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Collision of protons with carbon atoms of a graphene surface in the presence of adsorbed potassium
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In this work we study the frontal collision of protons with the carbon atoms of a graphene surface with a
low coverage of adsorbed potassium. It is aimed at the analysis of the effect of the adsorbates in both charge
exchange and electron emission processes, when the binary collision occurs between the proton and a carbon
atom of the surface. The frontal collision with the K adsorbate, already analyzed and discussed in a previous
work, is compared with the frontal collision with different carbon neighbors. In the present work we studied the
signals, due to the localized structures in the density matrix of the composed graphene plus potassium surface,
that can be distinguished when the collision occurs either with the adsorbate, a nearby carbon atom, or a carbon
atom that does not feel the presence of the adsorbate. The interacting system is described by the Anderson
Hamiltonian which takes into account the electronic repulsion on the projectile site; the charge fractions, the
energy distribution of electrons in the solid, and the electron emission after the collision are calculated by using
the nonequilibrium Green-Keldysh functions formalism solved by the equation of motion method. In the binary
collision with a carbon atom, the extended features of the band structure of graphene smooth the dependence
of the projectile charge fractions on the incoming energy and notably decrease the negative ions formation. The
localized structures of the density of matrix caused by the presence of the adsorbate are perceptible for scattered
carbon atoms close to K. The intense emission of low energy electrons obtained in the case of the scattering by
potassium is fundamentally associated with the very localized K-4s empty band. This characteristic, although less
marked, remain in the scattering by nearby carbon atoms, due to both the interaction with K along the projectile
trajectory and the perturbed local density of states on the carbon atoms due to the adsorbate presence. In addition,
the extended nature of the electronic structure of graphene allows for the emission of more energetic electrons.

DOI: 10.1103/PhysRevB.102.115406

I. INTRODUCTION

The ion scattering from metal surfaces covered with alkali
atoms has been and continues to be a subject of interest
that has motivated many experimental and theoretical works
[1-18]. The adsorbates on a metal surface introduce local
effects as the change in the density matrix of the adsorbate-
surface system, and also nonlocal effects as the change of the
surface work function. In the case of alkaline atoms adsorbed
at small coverage, the work function diminishes due to the
creation of a dipole layer on the surface [2]. Therefore, it is
expected that a low coverage of alkali atoms affects the charge
exchange and electron emission in the ion-surface scattering
processes, and that the effects will be strongly dependent on
the surface atom involved in the binary collision. In particular,
Yu et al. in Ref. [16] present a detailed study of the local
effect induced by the Na atoms adsorbed on Cu(111) at very
low coverage. The Na atom and its three Cu atom neighbors
tend to form a small cluster, the effect of the Na atom on
the surface being localized. This result is closely related to
the results obtained by the same authors in Ref. [15], where
charge transfer studies in H™ collisions with Na/Cu(111) show
that the Na adsorbates induce strong local perturbations in
the electronic structure and potentials in their surroundings.
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As a consequence, the charge transfer processes between
projectiles and surface are appreciably modified in the vicinity
of adsorbates.

In a previous work [18] we analyzed the frontal collision
of protons with a potassium atom adsorbed on a graphene
surface. Apart from its technological applications, the interest
in graphene is motivated by the singular characteristics of
its electronic band structure which gives place to peculiar
hybridizations with adsorbed alkaline atoms [19-24].

In Ref. [18] the resonant charge exchange between the
proton and the composed surface graphene plus adsorbed
potassium was described by an Anderson model that takes
into account the three correlated charge states of the hydrogen
projectile: positive, neutral, and negative. The surface density
matrix includes the electronic repulsion in the valence states
of K and also the hybridization of the K-3p states with the
graphene band states, together with the local changes in the
density matrix on the surrounding C atoms induced by the
presence of the K adatom. In this previous work we found
that in a frontal collision with the K adatom, the C atoms prac-
tically do not participate in the charge exchange process. We
also concluded that the pronounced oscillatory behavior of the
projectile charge fractions with the incoming energy is caused
by the correlated states of hydrogen interacting with the
localized band states of the potassium adsorbed on graphene.

