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a b s t r a c t

Large and face dependent neutral fractions have been found recently in the scattering of Li+ by Cu(100)
and Cu(111) surfaces. These results for high work function surfaces are unexpected within the ‘tradi-
tional’ picture of a Li+ ion departing from a jellium surface model. In the present work the Li+/Cu(100)
and Li+/Cu(111) interacting systems are described by a previously developed bond-pair model based
on the localized interactions between the projectile ion and the atoms of the surface, and on the extended
features of the electronic band structure through the surface local density of states. By only including the
resonant neutralization to the Li atom ground state we explained the face and energy dependences of the
measured neutral fractions for large outgoing energy values. We found that the downward shift of the Li
ionization level below the Fermi level caused by the short range chemical interactions, is the main
responsible of a high neutralization by the resonant mechanism. The remaining differences between the-
ory and experiment values can be explained in terms of the energy gaps and image potential states
appearing in these surfaces. The calculated distance behaviours of the energy levels corresponding to
the first excited (Li-1s22p) and the negative (Li-1s22s2) atomic configurations indicate that they can also
participate in the ion-surface charge exchange process.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The understanding of the mechanisms of charge exchange be-
tween an atom and a surface occurring either in non-equilibrium
processes like ion-surface collisions or in equilibrium processes
like adsorption/desorption, is a matter of enormous interest in ba-
sic and applied researches such as surface characterization, micro-
and nano-technology, film growth, etc. The quite extensively
investigated resonant electron tunnelling as one of the most
important mechanisms of charge transfer in the interaction of alka-
li metal ions with metal surfaces is still the object of numerous the-
oretical and experimental studies [1–22]. In the case of a Li
projectile scattered from a metallic surface, its low ionization po-
tential (5.39 eV) when compared with the typical values of metals
work functions (/, varies between 4 and 5.5 eV) induces to think in
small neutral fractions that should decrease with increasing /, if
we see the surface as a jellium. In this surface model the Li level
is broadened and shifted by the image potential, remaining above
the Fermi level for close distances. For larger values of the metal

work function the level crosses above the Fermi level at larger
atom surface separations, and the electron capture becomes less
efficient. In the description of the Li+/metal surface collision it is
usually assumed a memory loss along the incoming trajectory,
and the initial condition for the departure from the surface at a dis-
tance typically around 3 a.u. corresponds to the ionic state Li

+
. This

initial charge state for the outgoing trajectory is consistent with
the extended image potential upward shift of the level that posi-
tions it well above the Fermi level. In this form it is found a prob-
ability of neutralization to the ground state that increases as the Li
outgoing energy diminishes, because at low energies the interac-
tion time is large enough as to involve the region of distances for
which the Li level is below the Fermi level.

Different theoretical treatments of the dynamical collision pro-
cess were performed, but in general they consider a level shift only
induced by the image potential and Li+ as the initial condition for
the outgoing trajectory. For example, Marston et al. [9] used a gen-
eralized time-dependent Anderson–Newns Hamiltonian for
describing resonant charge transfer in Li+/Cu(100) collisions that
included electron spin, excited neutrals and negative-ion states.
They employed a systematic 1/N expansion to treat the many-body
correlations, with N the spin degeneracy of the electron; and they
extracted the coupling term from the level width calculated by
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assuming that the copper is adequately described by a jellium
metal.

Niedfeldt et al. [12] used also a time-dependent Anderson Ham-
iltonian for describing the resonant charge transfer between Li+

and Al(001) surface within the non-crossing approximation to ac-
count for the spin statistics [23]. In this case the coupling parame-
ter was determined from the adsorbate resonance width calculated
by using a first-principles periodic density functional theory that is
able to include the band structure details. Their theoretical calcu-
lation does not allow for extracting easily the level shifts, and
therefore they used shifts that essentially follow the classical im-
age potential.

Canario et al. [17] presented experimental and theoretical re-
sults of the neutralization of Li+ ions scattered off a Ag(100) sur-
face. They performed a fully quantum-mechanical treatment
based on the wave-packet propagation (WPP) technique by using
either a potential that reproduces the main features of the
Ag(100) surface (projected bandgap, surface and image potential
states), or a free-electron modelling of the Ag(100) surface. The
spin statistics effect was accounted for in an approximate way.
The authors found that the existence of the projected bandgap pro-
duced strong modifications in the adiabatic calculation of the shift
and width of the atom level as compared to the free-electron metal
case. On the other hand they found that the band structure effects
almost disappeared for the moving atom due to the finite interac-
tion time, and that a free-electron model was successful for
describing the experimental data in the case of a Li+/Ag(100) col-
lision. In the adiabatic calculation performed in Ref. [17] the atom
level is shifted above the Fermi level at much shorter distances
than in the free-electron case; and provided that the impinging
Li(2 s) atom is completely ionized in the incoming trajectory, time
reversal was used to obtain the neutralization probability of the
outgoing Li+ ion.

