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Abstract

The charge transfer between H� and a free-electron vicinal metallic surface is studied using a wave-packet propagation method. We
apply a statistical Thomas–Fermi–von Weizsäcker model with a local density approximation for the exchange-correlation energy to com-
pute the ground-state electronic structure of the substrate. The long-range image charge effects in the electron transfer are included on a
phenomenological level. We obtain the ion-survival probability from a rate equation for a set of realistic scattering trajectories of pro-
jectiles that are incident with a kinetic energy of 50 eV. Our calculations reveal a pronounced substrate orientation dependence of the
charge transfer dynamics expressed in a ‘‘left-right’’ (or ‘‘step-up–step-down’’) scattering asymmetry in the final ion-survival probability,
which is caused by an enhancement of electron loss on the outgoing part of those ion trajectories which approach steps from below.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

When an ion or atom approaches a metallic surface, its
electronic structure changes due to the perturbing fields of
the substrate atoms. This results in the broadening and
shift of the projectile energy levels [1]. The broadening is
due to electron transfer between the projectile and the sur-
face. The electron transfer process determines the final
charge state of the projectile after reflection at the surface,
while the direction of the transfer is given by the energies of
the shifted projectile levels relative to the Fermi level of the
substrate [2–4].

The formation and neutralization of ions in front of
atomically flat surfaces has been studied in detail for more
than a decade, and the main single-electron interaction
mechanisms are fairly well understood [5–7]. The objective
of this work is the calculation of the affinity level width and
survival probability of H� ions near a vicinal free-electron
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surface. The detailed study of the effects related to the vic-
inal superstructure of the substrate is stimulated by recent
experiments with stepped surfaces [8,9], where angle-
resolved photoemission measurements revealed lateral
electronic confinement in between surface steps. This
confinement effect is attributed to both, the periodic step
structure, which builds up an effective confining lateral
potential, and the surface projected bulk band gap, which
prevents fast tunnelling decay of the confined electrons into
the bulk of the substrate. More recently, scanning tunnel-
ling microscopy (STM) measurements [10] have clearly
revealed the presence of localized dipole moments near
the step edges of vicinal surfaces. These dipoles are due
to the Smoluchowski effect, i.e., the redistribution of elec-
tronic density near steps in response to the incomplete
screening of positive ion cores by conduction electrons.
These measurements provide independent information
about the formation of confining electronic potentials at
the steps.

In the present paper, we describe the electron transfer
process in terms of the tunnelling of a single active electron
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Fig. 1. Geometry of a free-electron vicinal surfaces with step length L and
step height H. The optical surface plane is indicated by a dotted line. The
ion position vector in front of the surface is D = (Dnor,Dpar). The points
1–3 are situated on a plane parallel to the optical surface. Positions 1 and 2
of the ion are near the upper corner of the step, position 3 is in the valley
between the steps (see text).
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through the potential barrier separating the projectile from
the substrate. The electronic motion is modelled quantum
mechanically, and the projectile center-of-mass is assumed
to move classically. To evaluate the surface potential felt by
the active electron, we adopt the jellium approximation, in
which the charge distribution of the ionic cores is replaced
by a positive uniform background charge. The screening
density of the substrate valence electrons is calculated
self-consistently within the Thomas–Fermi–von Weizsäc-
ker (TFvW) model in local density approximation (LDA)
for the exchange-correlation energy. Since the LDA
approximation does not exhibit the correct asymptotic im-
age attraction at large distances from the surface, we cor-
rect and extend our model by including the image charge
effects phenomenologically.

The projected density of states (PDOS) of the ion-sur-
face system is evaluated by numerical propagation of the
time-dependent two-dimensional Schrödinger equation
for the motion of the electronic wave packet in the collision
plane of the projectile, assuming adiabatic (quasistatic)
conditions for the projectile’s motion hold. We evaluate
the static shift and width of the ion-affinity level by fitting
the Breit–Wigner resonance profile to the PDOS. The H�

survival probability after reflection from the surface is cal-
culated from the static resonance width within a rate-equa-
tion approach for a set of realistic trajectories of the
projectile, including both electron capture from and elec-
tron loss to the substrate. Although the constrained dimen-
sionality of our model (2D) does not directly correspond to
an experimental situation, it allows us to study some
important aspects of the resonant charge transfer dynamics
at vicinal metallic surfaces. The various approximations
employed in our model are discussed.

