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Influence of single adsorbed atoms on charge exchange during ion-surface collisions
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Partial and final projectile charge states are theoretically analyzed after Li* ions frontally collide with a single-
layer graphene surface with potassium atoms adsorbed on it, in the very low deposition limit where the adsorbed
atoms negligibly interact with each other. We applied a model based on first principles that accounts for all
the details of the surface and is used to describe the resonant charge exchange processes occurring in binary
collisions between the projectile and the adsorbate, and between the projectile and the C atoms of the graphene
surface located in the surroundings of the adsorption site. Completely different neutral fraction dependences with
the outgoing velocity are found for the projectiles scattered by the adsorbate and by carbon atoms located far
from the adsorbed atom. In addition, an important influence of the adsorbate is perceived in the neutralization
of projectiles colliding with the first and second set of carbon atoms nearest to the adsorption site. For C atoms
located at middle-range distances (~6.7 A), the final charge state of the projectile is not affected by the adsorbate
presence, even when an effective interaction between the projectile and the K adsorbed atom is revealed via

appreciable projectile level widths.
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I. INTRODUCTION

The charge exchange in dynamic interactions between
atoms and surfaces has deservedly attracted a lot of atten-
tion in recent decades [1-10]. The problem is intrinsically
complex since the charge state of a given projectile colliding
with a particular surface depends on many interconnected
factors such as the electronic properties of the projectile and
the surface, the projectile-surface relative velocity, the colli-
sion geometry, the topology of the surface, the presence of
impurities or adsorbates, etc. However, it is still unknown
how relevant each of these ingredients is. Several studies
using both theoretical and experimental approaches have been
conducted to shed some light on the matter [6,8,11-26]. On
the theoretical side, several approaches have been introduced
to attack the problem: (i) models based on a probabilistic
description of the resonant charge transfer [27-33]; (ii) an
approach based on quantum mechanics formalisms adapting
the wave-package propagation (WPP) method to ion-surface
interactions [34-38]; and (iii) an ab initio time-dependent
quantum mechanical formalism where the ion-surface inter-
action is calculated via the bond-pair model [5,9,39-44]. On
the experimental side, and even with limitations, low-energy
ion scattering (LEIS) has been demonstrated to be the most ef-
fective technique to experimentally determine the final charge
state of projectiles after being scattered by a given surface
[7,10,17,20,25,33,45,46]. Among the weaknesses of the LEIS
technique to study charge transfer processes we can mention
the usually large area of the probing beam, the difficulties
in separating projectiles scattered by the very first atomic
layer and deeper layers [25], and the impossibility to moni-
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tor partial charge states of the projectile during the collision
process.

Diverse studies have shown that the presence of adsorbates
introduces two main modifications in the substrate surface
with direct consequences in the dynamic charge exchange
between projectiles and surfaces. On one hand, there is a
long-range or macroscopic effect linked to a modification in
the surface work function caused by the adsorbate presence
[47,48]. This effect is largely known for being relevant to
numerous applications related to field emission materials, op-
toelectronics, and plasma physics devices. On the other hand,
there is a less studied local effect associated to the modifica-
tion of the electronic wave functions of the substrate atoms
located in the vicinity of the adsorbate. This is precisely the
general effect that we attempt to address in the present work:
How relevant is the local effect induced by the adsorbate
presence to the problem of charge exchange in ion-surface
collisions?

The influence of adsorbates in the charge exchange during
atom-surface dynamic interactions has been studied in the
last three decades and it is still an active topic of current
reasearch [34,35,38,44,49-57]. The selection of the impurity
adsorbed atom is of key relevance for obtaining significant ef-
fects during the charge exchange processes. Alkali atoms such
as K or Cs have been shown to introduce large effects in the
charge exhange during projectile-surface interactions, mostly
due to their low ionization energy or as a result of a particular
adsorbate electonic state resonating with the substrate valence
band. On the other hand, the selection of the projectile atom is
also of importance to probe the sensitivity of charge transfer
to the presence of adsorbates on a given substrate. Again,
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light alkaline atoms such as H or Li have been shown to
be very sensitive to the presence of adsorbates when used
as projectiles [38,44,56-59]. In particular, the neutralization
probability of Li* can change from 0% to 100% after being
scatttered by a crystalline surface of W(100) with different
degrees of Cs deposition [60].

The present work is aimed to theroretically explore how
the presence of an impurity of a K atom adsorbed on a single-
layer graphene surface alters the charge exchange during the
dynamic interaction between this surface and Li* projectiles.
We also analyze the effect of the adsorbate presence on other
physical parameters relevant to the charge transfer such as the
broadening and shift of the ionization and affinity projectile
energy levels, and the hopping interactions with the carbon
atoms in the vicinity of the adsorption site. The analysis al-
lows us to determine a region where the projectile can “feel”
the presence of the adsorbate (through modifications in the
width or shifts in its energy levels) and, if different, a region
where the presence of the adsorbate effectively alters the par-
tial and final charge state of the projectile during the collision
process.

