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Final projectile charge states are experimentally and theoretically analyzed after HT ions collide with a Cg
monolayer deposited on Cu(111) with an ample range of incoming energies (2-8 keV) in the low-energy regime.
The three possible charge states (negative, positive, and neutral) are experimentally measured by using the low-
energy ion scattering technique for two different collisional setups: 45° (90°) and 67.5° (67.5°) incoming (exit)
angles, relative to the target surface plane, with a fixed backscattering angle of 135°. Experimental ion fraction
magnitudes and energy dependence are practically intermediate between that found in pristine Cu(111) and a
thick Ceo film, revealing the influence of the substrate on the final charge state of the projectile. Unlike these
previous systems, the positive and negative ions contribute nearly evenly to the total scattered charged particles.
On the theoretical side, we applied a first-principles based model that considers the fine details of the surface
under analysis and assumes a projectile trajectory corresponding to a single binary collision with the more
exposed carbon atoms of the Cgp molecule. The theoretical and experimental results are independently compared
with the already reported cases: H on a thick Cg film, H" on Cu(111), and H* on graphite. A detailed analysis
of the electronic surface band structure allows us to draw a conclusion about the relevance of the substrate in
the present system and about the aspects to be improved in our theoretical description. The contrast between
experimental and theoretical results allows us to infer that trajectories involving ion penetration and multiple

scattering events are particularly relevant for the projectile-target charge exchange process studied.
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I. INTRODUCTION

Charge exchange between atoms and surfaces in dynamic
situations involves physical and chemical processes exten-
sively explored in the literature [1-5]. However, some ques-
tions remain unclear, deserving active current research [6—13].
For example, the quantitative relevance of each individual
physical parameter involved in the charge transfer process in
a particular projectile-target system cannot be precisely envis-
aged. Recently, it has been shown that charge exchange affects
the scattering potential of the ion-target system, influencing
then the inelastic and elastic energy transfer in low-energy
collisions. This effect is especially important in the very first
monolayer of the surface, becoming then particularly relevant
for two-dimensional (2D) materials [14]. These variations in
the elastic and inelastic energy transfer become experimen-
tally evident when the electronic energy loss of He ions and
protons transmitted through single-crystalline silicon foils is
compared for channeled and random trajectories [15].

Even when determining the final charge state of a projectile
after being scattered by a target surface presents an inherent
fundamental motivation, the problem also presents relevance
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in applied research fields. For instance, it is a key issue in
particle detectors design [16], film deposition for devising
new materials [17], plasma-wall interactions in nuclear fusion
reactors [18,19], and heterogeneous catalysis in the chemical
industry [20,21]. Recently [8], it was shown that charge ex-
change processes in low-energy ion-surface collisions are a
key issue in achieving direct deoxygenation of carbon dioxide
after being scattered by surfaces.

Due to their wide extent of applications, fullerenes have
been widely studied [22]. Although the uses of fullerenes
cover broad areas of science and technology, their applications
in biomedicine are definitively noteworthy: They include the
design of contrast agents for magnetic resonance and x-ray
imaging, drug and gene delivery, and photodynamic ther-
apy [23]. Other fields where usage of fullerenes has been
proposed are medicine for tumor cell treatment [24], electron-
ics [25], dermatology [26], and in energy generation due to
its applications in organic solar cell based devices [27]. In
addition, the proved presence of Cgy and Cep™ in interstellar
space [28], where collisions with energetic hydrogen ions
is likely, makes the charge exchange in proton-Cgp dynamic
interaction of relevance in astrophysics.

Experimentally, the final charge state of a given projectile
colliding with a particular surface depends on two indepen-
dently controlled factors: the incoming energy of the projectile
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and the geometrical setup (incoming and exit angles) of the
collisional system. From them, it is possible to obtain a cou-
ple of key parameters in the charge transfer problem: the
projectile velocity components perpendicular and parallel to
the surface plane. While the relevance of the perpendicular
component is primarily associated with the projectile-surface
interaction time and the distance of closest approach, the
parallel component allows for sensing the different features of
the electronic surface band structure and the surface topology
of the target [29-33].

The electronic properties of a fullerene film strongly de-
pend on its thickness and the physical properties of the
substrate where it is deposited [34,35]. The Cu(111) substrate
presents an electronic structure with two main distinctive fea-
tures: a surface state located within the L-gap, and a marked
dispersion in the parallel component of the wave number,
ks, [36]. It has been observed that the electronic band struc-
ture of a Cgp monolayer (ML) is strongly influenced by the
Cu(111) substrate, when compared to that of a thick Cgy
film [37-39]. The onset of an interfacial state close to the
Fermi level confers metallic properties to the Cgy monolayer
film, rather different from that of a thick Cgy film. All these
features could lead to electronic exchange processes that de-
pend on the specific location of the scatter carbon atom on
the Cgp molecule adsorbed in the substrate. Site dependence
of charge exchange has been experimentally observed in the
collision of He™ projectiles with noble metals [40,41].

In a previous paper [42], we showed the major relevance
of the peculiar features of the Cu(l111) surface electronic
band structure in the final charge state of protons colliding
with this surface. On the other side, in a recently published
study [6] we showed that the Cu(111) substrate does not play
any significant role in the dynamic charge exchange problem
when a three-layer Cg film is deposited on it. In the present
study we aim to investigate if and how the modified electronic
properties of the Cgq9 monolayer alter the final charge state
of protons scattered by this surface. For this purpose, low-
energy ion scattering (LEIS), one of the most surface-sensitive
techniques, is used to determine the final charge state of H*
projectiles after being scattered by a Cgy monolayer grown on
Cu(111). Low incoming energies and low irradiation doses are
essential to avoid fragmentation of the Cgy molecules during
the experiment [43]. Positive, negative, and neutral hydrogen
ion fractions are measured for a wide energy range (2-8
keV) and for two incoming (exit) angles: 45° (90°) and 67.5°
(67.5°) (with a fixed scattering angle of 135°). The selection
of these incoming (exit) angles allows us to experimentally
explore the relevance of different trajectories on the charge
exchange during the ion-surface collision.

A theoretical approach based on the Anderson model [44]
was used to describe the resonant charge exchange occurring
in the single binary collision between protons and carbon
atoms that belong to a Cgp monolayer deposited on Cu(111).
This model accounts for the details of the surface [Cg
monolayer plus Cu(l111) substrate] band structure and the
three possible projectile charge states in a time-dependent
quantum process, where the electronic repulsion in the lo-
calized projectile state is considered up to second order in
perturbation theory [45]. This model with its approximations
has succeeded in describing the charge exchange process

of H™ projectiles interacting with other carbonaceous tar-
gets [6,46,47].

As in H-Cu(111) and H-thick Cgy film systems, the total
experimental ion fraction ranges from 10% to 20% (neutral-
ization between 90% and 80%) for the whole energy range
and for both geometrical configurations. Unlike the previously
studied systems, a predominance of the positive or negative
ion fractions (ranging between 5% and 10%) for the whole
energy range is not observed in any of the geometrical config-
urations studied.

Since a major contribution of H* projectiles directly col-
liding with the substrate is expected in the measured ion
fractions, theoretical and experimental results are indirectly
and qualitatively compared to get an insight into the relevance
of these collisions in the final projectile charge state. Alter-
natively, an independent comparison of the theoretical results
with previously studied projectile/target systems [H-Cu(111)
and H-thick Cg film] allows us to draw a conclusion about
the relevance of the electronic band structure of the different
surfaces. We also discuss possible improvements in the theo-
retical model applied and/or the proper experimental setup to
match the assumptions made in the calculations.

II. EXPERIMENT

A. Sample preparation and characterization

C¢o powder placed on a Knudsen cell was deposited
on a previously cleaned and annealed Cu(111) monocrys-
tal substrate via sublimation under ultrahigh-vacuum (UHV)
conditions (~107'° Torr), as described in Ref. [6]. As shown
in Ref. [43], by observing the Auger Cg;; and Cuzyy signal
intensities as a function of the evaporation time, it is possible
to determine the time needed to grow the first, second, and
upper Cg layers on the Cu(111) substrate. As the time needed
to obtain a monolayer strongly depends on other experimental
parameters, such as the evaporator-substrate distance and the
Knudsen cell temperature, we use an alternative procedure to
grow a single Cgp monolayer. On the first stage, a thick Ce
film (3 ML or more) is evaporated on the substrate. Then, the
second and upper layers are thermally desorbed by heating the
sample at 650 K. In this way, we can guarantee that only the
first monolayer remains attached to the Cu(111) surface, as
demonstrated by the Auger desorption curve shown in Fig. 1
(left panel) [43].

