originate in the different incoming
velocities, due to rather different projectile masses, resulting
in larger resonant neutral fractions for Ne projectiles at low
incoming energies.

In Ref. [36], the difference between the measured
neutral fractions and the calculated resonant neutralization
to the ground state is explained through supplementary con-
tributions stemming from excited states of helium. These
contributions, which exhibit an increasing behavior with the
projectile’s energy as needed in the present case, significantly
enhance the neutralization process to the ground state, pri-
marily facilitated by a strong electronic correlation between
the ground and excited states of helium, via the surface va-
lence band. Due to the above-mentioned analogies between
the two systems, it seems plausible to anticipate the presence
of analogous additional neutralization channels playing a cru-
cial role in the Ne/MoS, system. Consequently, the lowest
excited configurations of neon [Ne(2p°® 3s') and Ne(2p® 3p")]
are expected to serve as transient resonant channels that,
followed by a subsequent Auger deexcitation process to the
ground state, substantially contribute to the electronic popula-
tion of the Ne ground state. However, the incorporation of this
element into our model necessitates the consideration of elec-
tronic correlation among the three configurations [Ne(2p®),
Ne(2p’ 3s'), and Ne(2p’3p')], which extends beyond the
scope of the present study.

On the other hand, The Fano-Lichten model [76] describes
the shift and mixing of electronic levels during atomic and
molecular collisions, considering how these levels are affected
as interatomic distances decrease. While primarily used for
atom-atom collisions, its principles can be extended to ion-
solid collisions with some modifications to account for the
different interaction dynamics and complex environment of a
solid surface [77]. In our model, we calculate the interactions
of the projectile with all relevant surface atoms at each point of
its trajectory, focusing only on the promotion and demotion of
the projectile’s electronic levels. We assume that the electronic
level shifts of the solid target are negligible compared to those
of the projectile. While this assumption is correct for most of
the projectile’s trajectory, at very close ion-surface distances
(z < 1 a.u.), the shifting of the target’s discrete core levels
could be significant. This could lead to additional neutraliza-
tion through level crossing or “quasiresonances’ at this range
of short distances, excluded by our current calculations but
accessible by the projectile.

V. CONCLUSIONS

We present here systematic measurements of the neutral
fractions of Ne™ projectiles backscattered by Mo atoms be-
longing to molybdenum disulfide and metallic molybdenum
polycrystalline surfaces, for projectile incoming energies in
the low-energy range (2-8 keV). In order to check for the
sensitivity to matrix or surface effects, the measurements were
performed for two pairs of incoming/exit angles (with the
same scattering angle) and a couple of azimuthal angles cor-
responding to nonanalogous crystallographic directions. For
the MoS, surface, neutral fractions between 90% and 95%

were measured independently of the incoming energy, in-
coming/exit angles, and crystallographic directions, indicating
that the physical ingredients that rule charge exchange in this
system are not sufficiently varied when the projectile energy,
the incoming/exit angles, and the crystallographic directions
are modified. As expected, the remaining 5%—-10% of scat-
tered projectiles were measured to be mostly positive. For
the molybdenum polycrystalline sample, the neutral fraction
decreases with the incoming energy, showing values slightly
lower than that observed in MoS,.

We employed a quantum-mechanical formalism based on
first principles to determine the neutralization probability
resulting from resonant charge exchange between the Ne
ionization level and the bands and inner states of both sur-
faces under study. After analyzing the projectile charge state
evolution during the collision, we were able to arrive at the
following conclusions: (i) the projectile charge state is primar-
ily defined at the exit trajectory for both surfaces; (ii) charge
exchange processes are active for ion-surface distances closer
than or on the order of 8 and 4 a.u. for MoS, and metallic Mo,
respectively; (iii) core states play a crucial role in facilitating
rapid neutralization/ionization in the incoming/exit trajecto-
ries; and (iv) larger projectile-surface interaction times can
be directly associated to a more efficient projectile electron
capture from the valence band of the MoS; surface.

Theoretically, we determined that, depending on the in-
coming energy of the projectile, resonant neutralization to the
ionization level contributes to around 50%-95% and 3%—-5%
of the total experimentally obtained neutral fraction for MoS,
and metallic Mo, respectively. The remaining difference is
well explained by Auger neutralization to the ground state
for the Mo polycrystalline sample where a plausible Auger
characteristic velocity was determined by curve fitting using
a simple and well-known model. However, by following the
same line of reasoning, we have concluded that other charge
exchange mechanisms are necessary to account for this differ-
ence in the MoS, target surface.

Drawing parallelisms with a similar previous studied sys-
tem (He™ on HOPG) enables us to infer that resonant
neutralization from the MoS, surface valence band to the
projectile excited states, followed by Auger deexcitation to
the Ne ground state is likely to significantly contribute to the
large final neutral fraction experimentally observed. An addi-
tional neutralization channel could become significant at very
close projectile-surface distances due to the onset of quasires-
onances resulting from the shifting of the target atoms’ core
levels.
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