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Effect of projected band gap on neutralization of Cs ions during grazing scattering
from a Cu„111… surface
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Cs ions with energies ranging from 10 keV to 1.8 MeV are scattered under a grazing angle of incidence from
a flat and clean Cu~111! surface. The observed fractions of Cs atoms in the scattered beams and their depen-
dence on projectile velocity are well described by a model of kinematically assisted resonant charge transfer
between projectile and two-dimensional surface-state continuum of the target surface. A comparison with
calculations for a target represented by the electronic structure of a free-electron metal shows neutral fractions
which are enhanced for the Cu~111! by more than one order of magnitude. This is the strongest effect of the
projected band gap of a metal surface on the charge transfer observed so far.
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I. INTRODUCTION

Charge transfer plays an important role in the interacti
of atoms with solids and their surfaces as manifested by,
its relevance for adsorption phenomena or for a variety
surface analytical tools@1#. As a consequence, considerab
interest in this subject has been devoted to fundamenta
search as well as technological applications. Basic feat
of electron-transfer processes between atomic projectiles
solid targets can be well understood in the framework
simple models, where the binding energies of relev
atomic levels and of electrons in the solid~work function,
Fermi energy! primarily determine the interaction scenar
@2–4#. As prominent examples we mention here the ioni
tion of alkali-metal atoms in front of metal surfaces via on
electron resonant tunneling~‘‘resonant charge transfer,
RCT! and the neutralization of noble-gas ions via the Aug
transfer ~‘‘Auger neutralization,’’ AN! involving two elec-
trons.

In their pioneering studies, Hagstrum@5# and Los and
Geerlings@3# provided basic concepts for a microscopic u
derstanding of the interaction mechanisms, supported in
cent years by model calculations on electronic transit
rates for RCT@6–8# and AN@9,10# which result in a descrip-
tion of electron-transfer processes and the collision dynam
free from adjustable parameters. As a consequence, we
that, e.g., the neutralization of alkali-metal ions during i
pact on a metal surface with a ‘‘simple’’ electronic structu
can be described nowadays on a quantitative level@11#. Es-
sential aspects of the theoretical approach are based o~1!
the free-electron gas~‘‘jellium’’ ! approximation for the de-
scription of the electronic structure of the target surface,~2!
the image shift of the projectile levels in front of the surfac
~3! the incorporation of kinematic effects in terms of a fram
transformation~visualization of the Galilei transformation b
the concept of a shifted Fermi sphere in momentum sp
@3,12#!, ~4! the incorporation of many-body aspects of RC
1050-2947/2003/68~1!/012901~7!/$20.00 68 0129
s
g.,
f

e-
es
nd
f
t

-
-

r

-
e-
n

cs
ote
-

,

ce

associated with the electronic structure of the projectile
inclusion of statistical factors for electron capture and lo
processes@13,14#.

These concepts have been successfully applied in qu
few cases and resulted in a reasonable description of ex
mental data obtained with metal targets where the jelli
approach is not an adequate approximation for the electr
structure. However, recent studies with noble-metal surfa
showed clear deviations in this respect@15–17#. The elec-
tronic structure of the~111! faces of these metals shows
projected band gap in the direction of the surface norma~L
gap! for their nearly freesp-electron band which extend
from below the Fermi energy to vacuum energies. For
projectile states with energies lying within the projected ba
gap, RCT is strongly affected as compared to free-elect
metal targets. This is because electrons cannot enter the
face along the direction of the surface normal, which is
preferential pathway of electron tunneling between projec
and surface because of the highest transparency of the p
tial barrier.

The ‘‘wave-packet propagation’’~WPP! studies of the
RCT in the case of the~111! noble-metal target surface
@16–19# revealed specific new features in comparison
free-electron metal targets. It has been demonstrated tha
RCT process has a pronounced nonadiabatic behavior w
projected band-gap effect depending on the collision velo
~interaction time! @18#. This prediction was confirmed in ex
periments on H(2) formation during scattering from Ag~111!
and Ag~110! surfaces by Guillemot and Esaulov@15#. As a
second important finding, the WPP studies revealed that
two-dimensional~2D! continuum of electronic states corre
sponding to electrons localized at the surface and mov
parallel to it—the surface-state continuum—dominates R
@16,17,19#. The effect of the 2D surface-state continuum w
explored for the neutralization of alkali-metal ions@16# and
formation of negative ions@16,17# during grazing scattering
from a Cu~111! surface. In this case, the kinematic effec
©2003 The American Physical Society01-1
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arising from the frame transformation between projectile a
surface have been used to ‘‘probe’’ the dimensionality of
continuum of the metal states involved in the RCT. The
studies demonstrated in gross accord the theoretically
dicted features, i.e., enhanced neutral or negative-ion f
tions in the scattered beams, as compared to jellium targ
and a ‘‘narrower’’ kinematic resonance structure of the
fractions as a function of the collision velocity.