A comparison with a previous work, where the charge
exhange when H* projectiles collide with a graphene surface
with K impurities was described, allows us to quantify the
influence of the extension of the projectile in the charge ex-
change process. In addition, via contrasting both results, we
can make a conclusion on the relevance of the relative position
of the projectile ionization and affinity levels with respect to
the valence and conduction bands of the whole surface.

Experimental measurements of the calculated ion fractions
with low-energy ion scattering under the conditions assumed
in the present work are quite difficult to implement mainly due
to two main factors: (i) the complexity in preparing samples
consisting of single-layer graphene substrates with such a low
deposition of alkaline impurities, and (ii) separating contri-
butions from C atoms in the vicinity of the adsorption site
with contributions from other C atoms becomes unfeasible
given the usually macroscopic width of the incident beam in
the LEIS technique. Alternatively, we can always compare
our calculations with the very extreme limit of Li™ atoms
impinging on a clean graphene or highly oriented pyrolytic
graphite (HOPG) target surface [39].

II. THEORETICAL APPROACH

A. Description of the atom-surface interaction

The K coverage of the graphene surface is assumed to
fulfill the low deposition limit, where the alkaline absorbed
atoms are sufficiently distant from each other to assume a
null interaction between them. The single-impurity Ander-
son Hamiltonian [61] is used to appropriately describe both
the static interactions between the adsorbate atom and the
graphene surface, and the dynamic interactions between the
projectile atom and the target surface (either with adsorbed K
or with substrate C graphene atoms). The charge exchange is
considered to be driven by resonant mechanisms due to the po-
sition of ionization and affinity projectile energy Li-2s levels
relative to the valence and conduction bands of the surface.
Using the projection operator technique [62], the Anderson

Hamiltonian can be written as [63]

=" ey, + Eol0) 0|+E12|o (o] + E2 1t (1L

ko

+Z [Vi7er 100a|+ Vi lo) 01, ]

+Z< "

(Z)MI e+ V(2)6*|T¢)<5|51&7]'

(D

For the static adsorption of an alkali impurity (potassium),
the expansion of the Hamiltonian [first term, Eq. (1)] is per-
formed over the k states, linked to the energy eigenvalues
of the clean graphene surface (s¢). Its occupation number
operator 7 is given by 7i; = é;«rél&r' As in [55], we consider
for the impurity atom the three charge-state configurations,
which correspond to the s-valence level occupied with zero
(10)), one (Jo')), and two (|1])) electrons. The total energies
E; (i =0, 1, 2) of an atom with i electrons are related to the
ionization energy of the adsorbed atom &;, and to the intrasite
electronic Coulomb repulsion U in the s valence orbital, as
follows:

Ey —Ey = ¢y,
EQ—E0=28[+U. (2)
The hopping integrals, V/?( al " and Vz(j)“, represent the cou-

pling between the k states of the graphene surface and the a
orbital (K 4s) of the potassium adatom. The superscripts (1)
and (2) indicate coupling with the ionization and the affinity
levels, respectively. In Eq. (1) the antisymmetry of the two-
electron wave function is taken into account through p, = 0
if o =1 and p, = 1 if o0 =|. In addition, the norm condition
of the electronic configuration subspace is considered:

0)(0| +Z|o><o|+ It =1 3)

The surface-adatom coupling terms, V];(al)" and V(z)a and

the total energies of the selected conﬁguratlons E (i=
0, 1, 2) are calculated via the bond-pair model [64,65].

For describing the dynamic interaction between the Li*
projectile and the graphene-K adatom surface, the same ex-
pression [Eq. (1)] for the Hamiltonian is used. Now, the k
states in the first term of Eq. (1) include both the atomic
orbitals centered on the carbon atoms of the clean graphene,
and the K 4s valence states of the adsorbed atom. The core
states K 3p are also included since they resonate with the
graphene valence band. Analogously, the charge configura-
tions with zero (]0)), one (Jo)), and two (|1])) electrons
are considered for the 2s valence level of the lithium atom.
The variation of the one-electron projectile energy levels, &;
and ¢; + U, with the projectile-surface distance is calculated
from the bond-pair model [64,65] without allowing charge
exchange between the atom and the surface. The short-range
electron-nucleus and electron-electron interactions are treated
within a mean-field approximation. The effect of the long-
range interactions, which define the behavior at large normal
ion-surface distances, is obtained after considering both the
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image potential [65] and the energy level shift produced by
the dipole potential formed by the adsorbate and its image
[34,49,52].