The plan of this paper is as follows. In Section 2 we de-
scribe the theoretical formalism. In Section 3 we discuss
our numerical results for the electronic structure of the
surface and its consequences for the charge exchange
dynamics between slow H� ions and a double-stepped
free-electron vicinal surface. Section 4 contains our main
conclusions. Unless otherwise stated, we use atomic units
(e = �h = me = 1).

2. Theoretical model

Fig. 1 illustrates the geometry of the vicinal surfaces
used in our calculations within the jellium model. The po-
sitive background charge density has a lateral periodic
modulation in the optical plane defined by the terrace
length L = ma0 and the step height H = na0, where
a0 = 3.41 is the lattice spacing between the atomic planes
with (001) orientation and (m,n) is a pair of integer num-
bers. The face of a ledge is orthogonal to the faces of the
two adjacent terraces and the surface has translational
invariance in the step-edge direction. This configuration
corresponds to a face-centered cubic m(001) · n(100) vici-
nal crystal, according to [11]. In our numerical applications
the surface geometry is specified by a corrugation function
n(x). The jellium background charge density of the nuclei is
assumed to follow the surface corrugation by occupying
the space z < n(x), where (x,z) are Cartesian coordinates
parallel and perpendicular to the optical surface plane.
The projected density of states of the H�-surface system
is calculated for a sequence of fixed parallel positions Dpar

of the ion at a fixed distance Dnor in front of the optical sur-
face as shown in Fig. 1. The points (1) and (2) correspond
to parallel positions near the top step edge, and position (3)
is between the steps. In our calculations we also employ a
second reference frame denoted with primed coordinates
(x 0,z 0), which is obtained after rotation in the (x,z)-plane
by the miscut angle a = arctan(n/m).

We describe the charge-transfer process by solving the
two-dimensional time-dependent Schrödinger equation
for the motion of the active electron in the collision plane
of the projectile,

i@tWðtÞ ¼ HWðtÞ; H ¼ T þ V ðx; zÞ; ð1Þ

where T is the two-dimensional kinetic energy operator
for the electron. The potential energy of the electron is
expressed as

V ¼ V e–H þ V e–surf ; ð2Þ

and contains the electron–hydrogen interaction potential,
Ve–H, and the electron–surface interaction potential in the
absence of the hydrogen core, Ve–surf. The transition ampli-
tude for charge transfer is calculated in adiabatic approxi-
mation for the motion of the ion, i.e., for an arbitrary but
fixed ion position,

Aðt; DÞ ¼ hWð0ÞjWðt; DÞi; ð3Þ

where jW(0)i represents the initial unperturbed state of H�,
and D is the position vector of the center-of-mass of the
projectile in the collision plane. The position Er, width C,
and amplitude a of an isolated adsorbate-induced reso-
nance in the ion-surface system are obtained by fitting
the PDOS
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qðE; DÞ ¼ 1

p
Re
Z 1

0

dteiEtAðt; DÞ; ð4Þ

to a Lorentzian curve and a constant non-resonant back-
ground contribution q0

q ¼ q0 þ a
C=2

ðE � ErÞ2 þ C2=4
: ð5Þ

The PDOS is calculated by numerical integration of the
Schrödinger equation (1) using the Crank–Nicholson
propagation method [7,12].

Negative-ion-survival probabilities P are calculated
from a rate-equation for a set of trajectories for incident
projectiles with a kinetic energy of 50 eV,

dP
dt
¼ �glossCloss½DðtÞ�P þ gcapCcap½DðtÞ�ð1� PÞ: ð6Þ

The electron loss and capture rates Closs and Ccap are deter-
mined in compliance with the Pauli-exclusion principle,
and the spin-statistical factors for loss and capture are
gloss = 2 and gcap = 1 (capture can occur only into the
ground state of H�, which is a spin singlet). Closs and Ccap

are set equal to either the static width C or zero, depending
on the relative energetic position of the shifted affinity level
and the Fermi level and are evaluated along the classical
trajectory of the incident ion D(t). For a given angle of inci-
dence Hinc of the H� ion with respect to the optical plane,
we evaluate the classical trajectory based on a Thomas–
Fermi–Moliere interatomic potential [13], including the
effects of the surface corrugation.