The work presented here is a continuation of these inv
tigations with Cs projectiles scattered under a grazing an
of incidence from a Cu~111! surface. After a brief outline of
the theory, we will discuss experimental and calculated n
tral atom fractions in the scattered beams, which show
largest effect of the projectedL-band gap on charge ex
change observed so far. A fair agreement between theory
experimental data provides clear evidence for dominant c
tributions of the 2D surface-state continuum to RCT. T
special conditions for electron capture and loss in this c
result in pronounced contributions of excited states in
formation of neutral atoms. Furthermore, from the compa
son between calculations and measured data we find tha
inelastic electron-electron interactions significantly contr
ute to the decay of the population of the projectile stat
This feature is important, since RCT rates are strongly
duced as compared to the case for a free-electron metal
face @18,19#.

II. THEORETICAL TREATMENT OF THE RESONANT
CHARGE TRANSFER PROCESSES

The theoretical treatment of the RCT process betw
projectile and surface is based on the WPP method, deta
elsewhere@18–21#. This method consists of the direct sol
tion of the nonstationary Schro¨dinger equation for the wave
function C(t) of the outer~valence! electron of the Cs pro-
jectile active in the RCT. The time evolution is governed
the potential

V5VCs11VS1DVS , ~1!

whereVCs1 represents the electron interaction with project
core @20#, DVS corresponds to the change of the electro
surface interaction due to the presence of the projectile c
approximated by the classical image of the Cs1 ion, andVS
is the electron interaction with the metal surface. Two d
scriptions for the metal surface are used. Within the jelliu
model, the electron-metal interaction potential is constan
the bulk, and joins asymptotically the image potential
vacuum@22#. The Cu~111! surface is described with a mod
potential given by Chulkov, Silkin, and Echenique@23#,
which takes into account the periodicity of the crystal in t
direction of the surface normal. It reproduces gross featu
of the electronic structure of thespband of Cu~111! relevant

for our study. At theḠ point, we have a projected band ga
extending from25.91 eV to20.75 eV with respect to the
vacuum level, surface state~25.305 eV!, and image state
~20.815 eV!. Both, the potential describing the free-electr
metal and the Cu~111! model potential are only the function
of the electron coordinatez in the direction perpendicular to
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the surface. The electronic motion parallel to the surface
described by plane waves with a parabolic dispersion of
energy levels:E(kz ,ki)5E(kz)1ki

2/2 ~atomic units are used
throughout the paper unless otherwise stated!.

Direct charge transfer involving 3d electrons of Cu is not
considered here. These electrons are well localized at
atomic cores so that they do not contribute to the final f
mation of atoms taking place several atomic units in front
the surface for grazing scattering~cf. ‘‘freezing concept’’
@3#!. Furthermore, the binding energy of the 3d band with
respect to the vacuum level is about 7–10 eV. This impo
already a large energy defect in charge transfer for the low
6s Cs orbital being bound by 3.89 eV for the free atom a
enhanced further close to the surface via image charge in
action. Thus, charge transfer will be dominated by reson
transfer involving electrons from thespband of Cu. We note
that 3d electrons are implicitly included in our more rigorou
treatment via the effective core approximation in the mo
potential@23# used to derive the electronic structure for t
sp band of Cu.

We consider both, the static case where the projectile
face distanceZ is fixed and the dynamic case where proje
tiles impinge onto the surface following a classical trajecto
along the surface normal. In both cases, the system has
lindrical symmetry with respect to thez axis ~surface normal
through projectile center!. The time-dependent wave func
tion of the active electron is then described on a finite m
in cylindrical coordinates~r, z!:

C[Cm~r,z;t !. ~2!

