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Understanding the high neutralization yields in collisions of keV Li+ ions with copper surfaces
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Measurements of neutral atom fractions for Li+ scattered by Cu(111) and Cu(001) surfaces as a function
of the exit ion energy and exit angle are reported. Large neutralization rates (between 20% and 60%) are
found in all cases. A first-principles quantum-mechanical based theoretical formalism is applied to describe
the time-dependent scattering process, where neutralization to the Li ground state is considered as the unique
relevant charge transfer channel during the collision. The increase of the neutralization fraction as the exit energy
decreases is well described by the model. The proximity of the projectile energy level to the solid Fermi level
and the large extension of the ion-surface coupling interactions, affecting a large number of surface atoms, play
a decisive role in explaining the experimental yields.
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I. INTRODUCTION

Charge transfer between an atom (ion) and a surface
is a very complex phenomenon whose implications extend
over a large number of different fields, going from chemical
reactions (as in catalysis, for instance) to electron emission and
surface characterization [1,2]. Auger neutralization (AN) and
resonant neutralization (RN) are among the most significant
mechanisms involved in charge transfer. In AN [3], probably
the most efficient neutralization mechanism in ion-surface
collisions, the Coulomb repulsion between two electrons in
the solid promotes the neutralization of the incoming ion by
one of these electrons and the energy promotion of the other
one. In RN the neutralization takes place when one electron
of the solid tunnels to a projectile energy level that lies within
the occupied solid band, i.e., no energy transfer is involved.

Charge exchange is the key process in low-energy ion
scattering (LEIS), one of the most widely used surface char-
acterization techniques [4]. As LEIS is based in the detection
of scattered ions, to get a good sensitivity surface technique
high ion yields at the detector are needed. This situation can
be favored by working with projectiles whose ionization level
lies close to the sample work function, lowering in this way
the probability of neutralization. The alkali-metal ions fill this
condition. Since LEIS also needs low-mass projectiles, in order
to have a large backscattering probability, Li ions are the best
choice for analytical purposes.

As the Li+ ion approaches the surface, the 2s valence level
is broadened and shifted upwards due to the image potential
effect. This shift will set the Li(2s) level above the Fermi
level. In this standard picture, neither AN nor RN are expected.
However, this simplistic picture of the charge exchange process
usually fails. Yarmoff et al. showed that the resonant charge
transfer (RCT) plays a crucial role in the neutralization of Li+
ions with several surfaces (Ref. [5] and references therein).
They also showed that neutralization of alkali-metal ions is
sensitive to the electronic states close to the surface Fermi level.

Kimmel et al. [6,7] studied the neutralization process of low-
energy (5–1600 eV) alkali projectiles on Cu(001), and they
showed the relevance of the atomic resonances near the surface
for the RCT process. They reported large neutral fractions in
Li-Cu(001) collisions (in their scattering geometry the incident
and exit angles are equal). The neutral fraction was found to
monotonically decrease as the perpendicular velocity increases
(the perpendicular energy varies between 4 and 300 eV).

Recently, an unexpectedly large and face-dependent neu-
tralization probability has also been found for Li+ impinging
on the surface of some noble metals (Cu, Ag, and Au) by
Esaulov’s group [8–11]. They used an experimental setup
with an exit angle of 90◦ and found a nonmonotonic behavior
of the neutralization probability, increasing at high and low
incident energies. In addition, strong differences between the
faces (001) and (111) of Cu were also reported. Since this
last result cannot be described by the jellium model, they
suggested that the lower neutralization probability for the
(111) surface could be explained in terms of a dynamical
nonresonant electron transfer involving surface states. In a
recent paper [12], presenting results of Li+ neutralization
on Ag-Au(111), Au(110), and Pd(100), the generality of the
nonmonotonic dependence of the neutral fraction with incident
energy is demonstrated. On the other hand, a nonmonotonic
behavior of the neutralization probability with the exit angle
is also found.