The effective potential of the hydrogen core in (2) is rep-
resented by an effective central potential [14], including a
screened short-range Coulomb part and a long-range
polarization part,

UðrÞ ¼ �ð1=rÞ expð�2rÞ � ða=2r4Þ expð�b=r2Þ: ð7Þ

In this equation, r is the radial distance from the nucleus,
and a = 9/2 is the ground-state polarizability of hydrogen.
This potential is regularized and the parameter b is ad-
justed numerically such that the diagonalization of Ve–H

on a two-dimensional numerical grid holds a single weakly
bound state with an electron affinity of 0.76 eV [7].

We model the electron–surface interaction potential
Ve-surf within the TFvW approach [15–17] as in our earlier
study [12], i.e. as a sum of the electrostatic Hartree poten-
tial of the electronic and nuclear charges and the effective
local exchange-correlation potential

V e�surfðrÞ ¼
Z

d3r0
n0ðr0Þ � nJðr0Þ
jr� r0j þ dELDA

xc ½n�
dnðrÞ

����
n¼n0

: ð8Þ

n0 is the density of the valence electrons that minimizes the
total ground-state TFvW energy density functional, nJ is
the jellium background charge density, and ELDA

xc is the
local density approximation for the exchange-correlation
energy of the electronic system.

The (polarization) image charge effects are introduced in
our model by v2-fitting the analytical long-range model
potential Vl.r. proposed by Jennings–Jones [18] to the pla-
nar averaged self-consistent von-Weizsäcker (short-range)
potential V s:r: ¼

R L=2

�L=2
dxV e�surfðx; zÞ=L. The potential Vl.r.

merges into the classical electrostatic image potential
�1/4z as z!1 and is characterized by the three para-
meters U0, k, and z0: z0 specifies the effective image-charge
plane location [19] with respect to the optical plane, k
determines the range over which the surface barrier satu-
rates in vacuum, and U0 is the constant bulk potential in
the metal interior. Including the image charge effects, the
effective electron–vicinal surface interaction potential is
then redefined according to

V new
e�surfðx; zÞ ¼ V old

e�surfðx; zÞ þ V l:r:ðzÞ � V s:r:ðzÞ; ð9Þ

where V old
e�surf is the numerical LDA potential from Eq. (8).

3. Results and discussion

In this section, we present our numerical results for the
affinity level shift and width and survival probability for
H� ions in front of free-electron vicinal surfaces, corre-
sponding to a bulk Wigner–Seitz radius rs = 2.7, which
approximately represents a Cu crystal. This particular
choice is dictated by the availability of experimental data
on vicinal Cu surfaces [8,9]. Although Cu is a transition
metal known to exhibit non-free electron properties, the
present study will not take into account more detailed char-
acteristics of the Cu-electronic structure. Instead, we will
focus on the effects on the electron transfer dynamics that
are due to the surface superstructure (here: steps). This will
help us, in a future investigation, to quantify the impor-
tance of the (both separate and combined) effects of surface
superstructure and the electron reflectivity that is imposed
by the (L- or X-) band gap of a real Cu surface.

3.1. Electronic structure calculation

Fig. 2(a) shows a contour map of the electron density
n/nb normalized to the bulk density nb ¼ 3=4pr3

s for a dou-
ble stepped jellium surfaces with (m,n) = (8,2). Due to the
Smoluchowski effect [20], the electronic density spills out
from the top of the step into the valley between the upper
and lower terrace, forming a permanent electric dipole that
is localized near the edge. The non-uniformity of the elec-
tronic density in vicinity of the step varies laterally over a
distance approximately given by the Thomas–Fermi
screening length lTF = kF/(12pnb)1/2 = 1.05 where the
momentum on the top of the Fermi distribution is kF =
(3p2nb)1/3 = 0.71. The electrostatic Hartree potential de-
rived from this density distribution is shown in Fig. 2(b).
Due to the electron depletion from the step edges, the elec-
trostatic field of the top edge ionic cores is incompletely
screened and penetrates into the vacuum side of the inter-
face. Similarly, the bending of the equipotential lines to-
wards the lower corner of the step is due to the electron
density increase in this domain.



Fig. 2. Contour maps of the normalized electron charge density n(x 0,z 0)/nb for a free-electron vicinal Cu surface with (m = 8,n = 2) (a) and the
electrostatic Hartree potential /(x 0,z 0) (b). The coordinates x 0 and z 0 are oriented parallel and perpendicular to the terrace. The contour-line spacing is 0.05
(a) and 0.095 eV (b). The dashed-line indicates the jellium edge.