The present work, which can be considered a natural
continuation of Ref. [18], is devoted to the analysis of the
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frontal collision of protons with carbon atoms nearby the K
adsorbate. The importance of studying the effects caused by
the presence of the potassium on the charge exchange and
the electron emission processes when the binary collision is
with a carbon atom, resides basically in the ability to identify
the signals of a low concentration of impurities in the ion
scattering process. The energy spectra of emitted electrons by
a kinetic mechanism, calculated from the convolution of the
holes and excited electrons distributions, is very sensitive to
the details of the surface density of states, particularly to the
localized features of the surface band structure. The narrow
band of the HOPG surface and the very localized F-2s band
of AlF; are clues for understanding the large energy electron
emission in the collision of Het with both surfaces [25,26].
The strongly localized F-2s band allows for the neutralization
of He' and therefore, the creation of long-lived holes in
this band [26]. On the other hand, the emission of energetic
electrons extending up to 30 eV is explained by including the
first excited state of helium in the collision of He' with a
HOPG surface [25]. Both the charge fractions of the projectile
and the energy distribution of electrons in the solid after
the collision are calculated by using the appropriate Keldysh
Green functions and the method of equations of motion
(EOM). The electronic correlation in the localized projectile
state is also taken into account for calculating the electron
distribution in the solid, thus representing an improvement
with respect to previous works [18,25,26].

The paper is organized as follows: in Sec. II the theoretical
framework is presented, while in Sec. III we introduce the sev-
eral scattering situations related to the different scatter atoms
considered: K, a first neighbor C atom, a second neighbor
C atom, and a carbon far enough as to resemble one of the
pristine graphene surfaces. In this same section the projectile
charge fractions, the energy distribution of the electrons in the
surface after the collision, and the energy spectra of emitted
electrons are presented and discussed in the range of incoming
energies explored (0.5 to 2 keV). Finally, Sec. IV is devoted
to the concluding remarks.

II. THEORY

In a previous work [18] we have presented in detail the
theoretical treatment of the scattering of protons by a graphene
surface with a low coverage of potassium atom impurities.
Therefore, only a summary of the theoretical framework
employed is presented below. The Anderson Hamiltonian [27]
is the appropriate one for describing the three possible charge
states of an s-valence hydrogen atom interacting with a solid
surface. In the projection operators language, the Hamiltonian
is written as [28]
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The first term of Eq. (1) refers to the energy eigenvalues
of the system graphene plus an adsorbed potassium atom,
which has been previously solved by considering the elec-
tronic correlation effects on the K site [18,24]. The three
following terms represent the total energy of the possible
charge configurations of the hydrogen atom: |0), |o), and
[t 1), which correspond to zero, one with spin o, and two
electrons, respectively. The remaining terms describe the res-
onant charge exchange between the surface and the atomic
states.

The hopping integral V(l)” (V(z)‘7

) is the coupling between

the k-surface state and the a orbital of the projectile (1s for
hydrogen atom), the supraindex 1 or 2 indicates coupling with
the ionization and affinity energy levels, respectively. The to-
tal energies E, (n = 0, 1, 2) for each electronic configuration
are related to the ionization energy of the impurity atom ¢;,
and with the intrasite electronic Coulomb repulsion U in the
s-valence orbital in the following way:

Ey —Ey= ¢, @)

EQ—E()=281+U. (3)

In Eq. (1) the antisymmetry of the two electron wave

function is taken into account through P, = 0 if 0 =1 and
P, =1ifo =|.

The correct normalization of the subspace including the
selected atomic configurations is

001 + > lo) ol + 11 Lt 4l =1. @)

We are interested in calculating the ion neutralization
probability

Py =) (i (1)) =) (lo) (o), )

o a

the negative ion formation probability

P(t) = (ip(1)) = (11 (T LD (6)

and the energy distribution of the electrons in the solid

N(e,t) =) (iig)8(e — &p). @)

ko

The time evolution of these all quantities, Egs. (5), (6), and
(7), are calculated by considering the equation of motions in
the Heisenberg picture, dA(t)/dt = i[H, A(t)]. The following
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equations result (atomic units are used):
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The advanced Green functions G, (7, ¢) and G4 (7, 1), and
F,(z,t)and Fy (7, t), that appear in Egs. (8), (9), and (10) are
defined as

Go(t,1") = iO" — 1){{lo){0lr; 10)(a | }),
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where [;] and {;} indicate commutator and anticommutator,
respectively, and (7;_ (%)) is the Fermi distribution. These
Green functions are also calculated by the EOM method
closed up to a second order in the atom-surface hopping term,
as it is detailed in Ref. [18].