From the theoretical point of view the field has also been
quite active. Different quantum-mechanical approaches were
used to describe the charge transfer process in the interaction
of Li and metallic surfaces [7,13–18]. Since the pioneering
works of Newns and Muda [19,20], several improvements to
the time-dependent Anderson Hamiltonian were introduced.
For instance, the inclusion of a detailed treatment of the
localized and extended characteristics of the projectile-surface
interaction results in a clear improvement of the agreement
with experimental results [18,21]. In a previous work [21],
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we employed the bond-pair approach [22] to describe the
neutralization rates observed in Li+-Cu(111) and Cu(001)
collisions. While for high exit energies the model satisfactorily
describes the experimental results, it fails to explain the
measured neutralization rates for low exit energies.

In this work we present measurements of the neutralization
probability of keV Li+ ions incident along the main crystal-
lographic directions of the Cu(001) and Cu(111) surfaces for
different energies and incident angles. We also extended the
ion energy range measured by Esaulov and co-workers [8–10]
using an experimental setup that allows us to determine the
effect of the parallel velocity. From the theoretical point
of view, we improved our model by modifying three main
features: (i) the crossed elements of the density matrix
between different atomic sites of the solid were incorporated
in the calculation; (ii) more surface atoms (up to fourth-
nearest neighbors) were considered in the collision; and (iii)
a symmetrically orthonormalized atomic basis set for the
substrate atoms was introduced. The comparison between our
experimental results and theoretical calculation allows us to
improve our understanding of this quite exciting system.

II. METHODS

A. Theoretical model

Here, the calculation model of Ref. [21] was used to
describe the resonant neutralization of Li+ impinging on
Cu(001) and Cu(111). It is assumed that the Li ground state is
the only active neutralization channel. To consider or not the
spin fluctuation statistic was found not to lead to very different
results [18,21]. Thus, the charge transfer process analyzed
is focused on the charge fluctuation Li+(1s2)↔Li0(1s22s),
neglecting the spin (spinless approximation).

Briefly, an Anderson-like Hamiltonian is used to describe
the system under consideration:

H =
∑

k

εkn̂k + εan̂a +
∑

k

[Vk,ac
+
k ca + H.c.]. (1)

Here, k corresponds to the surface states, εk is the corre-
sponding energy, n̂k = ĉ+

k ĉk is the occupation number; a refers
to the projectile active state (2s) with energy εa and occupancy
na . Finally, within the bond-pair model used [22], Vk,a

represents the coupling (hopping) between the surface k states
and the Li atom 2s state. An adiabatic atom-surface interaction
is assumed to obtain the hopping terms and the atom energy.
A linear combination of atomic orbitals (LCAO) is used to
describe the solid k states ϕk = ∑

i,Rs
ck
i,Rs

φi(r − Rs) where
the coefficients ck

i,Rs
are related to the elements of the density

matrix through ρi,j,Rs ,Rs′ (ε) = ∑
k ck∗

i,Rs
ck
j,Rs′

δ(ε − εk). Here
lies the first main difference with the calculation performed in
Ref. [21]. In that previous work, the density matrix elements
with �Rs �= �Rs ′ were neglected. The FIREBALL code [23,24] was
used to calculate ρi,j,Rs ,Rs′ (ε) for both Cu surfaces. This code
is based on the local-orbital density functional theory.

The coupling term present in Eq. (1) is calculated by
using a LCAO expansion given by Vk,2s = ∑

i,Rs
ck
i,Rs

V dim
iRs ,2s .

Here V dim
iRs ,2s includes the two-electron contributions of the

dimer projectile-surface atom (at �Rs) under a mean-field
approximation. A good atomic basis set for both elements,

Li and Cu, is necessary to perform this calculation [25,26]. A
relevant difference with the model calculation used in Ref. [21]
is the symmetric orthogonal basis set [27] used to describe the
states of the surface atoms, in order to be consistent with the
calculation of the density matrix [28].