Fig. 3. The electrostatic Hartree potential in eV for a flat Cu surface (solid
line) and the unit-cell averaged Hartree potential for the (m = 8,n = 2)
Cu vicinal surface (dashed line).
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The localized step dipole moment has a dominant com-
ponent perpendicular to the terrace and is oriented towards
the vacuum (Fig. 2(a)), i.e., opposite to the direction of the
dipole moment distributed over the terraces. This step di-
pole slightly reduces the dipole moment on the flat terrace
and thus leads to a decrease of the metallic work-function
W relative to the work function of a flat surface Wflat.
Our numerical results for the work function change
DW = Wflat �W for several Cu surface morphologies are
shown in Table. 1. Our independent calculation [12] of
the work function within the TFvW model for atomically
flat Cu surface yields Wflat = 3.35 eV.

The work function change is small and decreases linearly
with the increase of the step density, in agreement with the
measured linear decrease of the work function [24]. This
effect is also apparent in Fig. 3 where the electrostatic Har-
tree potentials for a flat surface and the averaged over the
volume of an unit-cell potential V HðzÞ ¼

R L=2

�L=2
dxV Hðx; zÞ=L

for a vicinal Cu surface with (m = 8,n = 2) are shown. The
small, but systematic shift of the bulk level of the vicinal
potential relative to the electrostatic potential of the atom-
ically flat Cu surface determines the overall decrease of the
work function due to the step-induced dipole (Table 1).
Our numerical results for the work function change are
Table 1
Our calculated work function W and work function change DW in eV for
comparison with theoretical data of Ref. [23] and experimental results of Ref

L W DW

20.5 3.28 (3.24) 0.07 (0.11)
27.3 3.30 (3.27) 0.05 (0.08)
34.1 3.32 (3.28) 0.03 (0.07)
40.9 3.35 (3.30) 0.00 (0.05)
17.2 4.60 0.04
21.9 4.59 0.03
26.5 0.04
24.4 4.48 0.41

The first column specifies the terrace period L in a.u. The second column spec
work function change for a single (double) step. The numbers in the brackets re
in a very good quantitative agreement with the measured

values for the work function decrease at vicinal Cu
surfaces. In Refs. [21,25] the measurements for the work-
function of the Cu(117) (with L = 17.2) and Cu(119)
(L = 21.9) vicinal surfaces relative to the atomically flat
a single-stepped and double-stepped free-electron vicinal Cu surfaces in
s. [21,22]

Reference Morphology

This work Stepped jellium
This work Stepped jellium
This work Stepped jellium
This work Stepped jellium
[21] Cu(117)/Cu(001)
[21] Cu(119)/Cu(001)
[22] Cu(775)/Cu(111)
[23] Cu(532)/Cu(111)

ifies the work function for a single (double) step, and the third column the
fer to the double-stepped vicinal surfaces. The density parameter is rs = 2.7.



Fig. 5. Comparison of the average effective potential energy for an
electron near a double stepped vicinal jellium surface Vs.r. obtained within
the Thomas–Fermi–von Weizsäcker model (dotted line) and the model
Jennings–Jones potential Vl.r. (solid line). The dashed-dotted line corre-
sponds to the difference potential Vdiff = Vl.r. � Vs.r.. The Wigner-Seitz
radius is rs = 2.7.
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Cu(00 1) surface reveal a decrease by DW = 0.04 and
0.03 eV, respectively. The measured small decrease of the
work-function is also evident from Ref. [22], where the
authors report DW = 0.04 eV for the Cu(775) (with
L = 26.5) vicinal relative to the flat Cu(11 1) surface.

Our results for the work-function change disagree with
more detailed DFT calculations that are based on a gener-
alized-gradient approximation for the exchange-correlation
energy and use an ultrasoft Vanderbilt pseudopotential for
the description of the localized ionic cores [23]. In Ref. [23],
the calculated work function decrease for the Cu(532) vic-
inal surface (with L = 24.4) relative to the flat Cu(1 11) sur-
face is DW = 0.41 eV. From the work function change we
estimate the magnitude of the component of the step dipole
perpendicular to the terrace d? by using the Helmholtz for-
mula [24] DW = 4pNsd? where Ns = tana/a0 is the number
density of surface steps. This formula is approximately
valid for low densities of the steps. For (m,n) = (8, 2) we
obtain d? = 0.02D (1D = 3.3 · 10�30 C m). This indicates
that the charge density redistribution at the steps is a
microscopic effect. We therefore do not expect the overall
work-function change to have a significant influence on
the electron charge transfer dynamics.