An experimental study of the effect of progressive changes in
the electronic structure of (111) metal surfaces (Ag, Cu, Au) on
neutralization of Li+ ions revealed an anomalously high neutraliza-
tion on these high workfunction surfaces and an unusual ion en-
ergy dependence [15]. The authors found that in the case of
Ag(111) the jellium model underestimated the experimental data
although the energy trend was similar. In the case of Cu(111),
however, the prediction of this model turned out to be off by a fac-
tor of several hundred and did not reproduce the energy depen-
dence. Essentially no neutralization was expected in the case of
Au(111) according to the ‘traditional’ picture of a Li+ departing
from a metal surface of very high work function (5.4 eV). They
attributed their results to a non-adiabatic electron transfer process
involving a dynamical velocity dependent electron pickup from the
surface states and a very large survival due to the presence of the L-
bandgap in these (111) surfaces. Hamoudi et al. [21] found re-
cently that the neutralization probability of Li+ on Au(100) had a
similar magnitude to that on Au(111) and a similar energy depen-
dence. On the other hand, it is possible to observe that the neutral-
ization probabilities measured in the case of Li+ scattered by metal
surfaces of similar workfunctions (/ around 4.6 eV) such as
Ag(100) [17], Ag(111) [15], and Cu(100) [16] are also similar in
magnitude and dependence on energy. The question is how much
the neutralization mechanism depends on the electronic structure
of these surfaces related to positions of bandgaps and image poten-
tial states [24,25].

The neutral fraction found in the case of Li+ scattered by a highly
oriented pyrolytic (HOPG) graphite surface with / equal to 4.7 eV
[26] was also similar to that measured in the Cu (100), Ag (100)
and Ag (111) surfaces in the range of large incoming energies. In
Ref. [26] a complete opposite picture to the jellium model was
used for describing the collision system. The atom-surface interac-
tion model is essentially based on the expansion of the solid state

wavefunctions in atomic orbitals centred at the different atoms of
the surface, which leads to localized atom–atom interactions
weighted by the density matrix elements of the solid that account
for the band structure details. The short range chemical interac-
tions between the projectile atom and the surface determine a pro-
nounced downshift of the atom level below the Fermi level at
distances close to the surface, thus leading to a practically full neu-
tralization in the incoming path. In this form a neutral atom is leav-
ing the surface and an increasing neutral fraction is expected at
larger energies.

We used in the present work the same model calculation of Ref.
[26] for describing the resonant neutralization of Li+ impinging on
Cu(100) and Cu(111) for different incident energies. The adiabatic
shift and width of the Li(2 s) level and the neutral fraction in the
collision process are calculated by using a Green function tech-
nique. It is assumed the Li ground state as the only active channel
for the neutralization process. A good agreement with the experi-
mental trends is found within the range of not very low exit ener-
gies (>600 eV), showing a better agreement in the case of Cu(100)
surface. In order to explain the differences between the theoretical
and experimental results we discussed the possible effect of the
energy gaps and of the image potential states on the neutralization
process. It is also discussed the contribution of other electronic
channels not considered in this first approximation: neutralization
to the excited state Li(1 s22p) and the formation of negative ions as
an intermediary state in the process of neutralization to the ground
state.

2. Theory

2.1. Interaction model

The Hamiltonian for describing the atom-surface interaction is
an Anderson one like the following:

H ¼
X
~k;r

e~kn̂~kr þ Hatom þ Hatom�surface ð1Þ

The first term in Eq. (1) refers to the solid states of energy e~k and
occupation number n̂~kr per spin projection r. The second term is
related with the atom electronic configurations considered as the
most probable ones in the charge exchange process; and finally
the last term is the interaction between these electronic configura-
tions and the band states of the solid surface.

In this work we are considering only the neutralization to the
ground state of the Li atom, then the Hatom is given by the
expression:

Hatom ¼ E0 0j i 0h j þ
X
r

E1=2 rj i rh j ð2Þ

where 0j i; rj i represent the ionic (Li-1s2) and neutral (Li-1s22s) con-
figurations, respectively. The two energy degenerate possibilities of
spin r are taken into account in the neutral configuration (1s22s).

Within the bond-pair model used for describing the atom-sur-
face interaction [27], the difference between total energies
E1=2 � E0 that asymptotically gives the Li ionization energy, results
to be:

~eI ¼ E1=2 � E0

¼ e0 �
X
~Rs

VZs ;~Rs
2s;2s þ

X
i;~Rs

ð2~J2s;i~Rs
�~JX

2s;i~Rs
Þhnii �

X
i;~Rs

S2s;i~Rs
Vdim

2s;i~Rs

þ 1
4

X
i;Rs

S2
2s;i~Rs

DE2s;i~Rs
ð3Þ

In Eq. (3) the index i denotes the type of orbital (s, p, d,...) and~Rs

the position of the atoms in the solid; while 2 s indicates the active
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state in the projectile atom. The e0 �
P

~Rs
VZs ;~Rs

2s;2s term accounts for
the one-electron contributions (kinetic energy and electron-nuclei
interactions); ~J2s;i~Rs

;~JX
2s;i~Rs

are the direct and exchange Coulomb inte-
grals calculated up to a second order expansion in the overlap
S2s;i~Rs

of the symmetric orthogonal atomic basis set. The average
occupations hnii of the atoms in the solid are the non-perturbed
ones obtained from the local surface density of states. The DE2s;i~Rs

term corresponds to the difference between the projectile atom
and surface atom energy terms, and Vdim

2s;i~Rs
is the off-diagonal term

that also includes the two-electron contributions to the hopping
within a mean-field approximation. The super-index dim indicates
that it is calculated within the orthogonal basis set for the corre-
sponding dimmer composed by the projectile atom and one of
the solid at the position ~Rs. The total energies are calculated with-
out allowing charge exchange between atom and surface, being the
Li energy level variation caused by overlap and mean-field electro-
static interactions.