The magnetic quantum numberm is defined by the symmetry
of the projectile state under study. The time propagation
performed by the split-operator technique@24,25# for given
initial conditionsC(t50)[c. For the wave functionc, we
use wave functions of the ground 6s or excited 6p (m
50, m561) states of the free Cs atom. Higher excit
states were not considered here, since their population
grazing scattering are assumed to be small@26–28# ~see also
discussion in Sec. III!. In the static case, we extract the pro
erties of the projectile states involved in charge trans
These are the energiesEi(Z), the widthsG i(Z), and the
probabilitiesus i(kW ,Z)u2 of electron escape into a given sta
kW of the metal continuum, where i 5†6s; 6p(m
50); 6p(s); 6p(a)‡ denote the projectile states. Here, w
consider symmetric~s! and antisymmetric~a! combinations
of Cs 6p(m561) orbitals with respect to the scatterin
plane.

For grazing scattering geometry, the collision veloc
component perpendicular to the surface (v') is small~up to
some 1022 a.u.). Then, the WPP approach shows that
evolution of the population of projectile states can be d
scribed by the rate equation approach@18,29,30#. On the
other hand, the velocity component parallel to the surfac
large, so that one has to take into account kinematic effe
by a Galilei transformation between the projectile and
surface frame@12#.

Within a multistate rate equation approach, the time e
lution of the populations of projectile states is given by
1-2
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] tPi52G i
l Pi1G i

cP1 ,

] tP15(
i

G i
l Pi2S (

i
G i

cD P1, ~3!

where Pi are populations of the different substates of t
neutral projectile with total neutral fractions in the scatter
beam given byP05( i Pi . P1 is the positive-ion fraction,
andG i

l andG i
c are the corresponding loss and capture ra

The latter depend on the distance from the surface and on
projectile velocity component parallel to the surface. In gr
ing surface collisions, the ‘‘memory’’ of initial charge state
is lost. We then solve Eqs.~3! on the outgoing path of a
classical trajectory of the projectile. Initial conditions corr
spond to equilibrium populations at the starting point of
tegration.

Effects of the parallel velocity are incorporated via t
shifted Fermi-sphere model@2–4,11,12,26#. For the 3D free-
electron continuum~jellium metal target!, the capture and
loss rates are derived from@11,28#

H G i
c~Z!

G i
l~Z!

5G i~Z!Hgc

gl J 3E
0

2p

dwE
0

p

sinuduus i~u,w,Z!u2

3H f „~kW1nW i!
2/2…

12 f „~kW1nW i!
2/2….

~4!

The metal state electron wave vectorkW5(k,u,w) is ex-
pressed in spherical coordinates. It satisfies the reson
condition k5A2@Ei(Z)2U#, whereU is the energy of the
bottom of the conduction band;gc52 and gl51 are spin
statistical factors;us i(u,w,Z)u2 is the normalized distribu-
tion of the transition probability; andf „(kW1nW i)2/2… is the
modified Fermi-Dirac distribution in the projectile re
frame. For grazing scattering, symmetry is reduced to
scattering plane, and symmetric~s! and antisymmetric~a!
combinations of Cs 6p(m561) orbitals with respect to
the scattering plane have to be considered. This lead
cosw and sinw dependencies ofs6p(s)(u,w,Z) and
s6p(a)(u,w,Z), respectively @11#. For the 6s and
6p(m50) states,s i are independent ofw.

The interpretation of Eq.~4! is straightforward. Capture
~loss! rates depend on the number of occupied~empty! metal
levels in resonance with the atomic level. The phase spac
weighted by the transition probability which is strong
peaked in the direction of the surface normal. Because of
low binding energies of the Cs levels relative to the tar
work function, capture rates are much smaller than loss ra
leading to very small neutral Cs fractions. The calculatio
using the jellium model are displayed in Fig. 4. Neutral fra
tions of typically 1% are predicted for the jellium-Cu su
face. The width of the kinematic resonance structure for n
tral Cs fractions is given by the diameter of the Fermi sph
(2kF), kF50.72 a.u. in the present case. Our calculatio
show that the neutral fractions in the scattered beam
dominated by the Cs(6s) ground state, whereas contribution
of excited states are negligibly small. This feature was
ready established in studies on alkali-metal atom forma
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during grazing scattering from an Al~111! surface @26–
28,31#. The low populations of excited states result fro
their larger energy difference with respect to the Fermi le
of the surface in comparison with the ground state. Th
electron loss is strongly favored in comparison with electr
capture, i.e.,Gc!G l .