The energy distribution of electrons in the solid calculated
by Eq. (10) contemplates the electronic repulsion in the pro-
jectile site, thus representing an improvement with respect to
the calculation presented in Ref. [18].

D

III. RESULTS AND DISCUSSION

A. Scattering process

We study the scattering of protons by a graphene surface
with a K atom adsorbed on a hollow site at a distance of
4.9 a.u. [18,24]. In the present work we analyze the scattering
by carbon atoms which are neighbors of the K adsorbate and
compare with the scattering by the K atom that was already
thoroughly studied in a previous work [18]. In Fig. 1 we show
the scatter sites of interest: a first K neighbor indicated by C,
and a second K neighbor by C,. The distances K-C; and K-C,
are 5.6 and 7.3 a.u., respectively. A carbon atom far enough
from the adsorbate site, as to be equivalent to a C atom of a
clean graphene surface, is also considered as a reference (this
is referred to as C and it is not shown in Fig. 1).

The ion trajectory is assumed perpendicular respect to the
graphene surface (as shown in Fig. 1) with a constant velocity
Zin(out) = Zrtp + Vin(oun?- The Kinetic energy loss factor due to
the elastic scattering of hydrogen by either a K atom or a C
atom, and for a scattering angle equal to 180°, are 0.90 and
0.71, respectively. These values are calculated consistently
with the elastic binary collision model [29]. The analyzed
incident ion energies are between 0.5 and 2 keV.

(

In the scattering by K, the distances of closest approach are
obtained from the interaction energy of the H-K dimer [18].
The calculated values vary from 0.18 a.u. for 2 keV to 0.42
a.u. for 0.5 keV.

In Fig. 2(a) it is observed the large growth of the level width
in the region of short distances to the surface (<1 a.u.), in
the scattering by a carbon atom close to the adsorbate. These
features of the atom-surface interaction make very difficult
and time consuming the numerical calculation of the distance
evolution of the ion fractions in the region near to the surface,
for turning points calculated from the projectile-scatter atom
interaction energy. The region of distances effective for the
charge exchange process can be determined from the charac-
teristic times of the scattering process [30]: (i) the interaction
time 7; related to the inverse of the Anderson hybridization
width Iy, 7; & 2r and (ii) the collision time closely related to

the time-energy uncertainty relation 7. ~ 53z AE , with AE,

% (vy is the ion velocity component perpendicular to the
surface). For the charge exchange to effectively take place,
both characteristic times should be comparable, 7. ~ 1; =
'y, = AE,. That 1s the same order of magnitude for both
times is required: A1§ < 100r & < 10.

Consequently, the defined spatlal region where the charge
exchange is efficient changes with the incoming projectile
energy, suggesting in this way a consistent effective turning
point. These spatial regions are shown in Fig. 2(a) for the
maximum and minimum values of the ion velocity range
analyzed in the present work. In this figure we have considered
the hydrogen ionization level in the case of scattering by Cj,
whose calculation is discussed further in Sec. IIIB 1. From
this figure we can infer effective distances of closest approach
for hydrogen scattered by C; that vary from 1.6 a.u. in the case
of an incoming energy of 2 keV to 2.0 a.u. for an incoming
energy of 0.5 keV. For the scattering by either C, or the
carbon atom C far enough from K, the same turning points
are practically obtained.

The characteristic times of the collision allow for a deter-
mination of the effective region of distances where the charge
transfer is well defined, providing in this form an alternative
criterion for determining effective turning points that avoid the
numerically conflictive region close to the surface. Of course
the same final ion fractions must be obtained by using one
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(c) HT scattered by Cs.

FIG. 1. Top and lateral view of H' in a frontal collision with
different scatter sites. (a) K-scatter site, (b) C;-scatter site, and
(c) C,-scatter site. Big purple sphere corresponds to K atom; gray
spheres correspond to C atoms; and small blue sphere corresponds
to H projectile. The (0,0,0) position is fixed at the scatter site in each
case.

or another of the criteria. In Fig. 2(b) the charge fractions
as a function of ion-surface distance are shown by using
the turning point obtained either from the H-C interaction
energy or from the characteristic times (zr. ~ 1;). It can be
observed that the difference found between both calculations
is less than 0.01, verifying in this form that the characteristic
times provide a good criterion for calculating effective turning
points.