The self-consistent electron–surface interaction potential
Ve–surf is shown in Fig. 4(a). The potential has a steep gra-
dient near the top edge and varies more slowly near the
lower corner of the step, due to the above-mentioned
Smoluchowski redistribution. The image charge corrected
potential is shown in Fig. 4(b). This long-range potential
is determined from the one-dimensional fit of the Jen-
nings–Jones model to our numerical planar averaged
LDA potential, as described in Section 2. In our fit
U0 = 0.37 is held fixed and for the optimized values of
the remaining two parameters we have k = 0.66 and
z0 = 2.01. The difference potential Vdiff = Vl.r. � Vs.r shown
in Fig. 5 is then used to redifine the two-dimensional
surface potential, according to Eq. (9). All subsequent
results are obtained from the image charge corrected
electron–surface interaction potential (Fig. 4(b)).
Fig. 4. Contour map of the self-consistent field Ve–surf for a free-electron Cu vic
image–charge effects. The contour-line spacing is 0.48 eV. The labels give pot
3.2. Projected density of states, shift and width

of the ion level

The shift and width of the affinity level are obtained after
calculating the PDOS from (4). The PDOS for a vicinal Cu
surface with a morphology specified by (m,n) = (8, 2) is
shown in Fig. 6(a) for an H� ion positioned at Dnor = 10.
At such large distances the affinity level resonance appears
as a Lorentzian peak in the PDOS far above the Fermi
energy level EF = �3.27 eV with a width due to electron loss
into the unoccupied bulk metallic states. The resonance
level width and shift depend sensitively to the lateral varia-
tion of the surface potential. Near position (3) (Dpar = 8),
the width due to resonant charge transfer is C = 0.08 eV.
Approaching a step edge (position (2), Dpar = 2) the width
gradually changes to 0.24 eV, and above a step edge (posi-
tion (1), Dpar = �2), the width acquires a local maximum
of 0.39 eV. The shift of the ion level follows only on average
inal surface with (m = 8,n = 2) without (a) and with (b) the inclusion of the
ential energies relative to the vacuum level.



Fig. 6. Projected density of states for H� in front of a free-electron vicinal Cu surface with (m,n) = (8,2). The normal coordinate of the ion is Dnor = 10
a.u. (a) and Dnor = 5 a.u. (b). The lateral positions of the ion (1)–(3) are indicated in Fig. 1.
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the image potential shift �1/4(Dnor � z0). When the projec-
tile moves closer to the surface, at Dnor = 5 (Fig. 6(b)), the
ion level appears largely broadened with small amplitude.
The width C of the affinity level is 0.78 eV in the valley
between the terraces at position (3), where the charge
exchange is due to electron loss from the ion to the surface.
The transfer rate increases to C = 1.44 eV approaching the
upper corner of the step (position (2)), where the affinity
level is nearly degenerate with the Fermi level of the
substrate. Above the step edge (position (1), the charge
transfer reverses its direction to electron capture into to
the H� affinity level from the delocalized bulk states of
Fig. 7. Absolute value of the energy (a) and the width (b) of the H� affinity le
vicinal Cu surface with (m,n) = (8,2). The numbers attached to each curve in
plane. The dashed line in (a) denotes the position of the Fermi energy level of
shown in (c).
the substrate, since the ion level is shifted across and below
EF. The width (or the capture rate) at this distance near the
edge is quite large, C = 2.21 eV. At the same distance
(Dnor = 5.0, position (1) a new resonance state appears in
the high-energy part of the spectrum at E = �0.41 eV. It
has a small amplitude of presence near the projectile and
is relatively short-lived, with a width C � 0.7 eV. We
attribute this feature in the PDOS to the population of
the lowest image state of the substrate. Due to the absence
of a band gap in our model, this state is degenerate with the
unoccupied conduction band states and decays into the
bulk via resonant charge transfer.
vel as a function of the ion position (Dnor,Dpar) in front of a free-electron
dicate the distance Dnor (in a.u.) of the ion in front of the optical surface
the substrate. The vicinal surface geometry near the step is schematically
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The energy and width of the affinity level resonance ob-
tained from the PDOS for H� in front of a Cu vicinal sur-
face with (m,n) = (8, 2) are shown in Fig. 7(a). The width
clearly exhibits the vicinal structure of the surface, oscillat-
ing laterally and decaying exponentially towards the vac-
uum side of the interface. For Dnor > 2 and in the valley
between the terraces, the transfer between the ion and the
surface is blocked, C acquires a local minimum. Thus
charge exchange always corresponds to ‘‘slow’’ electron
loss from the ion to the surface. And the affinity level is re-
pelled from and cannot cross the Fermi energy level of the
substrate (Fig. 7(b)). Near the step edges and at distances
below Dnor � 5, the charge exchange rate is significantly en-
hanced. When the energy of the resonance state shifts
across and below the Fermi level, charge transfer corre-
sponds to fast capture of an electron into the ion level from
the conduction band of the metal. These gross features of
the electron transfer at vicinal free-electron surfaces are
further analyzed in the following subsection within the
wave packet propagation method.