The situation is different for the model Cu~111! surface.
From WPP studies we find that the coupling of project
states with the 2D surface-state continuum is about one o
of magnitude stronger than with the 3D bulk continuum.
the model for Cu~111!, the surface-state continuum corr
sponds to electrons moving freely parallel to the surface w
energy E5ESS1ki

2/2, kW i5(ki cosw,ki sinw) being the 2D
electron wave vector. Capture and loss rates for the 2D c
tinuum are

H G i
c~Z!

G i
l~Z!

5G i~Z!Hgc

gl J 3E
0

2p

dwus i~w!u2

3H f „~kW1nW i!
2/2…

12 f „~kW1nW i!
2/2…,

~5!

where ki is given by the resonance conditionki

5A2@Ei(Z)2ESS#.
Parallel-velocity-assisted charge transfer for a target r

resented by a 2D continuum clearly differs from that for
3D continuum. The Fermi sphere shrinks to a Fermi di
The only remaining angular variable is the azimuthw. For
the 6s and 6p(m50) states, we haves(w)5const, and the
phase space of electronic momenta is not weighted anym
with a transition probability. For the 6p(s) and 6p(a) states
formed from the 6p(m561) manifold,s~w! can be simply
deduced from the angular dependence of the orbitals:

s6p~s!5cosw/Ap,

s6p~a!5sinw/Ap. ~6!

As compared to the 3D case, for the 2D case capture and
rates become comparable so that one predicts much la
neutral fractions and, in particular, sizable populations of
Cs(6p) manifold. In addition, the Fermi level for Cu~111! is
close to the bottom of the surface-state continuum,EF
2ESS50.38 eV. Thus,kF50.17 a.u. is small, and the widt
of the kinematic resonance is clearly more narrow than in
3D case.

Owing to the projected band gap of the Cu~111! surface,
RCT rates are strongly reduced as compared to the cas
projectile states in front of free-electron metal surfaces@18–
21#. Under such conditions, other decay channels play a r
Recent studies on lifetimes of alkali-metal adsorbate-indu
states on a Cu~111! surface have demonstrated the impo
tance of inelastic electron-electron interactions for the de
of these states@20#. We use here the Fermi-liquid theory t
estimate the multielectron contribution to the electron-lo
rates@32,33#. Since the electron associated with a given qu
sistationary state of the projectile moves with average ve
ity v i in the metal reference frame, its energy can be appro
mated by E5Ei(Z)1v i

2/2. Many-body contributions are
added to the RCT decay rates in Eq.~5! according to
1-3
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G i
l~Z!→Gi

l~Z!5G i
l~Z!1A~Z!

@F1Ei~Z!1v i
2/2#2

@F1E6s~Zads!#
2 , ~7!

whereF54.94 eV is the work function of the target surfac
E6s(Zads)521.95 eV is the energy with respect to th
vacuum level of the Cs(6s) resonance at an adsorption s
with distanceZads53.5 a.u. from the surface@20,34–37#.
A(Z) is given by

A~Z!5G i~Vopt,Z!2G i~Z!, ~8!

with G i(Vopt,Z) being the total width of the statei which
incorporates RCT and many-body contributions. This wid
is obtained from a WPP study where an optical poten
2 iVopt was introduced inside the surface to account for
multielectron contributions in analogy with the low-ener
electron-diffraction calculations@38#. G i(Z) is the total width
of the state corresponding to the RCT process as g
above.Vopt50.15 eV is chosen in such a way that, for t
static case,A(Zads) reproduces the multielectron contribu
tions to the width of the Cs(6s) adsorbate resonance as o
tained in anab initio study @20# and confirmed by compari
son with the time-resolved two-photon photoemission~TR-
2PPE! data @34–37#. In addition, we have usedVopt
50.25 eV as could be deduced from the TR-2PPE studie
the excited electron dynamics in copper@32,33#. In order to
justify the use of Eq.~7!, we have explicitly checked in WPP
calculations thatA(Z) scales linearly withVopt.