B. Hamiltonian parameters

The surface-atom coupling terms V(J ) with j=1,2,and
the total energy of the selected conﬁgurations E,, involved in
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FIG. 2. (a) Comparison of the level widths due to the interaction
I', and to the velocity AE, for the ionization projectile energy level
in the case of dispersion by C;. AE, is plotted for the maximum
(2 keV, orange) and minimum (0.5 keV, blue) incoming energies
explored. The shadowed boxes for both limits of the explored en-
ergy range represent the spatial region where the charge transfer is
effectlve and the criterion used to establish the box size is %& <

< 10AE,. (b) Proton scattering by the C; carbon atom. Negative
(red lines) and neutral (black line) charge fractions as a function
of the distance to the surface (negative distances for incoming tra-
jectory, positive distances for outgoing trajectory), for an incoming
energy E;, = 1200 eV. Dotted lines correspond to the turning point
determined from the H-C interaction energy and full lines to the one
determined from the characteristic collision times.

Eq. (1), are calculated by using the bond pair model [31,32]. In
this model a good calculation of the Hamiltonian parameters
requires an atomic basis set that properly describes the prop-
erties of atoms, and an appropriate description of the surface
electronic structure based on a LCAO expansion of the band
states. The one electron hopping term V(’ " is determined
by performing a mean field appr0x1mat10n together with an
overlap expansion of the many-body Hamiltonian. In this
form, V(’ T finally recovered as a superposition of the

atomic (dlmerlc) hopping integrals V(’ ) between the atomic

states ¢,z of an atom of the surface and the atomic state ¢, of
the prOJectlle The final expression is

(j)ff Z koV(J) (12)

lRA iRs,a
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The coefficients Cf]g in Eq. (12) are related to the LCAO
expansion of the k-surface states, and they determine the
elements of the density matrix of the solid given by

() _ kox ko el
'Oa,i,j,ﬁ;,lﬂ(g) - Z CiR, cﬂé;(S(e Eka)' (13)
k

The complete density matrix of graphene plus potas-
sium impurity was calculated and thoroughly discussed in
Ref. [18]. The local density of states on K and on the C atoms
involved in the scattering process, either as a scatter atom or
as a near neighbor of it, is shown in Fig. 3.

The LDOS on the K site includes the 4s-valence orbital
[24] and the 3p-core orbital (—16 eV referred to the Fermi
energy [20,33]). The 3p energy level falls within the valence
band of graphene, and then it turns out to be widened by the
interaction. The 3s-core state (—32.4 eV referred to the Fermi
energy [33]) is also included as an inner band of zero width
[not shown in Fig. 3(a)]. The K-4s LDOS, treated by consid-
ering the electronic correlation effects, has two very narrow
peaks near the Fermi level and other two wider structures, one
close to —20 eV and the other to —7.5 eV [see Fig. 3(a)] which
reflect the mixing with graphene band states. In Fig. 3(b) the
local densities of states on the C sites modified by the presence
of K impurity are shown. We can see more clearly in Fig. 3(c)
the perturbation produced by the presence of the impurity,
which is notable at the energy positions of the main peaks
found in the K LDOS and tends to disappear for C atoms farer
than the second neighbors of K atom.

1. Hydrogen energy levels

Figure 4 shows the distance evolution of the ionization
er =E| — Ey and affinity e4 = ¢; + U hydrogen energies,
referred to the Fermi level. These levels are obtained when
hydrogen is scattered by K, C;, C,, and C atoms. The pro-
nounced downshift observed at short distances is mainly due
to the attractive electron-nucleus interaction, while the large
distance behavior is determined by the following potential:

4 _4q !
Vep(Z)=———ﬂ:m-

r r

In Eq. (14) the first two terms account for the dipole
potential formed by the adsorbate and its image, while the last
term is originated in the image of the hydrogen ion projectile
(the £ signs corresponds to the positive/negative hydrogen
ions). The charge of the alkaline atom is ¢ = 0.1e, r; is the
distance between the proton and the K adatom, and r; is
the distance between the proton and the image charge of the
positive charged K [18,24]. The image plane position z;,, for
the graphene is 3.16 a.u. The potential given by Eq. (14) is
introduced for distances larger than 8 a.u. with respect to the
graphene surface, and for z < 8 a.u. the energy levels are
shifted in a constant value equal to V,, (z=8 a.u.), in the
same way that it was introduced in the image potential due to
the ionic projectile [31,32].