In order to characterize the film obtained, we acquired
low-energy electron diffraction (LEED) images in the three
stages of the film formation (see Fig. 1, right panel) (a) before
Ceo evaporation [pristine Cu(111)], (b) after C¢ evaporation
(thick Cg film), and (c) after thermal desorption of the second
and upper layers [Cgy monolayer film on Cu(111)]. The LEED
patterns are completely different in these three stages and
allow us to verify the quality of the 1 ML Cg film formed [43].
A well-known (4 x 4) superstructure pattern is obtained when
a unique Cgo monolayer is deposited on Cu(111) [48]. The Cgg
molecules in the first monolayer are adsorbed in positions that
“copy” the symmetry of the fcc(111) copper crystal structure,
favored by the fact that the Cgy molecular van der Waals di-
ameter (10 A) is about 4 times the Cu-Cu interatomic distance
(2.56 A) in the Cu(111) face [22].
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FIG. 1. Left: Cuyyy, Cuzyy, and Cky; Auger peak to peak heights of a thick Cg film deposited on Cu(111) as the sample temperature is
increased and the upper Cg layers are desorbed. At around 550 K, a unique monolayer remains attached to the Cu(111) substrate. Right: LEED
patterns obtained for pristine Cu(111) before deposition of a thick Cg film (a), after deposition of a thick Cg film (b), and after desorption
of the upper Cg layers (c). The typical (4 x 4) superstructure for a monolayer Cgy film deposited on Cu(111) is obtained [48], where the

corresponding (1 x 1) spots are circled (red).

The orientation of the sample was also determined by
LEED. The original Cu(111) pristine pattern serves as a ref-
erence for the (4 x 4) Cg ML pattern, allowing a precise
determination of the azimuthal angle of the sample relative
to an axis normal to the target surface [49,50].

Coverage of the substrate by the Cqp ML film was verified
by taking LEED images distributed in an ample region of
the sample. Consistency between the obtained patterns was
observed all over the sample.

The presence of impurities on the clean Cu(111) was found
to be negligible via Auger spectroscopy (AES) and LEIS, and
the same negligible impurity amount is expected when the
final film is deposited. Minor damage of the Cg films due
to proton irradiation is estimated for the irradiation dose and
projectile incoming energies used in the present study [43].

Sample preparation, characterization, and charge exchange
experiments were carried out under the same UHV conditions
since all the used techniques (AES, LEED, and LEIS) as well
as the Knudsen evaporator are available in the same vacuum
chamber.

B. Measurements of ion fractions

A time of flight (TOF) low-energy ion scattering spec-
trometer [51,52] was used to measure the ion fractions of
the scattered hydrogen projectiles. Basically, the spectrom-
eter consists of an ultrahigh vacuum (UHV) chamber (base
pressure in the 107'° Torr range), an ion source that allows
selecting the desired projectile ion, and a TOF detector. As
mentioned above, Auger and LEED techniques are also avail-
able in the same vacuum chamber.

Once produced in the discharge ion source, H' ions are
accelerated to the selected energy and mass analyzed using a
Wien filter. Detection by TOF [53] essentially consists in mea-
suring the time elapsed since a given projectile ion collides

with the target surface until it reaches the detector. To achieve
this, the initially continuous incident beam is transformed
into a train of small pulses by using a pair of parallel plates
placed in front of a collimating slit and connected to a square
wave generator. In this way, short duration pulses (~100 ns
wide) are generated. The smaller the pulse width, the better
the temporal resolution of the experiment. However, a very
narrow pulse also implies a smaller number of incident and
scattered particles, that is, a worse signal to noise ratio for the
same acquisition time. In this work, the pulse generation rate
was fixed at 3 or 10 kHz, depending on the intensity of the
signal, to achieve a time resolution around 100 ns in the TOF
spectrum.

Using a pulsed beam in the TOF technique greatly reduces
surface damage. In our experiments, the doses and irradiation
times necessary to obtain each LEIS spectrum led to fluence
values ranging from 10'3 to 2 x 10'* ions/cm?, depending on
the projectile incoming energy. No damage was detected when
the sample was exposed to these proton fluence irradiation
values after 8 h of continuous experiments [43].

After colliding with the target sample, the HT projectile
packets are scattered in all directions, but only those particles
scattered in the direction of the flight tube finally reach the
detector. It consists of a pair of microchannel plates (MCPs)
arranged in a chevron configuration, and a set of three parallel
rectangular anodes (left, central, and right anodes) placed
behind the MCPs. These electron multipliers intensify the
signal produced when a particle reaches the detector, via
secondary electron emission. The electrons are then collected
by one of the anodes (left, central, or right anode, depending
on the impinging ion position on the MCPs), and produce
an electron pulse that is amplified by a preamplifier (Ortec
VT120). It is important to mention that, although the detection
efficiency may depend on whether neutral particles or ions
are detected, this difference is negligible when working with
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FIG. 2. (a) Background-subtracted TOF LEIS spectra of neutral and total particles scattered when H* projectiles collide with a Cg
monolayer, with an incoming energy of 2 keV and equal incident and exit angles of 67.5°. (b) The corresponding negative and positive ion
spectra. The shaded area indicates the elastic peak region considered for the ion fraction calculations. The spectra obtained present contributions
from hydrogen projectiles colliding with both carbon atoms of the C¢y ML and copper atoms from the substrate.

incoming energies higher than 1 keV [54], such as those
used in the present work. The positive, negative, and total
ion fractions are obtained via two independent experiments:
(i) measurement of the total ion fraction and (ii) measure-
ment of positive and negative contributions. In (i), neutral and
charged particles are separated by a set of deflection plates
located at the entrance of the drift tube and then collected
by the central anode mounted at the end of the drift tube.
In this way, two spectra are obtained: total (ion plus neutral)
and only neutral particles. In (ii), a set of deflection plates
located just before the detector allows for discrimination of
positive and negative particles, which are finally detected by
the same anode (right or left anode). Thus, two spectra are
obtained: one for positive and the other for negative ions. The
sample-detector distance in our LEIS TOF spectrometer is
157 cm, giving a detector angular acceptance of about 0.4°.
The time of flight distributions of the positive, negative, and
neutral scattered projectiles are recorded as a histogram (TOF
spectrum) by a processor and then, the positive, negative, and
total ion fractions are finally determined. The ion fraction val-
ues with their corresponding statistical errors are determined
from three sets of independent measurements performed for
both geometric configurations and each incoming projectile
energy.

The Cgo/Cu(111) sample was fixed on a sample holder
that allows for continuous variations of the incident (&), exit
(B), and azimuthal (¢) angles. The scattering angle subtended
by the incoming and exit directions, 6, was kept constant in
a backscattering configuration, & = 135°. Then, the experi-

mental geometrical setup was as close as possible (consistent
with our present experimental constraints) to the normal in-
cident and exit geometry assumed in the theoretical model,
in which 6 = 180°. Two sets of incoming (exit) angles, mea-
sured with respect to the target surface plane, were chosen:
a (B) = 67.5° (67.5°) and o (B) = 45° (90°) (see Fig. 3).
Both configurations present a common feature with the theo-
retical model: The former [« (8) = 67.5° (67.5°)] fulfills the
specular condition assumed in the theory [in which « (8) =
90° (90°)]; in the latter [« (8) = 45° (90°)] the experimental
and theoretical exit angles, §, are exactly the same. In this
way, by qualitatively comparing experimental with theoretical
results, it will be possible to infer which of these features are
more relevant for the charge transfer process description. A
single azimuthal direction, ¢ = 30° (consistent with that of
Refs. [42,55]), was set for the ion fractions measurements.
Based on previous results [6], a negligible dependence on the
azimuthal direction is expected.

In Fig. 2 we show the corresponding spectra for total and
neutral particles [panel (a)] and positive and negative [panel
(b)] contributions for an incoming energy of 2 keV and a 67.5°
(67.5°) entrance (exit) angle geometric configuration. Given
that the theoretical approach used to describe the experimental
results assumes a binary collision between the projectile and
the scatter target atom, the experimental ion fractions are
determined by considering only a TOF interval in the vicinity
of the elastic peak (shaded region in Fig. 2). In this way, we fo-
cus only on charge exchange processes that lead to projectile
exit energies close to that corresponding to the elastic peak

062805-4



ELECTRON CAPTURE AND LOSS IN THE SCATTERING ...