III. EXPERIMENT AND RESULTS

In our experiments we have scattered Csq1 ions from an
atomically clean and flat Cu~111! surface under a grazin
angle of incidence of typicallyF in;1°. Since the key issue
of the present study is based on the effect of the para
velocity component on charge transfer~parallel-velocity-
assisted RCT!, the projectile velocity has to be varied over
fairly high interval of velocities. Since Cs has a relative
high atomic mass, substantial projectile energies up to M
have to be used for an appropriate tuning of the velocity
order to record the expected kinematic resonance struc
for the neutral fractions in the scattered beam. The ions w
produced in a Nanogan 10-GHz electron cyclotron resona
ion source mounted on a high-voltage platform, extrac
with 10 keV, and accelerated by a voltage up to 100 keV
order to obtain with our setup projectile energies in the M
domain, ions with charge up toq517 were accelerated an
scattered from the target surface.

The beam of Csq1 ions was collimated by sets of slits i
the sub-mrad domain. These slits also form component
two differential pumping stages in order to maintain a ba
pressure of some 10211 mbar in the UHV target chambe
against a pressure of typically 1027 mbar in the accelerato
beam line. The target was mounted on a precision manip
tor and prepared by a fair number of cycles of grazing sp
tering with 25-keV Ar1 ions under a grazing angleF in
;2° and subsequent annealing at temperatures of a
520 °C. The state of preparation and the quality of the ta
surface was inspected by the width and structure of the
01290
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gular distribution for scattered projectiles@26#. Fractions of
the scattered beams could be selected by means of a na
slit and were dispersed with respect to charge states by a
of electric-field plates and detected by means of a chan
tron detector.

In our theoretical description of the RCT, we consid
one-electron-transfer processes for the neutralization of i
dent ions via resonant neutralization or ionization of neu
atoms via resonant ionization. Thus, only neutral and sin
ionized species in the scattered beam have to be taken
account in the analysis of data, i.e., we derive from the m
sured charge fractions normalized neutral fractionsPo
5no /(no1n1), with no andn1 being the charge fraction
of neutral atoms and singly charged ions, respectively.
Fig. 1, we display normalized neutral fractionsPo for the
scattering of 520-keV Csq1 ions (v50.39 a.u., 1 a.u.51
atomic unit of velocity5Bohr velocity! from a Cu~111! sur-
face under a grazing angle of incidenceF in51.35° as a
function of the chargeq of the incident ions. We observe
within the experimental sensitivity of our experiment, no d
pendence ofPo on the charge of incident projectiles for
<q<13 ~Fig. 1!. This result demonstrates that the neutr
ization of the highly charged ions proceeds sufficiently f
and close to the surface in comparison with the final form
tion of atoms on the outgoing trajectory path. An importa
practical aspect of this observation results from the fact t
owing to the high mass of Cs atoms~133 amu!, high projec-
tile energies up to MeV are needed in order to achieve
locities in the domain of atomic units~a.u.!; the terminal
voltage of our setup is limited to about 100 kV, so that hi
projectile energies can only be achieved here by making
of highly charged projectiles. Since Cs atoms have a fa
large number of weakly bound electrons of typically som
tens of eV, the observation of a charge state equilibrium w
respect to the final charge fractions is not surprising@39–41#.

In Fig. 2, we show the dependence of the normaliz
neutral fractions as a function of the angle of incidence
specularly reflected projectiles. The data indicate a slight
crease ofPo with increasing angle, i.e., RCT is affected b

FIG. 1. Normalized neutral fractions as a function of project
chargeq for scattering of 525 keV Csq1 ions from Cu~111! under
F in;1.35°.
1-4
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EFFECT OF THE PROJECTED BAND GAP ON . . . PHYSICAL REVIEW A68, 012901 ~2003!
the normal velocity component to a small amount only. T
is confirmed by our calculations represented by the das
curve, which reproduce the data fairly well~for details see
below!. A plot of Po as a function of projectile velocity is
presented in Fig. 3 for a grazing angle of incidenceF in
51.35°. As we have mentioned, in order to achieve su
ciently high projectile velocities for the tuning of a kinemat
resonance for the neutral fractions Csq1 ions of charge up to
q517 have been used. The negligible effect of the charg
the incident projectile on the neutral fractions in the outgo
beam~cf. Fig. 1! is also reflected in these results which sho
irrespective of the use of increasingly higher project
charge for higher projectile velocities, a smooth curve
vealing a kinematic resonance structure. These data are
acterized by an onset at a velocity of about 0.15 a.u. an
broad peak where a structure is identified at lower veloci
from the maximum. Based on model calculations, as deta

FIG. 2. Normalized neutral fractions as a function of angle
scattering for 675 keV Csg1 ions reflected from Cu~111!. The
dashed curve represents results from our model calculations
Vopt50.25 eV~cf. also Fig. 4!.