B. Equilibrium process

In order to properly describe the surface formed by the
alkaline atom adsorbed on the graphene surface, it is neces-
sary to determine the density matrix of the whole surface.
These matrix elements are calculated by using the Green’s
function formalism, discussed in detail in Refs. [44,56]. Local
and partial density of states (LDOS) of the K 4s valence
states are calculated via the single-impurity Anderson model,
after introducing the time-independent Green’s functions re-
quired, which are obtained via Fourier transform of the
time-dependent Green’s functions:

Go(t,1") = 0" — 1){{lo) (0], [0) (o] }),
G, (t.t) =i —){It ) ol lo) (LD, @)

where {,} indicate anticommutator. These Green’s functions
are solved up to second order in the atom-surface coupling
term by applying the equation of motion method (EOM) [63].
For the K 3p core state, resonant with the valence band of
graphene, the LDOS is obtained by considering a noninteract-
ing system (spinless) [66].

The LDOS projected on the surface carbon atoms is ob-
tained analogously to that of K 4s, with the Green’s functions
involving the graphene surface states.

The density functional theory (DFT)-based FIREBALL code
[67,68] is used to obtain the density matrix elements of the
clean graphene surface (required by this model), where the
linear combination of atomic orbitals approximation (LCAO)
is used to describe the solid surface wave function.

C. Nonequilibrium processes: Finite U-correlated atom states

The time evolution of the Li projectiles charge state dur-
ing its interaction with the graphene-K adatom surface is
calculated via the nonequilibrium Green-Keldysh functions
formalism [56]. The neutralization and negative ion formation
probabilities at time ¢, PO(t) and P~ (1), respectively, read as

Piy=Y ast)=Y (lo)ol),

o
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The time evolution of occupations, 71, (t) and 7i,,(t), are
calculated from the Green-Keldysh functions [69], defined as

Gy (t,1") =01 —1)({|o)(0l,, [0)(a|,}),

L@, 1) =00 —){It) ol o) (M),
F,(t,1") = i([lo)(0],, [0) (o |,]),
FY @ 1) = i{lIt ol o) (M D) (6)

where [,] and {,} indicate commutator and anticommutator,
respectively; and (---) indicates the expectation value over
a wave function that describes the system in the Heisenberg
representation. These Green’s functions are again calculated
by applying the EOM method closed up to second order in
the atom-surface hopping terms VE(:)” and V].(.(j)”, as detailed in
Ref. [56].
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FIG. 1. (a) Local density of states projected on the K atom where
the contributions of the K 3p and K 4s states are indicated. Inset: Top
view of the position of the adsorbed K atom on the graphene layer.
The carbon atoms labeled C,, (n = 1, ...,8) correspond to one of the
nth nearest carbon atoms to the adsorption site. (b) Graphene plus K
partial p, density of states projected on C atoms at different distances
from the K adatom; the color line corresponds with that of the C
atoms plotted in the inset of (a). Solid blue, dashed red, short dot
cyan, dashed dot orange, and dashed dot-dot gray lines correspond to
Cy, Gy, C3, C4, and Cs atoms, respectively. Inset: the region circled in
(b) is zoomed in in order to show the influence of the K adatom on the
projected DOS on carbon atoms located at different C-K distances.

III. RESULTS AND DISCUSSION

A. Density matrix of graphene plus adatom

The most stable adsorption site for alkali atoms on
graphene is located right above the center of the graphene
hexagon (hollow site). The adsorption distance between the
K adsorbed and the graphene layer is around 4.9 a.u. (a.u.,
atomic units are used) [70-72].

In our previous works [55,56] we extensively studied the
details of the adsorption process: the description of the charge
transfer between the adatom and the surface, and the complete
density matrix system (graphene + impurity). In the present
study, we focus on the diagonal elements of the graphene plus
potassium density matrix (local and partial density of states).
In Fig. 1 we show the DOS of the full surface projected on
the adsorbed K atom, pg (E), and on the different C atoms

032803-3



ROMERO, BONETTO, AND GARCIA

PHYSICAL REVIEW A 107, 032803 (2023)

of the graphene surface, pc (E). In this plot, the zero energy
corresponds to the Fermi level of a clean graphene surface.

The LDOS projected on the K atom [Fig. 1(a)] presents
typical features of weakly coupled systems [63], due to quan-
tum interference effects introduced by all the C atoms with
non-negligible interaction with the K adsorbed atom [55]. As
expected, the p, LDOS projected on the different neighboring
C atoms [Fig. 1(b)] reveals that the modifications introduced
by the K adsorbed atom become less important when the
C-K lateral distance is increased. An almost null influence
is observed for C4 and beyond carbon atoms [see inset of
Fig. 1(b)]. Therefore, from the absorption point of view, the
presence of the K atom only introduces local modifications
in the density of states of graphene, laterally extending up to
around 10 a.u. (up to fourth nearest neighbors).