As we can observe from Fig. 4, the effect of the adsorbate
on the distance dependence of the projectile energy level is
only visible when the dispersion is by the nearest C atom (C)).
In this case, for distances to the graphene surface between 2
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FIG. 3. Local density of states (LDOS) on the different atoms
involved in the analyzed scattering processes shown in Fig. 1: (a) K
atom (the break in the ordinate axis is to give visibility to the smaller
LDOS structures), (b) C;, C,, and C atoms, and (c) a zoom in of
(b) to view the details around the Fermi level.

and 9 a.u., the interaction with K introduces an oscillatory
behavior in both ionization and affinity levels.

2. Atom-atom couplings

The atom-atom coupling Vig)a between the hydrogen atom

and the different scatter sites are shown in Fig. 5. It is also
included in the coupling terms with the neighbors of the
scatter site considered in each case.
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FIG. 4. Distance evolution of the ionization and affinity levels
of hydrogen for different scatter sites. Dotted line corresponds to
C-scatter site, dashed line to K-scatter site, dash-dotted-dotted line
to Cy, and solid line to C,.

In the frontal collision of hydrogen with potassium, the
interaction between H and the C neighbors is negligible, as
itis observed in Fig. 5(a). In the scattering by the carbon atom
C,, the interaction with the valence (4s) and inner (3s and
3p) states of K is dominant for distances larger than 4 a.u.
[Fig. 5(b)]. In the case of the scatter site C, [Fig. 5(c)], for
distances lower than 5 a.u., the coupling with the C states is
defining the H-surface interaction, while for larger distances
the extended coupling with the 4s-valence state of K is the
dominant one.

From the hopping integrals behavior observed in Fig. 5,
we can ensure that the chosen neighbors of the scatter site in
each case are practically enough for calculating the expansion
required in Eq. (12).

C. Final charge states of the projectile

The final neutral and negative charge fractions as a function
of incoming ion energy are shown in Fig. 6 for the different
scatter sites indicated in Fig. 1. The results presented in
the case of hydrogen scattered by the K atom have been
already published and discussed in Ref. [18]. The oscillatory
behavior observed in this case is caused by the correlated
states of hydrogen interacting with the localized band states
of the potassium. When the scatter site is a carbon atom first
neighbor of K (Cy), the oscillations become attenuated due to
the enabled interaction with the more extended band states of
graphene (see Fig. 5). The marked diminution of the negative
ion fraction in this last case is due to the empty band of
graphene that enhances the possibility of electron loss. The
energy dependence of the charge fractions in the scattering
by a C atom second neighbor of K (C,) is very similar to
the smoother one obtained in the scattering by a C atom of
a pristine graphene surface.

The neutral and negative ion fractions for the scattering
sites C, and C are very similar for energies below 1.5 keV,
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FIG. 5. Atom-atom couplings Vigs) as a function of normal dis-
tance z to the surface, for the different scatter sites according to
Fig. 1. (a) K, (b) Cy, and (c) C,. In the respective insets, the scatter
atom and the neighbors involved are shown (the nonequivalent are
enclosed by orange squares).

while differences are appreciated for the largest energy values
analyzed. As it is shown in Fig. 7, the effective region for the
charge exchange is defined far from the surface at low ion

115406-6



COLLISION OF PROTONS WITH CARBON ATOMS OF A ...