This model interaction is fundamentally based on the expansion
of the band states u~k in the atomic orbital basis set f/ið~r �~RSÞg:

u~kð~rÞ ¼
X
i;~RS

c
~k
i;~RS

/ið~r �~RSÞ; ð4Þ

The coefficients c~k
i;~Rs

determine the density matrix elements
qi;j;~Rs ;~Rs’

ðeÞ of the solid through the expression (the index i and j de-
note the Cu 3d, 4 s and 4p orbitals in the case of the valence band
states):

qi;j;~Rs ;~Rs’
ðeÞ ¼

X
~k

c
~k�
i;~Rs

c
~k
j;~Rs0

d e� e~k
� �

ð5Þ

In this way our model incorporates the localized properties of
the involved atoms through an adequate atomic basis set, and
the extended properties of the surface from the knowledge of the
density matrix elements given by Eq. (5) [27].

The effect of the long range interactions is introduced by con-
sidering the image potential defining the behaviour for large nor-
mal distances (z) to the surface (z > za) [27,28]:

eIðRÞ ¼
~eIðRÞ þ VimðzaÞ for z 6 za

~eIðRÞ þ VimðzÞ for z � za

�
ð6Þ

where

VimðzÞ ¼
1

4ðz� zimÞ
and zim is the image plane distance from the first surface layer of
atoms.

Consistently with this picture, the Hatom-surface is:

Hatom-surface ¼
1ffiffiffi
2
p

X
~k;r

V~k;2sĉ
þ
~kr

0j i rh j þ h:c:
h i

in which 1=
ffiffiffi
2
p

has to be with the two–fold spin degeneration, and
the coupling term V~k;2s is calculated accordingly to the expansion
Eq. (4) as:

V~k;2s ¼
X
i;~Rs

c
~k
i;~Rs

Vdim
2s;i~Rs

ð7Þ

It is important to notice that the inner bands of the surface can
be straightforwardly included in our calculation by considering
them as zero-width bands.

2.2. Dynamical evolution of the scattering process: atom charge state
probabilities

The Green functions required to solve the time evolution intro-
duced by the time dependence of the projectile position respect to
the surface ~R ¼ ~RðtÞ, are:

Grðt; t0Þ ¼ iHðt0 � tÞ U0h jf rj i 0h jt0 ; 0j i rh jtg U0j i
Frðt; t0Þ ¼ i U0h j½ rj i 0h jt0 ; 0j i rh jt � U0j i

ð8Þ

being U0 the wave function that describes the interacting system in
the Heisenberg scheme. These Green functions are calculated by
using the equations of motion (EOM) method solved up to a second
order in the coupling parameter which has proved to be a very accu-
rate calculation of time dependent processes [29].

After some algebra, and taking into account the norm
constraint:

0j i 0h j þ
X
r

rj i rh j ¼ 1

the final differential equations obtained are (~Va;2s ¼ Va;2s=
ffiffiffi
2
p

):

i
d
dt

Grðt; t0Þ ¼ ð1� h �rj i �rh jit0 Þdðt � t0Þ þ eIGrðt; t0Þ

� i
X

k

~V�k;2sðtÞh �rj i 0h jĉk�rit0e�iekðt�t0Þ

þ
Z t0

t
dsRA

rðt; sÞGrðs; t0Þ ð9Þ

i
d
dt

Frðt; t0Þ ¼ eIFrðt; t0Þ � i
X

k

ð2f ðekÞ � 1Þ~V�k;2sðtÞ

� h �rj i 0h jĉk�rit0e�iekðt�t0 Þ þ
Z t

t0

dsRR
rðt; sÞFrðs; t0Þ

þ
Z t0

t0

dsXrðt; sÞGrðs; t0Þ ð10Þ

where:

h rj i 0h jĉ~krit ¼
X
i;~Rs

c
~k
i;~Rs
ð�1=2Þ

Z t

t0

ds~Vi~Rs ;2sðsÞe
ie~kðs�tÞ½Frðs; tÞ

� ð2f ðe~kÞ � 1ÞGrðs; tÞ� ð11Þ

The self-energies determining the motion equations of these
Green functions read:

RA
rðt; sÞ ¼ iHðs� tÞ

X
i;j;~Rs ;~Rs0

~V�
i~Rs ;2s
ðtÞ~Vj~Rs0 ;2sðsÞ

Z 1

�1
deqi;j;~Rs ;~Rs0

ðeÞ

� ½1þ f ðeÞ�eieðs�tÞ

¼ RR�

r ðs; tÞ ð12Þ

Xrðt; sÞ ¼ i
X

i;j;~Rs ;~Rs0

~V�
i~Rs ;2s
ðtÞ~Vj~Rs0 ;2sðsÞ

Z 1

�1
deqi;j;~Rs ;~Rs0

ðeÞ½2f ðeÞ � 1�

� ½1þ f ðeÞ�eieðs�tÞ ð13Þ

f ðeÞ is the Fermi-Dirac function, f ðeÞ ¼ 1=½1þ eðe�lÞ=kBT �:
Adequate boundary conditions are required for solving Eq.(10).