B. Hamiltonian parameters for the scattering process

The energy levels and hopping parameters are calculated
via the bond-pair model developed in Refs. [64,65]. A suit-
able calculation of these parameters requires a proper set
of atomic bases for calculating the one- and two-electron
atomic integrals, and an appropriate description of the surface
electronic structure based on a linear combination of atomic
orbitals (LCAO) expansion of the band states. The one-
electron hopping term VE(au)” includes one- and two-electron
contributions determined by performing a mean-field approx-
imation together with an overlap expansion of the many-body
Hamiltonian. We use the Huzinaga [73] atomic basis for Li,
C, and K atoms with the largest Gaussian basis sets.

For the resonant charge exchange during the collision be-
tween Li™ ions with the graphene plus K surface, we consider
different scatter sites: the K atom and six nonequivalent car-
bon atoms located closer to the impurity with different lateral
distances. In Fig. 2, we show top and transverse views of the
projectile-surface interaction. The C atoms labeled C,, with
n=1,2,....6, correspond to the first, second, third, and, in
general, the nth nearest neighbors to the adsorption site. A
carbon atom labeled with C indicates that it is sufficiently
far away from the K adatom to consider a negligible K-C
interaction (the scattering with this atom should be equivalent
to that of a pristine graphene).

For the calculation of the charge exchange during the colli-
sion we differentiate two scattering situations: the interaction
between the LiT projectile and the K adatom, considering
the interaction with its six carbon atom nearest neighbors;
and the interaction between the Li* projectile and a C,, (n =
1, 2, 3, 4, 5, 6) carbon atom including in this case the inter-
action with its three carbon atom neighbors plus the K adatom.
When the scattering site corresponds to a C atom far away
from the adsorption site, the interaction with the impurity is
not present. The collision is frontal, i.e., the incoming and
outgoing ion trajectories are assumed perpendicular to the
graphene surface, with a constant velocity. The kinetic energy
loss of the projectile in the binary elastic collision with the
target atom is taken into account in our calculation. Thus,
Eow = AEi,, where E,y and Ej, are the exit and incoming
projectile energies, respectively, and A is the kinetic energy
loss factor [45]. For the head-on collision geometry consid-

ered (scattering angle of 180°), A is equal to 0.484 for Li-K,
and it is equal to 0.069 for Li-C collisions.

The dependence of the Li 2s energy levels with the ion-
surface distance are shown in Fig. 3(a) for the different
scattering centers. The ionization &; = E; — Ey and affinity
es = & + U levels are calculated as in Ref. [44]. Irrespec-
tive of the scattering center, the zero distance corresponds to
the scatter site position, even when the K adsorbed atom is
4.9 a.u. above the graphene surface layer. At short distances,
the pronounced downshift observed is due to a dominant
attractive electron-nucleus interaction, while the behavior at
large distances is determined by both the graphene image po-
tential [74] and the energy level shift caused by the adsorbate
and its image dipole potential [34,44,49,52]. It is relevant to
note in this figure that, as expected, the energies of Li tend
to those of clean graphene when the C,-K lateral distance
increases. Convergence is reached for a C4 (fourth nearest
neighbors) carbon atom. This fact does not imply that the
charge transfer during the dispersion by C4 and C (clean
graphene) will be exactly the same. The couplings with the
adsorbate might still be present and, in that case, they will
be revealed by the energy levels’ hybridization widths [56].
In Fig. 3(b) we plot the Li ionization hybridization widths,
I"(&ioniz), When the Li projectile is scattered by the K adatom
and the different carbon atoms, C,, as a function of the
projectile-scatter atom distance. In the inset of Fig. 3(b) we
can observe that even when there are no differences in the en-
ergy levels of a Cg (sixth nearest neighbor) and a carbon atom,
C, located far away from the adsorbate, there are still some
differences exposed by the hybridization widths. This remark
indicates that (i) the local effects extend beyond the fourth
nearest neighbors (Cy4) as suggested by the energy levels anal-
ysis, and (ii) the hybridization widths are more sensitive to the
K adatom presence than the energy levels. Convergence for
the hybridization widths (not shown) is reached for Cg (eighth
nearest neighbors), which corresponds to a lateral distance of
14.5 a.u. from the adsorbate.

C. Ion charge fractions after collision process

In Fig. 4 we present the calculated final ion fraction de-
pendence on the exit velocity, after Li* projectiles frontally
collide with both a K adatom and the C, carbon atoms of
the graphene layer located at different distances from the
potassium atom adsorbed on it.