3.3. Wave packet propagation for fixed ion position

Fig. 8(a)–(d) present the electronic wave packet at four
different instants of time 0, 50, 150, and 600 for the jellium
vicinal Cu surface with (m,n) = (8,2). The ion is situated
between the terraces near the lower corner of the step cor-
responding to Dpar = 8.0 at Dnor = 8.0 (see also Fig. 1). The
logarithm of the probability density jWj2 is plotted as a
function of the lateral and parallel electronic coordinates.
Fig. 8(a) shows the initial unperturbed bound state of the
H� ion at time t = 0. At t = 50 (Fig. 8(b)), the electronic
wave packet tunnels into the metal in the two directions,
where the surface barrier is most transparent. This is a
direct consequence of the Smoluchowski smoothing of
the unperturbed electron density of the substrate near the
edges. The charge transfer towards to lower corner of the
step is blocked due the larger barrier width seen by the elec-
tron. Consequently the decay of the wave packet occurs
through the terrace and the upper corner of the nearest
step, where the surface barrier for tunnelling is reduced.
At larger times, t = 150 (Fig. 8(c)), the electron has already
built up the wave function of the quasistationary state and
its density decays in two well separated jets. A major part
of the wave function remains localized near the core of
H� due to the above mentioned blocking of the transfer to-
wards the lower corner of the step. At very large times,
t = 600 (Fig. 8(d)), an essential part of the packet has tun-
nelled into the bulk and the electronic flux of outgoing
probability remains distributed in the two jets, the flux
being more intensive in direction perpendicular to the ter-
race. The oscillations with a large period of 9–10 a.u. seen
in Fig. 8(c) are attributed to the interference of the outgo-
ing waves leaving the quasistationary state and the non-
resonant background contribution, generated due to the
projection of the initial wave-packet on the eigenfunctions
of the ion-surface Hamiltonian.
Fig. 8(e)–(g) show the electronic wave packet at three
different times 0, 50, and 150, corresponding to a negative
ion situated near a step edge with coordinates Dpar = 2.0
and Dnor = 8.0. Fig. 8(e) shows again the initial bound
state of the H� ion. At small times, t = 50, the electron is
seen to tunnel and delocalize through the upper corner of
the step, where the surface barrier is most transparent. At
larger times, t = 150, the H� decays according to its static
width, corresponding to an outgoing flux into the metal in
the direction determined by the line connecting the position
of the negative ion with the nearest top step edge on the
surface. Noticeably, the atomic and bulk parts of the
wave-function have an equal amplitude as a consequence
of the large transparency of the surface barrier in this direc-
tion. At much larger times, t = 600 (not shown), the wave
packet has entirely left the hydrogenic core. It is now com-
pletely absorbed at the numerical grid boundaries.

From Fig. 8(c), (d) and (g), we can see that the negative
ion decay is different near the top edge of a step and in be-
tween two adjacent terraces: the quasistationary state is
long-lived when the ion is in the valley between the terraces
due to the Smoluchowski modulation of the transparency
of the surface barrier, suppressing the charge transfer to-
wards the lower corner of the step. In contrast, the affinity
resonance becomes short-lived in the vicinity of a top edge
of the step, where the electron makes a direct transition
into the bulk through the reduced barrier seen at this posi-
tion of the ion (see also Fig. 4(a) and (b)).