They are in the case of Li+?Li0:

h rj i rh jit0
¼ h �rj i �rh jit0

¼ 0 and Frðt0; t0Þ ¼ �Grðt0; t0Þ;

while in the case of Li0 ? Li+:

h rj i rh jit0
¼ h �rj i �rh jit0

¼ 1
2

and Frðt0; t0Þ ¼ Grðt0; t0Þ:

In this way, we calculated hn̂ri ¼ h rj i rh ji from its time derivative:

d
dt
hn̂ri ¼ 2Im

X
~k

~V~k;2sðtÞh rj i 0h jĉ~krit

By using equations Eqs. (11) and (7) and the expression Eq. (5)
of the density matrix elements, we arrived to:
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d
dt
hn̂ri ¼ �2Im

X
i;j;~Rs ;~Rs0

Z 1

�1
deqi;j;~Rs ;~Rs0

ðeÞ~V�2s;i~Rs
ðtÞ

�
Z t

t0

ds~V2s;j~Rs0
ðsÞeieðs�tÞ½Frðs; tÞ � ð2f ðeÞ � 1ÞGrðs; tÞ� ð14Þ

The probability of having neutral Li atoms in the ground state is
finally P0

res ¼ 2hn̂ri.

2.3. Energy level width and shift due to the adiabatic interaction

Our model allows for calculating the shift and the width of the
energy level of an atom interacting in an adiabatic way with the
surface [30]. In this case the Fourier transform of the Green func-
tion Grðt; t0Þ defined by the differential Eq. (9) is:

GrðxÞ ¼
1� hn̂ri �

P
~k

~V�
~k;2s

x�e~k�ig h rj i 0h jĉ~kri

x� eI � RA
rðxÞ;

The level width U as a function of the atom position~R respect to
the surface is defined by the imaginary part of RA

rðxÞ evaluated at
the atom energy level shifted by the interaction (�eI):

C ¼ 2ImRA
rð�eIÞ

¼ 2p
X

i;j;~Rs ;~Rs0

~V 0
i~Rs ;2s
ð~RÞ~Vj~Rs0 ;2sð~RÞqi;j;~Rs ;~Rs0

ð�eIÞ½1þ f ð�eIÞ� ð15Þ

The atom energy level shift is given by the real part of RA
rðxÞ,

being �eI defined as:

�eI ¼ eI þ
P
p

Z 1

�1
de

ImRA
rðeÞ

eI � e
ð16Þ

where P denotes the principal value.
The projected density of states per spin on the Li atom, qr = (1/

p) Im GrðxÞ, can be also calculated in this form at different dis-
tances between Li atom and Cu surface.

The density matrix elements defined by Eq. (5) can be written
by discriminating between the parallel (~kk) and perpendicular
(kz) to the surface components of the wavevector ~k ¼ ð~kk; kzÞ, as:

qi;j;~Rs ;~Rs0
ðeÞ ¼

X
~kk ;kz

c
~kk
i;~Rs
ðkzÞc

~kk
j;~Rs0
ðkzÞ exp½�i~kk:ð~Rs �~Rs0 Þ�dðe� e~kk ;kz

Þ

ð17Þ

The contributions from site diagonal and non-diagonal terms of
the matrix density to the level width U can be separated in Eq. (15)
accordingly with Eq. (17), being obtained the following expression:

C
2p
¼
X
i;j;~Rs

~V�
i~Rs ;2s
ð~RÞ~Vj~Rs ;2sð~RÞqi;j;~Rs

ð�eIÞ½1þ f ð�eIÞ�

þ
X

i;j;~Rs–~Rs0

~V�
i~Rs ;2s
ð~RÞ~Vj~Rs0 ;2sð~RÞ

X
~kk ;kz

c
~kk
i;~Rs
ðkzÞc

~kk
j;~Rs0
ðkzÞ

� exp½�i~kk:ð~Rs �~Rs0 Þ�dð�eI � e~kk ;kz
Þ½1þ f ð�eIÞ� ð18Þ

The main contribution is provided by the first term which in-
volves only the local and partial density of states (LDOS) of the
surface:

qi;j;~Rs
ðeÞ ¼

X
~kk ;kz

c
~kk
i;~Rs
ðkzÞc

~kk
j;~Rs
ðkzÞdðe� e~kk ;kz

Þ ð19Þ

The second term in Eq. (18), ~Rs–~Rs0 , accounts for the peculiari-
ties of the 3D band structure of a crystalline target, that can be
for instance the existence of a band gap along certain directions.