PHYSICAL REVIEW A 103, 062805 (2021)

(b)

Collision

g&f O/Q“A%
5‘0~ L

u“’f =

coagtad A
confdaftf o

plane

°
o o p“@@ )
© 0 ¢(5 029

©000¢
0 0 C'C X
OCO;’GA \5030
0G0 o

FIG. 3. (a) Lateral view of the C¢y, molecule adsorbed on the Cu(111) substrate. The upper plane is indicated (dotted horizontal line), as
well as the two experimental (dashed lines) and the theoretical (solid line) collisional geometries. (b) Upper view of the target sample, where
the collision plane (horizontal dashed line) is indicated. The exposed Cgy hexagon assumed in our calculations can be appreciatted in this view.
The scatter atom used in the calculations (atom 1) and its three nearest neighbors (atoms 2, 3, and 4) are shown.

collision with C surface atoms. However, and given that the
range of H projectiles at the studied energies is larger than
30 nm (as calculated via SRIM (Stopping and Range of Ions
in Matter) code [56]), this selection does not preclude the
inclusion of H projectiles interacting with copper atoms and
leaving the target with an energy close to that of the H-C elas-
tic peak. Even more, SRIM-based simulations show a relative
major contribution of H projectiles colliding with Cu atoms
when compared to contributions of single H-C collisions, even
at the vicinity of the H-C elastic peak. A larger scattering cross
section of copper atoms relative to that of carbon atoms and
the highly penetrating H projectiles are the underlying causes
of this result [57]. To the best of our knowledge, experimental
identification and posterior separation of both contribution is
not feasible.

III. THEORETICAL APPROACH

Due to the position of the projectile ionization and affin-
ity levels, within the surface conduction and valence bands,
respectively, the charge exchange process during the collision
is driven by the resonant mechanism. Details of the calcula-
tion model employed are reported in a previous paper [6]; in
the following we briefly introduce it. The Anderson-Newns
Hamiltonian,

ngnko' + Z le; + Uhy_o Nitus

ko

+ Z [Vkaca oo +Hel, (1)

is the starting point of our theoretical approach. In Eq. (1),
the first term contains information related to the solid target
surface, k labels the solid band states Y with energy ¢; and
occupation number operator 7 , o being the spin projection.
The second term describes the hydrogen projectile, a rep-
resents its relevant s-valence orbital, with ionization energy
g and electronic repulsion U, while 71,, is the occupation
number operator. The third term represents the interaction
between the solid band and the projectile states, where the
creation (annihilation) operator ¢ 73 (¢,,) creates (destroys)

an electron with spin projection o in the k (a) state. The Vi,
terms account for the interaction between the solid target sur-
face and the projectile atom, and are crucial to our calculation.

When the solid states y; are expanded in an atomic basis
of ¢, orbitals centered on the m atoms of the solid, ¥;(¥) =

> am cgﬂ(pa(? — R,,), the Vi, can be obtained from [44]

= (Y;lVIga) = anm Vam.a(R), )

where the coupling terms between the projectile atom located
at the position R and a particular target atom positioned at
Ry Vm.a(R) = (0o (F — R,)|V|¢a(F—R)), are calculated us-
ing the bond-pair model [44].

The incoming (exit) trajectories of the projectile ion are
assumed to be straight lines, normal to the target surface. As
in our previous related studies [6,42], the normal collision
assumption is mainly based on a backscattering experimen-
tal configuration where the exit angle is normal or close to
normal. Measuring the ion fractions for two different ge-
ometrical configurations, while keeping fixed the scattering
angle, allows us to assess the relevance of this assumption in
the present system. The corresponding velocities, Uinour), are
taken to be constant and equal to the perpendicular component
of the projectile velocity in the corresponding experimental
collision geometry. The time ¢ = 0 is chosen to be the instant
when the projectile reaches the distance of closest approach
to the surface, R.,. Then, the position of the projectile as a
function of the time 7 is given by Rintout)(t) = Rea + Vincoun-
For a given total projectile energy, the distance of closest
approach is determined from the interaction energy between
the hydrogen projectile and the carbon atoms [58,59]; i.e., the
total energy is considered to calculate this parameter. On the
other side, we found a slight dependence of the calculated
ion fractions with the distance of closest approach within a
reasonable range of projectile-surface distances.

Previous density functional theory (DFT) [60] and scan-
ning tunneling microscope (STM) [61] studies have shown
that, due to the hexagonal symmetry of the substrate, the Cg
buckyballs bond to the Cu(111) substrate via one of their
hexagonal faces, leaving the opposite hexagon exposed to the
projectile irradiation. In Fig. 3 we sketch the Cgy molecule
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attached to the Cu(111) substrate in lateral [Fig. 3(a)] and
top [Fig. 3(b)] views. In Fig. 3(a), the ion trajectories of both
experimental setups and that of the theoretical approach are
shown. In Fig. 3(b), we indicate the selected azimuthal direc-
tion in the experimental setup (collision plane) and the scatter
C atom chosen in the theoretical model, with its corresponding
first nearest neighbors.

The density matrix contains all the information of the target
surface required by the theoretical model:

pam,ﬁm’(e) = Z cﬁjncgm’S(E — 6‘];’) (3)
k

The density matrix is calculated through the DFT-based
package FIREBALL [62], which uses a linear combination of
atomic orbitals (LCAQOs) approximation of the solid wave
function. Including the time dependence of R in Vz, we obtain

V) = 3 ¢ (6uF = RV 1,7 — Ru(o)l)e ™12

o,m
“)

Then, the V; can be determined by using the coefficients
of the density matrix of the surface, ct, | and the atom-atom
couplings modulated by the velocity translation factor. In our
calculation, and based on geometrical conditions ensuring
low parallel components of the projectile velocity, we assume
e’ = 1in Eq. (4) [6].

For the ion fractions calculation, we consider that the hy-
drogen atom can be occupied by up to two electrons. The
probabilities of having a negative (P~), neutral (P%), or posi-
tive (P1) projectile at time ¢ can be determined by

P™(t) = (Agy (g (1)),
PO(t) = (Aay (1)) + (Aay (1)) — 2{fay (D, (1)), (5)
PTt)=1-P°t) — P~ (1).

The occupations (i (¢)) and (fiq4 (t)7ia, (¢)) are obtained
from the Green-Keldysh functions [63]:

Gaa,o (t7 t/) = l®(t/ - t)({éZo' (t/)s éaa(t)})»
Fopo(t, 1) = i([E] (1)), Ear (D), (6)

where [---] and {- - -} indicate the commutator and anticom-
mutator, respectively; and (- - - ) denotes the expectation value
over ¢,, that describes the system in the Heisenberg represen-
tation.

As in our previous studies using hydrogen projectile ions
with similar incoming and exit collision angles and the same
projectile incoming energy range [6,46], we make the assump-
tion of constant energy levels. This hypothesis is based on an
inherent energy width, AE,, associated to the projectile veloc-
ity, that is large compared to the atom-surface hybridization
width of the projectile a energy level,

Ca(er) =m Y Vi, *8(er — &p). (7)
k

The ratio between the effective correlation parameter U* =
U—2AE, and I';(g;) determines the proper approximation for
solving Eq. (1) [45]. In the present case, the small-U limit
approximation, where the three projectile charge states are
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FIG. 4. Total, positive, and negative experimental ion fractions
vs incoming H* projectile energy for the two explored incoming
(exit) angles: 45° (90°) (a) and specular 67.5° (67.5°) (b).

calculated via perturbation theory up to second order in the
parameter U, was used to calculate the Green’s functions (6).

The spatial region where the projectile-surface electronic
exchange effectively takes place is determined through the
analysis of the characteristic times in a particular collision [6].
In this region, the interaction time 7; & % (in atomic units),
related to the static projectile-surface interaction, should be
comparable to the collision time, 7, ~ i (in atomic units),
associated to the energy width intrinsic to the projectile mo-
tion. The evaluation of the characteristic times will also allow
us to draw a conclusion about the relevance of the incoming
and exit trajectories in the final projectile charge state and to
determine the spatial region where the electronic capture and
loss processes take place.

IV. RESULTS AND DISCUSSION

A. Experimental results
1. Measured ion fractions

Figure 4 shows the measured ion fractions as a function
of the projectile incoming energy for the two geometrical
configurations employed.

The experimental ion fractions are approximately similar
for both analyzed incoming (exit) angles. However, differ-
ences in the dependence with the H™ incoming energy are
apparent. While oscillations could be inferred from the erratic
dependence obtained for the 45° (90°) configuration, a more
defined dependence was obtained for the specular condition,
even considering the larger experimental errors obtained. For
this configuration, the positive ion fraction slightly increases
with projectile incoming energy while the opposite trend is
observed for the negative one.

The magnitudes of positive and negative ion fractions
are comparable to each other in the whole energy interval
analyzed and range from 3% to 12% for both geometrical
configurations. However, a slight predominance of negative
ions is obtained for the specular geometry at low projectile
incoming energies (<4 keV). This trend is not observed for
the normal exit configuration, where the scattered negative ion
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FIG. 5. Comparison of total (red circles), positive (blue squares), and negative (green triangles) experimental ion fractions obtained for
four different but related systems: H on HOPG [46] (a), HT on Cu(111) [42] (b), HT on a thick Cg film deposited on Cu(111) [6] (c), and
H* on a C¢p monolayer deposited on Cu(111) (d). The measurements correspond to an entrance (exit) angle of 45° (90°).

fraction is nearly constant (around 7%, within the experimen-
tal errors) and the positive ion fraction fluctuates between 3%
and 12%. Total ion fractions range from 10% to 18% and show
an oscillatinglike behavior in both geometrical configurations.