FIG. 3. Normalized neutral fractions as a function of project
energy for scattering of Csq1 ions from Cu~111! under F in

51.35°. Symbols represent the charge of incident projectiles.
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in the preceding section, we will show below that this stru
ture has its origin in pronounced contributions of excit
levels to the final formation of Cs atoms.

IV. DISCUSSION

A crucial aspect of the effect of the projected band gap
the Cu~111! target on RCT is the dependence of the neutr
ization of Cs1 ions on the~parallel! velocity. In the static
case, the subject is simple. The Cs level has a clearly lo
ionization energy than the target work function and, in ad
tion, this energy is even further reduced by a shift owing
image charge effects@3#. As a consequence, RCT is com
pletely dominated by resonant ionization, and contributio
of electron capture are negligible. This feature is presen
our data presented in Fig. 3 where a kind of threshold for
formation of neutral atoms can be identified, i.e., in the lo
velocity limit our data consistently extrapolate towards
complete ionization of scattered projectiles. Thus, neutral
tion of projectiles can only proceed via a kinematically a
sisted RCT process, as observed previously for the scatte
of a number of alkali-metal ions from a number of differe
metal targets@11,26,28#.

The interesting feature of our work is related to the effe
of the projected band gap and, in particular, the effect of
2D surface-state continuum on the RCT process. The th
retical concepts were outlined in Sec. II. For comparison
theory and experiment, we have replotted in Fig. 4 the n
malized neutral fractions shown in Fig. 3. The solid cur
with circles termed ‘‘3D jellium’’ represents our calculation
for RCT with the 3D continuum states of a free-electr
metal with work function and Fermi energy for the Cu~111!
surface. These calculations show a kinematic resona

f

ith

FIG. 4. Normalized neutral fractions as a function of project
energy for scattering of Csq1 ions from Cu~111! under F in

51.35° ~full circles!. Solid curve with dots: calculations for the 3D
continuum ~jellium!. Thin solid curve: calculations for the 2D
surface-state continuum. Dashed and thick solid curve: calculat
for the 2D surface-state continuum comprising optical poten
with Vopt50.15 eV and 0.25 eV, respectively. Dash dotted and d
dotted-dotted curves: contributions of 6s and 6p states to the total
neutral fractions calculated forVopt50.25 eV.
1-5
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structure forPo as a function of projectile velocity~more
precise: parallel-velocity component; however, for graz
ion surface collisions the approximationv i.v holds better
than 1023). The maximum of the calculated structure lies
v50.4 a.u. which is about the same regime as observe
the experiment. Contributions of excited states in the ca
lations for a jellium target are found to be more than o
order of magnitude smaller than for the ground state. A st
ing result of the comparison of these calculations with
data are experimental neutral fractions which are a facto
about 20 higher. This sheer contrast can hardly be attribu
to general concepts in the theoretical description, since
same kind of theoretical approach provided excellent qu
titative agreement with data obtained with, e.g., an Al~111!
target, the prototype of a free-electron metal@11#. We there-
fore conclude that the observed discrepancy has to be
cribed to the specific electronic structure of the Cu~111! sur-
face.

The thin solid curve in Fig. 4 represents calculations
RCT between projectile and 2D surface-state continu
which reproduce gross features of the experiment, howe
the second peaked structure—attributed to the contribut
of excited states to RCT (6p states!—is clearly too large.
The agreement between theory and experiment is sig
cantly improved, if an enhancement of electron-loss ra
due to multielectron effects is incorporated as outlin
above. This results in the reduction of calculated neut
atom fractions. The thick dashed and solid curves are res
from calculations usingVopt50.15 eV andVopt50.25 eV, re-
spectively, where a quantitative agreement is achieved
the latter case.