In general terms, when Li™ projectiles are scattered by K,
Ci, and C, atoms, smooth oscillations in the charge fractions
as a function of the exit velocity of the ion (v,) can be
observed. These oscillations are typical of target surfaces with
localized valence states [23,56,75], such as the K 4s valence
state introduced by the adsorbate in the present situation. The
oscillations practically disappear when the distance between
the adatom and the scattering centers goes beyond the third
nearest neighbors. The ion fractions obtained after Li* projec-
tiles collide with C4 and Cg atoms show a similar dependence
with the exit projectile velocity as that of carbon atoms, C,
of a clean graphene surface. Convergence for the ion frac-
tion magnitudes is reached for sixth nearest neighbors, Cg,
even when differences in the hybridization widths [see inset
of Fig. 4(b)] indicate a not null C¢-K interaction. Very few
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FIG. 2. Top (a) and lateral (b) views of the collisional system studied. In (a) the lateral distance of the different carbon atoms with the
adsorbed K atom is indicated. In (b), the scattering of the Li projectile with both the K adatom and one of its nearest carbon atoms, Cy, is

sketched. The K-graphene adsorption distance is also shown.

experimental measurements of the charge exchange between
Li* projectiles and a graphene surface have been reported so
far in frontal scattering geometry. However, the magnitudes of
the neutral fractions obtained for a pristine graphene surface
(~20%) are comparable to that reported in the forward scat-
tering configuration [39]. It is worth noting also that, for most
of the exit energies studied, the negative ion fractions increase
for C,, atoms closer to the impurity “s adsorption site.

Going into more detail and interrelating results shown in
Fig. 4 with information provided by Fig. 3, we can observe
that the energy levels for K and C; “map” the same density
of states regions [see in Fig. 3(a)], although with a distance
shift as a consequence of the K-graphene adsorption distance.
In addition, from Fig. 3(b) we can see that their hybridization
widths are qualitatively similar, taking into account, again, the

distance shift. These remarks means that, for the same incom-
ing and exit velocity, the final charge state of the projectile
should be similar in both cases. However, having the same
incoming and exit velocities is not possible due to the quite
different binary kinetic loss factors for Li-C (0.07) and for
Li-K binary collisions (0.4879), implying that Li projectiles
with a fixed incoming energy will be scattered by K atoms
with an energy 7 times higher than those scattered by C
atoms. Then, for having the same exit velocity (as plotted in
the previous figures), projectiles scattered by C will have a
much larger incoming velocity than those impinging with K.
As a consequence, the Li-C interaction time at the incoming
path will be much lower than that of the Li-K, resulting in
lower neutral and negative ion fractions at the end of the
Li-C incoming path. All these aspects of the charge exchange
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FIG. 3. (a) Ionization and affinity 2s energy levels for the Li
projectile colliding with the K adatom and carbon atoms of the
graphene layer located at different distances from the adsorbate. The
corresponding hybridization widths of the ionization Li 2s level are
shown in (b). Both are plotted as a function of the projectile-scatter
atom distance. The differences between hybridization widths of a
sixth nearest neighbor, Cg, and a carbon atom located far away from
the adsorbate, C, are emphasized in the inset of (b).

process are explored in Fig. 5 where the Li 2s energy levels
and their widths, jointly with the surface density of states, are
plotted as a function of the projectile-scatter atom distance
for collisions with K and C; atoms (left panel). The corre-
sponding partial and final neutral fractions as a function of
the projectile position are plotted for incoming and outgoing
trajectories (right panel, Fig. 5). In this figure is also shown the
direct link between the ionization and affinity energy levels
and their widths at a given distance with the corresponding
change in the neutral and negative projectile charge state,
respectively. Here, we can observe that the peak structure
(indicated through circles in the figure) of the energy levels
widths that are shifted when changing from K to C; scattering
centers directly correspond to shifted characteristics in the
neutral and negative ion fractions.

In the region closer to the surface (z < 3a.u.), the
hybridization level widths for the Li-K collision mainly cor-
respond to the interaction with the neighboring carbon atoms
[see inset in Fig. 5(a)], since the ionization and affinity level
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FIG. 4. Neutral (a) and negative (b) ion fractions calculated for
Lit* frontally colliding with the K adatom and the different carbon
atoms of the graphene layer located in the surroundings of the ad-
sorption site.

do not resonate with the K DOS. In contrast, hybridization
widths corresponding to Li-C; collisions are more extended
[up to z ~ 6a.u.; see Fig. 5(b)], leading to a faster increasing
neutral ion fraction in the beginning of the incoming trajec-
tory [see Fig. 5(c)]. However, and mainly due to the velocity
effects (less interaction time linked to a higher incoming
velocity), the projectile neutral fraction for Li-C; collisions
remains lower than that of Li-K at the end of the incoming
trajectory [see Fig. 5(c)]. At the exit trajectory, where the
outgoing velocity is the same in both cases, the more ex-
tended nature of the interaction widths for the Li-C; makes
the neutral fraction grow faster than that of the Li-K collision.
As a result of these counteracting effects, the final neutral
fraction is almost the same for Li-K and Li-C; collisions
[Fig. 5(c)] for the exit velocity analyzed (vo, = 0.23 a.u.).
Finally, the drop in the neutral fraction observed in both cases
for large distances (shifted about 5 a.u. from each other) is a
direct consequence of the peak in the energy width [circled in
orange in Figs. 5(a) and 5(b)] that allows electronic loss to the
conduction band.