2. Comparison with experimentally studied previous systems

In Fig. 5 we directly compare the final ion fraction obtained
when low-energy protons collide with four different surfaces:
an highly oriented pyrolytic graphite (HOPG) monocrys-
talline sample [46], a pristine Cu(111) monocrystal [42], a
thick Cgp film [6], and the Cgy monolayer system of the
present work. All of them were determined following the same
experimental procedure and measured under the same experi-
mental conditions: identical scattering and incoming and exit
angles.

While a clear predominance of positive scattered ions is
observed in protons scattered in an HOPG sample [Fig. 5(a)],
a predominance of negative scattered ions is observed when
H* projectiles collide with a pristine Cu(111) sample in the
whole analyzed energy range [Fig. 5(b)]. Ion fractions ob-
tained when protons are scattered by a thick Cgg film grown on
Cu(111) show a similar tendency to that observed in HOPG,
that is, an indistinct prevalence of positive scattered ions
[Fig. 5(c)]. This result, jointly with the excellent description
provided by the theoretical model proposed (that disregards
potential collisions with the Cu substrate) [6], strongly indi-
cates that H-C single collisions are of relevance for the charge
exchange process, even when detected H projectiles might
develop collisions with copper substrate atoms, before passing
through the thick Cgp film. On the other hand, an almost

even contribution of positive and negative ions to the final ion
fraction is obtained for the Cgy monolayer film deposited on
Cu(111) [Fig. 5(d)]. Contrary to the conclusion drawn for the
thick Cgp film, here the H-Cu collisions are indeed playing
an important role in the final charge state of the scattered
projectiles. The direct H-C interactions occurring after the
projectiles collide with copper substrate atoms and the single
binary collisions with C atoms are also determinant, since oth-
erwise the scattered final ion fraction would have presented a
prevalence of negative ions, as observed for the clean Cu(111)
surface. From this remark, we can expect that our theoreti-
cal model, which assumes scattering of the projectile with
C atoms only, yields results that overestimate the measured
positive ion fractions and underestimate the negative ones.

B. Theoretical analysis

It is important to remark here that with the theoretical
model we will calculate the ion fractions that originate when a
H* projectile binary collides with the most exposed C atoms
that belong to the Cgp monolayer film deposited on a cop-
per substrate. As stated above, these ion fractions should be
in principle quite different from the measured ones, which
present an important contribution from projectile collisions
with copper substrate atoms that, after being backscattered,
pass through the Cgy monolayer film. In this way, the analysis
of the calculated ion fractions is only intended to describe how
relevant the different elements that enter in our model (surface
electronic band structure, surface topology, H-C interaction
distance, time, etc.) are for the charge exchange occurring in
the collisions of H projectiles with superficial carbon atoms.
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FIG. 6. Left: Band structure of a C¢ monolayer film deposited
on a Cu(111) substrate for the T—M—K—T path, where the Cgy-Cu
hybridized states (light gray lines) can be appreciated. The band
structure of a thick Cg film (red thicker lines) is included for com-
parison. The first Brillouin zone of the 2D reciprocal lattice is shown
in the inset. Right: Density of states (DOS) projected on the Cq9 ML
film showing the presence of states close to the surface Fermi level.
The projectile affinity and ionization levels are also indicated.

The theoretical approach is also relevant as a predictive tool
for the case where ion fractions only due to single H-C colli-
sions could be effectively measured.

C. Band structure

Figure 6 shows the electronic band structure of the Cg
ML deposited on Cu(111) (left) and the density of states
(DOS) projected on the Cep ML (right), both calculated using
the FIREBALL code. The projected DOS reveals the presence
of states in the vicinity of the Fermi level, leading to a
metallization of the film. This can be compared to the semi-
conductor character of thick Cgy films, where the value of
the highest occupied—lowest unoccupied molecular orbitals
(HOMO-LUMO) gap is around 2 eV. The band states origi-
nated from the hybridization of the Cgy molecular states and
the Cu orbitals show a more pronounced dependence with &/,
(that is, dispersion) when contrasted to that of a thick Cgg
layer [6], but lower than that of pristine Cu(111) [42]. As
Eq. (4) indicates, different incoming and exit projectile veloc-
ity components alter the influence of a particular region of the
surface band structure on the charge exchange process. The
slight but noticeable dispersion in k,, of the Cso monolayer
band structure (specially around the I" point) suggests that
minor differences are expected in the ion fractions resulting
from H-C collisions for different geometrical incoming and
exit angles (keeping the backscattering condition).

The well-defined LEED pattern obtained for the target
surface (see Fig. 1) allows us to identify the scattering plane
(or azimuthal orientation) used in the experiments. This plane
corresponds to the M —T —M path in the first Brillouin zone of
the 2D reciprocal lattice, as shown in the inset of Fig. 6. Other
paths of the first Brillouin zone, such as T —K or K —M present
similar dispersions in k;,. Therefore, only minor changes in
the ion fractions originated in H-C collisions are foreseen if
other azimuthal directions are explored.
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FIG. 7. Affinity and ionization projectile energy level widths as
a function of the projectile-surface distance for different numbers
of surface atoms considered. The orthogonalized H,; — C, coupling
terms corresponding to the scatter atom (inset) are also shown.

1. Coupling terms, energy widths, and characteristic time analysis

The number of surface atoms relevant in the theoreti-
cal calculation, and therefore included in the summation of
Eq. (4), depends on the projectile-target interaction extent
and the collisional geometry. For example, grazing trajectories
allow the projectile to interact with more surface atoms than
in collisions with large incident and exit angles. Under our
assumption of frontal collision for the theoretical calculations,
the projectile is always on top of the scatter atom, and the rel-
evant parameter is the vertical distance between the projectile
ion and the scatter atom, z. As in our previous study involving
a thick Cgg film deposited on Cu(111) [6], we included here
four C neighbors for the dynamical calculations: the scatter
atom and its three nearest neighbors.

The ionization and affinity projectile level widths as a
function of the ion-surface distance, calculated via Eq. (7),
are plotted in Fig. 7 for different numbers of surface atoms
considered. The inset of Fig. 7 shows the dependence of the
coupling terms V(,,ls(l_é) between the 1s state of the projectile
atom and the « states of the C scatter atom with the projectile-
target distance. The coupling terms, V. 1s(§), of the C surface
atoms are orthogonalized by considering up to fourth nearest
neighbors of the scatter atom (32 C atoms in total).

In Fig. 7 we show that the Anderson affinity width
converges (within ~2%), including only four neighbors. How-
ever, a difference of ~10% between the converged value
including 10 C atoms and that corresponding to four C atoms
was found for the ionization level. This difference suggests
that the inclusion of further neighbors in the calculation (up
to ten C atoms, to achieve convergence within ~2%) would
have been optimal for the study of the present system. Due
to computational limitations, we included four C atoms in
the dynamical calculation. We should also mention that the
same number of neighbors (four) was found to be sufficient
to accurately describe the scattering of protons with an HOPG
surface [46,47,64], with similar C-C atom distances. In addi-
tion, although four C atoms directly interact with the projectile
atom [Eq. (4)], the remaining C surface atoms indirectly enter
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high projectile velocity regimes.

into the calculation through the density matrix of the surface
[Eq. (3)].

The information provided in the inset of Fig. 7, related to
the H-C coupling terms, can be summarized in three main
points: (i) a strong localization of the hopping terms, becom-
ing remarkably large for projectile-surface distances lower
than 2 a.u. (~1 A) and decaying to nearly zero for ion-surface
distances larger than 4.5 a.u.; (ii) non-null V,,, iy and V,,, i, as
a consequence of the orthogonalization over a nonflat arrange
of 32 atoms in the Cg molecule; and (iii) the predominance of
Vap..1s over Vo, 15 and Vo, 1. Remark (i) supports the choice
of up to first nearest neighbors (four C atoms in total) with di-
rect interaction with the projectile, since the second and upper
nearest neighbors are at distances larger than 4.5 a.u. from the
scatter atom; remark (ii) is related to the distinct topology of
the Cgy monolayer when compared to other previously stud-
ied carbon-based flat surfaces such as HOPG [46,47,59], and
remark (iii) is a consequence of the normal collision situation
assumed in our calculation.