We attribute the better agreement with data obtained w
a higher amplitude of the optical potential to a partial corr
tion of the deficiency in describing the band structure of
Cu~111! surface by the model potential used@23#. This po-

tential is well suited close to theḠ point, but the description
of the metal continuum gets poorer with increasingki . The
model potential imposes a free-electron-like dispersion
electronic states with momentum parallel to the surfaceE
5Ei1ki

2/2m* ~effective massm* 51). This dispersion
leads to the same projected band gap with increasingki , and
the surface state is always inside the band gap. On the o
hand, photoemission studies show a dispersion of electr
states of Cu~111! with ki that leads to a degeneracy of su
face state and bulk states forki.0.23 a.u.@42#. Furthermore,
the projected band gap closes atki;0.63 a.u.@43#. For graz-
ing scattering, the electron is transferred from a projec
state to a state of the metal reference frame withki;v i .
Then with increasingv i the ‘‘effective’’ Cu~111! band struc-
ture approaches the band structure of the free-electron m
concerning electron loss which should lead to an increas
electron-loss rates. As follows from Eq.~7!, multielectron
contributions to electron loss also increase withv i . With
increasing optical potential, i.e.,A(Z), electron loss is en-
hanced for largerv i . We thus interpret the better quantitativ
agreement with the experimental data by using a higher
plitude of the optical potential by a compensation of de
ciencies in the description of the band structure of Cu~111!
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by the model potential used. Note, however, that for proj
tile velocities v,0.35 a.u. quantitative agreement with th
experimental data is achieved, whereas the calculated ne
fractions are not sensitive to a correction due to multielect
effects~the latter being small!. This supports our interpreta
tion of the experimental results in terms of a kinematica
assisted RCT between projectile and 2D surface-state
tinuum and explains the problems with our theoretical a
proach at high velocities by the poor description of the d
persion of the Cu~111! states associated with the motio
parallel to the surface.

Electron capture to higher excited states via kinema
effects can only proceed for projectile velocities clea
larger than those for population of the 6p manifold. This
would correspond to the closing of the projected band gap
‘‘seen’’ by electrons escaping from the projectile, and lea
to a ‘‘free-electron target’’ behavior of electron loss. It is we
established that the population of excited states in graz
scattering from the free-electron metals is very sm
@11,26–28#. This is, in particular, caused by large electro
loss rates, so that we do not take into account 5d and higher
states.

V. CONCLUSIONS

We have presented detailed studies on the neutraliza
of fast Cs ions during grazing scattering from a Cu~111!
surface. Csq1 ions of charge up toq517 have been used in
order to achieve sufficiently high projectile velocities for th
tuning of a kinematic resonance for the neutral fractions. T
negligible effect of the charge of the incident projectile
the neutralization probability shows that the equilibriu
charge state is reached. The neutral fractions of specu
reflected beams reveal a resonance structure as a functio
the projectile velocity which is attributed to a kinematical
assisted RCT between the projectile and the target. As
most striking result we find neutralization probabilities
order of magnitude higher than that expected for a fr
electron metal target surface. The enhanced neutraliza
probabilities are attributed to the effect of the projected ba
gap of the Cu~111! surface on resonant charge transfer. T
measured neutral fractions can be consistently explained
the theoretical treatment incorporating the band-structure
fects on the RCT using a model potential representation
the Cu~111! surface. A comparison between calculated a
measured data reveals several important aspects, given i
following.

~1! Capture of electrons forming a 2D continuum of th
surface state in the projected band gap of the Cu~111! surface
plays a dominant role. This type of charge exchange
hances the electron capture in comparison to interact
with a 3D continuum.

~2! Enhancement of electron-capture probabilities hol
in particular, for excited 6p manifold of the projectile, so
that these states have to be taken into account in a quan
tive description of the experiments.

~3! The inelastic electron-electron interactions sign
cantly contribute to the decay of the population of the p
jectile states, since RCT rates are strongly reduced as c
1-6
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pared to the case for a free-electron metal surface@18,19#.
~4! For low projectile velocities, the experimental data a

reproduced on a quantitative level by our approach free fr
adjustable parameters. The agreement between experi
and theory becomes poorer at higher projectile velocit
which we attribute to deficits of our surface model poten
li

d
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od
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in view of a realistic Cu~111! band structure in a direction
parallel to the surface.
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