Negative ions are practically not generated in the incom-
ing trajectory of Lit ions colliding with C; carbon atoms
[see Fig. 5(d)]. Three main factors contribute to this behav-
ior: (i) the large incoming velocity (when compared to the
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allowing one to identify the region of the DOS mapped by the energy levels. The inset in (a) shows the ionization hybridization width when
the K adatom is present (dotted black line) and absent (solid cyan line) in the collision. Right panel: Corresponding neutral (c) and negative ion
(d) fraction evolution during the trajectory of the projectile. Negative and positive values of z correspond to the incoming and exit trajectories,
respectively. Black (mostly upper) line corresponds to collisions with the K adatom and blue (lower) line corresponds to collisions with C;
atom. The green dashed arrows indicate the direct connection between the different features of the energy levels with relevant changes in the

neutral and negative ion fractions.

Li-K case), (ii) the low formation of neutrals in the incoming
trajectory, and (iii) the low interaction width of the affinity
level that enables the capture of a second electron. In contrast,
Li projectiles that collide with K exhibit a relevant formation
of negative ions in the incoming trajectory mainly due to the
large interaction level width in the spatial region closer to
the surface. In the outgoing trajectory, the increasing neutral
fraction in Li-C; collisions makes the capture of a second
electron more probable up to distances around 8 a.u. where
the energy level crosses the Fermi level and the electron loss
processes are favored with a consequent drop in the negative
ion fraction (indicated with dark green circles and arrows).
The same features in the energy level and its width are ob-
served in Li projectiles colliding with K. However, the affinity
level crosses the surface Fermi level at about 4 a.u., causing a
similar drop in the negative ion fraction in Li-K collisions, but
shifted about 4 a.u. to spatial regions closer to the surface. As
a result, the final negative ion fraction is comparable in both
cases with values on the order of 10% (for the analyzed exit
velocity).

The charge exchange in collisions between Li™ projectiles
with carbon atoms located farther from the adsorption site
is quite different, as revealed by the neutral and negative

ion fraction dependences with the exit velocity (Fig. 4). In
Fig. 6(a) we show the Li 2s ionization and affinity energy
levels with their widths as a function of the distance to the
graphene surface z for collisions between Li projectiles and
Cs carbon atoms (sixth nearest neighbors of the adsorption
site). The peak structure in the hybridization widths can be
directly associated to the interaction with the impurity [see the
LDOS on the left side of Fig. 6(a) and the inset in Fig. 3(b)].
The remaining regions of the hybridization width correspond
to the interaction with the carbon atoms considered in the col-
lision. For high velocities (short interaction times), the subtle
differences between a Cg atom and a carbon atom C, located
far away from the K adatom, are expected to be averaged
away and the final charge state of the projectile should be the
same in both cases [as observed in Figs. 4(a) and 4(b)]. On
the contrary, for low velocities or higher interaction times, the
projectile can “see” the slight differences in the hybridization
widths of C¢ and clean C, enhancing in this way the contrast in
final charge fractions for both collisions. We explore this con-
cept in Fig. 6(b) where the calculation of neutral and negative
ion fractions for Cg and C is extended to lower exit velocities.
In this figure we can observe that for velocities lower than
0.10 a.u., small but still visible differences in neutral fractions
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collisions. The light differences in the energy level widths lead to subtle differences in the neutral fractions for the low-energy regime.

can be appreciated (the y scale is as in Fig. 3, to directly
compare them). The differences between C¢ and C in the
energy level widths are basically two peaks appearing in the
Ce energy level widths between 3 and 4 a.u. where the energy
level lies below the Fermi level [see inset of Fig. 6(a)]. There-
fore, and if the projectile is able to detect these differences,
the electronic capture for Li-Cg collisions would be favored
over Li-C collisions, leading to a higher neutral fraction for Li
projectiles colliding with Cg [see Fig. 6(b)].

D. Projectile relevance in the charge exchange process.
Comparison with H*-graphene plus K system

In previous works we studied the head-on collision of HY
with an alkali covered graphene surface [44,56,57]. Hydrogen
is a suitable projectile choice for studying charge exchange
since the ionization and affinity energy levels overlap with
the bands of the alkali plus graphene surface, favoring in this
way the ion-surface resonant charge transfer process. After
hydrogen, lithium is the second lightest alkaline element,
which makes it an appropriate choice to probe the presence
of adsorbate or impurities in surfaces through dynamic charge
transfer. From the experimental point of view, lighter elements
used as projectiles allow studying a wide variety of surface
via low-energy ion scattering spectrometry [76]. The collision
between Li* and alkali and halogen covered metal surfaces
has been extensively studied [13,49,52,57,77,78], but not with
an alkali covered graphene.