The electronic projectile energy levels are broadened due
to two factors: the interaction with the surface (I',) and
the level width inherent to the projectile motion, determined
by the perpendicular component of the projectile velocity
(AE, ~ v, /2, in atomic units). As shown in our previous
study [6], these two parameters determine the collision and
interaction times, respectively, which is convenient for the
estimation of the spatial region where the projectile-surface
charge exchange is effective. Within this region, the inter-
action and inherent energy widths are comparable (we took

571 < AFE“ < 5 as a criterion). Outside this region, instead,

the regimes of large projectile velocity (% > 5) and low

projectile velocity ( % < 571y are characterized by a very

short time to allow the projectile-surface electronic exchange,
and a loss of memory of the initial charge state leading to a
highly varying projectile charge state, respectively. Figure 8
(left panel) shows a comparison of I', and AE, for the ion-
ization and affinity energy levels, calculated for the inferior
(2 keV) and superior (8 keV) limits of the explored energy.
The shaded boxes are plotted to show the spatial region where
each energy level is operative for electronic charge exchange.
In the right panel of Fig. 8, contour plots show the Ar—bi ratio
dependence with the projectile incoming energy and the ion-
surface distance for the ionization and affinity levels. These
plots help to visualize the regions where the low- (blue) and
high- (red) velocity conditions are fulfilled, and the range of
ion-surface distances (z) where each projectile electronic level
is active for effective charge transfer (brighter regions).

The plots presented in Fig. 8 allows us to envisage some
important details of the charge exchange during the projectile-
surface collision. Given that the distances of closest approach
range from 0.2 a.u. (for 8 keV) to 0.5 a.u. (for 2 keV) [6], in
the spatial region closer to the surface (0.2 a.u. <z< 1.5a.u.)
the low-velocity regime condition is fulfilled for the whole
projectile energy range. The loss of memory of the initial pro-
jectile charge state in this region close to the surface implies
that the scattered ion fraction is predominantly defined in the
exit trajectory. The opposite situation occurs at H-C distances
larger than 5 a.u., where the final projectile charge state is
already completely defined.

Considering both electronic levels, the spatial region where
the resonant charge transfer takes place has arange of 2a.u. <
z < 5.2a.uu. for 2 keV, and 1.5a.u. < z < 4.5a.u. for 8 keV.
As expected, this region is closer to the surface for higher
projectile incoming energies. The size of the region where
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each level is operative for charge transfer is quite limited:
about 2 a.u. irrespective of the projectile incoming energy. A
reduced negative or positive ion formation is then expected af-
ter a highly probable initial neutralization of the H* projectile,
due to the resonant position of the projectile ionization level
with the surface valence band (see Fig. 6).

After the initial neutralization, the formation of negative
ions requires the promotion of one electron of the valence
band to the affinity projectile level. Thus, the affinity level
width should be sufficiently large (>4 eV) to allow the ac-
cess to the occupied states below the Fermi level. The spatial
region where this situation is fulfilled is larger for higher in-
coming projectile energies: 2 a.u.< z < 2.7 a.u for 2 keV, and
1.5a.u. <z <3.5a.u. for 8 keV (see lower panel of Fig. 8).
However, the longer time spent within this region by slower
projectiles could compensate the potential increase of negative
ion formation with the projectile incoming energy.

Final positive projectile ions originate from (i) a certain
survival probability of initial H* projectiles, expected to be
very low and increasing with incoming projectile energy, and
(ii) a reionization (electron loss) following the projectile neu-
tralization in the incoming trajectory. Process (ii) requires a
large ionization level width (>9 eV) for this level to reach
the empty states of the conduction band. These level widths
are available only in very limited spatial regions that grow
with incoming energy: 3a.u. < z < 3.5a.u. for 2 keV, and
1.5a.u. <z < 3.5 au. for 8 keV (see upper panel of Fig. 8).
This process leads also to an increase of the positive ion
fraction with the incoming projectile energy although, as it
occurs in the negative ion formation, the shorter time spent
by faster projectiles could counterbalance this trend. How-
ever, when compared to the negative ion formation, the extra
process of the initial H* survival probability could explain
the slight increase of the positive ions with the projectile
incoming energy, not observed for the negative ion formation.
Another important point that is derived from the previous
analysis is that negative and positive ions are mostly formed
in separated spatial regions which are similar in size. Negative
ion formation mostly occurs in deeper (closer to the surface)
regions when contrasted to that of positive ions.

2. Theoretical results

In Fig. 9 the theoretical results considering both exper-
imental geometries explored are shown. Given the major
incidence of projectile—copper substrate collisions in the
experimental ion fractions, marked differences between the-
oretical and experimental results are expected.

For both geometries explored, the negative ion fractions
show an oscillatinglike behavior mainly at low incoming en-
ergies and an almost constant character at higher energies.
Unlike previous results for HT on a thick Cgq film [6] and as
anticipated in Sec. IV A 2, the negative ion fractions theoreti-
cally obtained for the H-C¢p ML system are underestimated
when compared to the experimental ones due to the major
influence of H-Cu collisions in the measured ion fractions
(H-Cu collisions produce higher negative ion fractions than
H-C ones).

The calculated positive ion fractions also show some os-
cillations but they definitively increase with the projectile
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FIG. 9. Theoretical results for both experimental geometries ex-
plored: 45° and 90° (a) and 67.5° and 67.5° (b).

incoming energy mostly due to the reasons underlined in
Sec. IV B 1. As expected, calculated positive ions are higher
than measured positive ions due to, again, the large influence
of H-Cu collisions in the measured ion fractions that leads to
a lower production of positive ions when compared to H-C
collisions (see Fig. 4).

3. Detailed comparison with previously studied systems

The present contribution constitutes the last part of a tril-
ogy of papers devoted to the understanding of the charge
transfer processes in collisions of an H* projectile and three
different surfaces: Cu(111) [42,55], a thick Cgp film (approx-
imately three layers) deposited on a Cu(l11) substrate [6],
and the present study of a Cgy monolayer grown on the
same substrate. The comparative analysis between these three
systems provides valuable information on how the substrate
influences the final charge state of the hydrogen projectile, and
sheds some light on the relevance of the physical ingredients
involved in the dynamic charge transfer process.

The left panel of Fig. 10 shows the theoretical final positive
and negative ion fractions for the three systems studied in both
experimental configurations. In the right panel of the same fig-
ure we can observe the analogous experimental results. Note
that both ion fractions were referred to differently: “calculated
ion fraction” and “measured ion fraction,” since the measured
ion fraction presents extra contributions from multiple colli-
sions, not considered in the theoretical ion fraction.

Considering the theoretical results for both geometrical
configurations in the left panel of Fig. 10, a higher negative
hydrogen ion production is observed after protons are scat-
tered by a Cu(111) surface when compared to that of H-C
collisions. On the other hand, a predominance of positive
scattered ions, especially for higher energies, is theoretically
obtained for both Cgq films. When comparing both carbona-
ceous samples, only minor differences are obtained for both
films grown when compared in trend and in magnitude for
both geometric configurations.

Comparing left (theoretical) and right (experimental) pan-
els of Fig. 10, we can observe that while the measured ion
fractions in the scattering from the thick Cgg film satisfactorily
agree with our theoretical predictions [6], in the case of a
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Cgo ML the departure of the measured ion fractions from the
calculated ones is evident. The similarities between measured
ion fractions in the scattering by Cu(111) and by C¢9 ML, and
the more pronounced dependence on the collision geometry,
induce us to think that the multiple collisions with the sub-
strate atoms have a major influence on the final charge state
of the hydrogen projectiles scattered by the C¢y ML deposited
on Cu(111).

To understand the theoretical results, Fig. 11 shows a com-
parison between the band structures (left) and the total density
of states (right) of the three studied systems.

The left panel of Fig. 11 shows clear differences in the
dispersion in k;, between the clean Cu(111) surface and the
carbonaceous films. While the band states of the copper sur-
face present a strong dependence with k,,, the other two
films mostly show low-dispersive flat bands. As discussed
in Ref. [42], the more dispersive character of the Cu(111)
electronic band structure and especially the existence of a
localized surface state (Fig. 11) can be directly associated
to a major relevance of the projectile incoming trajectory
in the final ion fraction. A final charge state more sensitive
to the projectile trajectory would certainly lead to higher
discrepancies between theoretical and experimental results,
mainly due to the normal collision assumption made in the
theoretical model, which is not satisfied in the experiment.
When comparing both Cg films, the monolayer is slightly

more dispersive than the thick Cg film. Even when the final
projectile charge state is largely defined at the exit projectile
trajectory for both systems, the more dispersive character of
the Cgp monolayer band structure suggests a poorer theoretical
description of a potential experiment where only single H-C
collisions are considered in the ion fraction determination.

