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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 Qud11) 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 Qu11) 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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[. INTRODUCTION associated with the electronic structure of the projectile by
inclusion of statistical factors for electron capture and loss
Charge transfer plays an important role in the interactiongprocesse$13,14].
of atoms with solids and their surfaces as manifested by, e.g., These concepts have been successfully applied in quite a
its relevance for adsorption phenomena or for a variety ofew cases and resulted in a reasonable description of experi-
surface analytical toolEl]. As a consequence, considerable mental data obtained with metal targets where the jellium
interest in this subject has been devoted to fundamental rexpproach is not an adequate approximation for the electronic
search as well as technological applications. Basic featurestructure. However, recent studies with noble-metal surfaces
of electron-transfer processes between atomic projectiles arshowed clear deviations in this resp¢tb—17. The elec-
solid targets can be well understood in the framework oftronic structure of thg11l) faces of these metals shows a
simple models, where the binding energies of relevanprojected band gap in the direction of the surface northal
atomic levels and of electrons in the soligork function, gap for their nearly freesp-electron band which extends
Fermi energy primarily determine the interaction scenario from below the Fermi energy to vacuum energies. For the
[2—4]. As prominent examples we mention here the ionizaprojectile states with energies lying within the projected band
tion of alkali-metal atoms in front of metal surfaces via one-gap, RCT is strongly affected as compared to free-electron
electron resonant tunneling‘resonant charge transfer,” metal targets. This is because electrons cannot enter the sur-
RCT) and the neutralization of noble-gas ions via the Augerface along the direction of the surface normal, which is the
transfer (“Auger neutralization,” AN) involving two elec-  preferential pathway of electron tunneling between projectile
trons. and surface because of the highest transparency of the poten-
In their pioneering studies, Hagstrufs] and Los and tial barrier.

Geerlings[3] provided basic concepts for a microscopic un- The “wave-packet propagation{WPP studies of the
derstanding of the interaction mechanisms, supported in reRCT in the case of th€11l) noble-metal target surfaces
cent years by model calculations on electronic transitiof16—19 revealed specific new features in comparison to
rates for RCT6—8] and AN[9,10] which result in a descrip- free-electron metal targets. It has been demonstrated that the
tion of electron-transfer processes and the collision dynamicRCT process has a pronounced nonadiabatic behavior with a
free from adjustable parameters. As a consequence, we ngdeojected band-gap effect depending on the collision velocity
that, e.g., the neutralization of alkali-metal ions during im-(interaction time [18]. This prediction was confirmed in ex-
pact on a metal surface with a “simple” electronic structure periments on H) formation during scattering from A@11)
can be described nowadays on a quantitative I8l Es- and Ag110 surfaces by Guillemot and Esaul¢¥5]. As a
sential aspects of the theoretical approach are basdd)on second important finding, the WPP studies revealed that the
the free-electron ga€jellium” ) approximation for the de- two-dimensional(2D) continuum of electronic states corre-
scription of the electronic structure of the target surfd2g, sponding to electrons localized at the surface and moving
the image shift of the projectile levels in front of the surface,parallel to it—the surface-state continuum—dominates RCT
(3) the incorporation of kinematic effects in terms of a frame[16,17,19. The effect of the 2D surface-state continuum was
transformatior(visualization of the Galilei transformation by explored for the neutralization of alkali-metal iof5] and
the concept of a shifted Fermi sphere in momentum spactermation of negative ionf16,17] during grazing scattering
[3,12)), (4) the incorporation of many-body aspects of RCTfrom a Cy111) surface. In this case, the kinematic effects
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arising from the frame transformation between projectile andhe surface. The electronic motion parallel to the surface is
surface have been used to “probe” the dimensionality of thedescribed by plane waves with a parabolic dispersion of the
continuum of the metal states involved in the RCT. Thesesnergy IeveIsE(kZ,k”)=E(kz)+k”2/2 (atomic units are used
studies demonstrated in gross accord the theoretically prehroughout the paper unless otherwise stated
dicted features, i.e., enhanced neutral or negative-ion frac- Direct charge transfer involvingdelectrons of Cu is not
tions in the scattered beams, as compared to jellium targetgonsidered here. These electrons are well localized at Cu
and a “narrower” kinematic resonance structure of theseatomic cores so that they do not contribute to the final for-
fractions as a function of the collision velocity. mation of atoms taking place several atomic units in front of
The work presented here is a continuation of these investhe surface for grazing scatteringf. “freezing concept”
tigations with Cs projectiles scattered under a grazing anglgg]). Furthermore, the binding energy of thel ®and with
of incidence from a C{i11) surface. After a brief outline of respect to the vacuum level is about 7—10 eV. This imposes
the theory, we will discuss experimental and calculated neualready a large energy defect in charge transfer for the lowest
tral atom fractions in the scattered beams, which show th@s Cs orbital being bound by 3.89 eV for the free atom and
largest effect of the projecteti-band gap on charge ex- enhanced further close to the surface via image charge inter-
change observed so far. A fair agreement between theory angttion. Thus, charge transfer will be dominated by resonant
experimental data provides clear evidence for dominant conransfer involving electrons from trep band of Cu. We note
tributions of the 2D surface-state continuum to RCT. Thethat 3d electrons are implicitly included in our more rigorous
special conditions for electron capture and loss in this casgeatment via the effective core approximation in the model
result in pronounced contributions of excited states in thgotential[23] used to derive the electronic structure for the
formation of neutral atoms. Furthermore, from the comparisp band of Cu.
son between calculations and measured data we find that the We consider both, the static case where the projectile sur-
inelastic electron-electron interactions significantly contrib-face distance is fixed and the dynamic case where projec-
ute to the decay of the population of the projectile statestiles impinge onto the surface following a classical trajectory
This feature is important, since RCT rates are strongly realong the surface normal. In both cases, the system has cy-
duced as compared to the case for a free-electron metal suindrical symmetry with respect to treaxis (surface normal