PHYSICAL REVIEW B 102, 115406 (2020)

10 T T T T T T T T T T T T T T T
AN & —A_ 7
‘\v\:\A\
\V\K
0.8- vota vV
Sy > VvV
o v Kx;x\v
° A_,
c AN —A_A A
9 0.6 .\. e—0—-0_¢ .r.‘. T
B 0009 —-e
§ n /\ll':.<. /I’l\ .7'
w“ u
LN |
S 0.4- AN /S
© '\ u
G g -’ m]
0.2 - . P = / -
o g m| a m]
o D/ Ng” \
]
004 2-8 @@@@@@ =9S0=0—v— |
T T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800 2000

incoming ion energy (eV)

FIG. 6. Neutral (full symbol) and negative (open symbol) ion
fractions as a function of the incoming ion energy when HT is
scattered by K (black symbols), by C; (red symbols), by C, (blue
symbols), and by C (green symbols).

velocities and it is closer as the incoming energy grows. Then,
for low energies, the origin of the differences between the
scattering by either C, or C is mainly the interaction with the
4s band states of K, which becomes possible in the scattering
by C,, as it is shown in Fig. 5(c). While for the largest values
of incoming energy for which the effective charge exchange

7
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o
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FIG. 7. ITon energy levels as a function of the distance to the
graphene surface, confronted with the LDOS projected on the scatter
site for both cases: proton scattered by either C, or C atom (see
Fig. 1). The effective charge exchange region of distances for in-
coming energies equal to 600 (blue box) and 1900 eV (orange box)
are shown in the same way as that in Fig. 2.

region occurs close to the surface, the interaction with the
carbon states becomes predominant, as it is also observed in
Fig. 5(c). Then the peak under the Fermi level introduced by
the presence of the adsorbate in the C,-LDOS (see Fig. 7)
increases the possibility of negative ion formation for high
velocities, compared with the case of proton scattering by C.
Thus, the changes in the density of states projected on C, due
to the interaction with the potassium adsorbate (also shown in
Fig. 7) are, to a great extent, the responsible of the differences
in the charge state fractions obtained for both scatter sites, C;,
and C.

The energy dependence of the charge fractions in the
scattering by a C atom second neighbor of K (C,) is similar to
the smoother one obtained in the scattering by a C atom of a
pristine graphene surface, which indicates that for atoms farer
than C, the presence of K does not affect the charge transfer
process, showing the localized effect of alkaline adsorbates
also seen previously in other substrates [15,16].

A nonmonotonous energy dependence of the charge trans-
fer was found in the scattering from pristine graphene and
from HOPG [23,34]. In these projectile/surface systems:
Li/graphene and H/HOPG, the charge fractions dependence
on the incoming energy are related to the suppression of the
hybridization width. Also, a nonmonotonous dependence of
charge transfer versus energy has been found in different
projectile-target combinations, where the dependence is at-
tributed to the presence of a projected band gap and surface
states within it [35-41].

In the present work the more pronounced oscillatory en-
ergy behavior found in the case of the scattering by a carbon
atom in the presence of a K adatom, compared with the case
of a carbon atom in a pristine graphene, is directly related
to the localized electronic states introduced by the weakly
hybridized potassium in the density matrix of the combined
surface K/graphene.

D. Electron and hole distribution in the graphene surface
with a low coverage of potassium

We calculate the energy distribution of holes below the top
of the valence band after the collision as the difference be-
tween the initial electron distribution at # = —oo and the final
one at t = oo [Eq. (7)], Ny(e,00) = N(e, —00) — N(g, 00)
for ¢ < ep, and the energy distribution of excited electrons
N(e, 00), that is for energies above the Fermi level ¢ > gp.
Both of them are shown in Fig. 8 for all the scatter sites
considered according to Fig. 1: K, C;, C;, and C. For clarity,
the hole distribution is shown in one panel and the distribu-
tion of excited electrons is shown in a second panel which
corresponds to the conduction band region for energies above
the Fermi level. The neutralization of the ion projectile and
the excitation of the electrons in the solid are responsible for
the holes that appear in the valence band.

The energy spectra of holes and electrons reflect funda-
mentally the characteristics of the local density of states of
the potassium covered surface (see Fig. 3). Then, when the
scattering is by the K atom, the hole and electron energy
distribution observed in Fig. 8(a) show localized structures
consistent with the 3p and 4s bands of the LDOS on potas-
sium. The very narrow spectra of excited electrons follows the

115406-7



A. IGLESIAS-GARCIA et al.

PHYSICAL REVIEW B 102, 115406 (2020)

15 : 9 :
9
(a)
— 61 64 .
S S
2 2
B < 3 ]
z =
i 0 T
0 1.6 1.7 1.8
0 0 3 6 9 12 15 18
¢ (eV)
15 ——— 9 ——
(b) l45.29 (1/ev)
—~ 1.0 64
3 $
= = x20
) )
£ 0.5] 3
bd z
: . i k
3 0 Fon