The long range interactions are introduced by considering
the image potential. For large normal distances (z), this
potential represents an important contribution to the projectile
energy level [22,29]:

εI (R) =
{

ε̃I (R) + Vim(za) for z � za

ε̃I (R) + Vim(z) for z > za

where Vim(z) = 1

4(z − zim)
. (2)

Here, the image plane position zim is assumed to be half of the
interlayer distance: 1.71 and 1.97 a.u. for Cu(001) and Cu(111)
surfaces, respectively [30]. In addition, za = 8 a.u. is chosen
to match the long range contribution of the image potential
[22,29] to the short range contribution of the mean-field model
calculation.

To solve the time evolution of the scattering process
introduced by the time dependence of the projectile position
respect to the surface R = R(t), we use the Green-Keldysh
formalism [31]. The average value 〈n̂a(t)〉 gives the probability
that the projectile state is occupied at the time t . This
value is obtained from the Green’s function Faa(t,t ′) =
i 〈ĉ+

a (t ′)ĉa(t) − ĉa(t)ĉ+
a (t ′)〉, as 〈n̂a(t)〉 = 1

2 [1 − i Faa(t,t)].
In this form, the Faa (t,t ′) Green’s function and the

advanced one,

Gaa(t,t ′) = i�(t ′ − t)〈ĉ+
a (t ′)ĉa(t) + ĉa(t)ĉ+

a (t ′)〉,
are necessary to solve the problem. The self-energies determin-
ing the motion equations of these Green’s functions depend on
the local density of the states (Cu DOS) and the atomic Li-Cu
hopping integrals through the LCAO expansion of the k states
in the Vk,2s expression [21].

It is relevant to remark that the theoretical results were
obtained assuming a normal trajectory with the corresponding
normal component of the incoming kinetic energy (according
to the following experimental geometry: incoming angle 45◦
and exit angle 90◦). In other words, in our model we consider
a virtual ion moving perpendicularly to the surface all the
time (approaching and leaving the surface); with incoming and
outgoing velocities identical to the perpendicular components
of the speed of a projectile following the experimental
geometry. The kinematic factor, i.e., the energy loss factor for
the classical binary collision, was also taken into account in the
calculation of the outgoing velocities. It is important to point
out that in our theoretical model the azimuthal direction of the
projectile is irrelevant so experimental results obtained with
different azimuths will be contrasted with our calculations.

The number of surface atoms considered in the present
work constitutes a remarkable improvement relative to the
calculation implemented in Ref. [21]. In this previous work,
only the first-nearest neighbors restricted to the first surface
layer were considered. In this way, solely seven (five) atoms
were taken into account to describe the charge transfer process
involved in the collision of Li ions with the Cu(111) [Cu(001)]
faces. In the work we are reporting here, the calculation code
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was specially prepared to work with a large number of surface
atoms. In this way, up to fourth-nearest neighbors and three
atomic layers were considered (about 10 a.u. away from the
scatter atom). Thus, 37 (34) atoms were involved in the Li-
Cu(111) [Cu(001)] charge transfer calculation: 19 (13) atoms
from the first atomic layer, 12 (12) atoms from the second
atomic layer, and six (nine) atoms from the third atomic layer.
The dependence of the present calculation with the number of
surface atoms considered is also analyzed.

B. Experimental setup

The experiments were performed in a low-energy ion
scattering (LEIS) system that basically consists of an ultrahigh
vacuum (UHV) chamber (base pressure in the 10−9 mbar
range), a differentially pumped ion gun with a velocity filter,
and a time-of-flight (TOF) spectrometer. The UHV chamber is
also equipped with a low-energy electron diffraction (LEED)
system. The Li+ ions were produced in a discharge source
(Colutron) from a heated quartz tube filled with LiCl; then the
accelerated beam was mass analyzed using a Wien filter. For
LEIS-TOF measurements the ion beam is rapidly swept by
applying a square-wave voltage to a pair of deflection plates
(chopper plates) located in front of a rectangular slit to produce
a pulsed ion beam. The Cu single crystals are then bombarded
by this pulsed ion beam.