In Fig. 7 we compare the present results using Li™ projec-
tiles with previously reported data where H" was used as a
projectile in dynamic interactions with the same surface and
under identical collisional conditions (frontal collisions and
similar range of exit velocities). In this way, we are able to
discriminate the pure effects of the projectile on the charge
exchange. In this figure we show the neutral and negative
charge fractions for both projectiles binary colliding with the
adsorbed K atom, and with a C atom on the clean graphene

surface. To directly compare these results, the range of exit
velocities chosen corresponds to that used in the present
work.

For projectile ions colliding with the impurity (left panel),
we can observe that the general trend and the ion fraction
magnitudes are similar to both H™ and Li™, suggesting that the
common features to both collisions are of crucial importance.
In a more detailed analysis, at high exit velocities, the neu-
tral fractions have similar values, while H neutrals are more
likely to be scattered for lower exit velocities. In the Lit-K
case, the neutrals are mainly formed due to the interaction of
the K adatom with the first neighboring carbon atoms with
the impurity; however, for HT-K collisions the final neutral
fraction obtained is mainly due to the interaction of H™ with
the K 3p state broadened by the interaction with the valence
band of graphene [56]. At low velocities, the larger neutral
fraction obtained for H" when compared to that of Li* is a
consequence of an HT ionization level lying well below the
Fermi level of the surface, resonating with the 3p state of the
adsorbate. In contrast, the lithium ionization level lies below
but quite close to the surface Fermi level, making the electron
loss processes more likely due to the non-negligible interac-
tion hybridization widths at large distances. For negative ion
fractions [Fig. 7(b)], both affinity levels lie well above the
Fermi level in the conduction band leading to similar magni-
tudes of negative ion fractions. However, more oscillations are
observed for H*-K collisions mainly due to a deeper H affinity
level interacting with several localized K states. In addition,
the H affinity level crossing the deep K 4s localized state
introduces more important correlation effects that contribute
to the oscillations observed.

When comparing how sensitive both projectiles are to the
presence of the K adsorbate in collisions with neighboring
carbon atoms, the interaction between the projectile and the C
atoms (as revealed by the hybridization energy level widths)
extends up to the fifth and eighth C atoms’ nearest neigh-
bors of the impurity, for HT and Li* projectiles, respectively.
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The more extended character of the electronic wave function
of Li relative to H atoms allows the projectile to sense the
presence of the K adatom at larger distances. Alternatively,
the final charge state of the Li projectiles can evidence the
presence of the impurity only in collisions with up to Cg atoms
(sixth nearest neighbors from the adsorbed atom), even when
the interaction with the K adatoms is not negligible at these
distances (12.7 a.u.). Similar findings were recently reported
by Bahrim [38] in other collisional systems, using the WPP
method.

Strong differences are observed in the neutral fractions
for H* and Li" projectiles colliding with a clean C atom
[see Fig. 7(c)]. Much higher neutral fractions are obtained
for HT-C collisions mainly due to an ionization energy level
positioned well below the Fermi level and resonating with
the graphene valence band during the whole projectile tra-
jectory [56]. In contrast, the Li ionization energy level for
Li*-C collisions remains above the graphene Fermi level for
projectile-surface distances relevant to the charge transfer [see
Fig. 6(a)], allowing for electronic loss and consequently less
formation of neutral particles. The negative ion formation
[see Fig. 7(d)] is practically null for both projectiles collid-
ing with a clean C for the explored range of exit velocities.
The affinity levels of both projectiles positioned well above
the Fermi level conduct to a very low formation of negative

ions, which reaches to about 4% for H-C collisions. This
difference can be attributed to an H* affinity level closer to
the Fermi level and higher interaction widths than those of
the Li*-C system. Unlike the oscillatory trends observed for
charge fractions in HT-K and Li" collisions, charge fractions
obtained for collisions with a clean graphene C atom show
a smooth dependence on the exit projectile velocity, mainly
due to the extended (nonlocalized) features of the graphene
DOS.