In this work the self-energies for the dynamical process given
by Eqs. (12) and (13), and the level width and shift for the static sit-
uation, Eqs. (15) and (16), were calculated by considering only the
site diagonal terms of the density matrix, that is the LDOS qi;j;~Rs

ðeÞ
[26,28]. In this way the extended features of the surface states
actually involved in our calculation are those described by the
LDOS for both Cu surfaces. This is expected to be a good approxi-
mation for large angle collisions and not very low impinging ener-
gies in which the time spent by the projectile near the surface is
very short to capture the finest structure characteristics along
the parallel direction to the surface.

3. Results and discussion

3.1. Dependence of the Li ionization energy level with the distance to
the surface

The Li ionization energy level was calculated from Eqs. (3) and
(6) by using a full-electron description of the Li–Cu interacting sys-
tem, with atomic Gaussian basis set provided by Huzinaga [31]. In
both Li and Cu atoms, p-polarization functions were included. The
image plane position zim is assumed as half an interlayer spacing,
1.71 and 1.97 a.u. for Cu(100) and Cu(111) surfaces, respectively
[32], and the matching between the short and long range behav-
iours of the interaction potential is done at za = 8 a.u. [27,28].
The local and partial density of states qi;j;Rs

ðeÞ for both Cu surfaces
was calculated by using the FIREBALL code [33]. This code is
based on a density functional theory within a local density approx-
imation that employs a localized numeric-like orbital basis set
[33].

The energy level as a function of the distance to the surface (z),
given by Eq. (3), for the Li atom in front of Cu(100) is depicted in
Fig. 1a, and for the Li atom in front of Cu(111) in Fig. 1b (the zero
energy corresponds to the Fermi level in each case). This energy le-
vel value does not include the shift introduced by the atom-surface
coupling terms in the interaction process.

In Fig. 1 it is also shown the local density of states projected on
one surface atom, calculated as:

q~Rs
ðeÞ ¼

X
i;j¼3d;4s;4p

X
~kk ;kz

c
~kk
i;~Rs
ðkzÞc

~kk
j;~Rs
ðkzÞdðe� e~kk ;kz

Þ

In both Cu surfaces the 3d-orbitals contribute strongly to the
peaked structure in the LDOS, being this one closer to the Fermi le-
vel in the Cu (100) case. The 4 s and 4p valence states are mainly
contributing to the conduction band.

The distance dependence of the Li ionization level was calcu-
lated by assuming in Eq. (3) the interaction with: (i) only the scat-
ter atom on the surface at Rs = (0,0,0); (ii) the scatter atom and its
first neighbors; and (iii) the scatter atom and its first and second
neighbors. We can observe that there are not important changes
when second neighbors are added, and that the downshift of the
energy level close to the surface becomes more pronounced when
there are included all the surface atoms that are able of interacting
with the projectile atom. A less marked opposite effect is observed
at large distances. The image potential is practically the only one
responsible of the energy shift of the Li ionization level (5.39 eV)
at distances larger than 9 a.u. It is observed in Fig. 1 that the ioni-
zation level is crossing below the Fermi level at distances around
10 a.u. in the case of the smallest work function Cu(100) surface
(/ = 4.6 eV), while in the case of Cu(111) (/ = 4.95 eV), it is above
the Fermi level up to distances around 12 a.u.. The interaction is
operative up to distances around 10 a.u accordingly to the distance
dependence of the hopping integrals.

It is possible to infer about the resonant neutralization probabil-
ity by analyzing the energy level position in comparison with the
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density of occupied and empty band states of the surface. Within
the incoming trajectory the Li+ ion is going to be neutralized effi-
ciently due to the pronounced downshift of its energy level close
to the turning point, whose minimum (0.4 a.u.) and maximum
(1.5 a.u.) values within the energy range analyzed are indicated
in Fig. 1. Along the outgoing trajectory the electron loss process
is more probable in the case of Cu (111) because the energy level
crosses above the Fermi energy at smaller distance from the sur-
face and becomes more upward shifted. But due to the atom en-
ergy level position above the Fermi energy for large operative
distances, a decaying neutral atom surviving probability is ex-
pected for both surfaces at low incoming energies.

Regarding the shift of the energy levels of an atom in front of a
metallic surface, there are theoretical and experimental predic-
tions that this shift can be substantially modified at smaller dis-
tances compared to the image potential [34–37,26]. It is found
that close to the surface strong short-range chemical interactions
with neighboring metal atoms become important and lead to large
shifts in the energy levels, and that ion neutralization at clean,
high-work function metal surfaces occurs at much smaller ion-sur-
face separations, typically 2–3 a.u., than inferred from earlier mea-
surements [35].

3.2. Dynamic collision process: neutralization probability. Atom level
shift and width due to the adiabatic interaction

The measurements of Ref. [15,16] were performed by using a
scattering angle d of 114� and an exit angle normal to the surface
(b = 90�), this means an incident angle a = 24� respect to the sur-
face plane. To include all the Cu atoms of the surface that are able
to interact with the projectile atom, according to the experimental
scattering geometry, becomes a very hard task due to the complex-
ity of the Li–Cu system. Preliminary calculations by considering
only the scatter atom on the surface and either the experimental
scattering geometry (a = 24� and b = 90�), or a normal trajectory
(a = b = 90�) but with incoming and exit velocity values corre-
sponding to the perpendicular components of the experimental
geometry, lead to the same results. This fact suggested that the ex-
change process is defined fundamentally along the outgoing trajec-
tory. On the other hand, minor differences were found between the
final neutralization probabilities calculated by considering either
incoming neutral atoms or incoming ions, confirming in this way
the memory loss of the incoming trajectory.