The energy distributions of the Li+ ion and Li atom
scattered off the sample surface were detected by time-of-flight
methods [32,33]. Basically, the trigger output of the deflection
plates pulse generator is used as the start pulse for a fast
multichannel scaler (Ortec, Microchannel Scaler-MCS). Every
particle reaching the detector after being scattered by the
sample generates a pulse that is accumulated in a particular
time channel of the MCS. After a specific acquisition time the
MCS yields a histogram of the distribution of particle flight
times (TOF spectrum). The pulse repetition rate was 3 kHz.
The scattering angles were fixed at θ = 45◦ (forward scattering,
FS) and θ = 135◦ (backward scattering, BS). In the first case
the incoming and exit angles, measured with respect to the
surface plane, were varied between 10◦ and 35◦. For BS the
exit angle was fixed at 90◦ and this experimental condition
exactly corresponds to the collision geometry assumed in the
theoretical model.

To separate the ions from the neutrals, after scattering from
the surface, we use a pair of deflection plates placed at the
entrance of each drift tube. In FS scattered particles were
detected by two microchannel plates (MCP) mounted in a
chevron configuration at the end of the drift tube (the sample-
to-detector flight path was 155 cm). In BS, scattered particles
were detected by a channeltron electron multiplier (CEM)
mounted at the end of the drift tube (the sample-to-detector
flight path was 137 cm).

The Cu single crystals were mounted on a manipulator that
allows changing the incident (α), exit (β), and the azimuthal
angles (ϕ). Clean Cu(001) and Cu(111) surfaces were prepared
by repeating cycles of 2-keV Ar+ small-angle bombardment
(20◦ from the surface) and annealing at 500 ◦C for 5 min.
The cleanliness was checked by TOF-DRS (direct recoil
spectroscopy), and the order and orientation of the single
crystals were checked by LEED.

FIG. 1. (Color online) TOF-LEIS spectra of total scattered ions
plus neutrals (full squares) and neutral (full circles) particles for
α/β = 25◦/20◦ (FS), Cu(111), ϕ = [110] and for 3 keV Li+ incoming
energy. The striped area indicates the elastic peak width considered
for neutral fraction calculation.

In Fig. 1 we show a typical TOF spectra of total scattered
(ions plus neutrals) and neutral particles for 3-keV incident Li+
ions on Cu(111) at FS and 20◦ exit angle, from the surface.
In both spectra, the elastic peak due to a binary collision of
the incoming Li+ with one surface copper atom is apparent.
For larger times of flight there is a broad background due
to particles that have penetrated below the surface layer and
have scattered from subsurface copper atoms. In these multiple
collisions the projectiles are involved in several electron
exchange neutralization and reionization processes. Since we
are only interested in processes involving binary collisions,
the experimental neutral fraction is obtained through the
integration of a narrow TOF interval (80 ns, �E ∼ 130 eV,
striped region in the figure) centered at the elastic peak.

III. RESULTS AND DISCUSSION

The experimental setup in LEIS experiments, with a fixed
scattering angle, forces us to make a careful analysis of the
different variables. Thus, changing the incoming projectile
energy, for instance, is associated with changes in parallel and
perpendicular velocities of both incoming and scattered ions
and atoms. In the same way, changing the (incoming) exit angle
for a fixed energy produces the same effect. Since usually,
theoretical models deal only with perpendicular velocities, and
most of the time they are limited to only exit trajectories, it is
important to estimate the limits of such assumptions. Let us
first analyze the importance of the incoming trajectory.

In order to analyze the importance of the incoming
trajectory we performed the following experiment. Using the
backward scattering setup (scattering angle equal to 135◦), we
changed the incoming energy and incident and/or exit angles
in order to have large variations of the incoming perpendicular
energy while keeping constant the perpendicular exit energy.
We varied the incident angle between 30◦ and 60◦, and at the
same time the exit angle changed between 105◦ and 75◦. As
the exit angle changed only ±15◦ around the normal direction
the exit parallel energy is almost the same (close to zero),
but the incident parallel energy change was large (it varied
between 800 and 2400 eV). In Fig. 2 we show that, under these
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FIG. 2. Neutral fraction as a function of the incoming perpen-
dicular energy Ei = E0cos2(α) for Li+ incident on Cu(111) in
backscattering. The perpendicular exit energy was kept constant at
2064 eV (see text).

conditions, the neutralization probability is constant. This fact
lead us to a very important conclusion: The final charge state
of the scattered projectiles is completely determined along
the exit trajectory, validating the usual assumption made in
theoretical models.