The above description of the electron dynamics is
approximate and corresponds to the decay of the negative
ion into a two-dimensional continuum of jellium metallic
states. A quantitative estimate of the effects related to the
step edge degree of freedom (the motion along the y-axis)
of the electron is not given at this stage, since 3D calcula-
tions would involve a large computational effort. However,
we note that due to the blocking of the electron motion to-
wards the lower corner of the step, the decay into the top
step edge electronic continuum may become important.
The coupling to this one-dimensional continuum will be
even more emphasized in the presence of a band gap, which
will prevent fast propagation of the electron through the
lower terrace, such that the step will guide the electronic
motion in between the terraces and along the edge of the
surface.

3.4. Neutralization of moving ions

The dynamic study of the charge transfer in our ap-
proach is based on the rate Eq. (6). In this approximation
it is assumed that on the characteristic time scale over
which the projectile’s motion changes, the electron has al-
ways enough time to tunnel through the barrier, explore
the potential, and built up the wave function of the quasi-
stationary state. The applicability of this adiabatic approx-
imation is discussed elsewhere [26,27].

The survival probability of H� in collision with a
stepped Cu surface with (m,n) = (8, 2) is calculated along



Fig. 8. Contour plot of the logarithm of the modulus of the wave function squared for an electron near a vicinal free electron Cu surface as a function of
time. The H� ion is positioned at Dnor = 8 a.u. in front of the optical plane. (a) shows the initial bound state of the ion (at t = 0) in the valley between the
terraces with parallel coordinate Dpar = 8 a.u, (b) the electron wave packet after t = 50 a.u. (c) at t = 150 a.u. and (d) at t = 600 a.u. (e) presents the initial
state of H� (at t = 0) positioned near a step edge with parallel coordinate Dpar = 2 a.u., (f) shows the wave packet after t = 50 a.u., and (g) after t = 150
a.u. The contour spacing is �0.25, 0.11, 0.17, 0.12 for figures (a,e), (b,f), (c,g) and (d), respectively.
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classical trajectories of the projectile, which reflect specu-
larly on a lower terrace at a fixed distance Dstep < L from
the step edge. The resonant charge-transfer rates in (6)
are related to the instantaneous rate C(t) as follows. If
the shifted affinity level Ea(t) is above the Fermi energy le-
vel, the ion is neutralized via electron loss. In contrast, if
Ea(t) is below EF, resonant electron transfer to the metal
is forbidden by Pauli’s exclusion principle, and charge ex-
change corresponds to electron capture from the metallic
conduction band into the ion level, i.e.

Closs ¼
C; Ea P EF

0; Ea < EF

�
; Ccap ¼

0; Ea P EF

C; Ea < EF:

�
ð10Þ
The scattering trajectories are evaluated from the Thomas–
Fermi–Moliere string-averaged interatomic potential

V TFMðz0Þ ¼ 2pZtZpnsas

X
i

ai

bi
expð�biz0=asÞ: ð11Þ

z 0 is the coordinate normal to the terrace, Zp = 1 and
Zt = 29 are the atomic numbers of the projectile and target
Cu atoms, as ¼ 0:8853ðZ1=2

t þ Z1=2
p Þ

�2=3 is the Firsov screen-
ing length, ns = 0.086 is the number of atoms per unit ter-
race area, and ai and bi are the coefficients given by Moliere
[13]. For a given angle of incidence Hinc of the projectile
with respect to the optical surface, we distinguish two types



Fig. 9. Survival probability for 50 eV H� ion after collision with a
(m,n) = (8,2) vicinal Cu surface along ‘‘step-up’’ and ‘‘step-down’’
trajectories as a function of the angle of incidence Hinc measured with
respect to the optical surface plane.
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of collision trajectories. Trajectories which approach the
step from above are referred as ‘‘step-down’’ and those
along which the projectile approaches the step from below
Fig. 10. Energy of the affinity level of H� during a collision with a (m = 8,n =
The angle of incidence with respect to the optical plane is Hinc = 35�. The refl
energy level EF = �3.27 eV is denoted with a solid line. (c) shows the ion-surviv
the two trajectories.
as ‘‘step-up’’. The total survival probability for a given an-
gle of incidence is obtained after averaging over a finite set
of possible turning points on the terrace, i.e., P ¼P

Dstep
PðHinc;DstepÞ=NDstep , where P(Hinc,Dstep) is the ion-

survival probability for a given angle of incidence, Dstep

is the distance from the upwards step where the reflection
occurs and NDstep is the number of trajectories for a fixed
Hinc. We used N Dstep ¼ 7, corresponding to Dstep = a0,2a0,
. . . , 7a0 and did not include trajectories that are strongly
perturbed by the steps.