Then, our results were obtained assuming a normal trajectory
with the corresponding normal component of the incoming energy
Ein = Ek

*sin224� and an exit energy Eout = 0.7*Ek, being Ek the incom-
ing ion kinetic energy and 0.7 the energy loss factor for the Li–Cu
system at a scattering angle of 114�. The distance of closest ap-
proach at the different incoming energies is calculated consistently
with the binary collision model from the interaction energy of the
dimmer Li–Cu system.

Taking into account the convergence with neighbor atoms
found in the case of the Li energy level calculation (Fig. 1), the scat-
ter Cu atom and its first neighbors were also considered in the
description of the dynamical interaction process (the sum over Rs

in Eq. (12) and (13) is extended to the scatter atom and its first
neighbors). The Cu-3s and Cu-3p inner band states were also in-
cluded in the calculation.

It is not expected in this case parallel velocity effects [1,38–39]
due to the outgoing motion of the projectile perpendicular to the
surface.

The neutralization probability as a function of the Li ion dis-
tance to the surface is shown in Fig. 2, for the two Cu surfaces
and for two exit energy values: 300 and 1200 eV. These results
can be well understood if the adiabatic evolution of the charge ex-
change process by considering both, the shift and the width of the
energy level due to the interaction, is simultaneously observed.
Then, in Fig. 2a and b the energy level shifted accordingly to the
expression Eq. (16), and the width calculated by using Eq. (15)
drawn as error bars are also shown. Starting from a highly neutral-
ized Li ion at the beginning of the outgoing path, the upward shift
of the projectile level above the Fermi energy with a level width
giving place only to electron loss processes, occurs at smaller dis-
tances in the case of Cu(111). Thus, it becomes evident from these
figures that the neutralized Li is going to survive more efficiently in
the Cu(100) surface for finite interaction times.

It is interesting to compare (see Fig. 3) the large distance
(z > 6 a.u.) behaviour of the level width calculated by using Eq.
(15) with the level width obtained from the projected density of
states calculated using a first principles electronic structure method
[13]. A periodic density functional theory (DFT) within a local
density approximation (LDA) is used in the calculation of Ref. [13]
in order to investigate the effects of a Cu surface band gap on the
Li ionization level lifetime. They found that the d-band can mediate
an effective interaction between the energy levels of the adsorbate
resulting in a hybridization of the Li 2 s and 2p orbital [14]. In con-
sequence they have also performed a rough estimate of the adiabatic
width of the sp-hybridized Li level [13,14]. In Fig. 3 their results by
either considering or not the sp-hybridization are shown.
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Fig. 1. Distance dependence of the Li ionization energy level. (a) Cu(100): when the
interaction with only the scatter atom is considered (dash line); including the first-
neighbors (solid line); including the first and second-neighbors (dash–dot–dot line).
(b) Cu(111): the same as for Cu(100) surface case. The shadowed area corresponds
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In our case the level width calculation is based on the bond-pair
model of the atom-surface interaction previously developed to
study chemisorption’s problems [27]. As it is clear from Eq. (18),
localized properties of the interacting atoms are taken into account
by the atom–atom hopping integrals ~VjRs ;2sðRÞ, while the surface
density of states qi;j;Rs

ðeÞ accounts for the extended features of
the solid states. It is possible in our model to isolate the different
components considered in the calculation of the level width and
to analyze their effect from the comparison with the complete cal-
culation. This is the motive of presenting also in Fig. 3 the following
calculation options: the level width calculated by considering an
extended 2 s and 2p Li basis set but (i) assuming only the interac-
tion with the scatter atom, and (ii) neglecting the interaction with
the inner solid band states. Finally, the effect of considering only a
2 s orbital on the Li atom can be also observed from this figure. In
our case the inclusion of a Li 2p state introduces changes only due
to the symmetric orthogonalization involved in the bond-pair mod-
el [27]; it is clear from Eq. (2) that the 2p state is not active in the
interaction with the surface.

We can observe from Fig. 3 that the contribution arising from all
the surface atoms interacting with the adsorbate is the most
important in the whole distance range analyzed. The other isolated
contributions become significant at smaller distances (z < 8 a.u.).

For the Cu(100) surface it is found a good agreement between
our results and those from Ref. [14] that include the 2 s–2p hybrid-
ization for distances equal or larger than 7 a.u., while for smaller

distances our calculation gives larger width values. For the
Cu(1 1 1) surface, our calculated level widths are greater than the
ones from Ref. [13] in practically the whole range of distances.
The level width in our case is very close to the roughly estimated
resonance peak width of the projected density of states on the Li
atom calculated as qr = ImGrðxÞ=p. In the inset of Fig. 3, qr is
shown for a distance of 7 a.u.