face[18,19. through projectile centgr The time-dependent wave func-
tion of the active electron is then described on a finite mesh
Il. THEORETICAL TREATMENT OF THE RESONANT in cylindrical coordinatesp, 2):

CHARGE TRANSFER PROCESSES

T=V.(p,z1). 2
The theoretical treatment of the RCT process between m(pZi0) @

projectile and surface is based on the WPP method, detaileThe magnetic quantum numbexris defined by the symmetry
elsewherd18—21]. This method consists of the direct solu- of the projectile state under study. The time propagation is
tion of the nonstationary Schidinger equation for the wave performed by the split-operator technigi2#,25 for given
function ¥ (t) of the outer(valence electron of the Cs pro- initial conditions¥ (t=0)= . For the wave functiony, we
jectile active in the RCT. The time evolution is governed byuse wave functions of the grounds6or excited @ (m
the potential =0,m==1) states of the free Cs atom. Higher excited
states were not considered here, since their populations in
V=Vce + Vot AVs, (1) grazing scattering are assumed to be sii2dl2§ (see also
discussion in Sec. ]I In the static case, we extract the prop-
whereV ¢ represents the electron interaction with projectileerties of the projectile states involved in charge transfer.
core [20], AV corresponds to the change of the electron-These are the energids(Z), the widthsT';(Z), and the
surface interaction due to the presence of the projectile corprobabilities| o (k,Z)|? of electron escape into a given state
approximated by the classical image of the"Gsn, andVs [ of the metal continuum, wherei=[6s; 6p(m

is the electron interaction with the metal surface. Two de-—): gp(s); 6p(a)] denote the projectile states. Here, we
scriptions for the metal surface are used. Within the jelliumeonsider symmetri¢s) and antisymmetri¢a) combinations
model, the electron-metal interaction potential is constant iyt cs gp(m=+1) orbitals with respect to the scattering
the bulk, and joins asymptotically the image potential inplane.

vacuum[22]. The Cu111) surface is described with a model * kor grazing scattering geometry, the collision velocity
potential given by Chulkov, Silkin, and EcheniqU23],  component perpendicular to the surface X is small (up to
which takes into account the periodicity of the crystal in thegome 102 a.u.). Then, the WPP approach shows that the
direction of the surface normal. It reproduces gross featureg,giution of the population of projectile states can be de-
of the electronic structure of thepband of Cy11l) relevant  gqriped by the rate equation approdd8,29,30. On the

for our study. At thel” point, we have a projected band gap other hand, the velocity component parallel to the surface is
extending from—5.91 eV to—0.75 eV with respect to the large, so that one has to take into account kinematic effects
vacuum level, surface state-5.305 eV}, and image state by a Galilei transformation between the projectile and the
(—0.815 eV. Both, the potential describing the free-electronsurface frame12].