Since in this experiment we wanted to isolate the incoming
trajectory effects, we kept constant the exit perpendicular
velocity and allowed only minor variations of the parallel one.
Thus, we cannot assure with this evidence that the only impor-
tant physical parameter in these experiments is the exit per-
pendicular velocity. We will later show that this is not the case.

In Fig. 3 we show our experimental results of the neutral
fraction as a function of the perpendicular exit velocity for
Li+ impinging on Cu(001), compared with our theoretical
predictions for the same face. Since different azimuthal
angles (not considered in the theory) as well as different exit
energies and parallel velocities are depicted together, with

FIG. 3. (Color online) Neutralization probability for Li on
Cu(001) as a function of the exit (perpendicular) energy. Experiment:
Open symbols correspond to backscattering (BS) results and different
azimuthal angles measured in forward scattering (FS). Full blue
circles correspond to Ref. [9]. Theoretical results are shown for
comparison (full small circles plus solid line).

perpendicular velocity as the only parameter, the analysis must
be carefully done. Experimental results of Kravchuk et al. [9]
are included for comparison.

In agreement with previous reports [8–10] we found a quite
large neutral fraction compared with our expectations based on
a simple picture of the location of the Li ground state relative
to the Fermi level. We also found a strong dependence with the
perpendicular energy (velocity) for low energies, as well as for
the different azimuths. As the perpendicular energy increases
the dependence of the neutral fraction with energy and azimuth
disappears and the neutralization probability tends to a nearly
constant value. This result is clearly consistent with the
theoretical predictions. The strong increase of the neutral
fraction for small energies, also reported by Kravchuk et al.,
is reproduced by our calculation, although in a smoother way.

The remarkable dependence on the azimuthal angle is clear
evidence of the extension of the Li-Cu interaction. Due to
this interaction, the inclusion of the ion trajectory seems to
be mandatory in any model that includes the lowest energies.
Our model shows a better agreement with the [110] azimuthal
directions than with the less compact [100]. When considering
the ion trajectory, it seems reasonable that compact directions
have more effect on the grazing exit trajectories (larger
parallel velocities), increasing the neutralization probability.
However, even when along the [110] direction surface atoms
are closer; along the other directions the Li interaction with
second-layer atoms may become important. Agreement with
results presented in Kravchuk et al. [9] mainly occurs for
trajectories along the less compact direction, consistent with
the fact that their measurements are performed for normal
ejection being then less sensitive to the azimuthal direction.

In Fig. 4 we depict our results for the (111) face. We can see
that, for the same perpendicular energy, ions with larger energy
(5 keV) have systematically larger neutralization probabilities
(although differences are small). As the only difference in these
experiments is the parallel velocity, this result supports the idea

FIG. 4. (Color online) Neutralization probability for Li on
Cu(111) as a function of the exit (perpendicular) energy. Experiment:
Open symbols correspond to backscattering (BS) results and different
azimuthal angles measured in forward scattering (FS) for a couple
of exit energies. Full blue circles correspond to experimental results
in Ref. [8]. Theoretical results are also shown (full small circles plus
solid line).
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(a)

(b)

FIG. 5. (Color online) Normal distance dependence of the cal-
culated neutral fraction along the trajectory for Cu(111) [Fig. 5(a)]
and Cu(001) [Fig. 5(b)] faces. Three different projectile exit energies
(squares, triangles, and circles for 4000, 1600, and 200 eV, respec-
tively) are plotted to appreciate their dissimilar behavior from about
15 a.u. The solid gray line and the connected shadowed region indicate
the projectile ionization energy level and its width as a function of z,
referred to as the surface Fermi level (EFermi = 0, dotted line). The
Cu total local DOS (striped gray region) is also shown.

that the exit parallel velocity could influence the electronic
interaction.