The smaller level width found in Ref. [13] for Cu(111) com-
pared with the one in Cu(100), is explained by the presence of sur-
face band gaps and the energy positions of Li 2 s and 2p levels that
lie within the L-bandgap of the (111) surface, while they are prac-
tically out of the X-bandgap of the (100) surface. Therefore, it is ex-
pected energy level widths narrower for Li above Cu(111) than
above Cu(100) due to the lack of resonant metallic states for the
Cu(111) surface. In our calculation it is not taken into account
the presence of surface bandgaps because we have considered only
site diagonal terms in Eq. (18). This could be a reason of the larger
level widths in our case compared with the ones calculated in Ref.
[13].
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Fig. 2. Evolution of the calculated neutral fraction along the trajectory for (a) Cu
(100) and (b) Cu(111) (negative distance represents the incoming path). Square
symbols correspond to exit energy equal to 300 eV and the triangles to 1200 eV. The
dash-line indicates the Fermi energy level and the LDOS of the Cu surface is also
drawn. The energy level shifted accordingly to Eq. (16) a function of the distance
along the outgoing path is indicated by a solid line and the level width given by Eq.
(15) error bars.
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The evolution of the shifted energy level and its width shown in
Fig. 2 lead to the conclusion that the Li+ neutralization probability
in Cu(100) is larger than in Cu(111). It is also possible to calculate
the static Li 2s occupation in the ground state of the Cu–Li interact-
ing system. For distances smaller than 2.5 a.u., the Li 2s state is to-
tally occupied, for larger distances its occupation decreases. For
instance, at z = 6 a.u. the adiabatic Li 2 s occupation is 0.16 in
Cu(100) and 0.12 in Cu(111). From the point of view of an alkali
atom adsorption process, our static calculation gives a shifted en-
ergy level due to the interaction equal to 2 eV at 4 a.u. of distance
to the Cu(111) surface (see Fig. 2b). This energy value is very sim-
ilar to the binding energy of the antibonding resonance (AR) mea-
sured and calculated in Ref. [40] for the same system at the
adsorption distance from the surface layer Rads = 4 a.u. The level
width is larger in our case leading to a Li atom adiabatic occupation
at this distance around 0.3. This means that the adsorption is not
totally ionic for small alkali atoms as it was suggested in Ref.
[41]. In the case of Cs its lower ionization potential (3.89 eV) and
its larger effective interaction distances make more plausible a
ground state corresponding to Cu�+Cs+ [13].

The projectile atom velocity is regulating the interaction time
with the surface. From a practically initial neutral Li atom in the
outgoing trajectory (see Fig. 2), a larger normal component of
velocity means a smaller interaction time, a lower chance of charge
exchange and therefore a larger probability of surviving as a neu-
tral particle as it moves out of the surface. At lower normal veloc-
ities regions more distant from the surface become more important
for defining the final charge state of the projectile atom. In this
case, the asymptotic energy position of the projectile level respect
to the Fermi energy allows us to predict a decaying neutral fraction
probability for diminishing outgoing energy.

To consider other zim values given in the literature [25], for in-
stance 2.22 a.u. for the two Cu surfaces, does not change qualita-
tively our results. It is also found that the magnitude and
behaviour of the neutralization probability do not depend strongly
on the distance of closest approach, particularly at the lowest ki-
netic energies where the region of large distances to the surface
is determining the projectile charge state.

The calculated neutral fractions P0
res ¼ 2hn̂ri as a function of the

exit energy are shown in Fig. 4 for both Cu surfaces.
The experimental results of Ref. [15] and [16] are also shown in

this figure. A general increasing trend of neutral fractions for both,

high and low incoming energies is measured, and also a marked
difference between Cu(100) and Cu(111) surfaces that can not
be described satisfactorily by the jellium model as it can be seen
also in this figure. For large energies a good agreement between
our calculations and the experimental trends (Ek,out > 600 eV) is ob-
served, while an opposite behaviour is evident for lower energies.
In both, Cu(100) and Cu(111) surfaces, the theoretical neutraliza-
tion probability diminishes with decreasing exit (incoming) en-
ergy. In the same figure we included the neutral fraction results
obtained by neglecting the spin (spin-less approximation), as to
quantify the spin statistical effect in the calculation of the neutral-
ization probability when two spin degenerate states are possible.
We can observe that the correct calculation may compare either
better or worse than the spin-less one with the experimental
trends, depending on the Cu face. But the important conclusion is
that the electronic correlation effects associated to the spin degen-
eration have to be taken into account in this kind of exchange
processes.

The pronounced downshift of the Li ionization level due to the
short-range interactions with the atoms of the surface is the main
responsible of a resonant neutralization that can describe satisfac-
torily the experimental trends of the neutral fraction for not very
low exit energies in both Cu surfaces.

The presence of L-bandgaps is expected to increase the neutral-
ization probability due to the blocking of electron loss processes in
the Cu(111) surface where the Li 2s level is within the surface
bandgap for distances larger than 4 a.u., as it is shown in Fig. 5b.
The neglecting of the non-diagonal site terms in the density matrix
given by Eq. (17) whoce main contribution is provided by ~kk ¼ 0;
can be the reason of the underestimation of the experimental re-
sults by our theory in the (111) surface.