metal and the Cd11) model potential are only the functions  Within a multistate rate equation approach, the time evo-
of the electron coordinatein the direction perpendicular to lution of the populations of projectile states is given by
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oP=-T!P,+T°P, during grazing scattering from an @AML1) surface [26—
28,31. The low populations of excited states result from
their larger energy difference with respect to the Fermi level

2 FF)P+, (3 of the surface in comparison with the ground state. Then

! electron loss is strongly favored in comparison with electron

. . capture, i.e.J'°<TI".
where P; are popu!atlons of the d'ﬁe“’t‘”t sgbstates of the The situation is different for the model Cii1) surface.
neutral projectile with total neutral fractions in the scatteredFrom WPP studies we find that the coupling of projectile

beaml given Ewozzipi . P is the positive-ion fraction,  giates with the 2D surface-state continuum is about one order
andl’j andT';" are the corresponding loss and capture rateSyt magnitude stronger than with the 3D bulk continuum. In
The latter depend on the distance from the surface and on thge model for C(@11), the surface-state continuum corre-
projectile velocity component parallel to the surface. In grazponds to electrons moving freely parallel to the surface with
ing surface collisions, the “memory” of initial charge states energy E=Eqst kf/z, IZH=(kH cosek sing) being the 2D

is lost. We then solve Eq<3) on the outgoing path of a
classical trajectory of the projectile. Initial conditions corre- ﬁLeucL'j:gna\r/\éave vector. Capture and loss rates for the 2D con-

spond to equilibrium populations at the starting point of in-
tegration. I'S(z)

Effects of the parallel velocity are incorporated via the [I‘! (2)
shifted Fermi-sphere modg2—4,11,12,26 For the 3D free- :

atp+=2 rip,—

c

g 2
gI

=Li(2)) (X . de|oi(e)]?

electron continuum(jellium metal target the capture and f(K+5)%2)
loss rates are derived frofiil,2§ o (5)
1—f((k+ 5))?/2),
r'{(z) g° 2m LA ) . . "
iz =T(2){ i X do | sinAdé|oi(6,¢,2)] where k;, is given by the resonance conditiork
(2) 91 Jo o = \2[E(2) ~Esd.

F((R+ 5122 Parallel-velocity-assisted charge transfer for a target rep-
[ (( N 71)12) (4) resented by a 2D continuum clearly differs from that for a
1—f((k+))?/2). 3D continuum. The Fermi sphere shrinks to a Fermi disk.
R The only remaining angular variable is the azimythFor
The metal state electron wave vectbr (k,0,¢) is ex-  the 6s and (m=0) states, we have(¢)=const, and the
pressed in spherical coordinates. It satisfies the resonanphase space of electronic momenta is not weighted anymore
conditionk=2[E;(Z)—U], whereU is the energy of the with a transition probability. For thefs) and (a) states
bottom of the conduction bandi®=2 andg'=1 are spin formed from the §(m= +1) manifold,o(¢) can be simply
statistical factorsjo;(6,¢,Z)|? is the normalized distribu- deduced from the angular dependence of the orbitals:

tion of the transition probability; and((k+ 7,)2/2) is the _
modified Fermi-Dirac distribution in the Hprojectile rest Tep(s)= COS@/\T,

frame. For grazing scattering, symmetry is reduced to the — i

scattering plane, and symmetris) and antisymmetriqa) Tep(2) singl /. ©
combinations of Cs p(m==*=1) orbitals with respect to As compared to the 3D case, for the 2D case capture and loss
the scattering plane have to be considered. This leads t@tes become comparable so that one predicts much larger
cose and sing dependencies ofogy(6,9,Z) and  neutral fractions and, in particular, sizable populations of the
Oepa)(0.¢,Z), respectively [11]. For the & and Cs(6p) manifold. In addition, the Fermi level for Cid1) is
6p(m=0) statesg; are independent af. close to the bottom of the surface-state continuu,