In the right panel of Fig. 11, we can observe the total DOS
(for Cg films, the states are summed over states and atoms
of the whole Cgp molecule) calculated for the three systems.
When contrasting both carbonaceous films, the total DOS of
the Cgp ML shows, in general, a broadening and shifting of the
peaks due to the hybridization with the substrate Cu(111) band
states, when compared with the thick Cg film layer result.
In addition, an interfacial state emerges in the surrounding
of the surface Fermi level (at around —0.25 eV), associ-
ated to the partial filling of the pure C¢p LUMO due to the
adsorbate-substrate charge transfer and consistent with pre-
vious observations [65,66]. The separation between the most
important peaks, such as HOMO and HOMO-1 or LUMO and
LUMO+1 are underestimated in our calculated DOS when
contrasted to experimental measurements [37]. Despite these
differences, which could be a potential source of error for
the applied model, the calculated density of states reproduces
reasonably well the main features of the measured DOS [37].

The approximately similar calculated ion fractions ob-
tained for both carbonaceous films allow us to arrive to a
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FIG. 11. Left: Calculated electronic band structure for the T —M path of the Cu(111) surface (upper panel), a thick Cgy film deposited on a
Cu(111) substrate (middle panel), and a C¢ monolayer deposited on the same substrate (lower panel). Right: The corresponding total density
of states. For Cg films, the states are summed over states and atoms of the whole C¢y, molecule. The surface Fermi level and the projectile

ionization and affinity levels are also indicated.

relevant conclusion: The distance between the copper sub-
strate and the upper C atom of the Cgy molecule is still
large enough to introduce minor changes in these C atom
local DOS and, consequently, only slight modifications in the
scattered final ion fraction. To explore if the local DOS of
the other C atoms of the Cgy molecule are affected by the
nearby copper substrate, in Fig. 12 we show the calculated
local DOS (summed over states) for three different carbon
atoms of the C¢y molecule, located at different distances of the
Cu(111) substrate. As shown in the inset of the upper panel of
Fig. 12, atom 1 belongs to the uppermost Cgp atomic plane,
while atoms 2 and 3 are in the second and third top atomic
planes of the Cgp molecule, respectively. Due to their location,
these three atoms are possible direct scattering centers for the
colliding hydrogen atom. The local DOS are comparatively
shown for equivalent carbon atoms of the Cgy, monolayer
(upper panel) and the thick Cg film (lower panel).

In the upper panel of Fig. 12 we can observe an expected
result: relative to the uppermost C atom (atom 1), the local
DOS of the carbon atoms are more altered by the substrate
when the atoms are closer to it. The hybridization of the C
states with the Cu(111) d band increases the density of states
around the Fermi level and introduces modifications in the
peaks distribution, especially within the energy region where
the density of states of the substrate is larger. These variations
in the local DOS are practically not observed for the thick Cgg
film (lower panel), given that the distance of the three carbon
atoms to the substrate is sufficiently large (about three stacked
Cgo monolayers) to prevent the hybridization between C and
Cu states. Outside the energy region where the Cu(111) DOS
is important (below —6 eV or above 2 eV), the influence of

the substrate is definitively minor, leading to local DOS rather
similar for the three C atoms considered and almost the same
for the monolayer and the thick Cg films.

According to these results, in the Cg monolayer, each
scattering center may affect differently the final charge state
of the scattered projectile. Then, the theoretical assumption
of a unique scattering center is only valid for the thick Cgg
film. In this way, an improved calculation should contain
information about the charge exchange for all the possible
scattering centers, weighted by the collision probability of the
hydrogen projectile with the corresponding scattering center.
Preliminary calculations (not shown) reveal that even when
the ion fractions depend on the C atom taken as the scatter-
ing center, the average magnitude and trend are not strongly
altered.

Then, from the full analysis of the theoretical results, we
can conclude that if only binary H-C collisions are involved,
the ion fractions for the two Cg films are very similar, with
minor differences attributable to the electronic band structure
of each system.

V. CONCLUSIONS

Total, positive, and negative ion fractions of H* ions scat-
tered by a Cg monolayer deposited on a Cu(111) substrate
were experimentally determined for different projectile in-
coming energies in the low-energy range (from 2 to 8 keV)
for two incoming and exit angles in a backscattering con-
figuration. Given the large range of hydrogen ions at the
explored energies, the measured ion fractions include pro-
jectiles backscattered from substrate copper atoms that pass
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FIG. 12. Local DOS for the three atoms labeled as 1-3 in the C¢y molecule (inset, upper panel) placed at different distances from the
substrate. The total DOS of Cu(111) is plotted to indicate the energy region where the substrate is expected to have a higher influence on the
DOS of the carbon atoms. Results are compared for the Cgy monolayer (upper panel) and the thick Ce film (lower panel).

through the Cgp ML film before being detected. The ion
fractions obtained barely depend on the geometrical config-
uration. Positive and negative ion fractions are similar in the
whole energy range, showing fluctuations that prevent us from
outlining a well-defined trend. The negative ion fraction is
nearly constant (about 7%) for the normal exit configuration
and shows a slight decrease with the incoming energy for the
specular configuration. Positive ion fractions, instead, slightly
increase with the projectile incoming energy.

A direct comparison with other related studied systems,
such as H-HOPG, H-Cu(111), and H-Cg¢ thick film, allows
us to conclude that, unlike the H-Cg thick film, the ion frac-
tions measured are severely affected by the charge exchange
produced between the direct collisions of H projectiles with
the copper substrate atoms.

Theoretical calculations of the scattered ion fractions were
performed using a quantum mechanical formalism based
on the Anderson Hamiltonian, where a normal projectile-
surface collision is assumed and correlation is included for
the three possible projectile charge states. In contrast with the
experimental situation, in our model we assume that only sin-
gle binary H-C collisions are relevant for electronic exchange,
preventing then, a direct comparison between theoretical and
experimental results.

The assessment of characteristic times allows us to extract
valuable information on how the charge exchange process
takes place in this system. The final charge state is essentially
defined at the exit trajectory of the projectile in a limited
region where the ion-surface distance ranges from 1.5 to
3.5 a.u.. Negative ion formation occurs closer to C atoms of

the surface in a different spatial region where positive ions are
formed.

Theoretical results from the present system were directly
compared with analogous results from the H-Cu and on
H-thick Cg film. The direct comparison allows us to conclude
that the distance between copper substrate atoms and the most
exposed C atom of the Cgyp molecule is not short enough to
cause any relevant change in the final calculated ion fraction.
However, the analysis of the surface band structure and the
surface projected local DOS on each C atom shows that,
unlike the thick Cgo film, the substrate alters the electronic
structure of the Cg9 monolayer conferring metallic properties
to it, and significantly changes the local DOS of closer carbon
atoms that are potential scattering centers. The existence
of nonequivalent scattering centers becomes then a relevant
feature for the ion fraction calculation, proper to the Cgg
monolayer that is not present in the H-thick Cg film or H-Cu.

The calculations performed for the present system should
be considered as a valuable initial approach and as a predictive
tool for experiments intended to obtain the final scattered
ion fraction due to single H-C collisions. In this system, the
inclusion in the model of electronic exchange in multiple
scattering of H projectiles by copper substrate atoms and
carbon atoms of the Cgp film is certainly necessary for an
accurate description of the experimental findings.

ACKNOWLEDGMENTS

This work was supported by CONICET through PIP
Grant No. 11220150100546CO; U.N.L. through CAI+4-D No.

062805-13



V. QUINTERO RIASCOS et al.

PHYSICAL REVIEW A 103, 062805 (2021)

50620190100034LI; and ANPCyT through PICT No. 2019-
2019-03493. C.G. acknowledges financial support from the
Community of Madrid through the project NANOMAG-
COST CM-PS2018/NMT-4321 and the computer resources

at Lusitania II and the technical support provided by the
Centro Extremefio de investigacion, Innovacién Tecnoldgica
y Supercomputacién (CENITS), Projects FI-2020-2-0022 and
FI-2020-3-0033.

[1] C. Salvo, P. Karmakar, and J. Yarmoff, Inhomogeneous charge
distribution across gold nanoclusters measured by scattered low
energy alkali ions, Phys. Rev. B 98, 035437 (2018).

[2] D. Primetzhofer, M. Spitz, E. Taglauer, and P. Bauer, Resonant
charge transfer in low-energy ion scattering: Information depth
in the reionization regime, Surf. Sci. 605, 1913 (2011).

[3] A. G. Borisov, A. K. Kazansky, and J. P. Gauyacq, Resonant
charge transfer in ion-metal surface collisions: Effect of a pro-
jected band gap in the H™-Cu(111) system, Phys. Rev. B 59,
10935 (1999).

[4] J. P. Gauyacq and A. G. Borisov, Charge transfer in atom-
surface collisions: Effect of the presence of adsorbates on the
surface, J. Phys.: Condens. Matter 10, 6585 (1998).

[5] A. G. Borisov, D. Teillet-Billy, J. P. Gauyacq, H. Winter, and
G. Dierkes, Resonant charge transfer in grazing scattering of
alkali-metal ions from an Al(111) surface, Phys. Rev. B 54,
17166 (1996).