Let us analyze the neutralization probability as a function
of the perpendicular velocity. The general qualitative trend
is shared for theoretical and experimental results, although
important differences are also apparent. The neutralization
probability exhibits a minimum in all cases. It significantly
increases as the energy decreases, and it slightly grows tending
to a saturation value for larger energies. The theoretical and
experimental results show clear differences between both
crystallographic faces.

Experimentally a minimum is obtained, although when
compared to Ref. [8] results, differences in the location and
magnitude of such a relative minimum are found. A deeper
insight about the different experimental setups used, mainly
the exit velocity characteristics, might shed some light on these
differences.

The theoretical results predict in both faces an important
relative minimum followed by a less pronounced relative
maximum. Experimentally, this relative maximum might
become visible in the measurements on the (001) face but
it is less clear on the (111) face.

Figure 5 shows the theoretical evolution of the projectile
neutral fraction plotted as a function of the perpendicular
ion-surface distance, z (distance between the projectile and
the first atomic layer of the target surface), relative to the
turning point. Three different exit energies were considered for
both crystallographic faces Cu(111) [Fig. 5(a)] and Cu(001)
[Fig. 5(b)]. The total density of states (DOS) of Cu and the
evolution of the Li ionization level (solid line) with its adiabatic
width calculated as �(εa) = 2π

∑
k |Vak|2δ(εa − εk) (shaded

region) along the ion trajectory are also shown in this figure.
Negative distances represent the incoming trajectory. We

observe an interesting effect in this part of the trajectory.
For Cu(111), the Li ionization level starts below the Fermi
level favoring the electron capture and thus, neutralization.
However, between 11 and 7 a.u. the projectile energy level and
width remain above the Fermi level and electron loss becomes
the only mechanism allowed. This effect is clearly observed
in the neutralization curve for 200-eV ions where the neutral
fraction decreases in this region, but it is not perceived for
higher-energy ions. The adiabatic situation is evidently not
reached for 1600- and 4000-eV projectiles and, therefore, the
neutral fraction is unable to instantaneously “map” the details
of the energy level and width. Note that this feature is not
present in the Cu(001) and thus, the subsequent neutral fraction
decrease is not observed for 200-eV projectiles. For distances
closer to 7 a.u., a considerable downshift of the projectile
energy level (well below the surface Fermi level) enhances the
electron capture and, thus, neutralization. As a consequence, Li
ions are mostly neutralized close to the surface, and while the
neutral fraction increases with the energy, it tends to saturate
for energies close to 1 keV. The projectile-surface distance
of maximum approach (turning point) and the time spent by
the projectile near the surface appear as the key factors in the
neutralization values obtained at the end of the incoming tra-
jectory. Nevertheless, our calculations of an incoming neutral
Li atom lead to the same results of the final neutral fractions
in the analyzed energy range, clearly demonstrating that the
final charge state is defined during the outgoing trajectory.

At the starting point of the outgoing trajectory the projectile
atoms are nearly fully neutralized. At this point, and due to
the large energy level width product of the strong interaction,
the electron loss from the projectile atom turns out to be
the most probable charge transfer process. The electron loss
is enhanced as the projectile leaves the surface because the
projectile energy level gets closer to the solid Fermi level,
decreasing in this way the neutralization fraction.

However, a crucial phenomenon arises at the last stage of the
outgoing trajectory. At a projectile-surface distance of about
14 (8) a.u. for Cu(111) [Cu(001)], the projectile energy level
crosses down the Fermi level (see Fig. 5) making possible the
electron capture process. For a negligible energy level width
(as it is generally at these distances) the electron capture would
not be feasible. However, the extended nature of the Li-Cu
system coupling interaction that requires the inclusion of more
surface atoms, which slightly but not negligibly contribute to
the energy width, makes the electron capture viable at such
large distances.