Nevertheless, the marked increase of the neutral fraction for
low energy values observed in the case of Cu(100) [16], which is
also observed for the (100) and (111) surfaces of Ag [15,17], can
not be attributed to the same reason because of the energy position
of the Li ionization level out of the surface bandgap (Fig. 5a). The
common and striking feature of these surfaces is the presence of
the first (n = 1) image potential state (IS) lying inside the energy
gap as it can be seen from Fig. 5a. The image potential states are
generated by a potential well formed by the Coulomb-like attrac-
tive image potential barrier and the repulsive surface barrier
[24,25], and they are localized mostly in the vacuum region of me-
tal surfaces beyond the image plane position. It is a difference with
the typical surface states (SS) that are localized very close to the
surface. A bonding interaction with this image potential state (IS)
can shift the Li 2 s level below the Fermi level at distances shorter
than 10 a.u., leading in this way to a growing neutralization prob-
ability at low energies. This bonding interaction is going to be
effective beyond the image plane position where the image poten-
tial state is localized, and low exit energies are required to have the
time necessary to form this bonding state and take into account its
effect on the neutralization process. Thus we can arrive to the fol-
lowing important conclusions. Our model calculation accounts for
the short range interactions that allow for a good description of the
large energy behaviour of neutralization processes in the case of a
projectile of low ionization energy as Li+ in front of surfaces such as
Cu (100). But in the range of low energy collisions a more detailed
calculation of the long range interaction effects is required to ac-
count for image potential states which can justify a dramatic in-
crease of the neutralization probability due to the down shift of
the projectile atom level caused by a bonding interaction. To take
into account at large distances only the usual energy level shift
by the image potential considered in Eq. (6) seems to be not
enough at low exit energies for projectile atoms with ionization
energies close to the surface Fermi level. A future improvement
of our model may be, in a consistent way with the presence of
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localized image potential states, to include the modified potential
used by Chulkov et al. [25] This potential reproduces the correct
asymptotic behaviour of the image potential beyond the image
plane position.

The importance of other possible charge state configurations in
the interaction of Li with a surface has been discussed before in
previous works. [9,26] There are experimental evidence of excited
neutral Li atoms (1s22p) in Li+/Cu(001) collisions through the ob-
served optical transition 2p?2 s [9]. The energy corresponding to
the Li 2p level was calculated as the difference between the total
energies of the Li(1s22p)/Cu and the Li(1s2)/Cu systems (by using
Eq. (3) with 2p as the active state in the projectile atom). It is
shown in Fig. 6 for both Cu surfaces as a function of the distance
between the Li atom and the Cu surface. From the energy variation
of the Li 2p level, we can expect significant differences between the
neutral fractions for large and small kinetic energy values. At large
energy values (means small turning point values), electron loss
processes are more probable close to the surface during the incom-
ing and exit trajectories due to the upward shift of the 2p energy
level. While for small values of the projectile energy, electron cap-
ture processes dominate the charge transfer close to the surface. In
this way one can conclude that the population of the excited state
is going to be more important for low kinetic energies. But in this

simple picture we are disregarding the interference between the
two correlated neutralization channels (the ground and excited
states of Li), which can change significantly the neutralization
probability to the ground state obtained when the excited state
is not considered [42].

The affinity level calculated as the difference between the total
energy of Li(1s22s2)/Cu and the total energy of Li(1s22s1)/Cu is also
included in Fig. 6. The energy downshift suggests that it can also be
necessary to take into account the negative Li ion formation (Li0?
Li�?Li0) as an intermediary process contributing to the final neu-
tral fraction.

The ground state neutralization by the Auger mechanism is not
possible for low energies because the requirement I P 2 / (where I
is the ionization energy) is not accomplished for kinetic energies
lower than 600 eV (distance of closest approach larger than
0.75 a.u.).

A calculation including not only the Li ground state, but also the
excited and negative charge states in the dynamic evolution of the
interacting system, is desirable but very complex computationally.

4. Conclusions

In this work we performed a time-dependent quantum
mechanical calculation of the resonant neutralization probability
to the ground state of Li+ impinging on Cu(100) and Cu(111) for
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different incident energies. The correct spin degeneration was in-
cluded in our model. Comparison of the theoretical results with
the experimental data shows that the large energy behaviour of
the neutral fraction can be explained in terms of the pronounced
downshift of the energy level caused by the short range interac-
tions that are correctly contemplated in our model. The experi-
mental trends observed for both Cu faces are also well
reproduced by our model that accounts for the appropriate fea-
tures of the density of states and work functions for both
Cu(100) and Cu(111) surfaces.

The differences remaining between the theoretical and experi-
mental results have to be mainly with surface energy gaps and long
range interaction effects which are present in these Cu surfaces
and that are not contemplated within our model calculation. The
ion projectile state lying in the energy gap of the Cu(111) surface
leads to an increase of the neutralization probability due to the
blocking of electron loss processes. In the case of Cu(100) the pres-
ence of the image potential state (n = 1) originated by the long
range interaction effects, can justify the dramatic increase of the
neutralization probability at low energies due to the down shift
of the projectile atom level caused by a bonding interaction.

Other charge state configurations of the Li atoms, such as ex-
cited and negative ion states can not be clearly disregarded in
the interaction with the surface. These other neutralization chan-
nels are expected to be more probable in the case of the lowest
work function surface, i.e. Cu(100).
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