[6] M. Tacca, V. Quintero Riascos, R. Vidal, C. Gonzalez, F.
Bonetto, and E. C. Goldberg, Charge transfer in low-energy
collisions of protons with a thick Cg film, J. Phys. Chem. C
124, 3632 (2020).

[7] P. Liu et al., Anomalous neutralization characteristics in Na+
neutralization on Al(111) surfaces, Phys. Rev. A 101, 032706
(2020).

[8] Y. Yao, P. Shushkov, T. F. Miller, and K. P. Giapis, Direct dioxy-
gen evolution in collisions of carbon dioxide with surfaces,
Nat. Commun. 10, 2294 (2019).

[9] M. A. Romero, A. Iglesias-Garcia, E. A. Garcia, and E. C.
Goldberg, Hydrogen ion scattering from a potassium impurity
adsorbed on graphene, Phys. Rev. B 100, 085432 (2019).

[10] A. Mitrushchenkov, M. Guitou, A. K. Belyaev, Y. V. Voronov,
and N. Feautrier, Inelastic excitation and charge transfer pro-
cesses for oxygen in collision with H atoms, J. Chem. Phys.
150, 064312 (2019).

[11] A. D. Dorfler, P. Eberle, D. Koner, M. Tomza, M. Meuwly,
and S. Willitsch, Long-range versus short-range effects in
cold molecular ion-neutral collisions, Nat. Commun. 10, 5429
(2019).

[12] A. M. Amarsi and P. S. Barklem, Excitation and charge transfer
in low-energy hydrogen atom collisions with neutral carbon and
nitrogen, Astron. Astrophys. 625, A78 (2019).

[13] L. Gao et al., Dynamical resonant neutralization of low-
energy N+ ions scattered from Au(111), Pd(111), Cu(111), and
Cu(110) surfaces, Phys. Rev. A 96, 052705 (2017).

[14] R. A. Wilhelm and P. L. Grande, Unraveling energy loss pro-
cesses of low energy heavy ions in 2D materials, Commun.
Phys. 2, 89 (2019).

[15] S. Lohmann and D. Primetzhofer, Disparate Energy Scaling of
Trajectory-Dependent Electronic Excitations for Slow Protons
and He Ions, Phys. Rev. Lett. 124, 096601 (2020).

[16] J. Lienemann, D. Blauth, S. Wethekam, M. Busch, H. Winter,
P. Wurz, S. A. Fuselier, and E. Hertzberg, Negative ion for-

mation during scattering of fast ions from diamond-like carbon
surfaces, Nucl. Instrum. Methods Phys. Res., Sect. B 269, 915
(2011).

[17] P. R. Chalker, Photochemical atomic layer deposition and etch-
ing, Surf. Coat. Technol. 291, 258 (2016).

[18] V. Dudnikov and A. Dudnikov, Positronium negative ions for
monitoring work functions of surface plasma source, in Fifth
International Symposium on Negative lons, Beams and Sources
(NIBS 2016), AIP Conf. Proc. No. 1869 (AIP, Melville, NY,
2017), p. 020007.

[19] J.R. Hiskes, A. Karo, and M. Gardner, Mechanism for negative-
ion production in the surface-plasma negative-hydrogen-ion
source, J. Appl. Phys. 47, 3888 (1976).

[20] G.-J. Kroes, M. Pavanello, M. Blanco-Rey, M. Alducin, and
D. J. Auerbach, Ab initio molecular dynamics calculations on
scattering of hyperthermal H atoms from Cu(111) and Au(111),
J. Chem. Phys. 141, 054705 (2014).

[21] H. R. J. ter Veen, T. Kim, 1. E. Wachs, and H. H. Brongersma,
Applications of high sensitivity-low energy ion scattering (HS-
LEIS) in heterogeneous catalysis, Catal. Today 140, 197 (2009).

[22] M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund, Science of
Fullerenes and Carbon Nanotubes (Academic Press, San Diego,
1996).

[23] G. Lalwani and B. Sitharaman, Multifunctional fullerene
and metallofullerene-based nanobiomaterials, Nano LIFE 03,
1342003 (2013).

[24] S. Prylutska, Cg fullerene enhances cisplatin anticancer activity
and overcomes tumor cell drug resistance, Nano Res. 10, 652
(2017).

[25] M. Jarvid, A. Johansson, R. Kroon, J. M. Bjuggren, H. Wutzel,
V. Englund, S. Gubanski, M. R. Andersson, and C. Miiller,
A new application area for fullerenes: Voltage stabilizers for
power cable insulation, Adv. Mater. 27, 897 (2015).

[26] S.Z. Mousavi, S. Nafisi, and H. I. Maibach, Fullerene nanopar-
ticle in dermatological and cosmetic applications, Nanomed.
Nanotechnol. Biol. Med. 13, 1071 (2017).

[27] H. K. H. Lee et al., The role of fullerenes in the environmental
stability of polymer:Fullerene solar cells, Energy Environ. Sci.
11, 417 (2018).

[28] M. A. Cordiner et al., Confirming interstellar Cgo* using the
hubble space telescope, Astroph. J. Lett. (ApJL) 875, L28
(2019).

[29] M. Plihal, D. C. Langreth, and P. Nordlander, Effect of parallel
velocity on the formation of a Kondo resonance in the atom-
surface interaction, Phys. Rev. B 59, 13322 (1999).

[30] J. Los and J. J. C. Geerlings, Charge exchange in atom-surface
collisions, Phys. Rep. 190, 133 (1990).

[31] J. N. M. Van Wunnik, R. Brako, K. Makoshi, and D. M. Newns,
Effect of parallel velocity on charge fraction in ion-surface
scattering, Surf. Sci. 126, 618 (1983).

[32] O. Grizzi, E. A. Sanchez, J. E. Gayone, L. Guillemot, V. A.
Esaulov, and R. A. Baragiola, Formation of autoionizing Ne**

062805-14


https://doi.org/10.1103/PhysRevB.98.035437
https://doi.org/10.1016/j.susc.2011.07.006
https://doi.org/10.1103/PhysRevB.59.10935
https://doi.org/10.1088/0953-8984/10/30/002
https://doi.org/10.1103/PhysRevB.54.17166
https://doi.org/10.1021/acs.jpcc.9b10042
https://doi.org/10.1103/PhysRevA.101.032706
https://doi.org/10.1038/s41467-019-10342-6
https://doi.org/10.1103/PhysRevB.100.085432
https://doi.org/10.1063/1.5079788
https://doi.org/10.1038/s41467-019-13218-x
https://doi.org/10.1051/0004-6361/201935101
https://doi.org/10.1103/PhysRevA.96.052705
https://doi.org/10.1038/s42005-019-0188-7
https://doi.org/10.1103/PhysRevLett.124.096601
https://doi.org/10.1016/j.nimb.2010.11.054
https://doi.org/10.1016/j.surfcoat.2016.02.046
https://doi.org/10.1063/1.323253
https://doi.org/10.1063/1.4891483
https://doi.org/10.1016/j.cattod.2008.10.012
https://doi.org/10.1142/S1793984413420038
https://doi.org/10.1007/s12274-016-1324-2
https://doi.org/10.1002/adma.201404306
https://doi.org/10.1016/j.nano.2016.10.002
https://doi.org/10.1039/C7EE02983G
https://doi.org/10.3847/2041-8213/ab14e5
https://doi.org/10.1103/PhysRevB.59.13322
https://doi.org/10.1016/0370-1573(90)90104-A
https://doi.org/10.1016/0039-6028(83)90766-5

ELECTRON CAPTURE AND LOSS IN THE SCATTERING ...

PHYSICAL REVIEW A 103, 062805 (2021)

in grazing collisions with an Al(111) surface, Surf. Sci. 469, 71
(2000).

[33] L. Guillemot, S. Lacombe, M. Huels, T. Vu Ngoc, and V.
A. Esaulov, Inelastic processes in Ne™ collisions with a Mg
surface; charge fractions and surface roughness, Nucl. Instrum.
Methods Phys. Res., Sect. B 90, 270 (1994).

[34] W.-j. Li, P. Wang, X.-X. Wang, J.-O. Wang, R. Wu, H.-J. Qian,
K. Ibrahim, H.-Y. Li, and H.-N. Li, Fullerene film on metal
surface: Diffusion of metal atoms and interface model, Appl.
Phys. Lett. 104, 191606 (2014).

[35] M. B. Casu, Growth, structure, and electronic properties in
organic thin films deposited on metal surfaces investigated by
low energy electron microscopy and photoelectron emission mi-
croscopy, J. Electron Spectrosc. Relat. Phenom. 204, 39 (2015).

[36] A. GroB, in Theoretical Surface Science: A Microscopic Per-
spective, edited by A. Gro8 (Springer, Berlin, 2009), p. 59.