Finally, it is relevant to mention that our calculations
of the neutral and negative ion fractions after H* and Li"
collide with clean graphene C atoms are consistent with
measurements previously reported in similar systems such
as HT-HOPG [6,8,26,43], H"-Cg [6,8,24,26,43], or Li*-
HOPG [39]. In the latter case, the reported measurements
correspond to a different collision geometry in forward
scattering configuration, even though the calculated neutral
fractions (~20%) presented here are in reasonable agree-
ment with the reported experimental data (between 20% and
30%). Experimentally exploring charge transfer in collisions
of Lit projectiles colliding with C atoms in backscatter-
ing conditions could be rather cumbersome due to the low
exit projectile velocities (for typical LEIS incoming ener-
gies) caused by the similar atomic mass of the colliding
atoms.
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IV. CONCLUSIONS

Partial and final projectile charge states of Li projectiles
scattered by a graphene surface with K adatoms deposited on
it were theoretically determined for different projectile exit
velocities in the low-energy range (1-11 keV exit energy).
The potassium impurities are assumed to be adsorbed in the
very low deposition limit where the interaction between K
adatoms can be neglected. We employed a quantum mechani-
cal formalism based on the Anderson Hamiltonian to calculate
the scattered ion fractions in head-on projectile-surface colli-
sions, where electronic correlation between the three possible
projectile charge channels is included.

Final neutral and negative ion fractions obtained strongly
depend on the scattering site, i.e., if the incoming projectile
directly collides with the impurity or with the surrounding
carbon atoms. For binary collisions with the impurity and
the first two nearest carbon atoms, a strong dependence with
the projectile outgoing velocity is observed. For these cases,
the neutral fraction ranges from almost null for low exit pro-
jectile velocities and reaches up to around 50% for larger
velocities. For these scattering centers, an important formation
of negative ions is observed, averaging around 20% for the
whole range of exit velocities explored. When Li™ projectiles
collide with carbon atoms located far from the adsorption
site (third nearest neighbors and beyond), around 20% of the
scattered projectiles are neutral and this value practically does
not depend on the exit projectile energy. The rest (~80%)
of the scattered projectiles mostly remain positive since the
formation of negative ions is practically null for the explored
energy range.

The analysis of the projectile charge state during its col-
lision trajectory reveals similar features for collisions of Li
projectiles with the impurity as well as with the its first nearest
C atom neighbor, C;. Some of these similarities, evidenced
in the neutral fraction dependence with the projectile-scatter
atom distance, are shifted around the adsorption distance
(4.9 a.u.), indicating that they are a direct consequence of
the K adatom presence. The differences in the magnitude of
neutral fractions obtained can be mainly attributed to both
a quite different ionization energy level dependence with
the projectile-surface distance and rather different interaction
times in the incoming trajectory due to the strong differences
in the kinematic loss factor of both collisions.

The assessment of ionization and affinity energy levels
with their corresponding hybridization widths allows us to
conclude that the strong dependence of the final neutral and
negative ion fractions with the exit projectile energy is a direct
consequence of the localized features of the K adatom DOS,
manifested as peaked interaction widths in the energy levels
of the projectile during its collision trajectory. Alternatively,

the overall magnitude of the final ion fractions obtained is
mainly linked to the position of the ionization and affinity
levels relative to the surface Fermi level.

Charge exchange between Li projectiles with carbon atoms
located in the surroundings of the K adatom is able to sense
the presence of the adsorbate for K-C distances up to around
12.7 a.u. (6.7 A). For larger K-C distances, no differences are
found with final ion fractions calculated for Li projectiles col-
liding with carbon atoms of a pristine graphene surface. The
hybridization widths of the projectile energy levels, however,
reveal a non-negligible Li-K interaction for distances up to
around 15 a.u., indicating that the Li-K interaction for larger
distances is not sufficient to appreciably alter the projectile
final charge state for the collision geometry and projectile
energy range analyzed.

A direct comparison of the obtained results with those
found in collisions of H* projectiles with the same surface and
under identical collisional geometry allows us to draw conclu-
sions on the relevance of the projectile in the charge exchange
with the studied surface. Similar overall values for neutral
and negative ion fractions were obtained for both projectiles
colliding with the adsorbed K atom, but a stronger (more
oscillatory) dependence with the exit velocity is obtained for
H™ projectiles as a consequence of ionization and affinity
levels interacting with a larger number of localized states
of the K adatom. Strong differences for both projectiles are
obtained when contrasting the neutral fractions for collisions
with a C atom located far away from the adsorbate, as a
consequence of a much deeper H' ionization energy level
resonating with the graphene valence band. In contrast to the
strong dependence of charge fractions with the exit projectile
velocity in collisions with the K adatom, a soft dependence
is observed for both projectiles colliding with C atoms of a
clean graphene surface mainly due to the extended nature of
the graphene DOS.

Finally, the theoretical results presented here are intended
to serve as a predictive and analytical tool for charge exchange
analysis in more complex surfaces. However, we understand
that validating the calculations performed here with proper
experiments is absolutely necessary. Several experimental dif-
ficulties, such as sample preparation and the LEIS related
issues mentioned above, should be primarily overcome in
order to achieve this goal.
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