As expected, the process described above becomes more
significant as the exit energy decreases. Under a low exit
energy picture, the projectile atom has more time to “see”
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(a)

(b)

FIG. 6. (Color online) The coupling interaction between the
projectile Li(2s) state and the scatter surface atom Cu(3dz2), Cu(4s),
and Cu(4pz) states are shown as a function of the distance to the
surface in Fig. 6(a) [the result is valid for both faces, Cu(111) or
Cu(001)]. A still significant hopping term at a distance between 7 and
15 a.u. can be observed in the inset of this figure. This observation
strongly suggests the inclusion of surface atoms up to a distance of
about 15 a.u. from the central atom. The projectile energy levels and
adiabatic width can be observed in Figs. 6(b) and 6(c) for Cu(111) and
Cu(001), respectively. In their insets the crossing region is magnified
to appreciate the still relevant energy level width.

(through the Li-Cu hopping) the surface atoms, enhancing
in this way the electron capture process and provoking the
increasing of the neutral fraction at low energies. Note also
that the neutralization fraction becomes more sensitive to the
crystal structure, leading to larger differences between Cu(111)
and Cu(001) neutralization rates at low exit energies.

In Fig. 6(a) we plot the most important hopping terms
showing that they are still not zero at the distances considered.
In Figs. 6(b) and 6(c), the projectile energy level and width are
zoomed in the region where it crosses down the Fermi level.
A still significant energy width can be observed in the inset of
the figure.

The results depicted in Fig. 6 suggest that we can expect
a strong dependence with the perpendicular velocity, a clear
dependence with the electronic surface structure (face depen-
dent), and cannot rule out the possibility of a parallel exit
velocity effect, mainly due to the extended Li 2s state. The
comparison with experiments allows us to gain insight about
all these points.

The remarkable differences in neutralization values ob-
tained for Cu(111) and Cu(001) are mainly due to the very
distinct work functions for both faces: 4.95 and 4.6 eV,
respectively. The lower work function of the Cu(001) increases
the probability of electron capture from the surface, leading in
consequence to a higher neutralization of Li+ ions.

The presence of the local minimum and maximum observed
in both faces is essentially a consequence of a subtle balance
between three factors: the energy level position (relative to
the Fermi level), the energy level width, and the perpendicular
energy considered. As was previously established, the number
of atoms considered plays a major role in the determination of
the energy level width. In this work we considered up to 37
(34) surfaces atoms for Cu(111) [Cu(001)] surfaces. However,
the inclusion of more surface atoms is expected to improve the
calculation, especially for very low and very high energies and
grazing conditions. According to Fig. 6, the convergence of the
neutral fraction with the number of surface atoms would be
reached when atoms up to 15 (10) a.u. away from the central
point (scatter atom) are included for Cu(111) [Cu(100)]. It
implies that considering up to fourth-nearest neighbors would
be roughly sufficient to achieve convergence, although a
calculation including up to fifth- or sixth-nearest neighbors
(not performed in the present work due to the extremely high
calculation times involved) is essential to precisely assess it.

In a recent paper [12], the increase in the experimental
neutralization observed at low energies was reasonably well
described by a simplified description of the collision process.
This calculation is based on a linearized rate equation for deter-
mining the Li valence electrons as a function of the distance to
the surface, using density functional theory (DFT) to describe
the Li-surface interaction. By contrast, the present calculation
contains a thorough dynamical quantum description of the
whole collision process described by a time-dependent Ander-
son model that allows obtaining neutralization rates at any time
point, permitting a more exhaustive analysis of the physical
mechanisms linked to the charge transfer process studied.
It is also important to mention that the present calculation
offers a good description of the different features observed
in the experimental neutralization vs energy curves, such as
the position of the minimum neutralization magnitude and the
general trend observed.

In order to assess how relevant are the different modifi-
cations introduced in the theoretical model, in Fig. 7(a) we
contrast the Li 2s energy level width for Cu(111) obtained
from different calculations: (i) Ref. [17]; (ii) Ref. [12]; (iii)
our previous calculation Ref. [21], where only the first-nearest
neighbors and diagonal terms of the density matrix were
taken into account; (iv) our previous calculation improved by
considering the crossed terms of the density matrix; and (v) the
current calculation including up to fourth-nearest neighbors
and the complete density matrix. In Fig. 7(b) we compare the
neutral fractions corresponding to cases (ii)–(v).