[37] A.J. Gibson, R. H. Temperton, K. Handrup, and J. N. O’Shea,
Resonant core spectroscopies of the charge transfer interactions
between Cg and the surfaces of Au(111), Ag(111), Cu(111) and
Pt(111), Surf. Sci. 657, 69 (2017).

[38] A. C. Rosenfeldt, B. Gohler, and H. Zacharias, Time-resolved
photoelectron spectroscopy of low-energy excitations of 4 x 4
Ceo/Cu(111), J. Chem. Phys. 133, 234704 (2010).

[39] G. Dutton and X. Y. Zhu, Unoccupied states in Cg thin films
probed by two-photon photoemission, J. Phys. Chem. B 106,
5975 (2002).

[40] D. Primetzhofer, S. N. Markin, J. I. Juaristi, E. Taglauer, and
P. Bauer, Crystal Effects in the Neutralization of He™ Ions in
the Low Energy Ion Scattering Regime, Phys. Rev. Lett. 100,
213201 (2008).

[41] D. Primetzhofer, M. Spitz, S. N. Markin, E. Taglauer, and P.
Bauer, Influence of surface structure and composition on neu-
tralization of He' ions scattered from noble metals and alloy
surfaces, Phys. Rev. B 80, 125425 (2009).

[42] V. Q. Riascos, M. Tacca, R. Vidal, C. Gonzalez, E. C. Goldberg,
and F. Bonetto, Band structure effects on the charge exchange
processes in H' colliding with a Cu(111) surface, J. Phys.
Chem. C 122, 28192 (2018).

[43] F. Bonetto, R. A. Vidal, V. Q. Riascos, C. J. Bonin, and J.
Ferrén, Growth, thermal desorption and low dose ion bom-
bardment damage of Cg films deposited on Cu(111), J. Phys.
Commun. 1, 045004 (2017).

[44] P. G. Bolcatto, E. C. Goldberg, and M. C. G. Passeggi, Inter-
action between atoms and surfaces: A bond-pair description
based on an extended Anderson model, Phys. Rev. B 58, 5007
(1998).

[45] M. A. Romero, F. Flores, and E. C. Goldberg, Effective treat-
ment of charge and spin fluctuations in dynamical and static
atom-surface interactions, Phys. Rev. B 80, 235427 (2009).

[46] F. J. Bonetto, M. A. Romero, A. Iglesias-Garcia, R. A. Vidal,
and E. C. Goldberg, Time-energy uncertainty and electronic
correlation in H*-graphite collisions, J. Phys. Chem. C 119,
3124 (2015).

[47] R. A. Vidal, F. Bonetto, J. Ferrén, M. A. Romero, E. A. Garcia,
and E. C. Goldberg, Electron capture and loss in the scattering
of H* from HOPG graphite, Surf. Sci. 605, 18 (2011).

[48] G. Xu, X.-Q. Shi, R. Q. Zhang, W. W. Pai, H. T. Jeng, and M.
A. Van Hove, Detailed low-energy electron diffraction analysis

of the (4 x 4) surface structure of Cgy on Cu(111): Seven-atom-
vacancy reconstruction, Phys. Rev. B 86, 075419 (2012).

[49] S. P. Tear, K. Roll, and M. Prutton, A comparison of reliability
(R) factors in a LEED structural analysis of the copper (111)
surface, J. Phys. C: Solid State Phys. 14, 3297 (1981).

[50] F. Jona, LEED crystallography, J. Phys. C: Solid State Phys. 11,
4271 (1978).

[51] P. Bauer, in Surface and Thin Film Analysis: A Compendium
of Principles, Instrumentation, and Applications., edited by G.
Friedbacher and H. Bubert (John Wiley & Sons, New York,
2011).

[52] H. H. Brongersma, M. Draxler, M. de Ridder, and P. Bauer,
Surface composition analysis by low-energy ion scattering,
Surf. Sci. Rep. 62, 63 (2007).

[53] O. Grizzi, M. Shi, H. Bu, and J. W. Rabalais, Time-of-flight
scattering and recoiling spectrometer (TOF-SARS) for surface
analysis, Rev. Sci. Instrum. 61, 740 (1990).

[54] M. Maazouz, L. Guillemot, T. Schlatholter, S. Ustaze, and V. A.
Esaulov, Electron capture and loss in the scattering of oxygen
atoms and ions on Mg, Al, and Ag surfaces, Nucl. Instrum.
Methods Phys. Res., Sect. B 125, 283 (1997).

[55] R. Vidal, J. Ferrén, C. 1. Meyer, V. Q. Riascos, and F. Bonetto,
The influence of surface defects on the low energy scattering of
Ar ions from a Cu(111) surface, Surf. Sci. 690, 121482 (2019).

[56] J. E. Ziegler, M. D. Ziegler, and J. P. Biersack, SRIM—The
stopping and range of ions in matter (2010), Nucl. Instrum.
Methods Phys. Res. B 268, 1818 (2010).

[57] D. Primetzhofer (private communication).

[58] F. Bonetto, M. A. Romero, E. A. Garcia, R. A. Vidal, J. Ferrén,
and E. C. Goldberg, Large neutral fractions in collisions of Li*
with a highly oriented pyrolytic graphite surface: Resonant and
auger mechanisms, Phys. Rev. B 78, 075422 (2008).

[59] F. Bonetto, M. A. Romero, E. A. Garcia, R. Vidal, J. Ferron,
and E. C. Goldberg, Relevant effects of localized atomic in-
teractions and surface density of states on charge transfer in
ion-surface collisions, Europhys. Lett. 80, 53002 (2007).

[60] L.-L. Wang and H.-P. Cheng, Rotation, translation, charge
transfer, and electronic structure of Cg on Cu(111) surface,
Phys. Rev. B 69, 045404 (2004).

[61] W. W. Pai, C.-L. Hsu, M. C. Lin, K. C. Lin, and T. B. Tang,
Structural relaxation of adlayers in the presence of adsorbate-
induced reconstruction: Cgp-Cu(111), Phys. Rev. B 69, 125405
(2004).

[62] J. P. Lewis et al., Advances and applications in the FIREBALL
ab initio tight-binding molecular-dynamics formalism, Phys.
Status Solidi B 248, 1989 (2011).

[63] L. V. Keldysh, Diagram technique for nonequilibrium pro-
cesses, J. Exp. Theor. Phys. 20, 1018 (1965).

[64] M. Romero, A. Iglesias-Garcia, and E. C. Goldberg, Quantum-
mechanical interference in charge exchange between hydrogen
and graphene-like surfaces, J. Phys.: Condens. Matter 24,
045004 (2012).

[65] A. Str6zecka, J. Myslivecek, and B. Voigtlander, Scanning tun-
neling microscopy and manipulation of Cey on Cu(111), Appl.
Phys. A 87, 475 (2007).

[66] K. D. Tsuei and P. D. Johnson, Charge transfer and a new
image state of Cgp on Cu(l 1 1) surface studied by inverse
photoemission, Solid State Commun. 101, 337 (1997).

062805-15


https://doi.org/10.1016/S0039-6028(00)00805-0
https://doi.org/10.1016/0168-583X(94)95554-9
https://doi.org/10.1063/1.4878404
https://doi.org/10.1016/j.elspec.2015.03.001
https://doi.org/10.1016/j.susc.2016.11.009
https://doi.org/10.1063/1.3524313
https://doi.org/10.1021/jp0256589
https://doi.org/10.1103/PhysRevLett.100.213201
https://doi.org/10.1103/PhysRevB.80.125425
https://doi.org/10.1021/acs.jpcc.8b09828
https://doi.org/10.1088/2399-6528/aa8f31
https://doi.org/10.1103/PhysRevB.58.5007
https://doi.org/10.1103/PhysRevB.80.235427
https://doi.org/10.1021/jp511339v
https://doi.org/10.1016/j.susc.2010.09.016
https://doi.org/10.1103/PhysRevB.86.075419
https://doi.org/10.1088/0022-3719/14/22/023
https://doi.org/10.1088/0022-3719/11/21/007
https://doi.org/10.1016/j.surfrep.2006.12.002
https://doi.org/10.1063/1.1141488
https://doi.org/10.1016/S0168-583X(96)00807-5
https://doi.org/10.1016/j.susc.2019.121482
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1103/PhysRevB.78.075422
https://doi.org/10.1209/0295-5075/80/53002
https://doi.org/10.1103/PhysRevB.69.045404
https://doi.org/10.1103/PhysRevB.69.125405
https://doi.org/10.1002/pssb.201147259
https://doi.org/10.1088/0953-8984/24/4/045004
https://doi.org/10.1007/s00339-007-3914-z
https://doi.org/10.1016/S0038-1098(96)00590-X