0.0 T T i ; ; ; T ; " - "
21 18 15 12 9 6 -3 0 O 3 6 9 12 15 18

& (V) & (eV)
15 ‘ 9
(c)
~ 1.0 _64
S S
< K
= = x20
5 B
£ 0.5 X3
z
e A ' M 0 FO

e (eV) e (eV)

15 ; 9

(d)

— 1.0 —~61
S S
2 2
) ®
£ 0.5 L34 x20
bd P4

0.0 I 0 e

21 18 15 12 9 6 -3 0 0 3 6 9 12 15 18
¢ (eV) € (eV)

FIG. 8. Energy distribution of holes N,(¢, c0) and the energy
distribution of electrons excited to the conduction band N (g, c0) for
different incoming ion energy (black: 1 keV; red: 2 keV), for the four
scatter sites considered: (a) K, (b) Cy, (c) C,, and (d) C. The excited
electron spectra of (b), (c), and (d) are enhanced 20 times.

extremely localized nature of the empty K-4s band. While in
the scattering by a first neighbor C atom (C)), Fig. 8(b), the o
and  bands of graphene begin to have an important presence
on the hole energy distribution, and also in the broadened

Vacuum

g ¥

i : E-,
&, : k

FIG. 9. The autoionization process is shown schematically. An
initial excited electron with energy &; decays to the hole state with
energy &;; then an electron with energy &, is emitted to a final state
with energy E = &7 + & — &),.

spectra of excited electrons. In addition, the possibility of
holes close to the bottom of the band diminishes due to the
relative small contribution of the K-3p states. Narrow and
prominent peaks appear due to the presence of the adsorbed
K atom [see Fig. 3(b)], introducing in this form the signals
of a nearby impurity in the energy distribution of electrons in
the solid after an ion-surface collision. These signals are less
remarkable as the scattering is from a C atom farther from
the K atom [Fig. 8(c)], thus tending to the more extended
energy spectra obtained in the case of the scattering by a C
atom of a pristine graphene [Fig. 8(d)]. In the case of the
scattering by C,, the charge exchange process is dominated
by the interaction with the C atoms. The changes in the LDOS
due to the presence of K (Fig. 3) lead to a larger neutralization
than for the scattering by either K or C; (see Fig. 6). Then
the prominent peak that appears close to the Fermi level in
the holes distribution can be related to the narrow localized
structures in the LDOS of C, and the surrounding carbon
neighbors (see Figs. 1 and 3). While in the case of scattering
by Ci, the direct strong interaction with the K adatom along
the ion trajectory dominates the charge exchange process.
At the analyzed incoming energies, the neutralization is very
similar to that in the case of scattering by K and smaller than
in the case of scattering by C, (see Fig. 6). Then the peak close
to the Fermi level in the holes distribution [Fig. 8(c)] is mainly
related to the contribution of the K-4s band.

E. Energy spectra of emitted electrons

It is interesting, based on the energy distributions shown
in Fig. 8, to analyze the autoionization decay spectra, where
the energy of recombination of a hole and an electron is
transferred to another electron in the valence band [26,42].
The basic idea behind the electron emission from the surface
is schematically shown in Fig. 9.
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The energy distribution of emitted electrons as a function
of the energy NE(E) is given by

NE(E) = Z N(ez, 00)N (gg,, 00)N (&), 00)
KK h
X T(E)S(E — &; — &, + &), (15)

where all the energies are referred to the vacuum level
(E =0); 8(E — &; — &, + ¢€;) ensures the energy conserva-
tion in the emission process (see Fig. 9); and T (E) corre-
sponds to the transmission probability of the quantum step,
given by

4JEJE + U,
2E + Uy + 2VEVE + Uy

Uy = 25.67 eV is the potential barrier (width of the va-
lence band plus work function). The emitted electron spectra
NE(E) given by Eq. (15) is shown in Fig. 10 for each
scattering situation.