Considerable differences in neutral fractions are encoun-
tered when the present model is contrasted with other models
even when the energy level widths are comparable [compare
results of Refs. [12,21] in Figs. 7(a) and 7(b)]. It is important
to remark that Chen et al. [12] assume that the evolution of the
number of Li valence electrons can be determined, in a first
approximation, from a linearized rate equation. This simplified
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(a) (b)

FIG. 7. (Color online) (a) The energy level width for the Li-
Cu(111) system is compared for different calculations: (i) Ref. [17];
(ii) Ref. [12]; (iii) our previous calculation, Ref. [21], where only
the first-nearest neighbors and diagonal terms of the density matrix
were taken into account; (iv) our previous calculation improved by
considering the crossed terms of the density matrix; and (v) the current
calculation including up to fourth-nearest neighbors and the complete
density matrix. The comparison between cases (iv) and (v) is extended
up to 16 a.u. to show the appreciable differences at large distances
(inset). In (b) the neutral fractions corresponding to cases (ii)–(v) are
contrasted.

scheme that links the transition probability with the width of
the partial density of states on Li does not take into account
the quantum interferences between the transition amplitudes
along the projectile trajectory.

The comparison between the present, intermediate, and
previous calculations reveals that the inclusion of the density
matrix cross-terms introduces a major transformation in the
energy level width and in the whole range of the neutral fraction
vs energy curve. Alternatively, the insertion of more surface
atoms barely alters the energy level width up to around 8 a.u.
However, for bigger distances the continuously larger energy
level width when more atoms are included [inset, Fig. 7(a)]
leads to a substantial increase of the neutral fraction in the
low-energy range, consistent with the experimental data (see
Fig. 4). Although not shown, similar results were found for
Cu(001).

IV. CONCLUSIONS

We report experimental and theoretical results about the
neutralization probability of Li+ ions on Cu(001) and (111)
surfaces. In agreement with previous findings, we found an

unexpectedly high neutralization probability, based on the
simple idea of atom level location and image forces.

We show both experimentally and theoretically that the neu-
tralization probability is completely determined along the exit
trajectory. We found a strong dependence on the face (basically
due to the different work functions) and also on the azimuthal
angle. This allows us to conclude that the extension of the Li
2s state, leading to electronic interactions with the substrate
for quite large distances, causes the neutralization probability
to depend not only on the electronic structure around the
scattering center, but also on the electronic structure along the
complex trajectory. If we want to analyze cases with parallel
velocity, we need to include the exit ion trajectory in our model.

A theoretical formalism was applied to contrast experimen-
tal results with calculations. The experimental neutralization
vs exit energy general dependence is very well reproduced
by the model for both Cu faces, while important differences
in magnitudes are observed for Cu(111). A detailed analysis
of the neutralization rate evolution allow us to conclude: (i)
the final projectile charge state is mostly defined during the
outgoing trajectory, being especially relevant the last part of
this trajectory (distances higher than 14 a.u.) for low exit
energies; (ii) the insertion of the density matrix cross-terms
introduces remarkable changes in the energy level widths
as well as in the neutralization fraction vs energy curve
(whole energy range); (iii) the inclusion of a large number
of surface atoms is essential to explain the observed trend
of the neutral fraction in the low-energy range; and (iv) the
unexpectedly high neutralization observed at low energies can
be primarily attributed to the peculiarly large extension of the
Li-Cu coupling.

A more accurate description of the Tamm surface state
which is pushed out of the top of the d band in the case of
Cu(111) [34–36], and the inclusion of the Cu(001) image states
[37,38] might lead to further improvements in the calculation.
The presence of a Tamm state near the Cu(111) surface may
introduce relevant modifications in the neutralization at large
energies, where short projectile-energy distances are permitted
and play a significant role. Alternatively, the image state
may become important in Cu(001) due to a possible bonding
interaction with the Li 2s state (see Ref. [21]).
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