Fig. 9 shows the survival probability of 50 eV H� collid-
ing with a (m = 8, n = 2) vicinal Cu surface as a function of
the angle of incidence Hinc > 20�. At this kinetic energy the
survival probability is small and does not exceed 0.1%.
More importantly, ion survival along ‘‘step-down’’ trajec-
tories is always more likely for angles of incidence below
Hinc � 50�.

The substrate-orientation dependence of the H� survival
probability is further analyzed and illustrated in Fig. 10,
where the energy of the shifted affinity level along ‘‘step-
up’’ (Fig. 10(a)) and ‘‘step-down’’ (Fig. 10(b)) trajectories
is shown, together with the corresponding negative-ion-
survival probabilities (Fig. 10(c)). The scattering conditions
are identical: the trajectories reflect specularly at a mid-ter-
2) vicinal Cu surface along ‘‘step-up’’ (a) and ‘‘step-down’’ (b) trajectories.
ection occurs near a mid-terrace position Dstep = 4a0 = 13.64. The Fermi

al probability for negative ions incident with 50 eV as a function of time for
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race position Dstep = 4a0. The angle of incidence is
Hinc = 45�. Fig. 10(c) shows that the survival probability
along the ‘‘step-up’’ trajectory is about five orders of mag-
nitude smaller than the ‘‘step-down’’ trajectory. Figs. 10(b)
and (c) show the energy level of the affinity resonance and
ion-survival probability along the ‘‘step-down’’ trajectory.
The ion is completely neutralized before its affinity level
crosses EF, due to the encounter of a step edge prior to
reflection from a terrace. After the affinity level has crossed
the Fermi energy level, the ion rapidly recovers its initial
charge state, due the large capture rate from the conduc-
tion band. On the outgoing part of the trajectory, after
Ea has crossed EF from below, the electron loss process is
too slow to completely neutralize the ion while it is re-
flected away from the nearest step edge.

The evolution of the projectile charge state along the
‘‘step-up’’ trajectory in Figs. 10(a) and (c) is quite different.
Prior to reflection from a terrace, the projectile charge state
is unaffected by the presence of steps. By the time Ea

crosses the Fermi energy level, the H� ion is only partially
neutralized. Once Ea is shifted below EF, the projectile
quickly recovers its initial charge state, due to rapid feeding
from delocalized conduction band states. On the outgoing
part of the scattering trajectory, when Ea shifts across and
above EF, the projectile is completely neutralized due to its
close encounter with a step edge, where the electron loss
rate is strongly enhanced (cf. Fig. 7(a)). We observe the
same trend for other trajectories and surface morphologies
and conclude that the ‘‘left-right’’ asymmetry (for incidence
angles of Hinc < 50�) in the electron transfer at free-electron
vicinal metallic surfaces is primarily due to the enhance-
ment of the loss rate on the outgoing part of the ‘‘step-
up’’ trajectories.

4. Conclusion

We calculated the static level shift and width of the H�

affinity level in front of a free-electron Cu vicinal surface.
From the level shift and width we derived the survival
probability of the negative ion for a set of realistic incident
trajectories at a kinetic energy of 50 eV. We found that the
charge-transfer probabilities exhibit a pronounced ‘‘left-
right’’ asymmetry due to enhancement of the electron loss
rate along the outgoing part of those scattering trajectories,
which approach a step from below. Under otherwise iden-
tical conditions, the ion-survival is favored for reflected
trajectories which approach a step from above. The origin
of this scattering asymmetry is the competition of fast and
slow charge transfers between the negative ion and the sur-
face induced by the Smoluchowski effect that redistributes
the screening electron density of the substrate near the step
edges.
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Garcı́a de Abajo, J.E. Ortega, Phys. Rev. Lett. 87 (2001) 107601.

[9] F. Schiller, M. Ruiz-Osés, J. Cordón, J.E. Ortega, Phys. Rev. Lett. 95
(2005) 066805.

[10] J.Y. Park, G.M. Sacha, M. Enachescu, D.F. Ogletree, R.A. RiBeiro,
P.C. Canfield, C.J. Jenks, P.A. Thiel, J.J. Sáenz, M. Salmeron, Phys.
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