In the case of protons scattered by the K adsorbate, an
intense emission of electrons with energies below 15 eV is
obtained for the whole range of incoming energies explored.
The origin of these electron emission is the very narrow peak
of excited electrons limited only to the K-4s empty band [see
Fig. 8(a)]. When the scattering is by a C atom, the extended
features of the 0 and m bands of graphene lead to broader
energy distributions of emitted electrons. The emission of
electrons with larger energies (up to 20-25 eV) is made possi-
ble by the energy distribution of excited electrons broadened
thanks to the extended empty band states of graphene. In the
case of the scattering by C;, the intense emission of electrons
of low energies (below 5 eV) is caused by both the K-4s empty
band and the perturbed empty local density of states on C;
by the potassium. While in the scattering by C,, the direct
interaction with K is less possible, but the emission of low
energy electrons is still more intense than in the case of a
pristine graphene due to the signals of the adsorbed K atom
on the C, local density of states.

As it is observed in Fig. 10, the presence of the potassium
atom is introducing a marked nonmonotonous dependence
of the electron emission on the projectile incoming energy.
This fact has the same origin as that of the oscillatory energy
dependence of the charge fractions: the localized band struc-
tures introduced by the interaction of the adsorbate with the
graphene surface.

As an overview of Sec. III, in LEIS experiments it is
possible to determine if the proton was scattered by either K
or C because of the mass difference that leads to elastic peaks
well separated in energy [43]. For extremely low coverage
of potassium, which is the case studied in the present work,
the proton scattering by the adsorbate has really very little
probability. But this is not the case of the scattering by carbon
atoms, which is the object of study of this work. It is true that
the charge fractions obtained from the analysis of the elastic
peak, corresponding to the scattering by C atoms, correspond
to the scattering by many C atoms, which differ in the distance
to the adsorbate. Then the measured charge fractions will be a
weighted average of the ones for different atoms such as Cy,
C,, and C, discussed in the present work.

T(E) =

(16)
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FIG. 10. Surface contour plot: Energy distribution of emitted
electrons for different incoming ion energies. The color scale is used
to indicate NE (E).

The usual measurements of emitted electron spectra are not
performed in coincidence with the LEIS experiments, then it
is not possible to relate them to the scattering by either K
or C atoms. In our theoretical calculations, the ion-surface
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charge exchange and the electron emission occur in the same
scattering process.

Nevertheless, our results surely allow for understanding the
experimental results in the case of a very low coverage of
potassium. As a first step in the study of different coverage,
our work suggests the possible signals of the presence of ad-
sorbates in the charge fractions and emitted electron spectra,
when protons collide with a K/graphene surface. As a general
conclusion, all these signals come from the localized features
of the LDOS on the adsorbed alkali atom and on carbon atoms
close to the adsorbate, introduced by the peculiarities of the
electronic band structure of the graphene.

IV. CONCLUSIONS

The charge fractions of protons, scattered by a graphene
surface with a low coverage of potassium, have been theoreti-
cally analyzed when the binary collision occurs with different
carbon atoms nearby the K adsorbate. The energy distribution
of holes and excited electrons in the surface and the electron
emission after the collision have also been calculated and
discussed.

Electronic correlation effects were taken into account in
the calculation of the density matrix of the graphene plus
the adsorbate surface, and also in the charge exchange and
electron emission that take place in the scattering of protons
by this composed surface. The Anderson model Hamiltonian
was used for describing the interacting system and the appro-
priate Keldysh Green functions for calculating the physical
magnitudes of interest, such as the probability of the different

possible charge states of the incoming projectile, and the
energy distribution of the electrons that remain in the surface.

The oscillatory dependence of the hydrogen charge frac-
tions with the incoming energy observed in the frontal col-
lision with potassium [18], where the interaction with C
atoms is negligible, becomes attenuated when the extended
band states of graphene becomes more active in the charge
exchange process. In the same way, the marked decrease of
the negative ion fraction, compared to the scattering by K,
is caused by the increasing possibility of electron loss to
the empty graphene bands. The extended band structure of
graphene allows for the emission of electrons with larger
energies (20-25 eV) while in the case of the collision with
K, the emitted electrons have energies below 15-17 eV, and
that is because these electrons come from the recombination
of holes with the excited electrons to the extremely localized
K-4s empty band states.

The signals of the localized structures introduced by the
presence of potassium in the density matrix of the com-
bined graphene plus adsorbate surface are evidenced in the
intense emission of low energy electrons and also in the non-
monotonous dependence on the incoming projectile energy of
both the charge exchange and the electron emission processes.
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