The interpretation of Eq(4) is straightforward. Capture —Egs=0.38 eV. Thuskg=0.17 a.u. is small, and the width
(loss rates depend on the number of occupiechpty) metal  of the kinematic resonance is clearly more narrow than in the
levels in resonance with the atomic level. The phase space BD case.
weighted by the transition probability which is strongly = Owing to the projected band gap of the (Cil) surface,
peaked in the direction of the surface normal. Because of thRCT rates are strongly reduced as compared to the case of
low binding energies of the Cs levels relative to the targefprojectile states in front of free-electron metal surfajcdss—
work function, capture rates are much smaller than loss rate21]. Under such conditions, other decay channels play a role.
leading to very small neutral Cs fractions. The calculationsRecent studies on lifetimes of alkali-metal adsorbate-induced
using the jellium model are displayed in Fig. 4. Neutral frac-states on a Qud11) surface have demonstrated the impor-
tions of typically 1% are predicted for the jellium-Cu sur- tance of inelastic electron-electron interactions for the decay
face. The width of the kinematic resonance structure for neuef these statef20]. We use here the Fermi-liquid theory to
tral Cs fractions is given by the diameter of the Fermi spherestimate the multielectron contribution to the electron-loss
(2kg), ke=0.72 a.u. in the present case. Our calculationsates[32,33. Since the electron associated with a given qua-
show that the neutral fractions in the scattered beam arsistationary state of the projectile moves with average veloc-
dominated by the Cs@ ground state, whereas contributions ity v, in the metal reference frame, its energy can be approxi-
of excited states are negligibly small. This feature was almated by E=Ei(Z)+vf/2. Many-body contributions are
ready established in studies on alkali-metal atom formatioradded to the RCT decay rates in Ef) according to
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[®+E(Z)+v2/2]? DT
[©+ EesZed? "

Ii(2)-Gi(2)=T}(2)+A(2)

15 1

§d 83 t4¢

where® =4.94 eV is the work function of the target surface.
Ees(Zag9=—1.95eV is the energy with respect to the
vacuum level of the Cs(§ resonance at an adsorption site
with distanceZ,4~=3.5 a.u. from the surfacg20,34-37.
A(Z) is given by

A(Z)=T{(Vopt,2)—T'i(2), 8 5| Cs*-Cu(111) -

®, =1.35deg

normalized neutral fractions (%)
=

with I'j(Vopi,Z) being the total width of the statewhich
incorporates RCT and many-body contributions. This width N
is obtained from a WPP study where an optical potential 0 2 4 6 8 0 12 14 16
—iV gy Was introduced inside the surface to account for the
multielectron contributions in analogy with the low-energy
electron-diffraction calculations8]. I';(Z) is the total width FIG. 1. Normalized neutral fractions as a function of projectile

of the state corresponding to the RCT process as giveohargeq for scattering of 525 keV G§ ions from Cy111) under
above.V,,=0.15eV is chosen in such a way that, for the ®;,~1.35°.

static case A(Z,q9 reproduces the multielectron contribu-

tions to the width of the Cs(€ adsorbate resonance as ob- gular distribution for scattered projectilg6]. Fractions of
tained in anab initio study[20] and confirmed by compari- the scattered beams could be selected by means of a narrow
son with the time-resolved two-photon photoemissi@®R-  slit and were dispersed with respect to charge states by a pair
2PPB data [34-37. In additon, we have used/,, Of electric-field plates and detected by means of a channel-
=0.25 eV as could be deduced from the TR-2PPE studies dfon detector.

projectile charge

the excited electron dynamics in copgé2,33. In order to In our theoretical description of the RCT, we consider
justify the use of Eq(7), we have explicitly checked in WPP one-electron-transfer processes for the neutralization of inci-
calculations thaf\(Z) scales linearly withV . dent ions via resonant neutralization or ionization of neutral
atoms via resonant ionization. Thus, only neutral and singly
Ill. EXPERIMENT AND RESULTS ionized species in the scattered beam have to be taken into

account in the analysis of data, i.e., we derive from the mea-

In our experiments we have scattered Csons from an  sured charge fractions normalized neutral fractioRs
atomically clean and flat Qu1l) surface under a grazing =n,/(n,+n,), with n, andn, being the charge fractions
angle of incidence of typicallyp;,~1°. Since the key issue of neutral atoms and singly charged ions, respectively. In
of the present study is based on the effect of the parallelFig. 1, we display normalized neutral fractioRg for the
velocity component on charge transféparallel-velocity- scattering of 520-keV CS ions v=0.39 a.u., la.u=1
assisted RCJ[ the projectile velocity has to be varied over a atomic unit of velocity= Bohr velocity from a Cy111) sur-
fairly high interval of velocities. Since Cs has a relatively face under a grazing angle of incidendg,=1.35° as a
high atomic mass, substantial projectile energies up to MeVunction of the chargey of the incident ions. We observe,
have to be used for an appropriate tuning of the velocity inwithin the experimental sensitivity of our experiment, no de-
order to record the expected kinematic resonance structuggendence oP, on the charge of incident projectiles for 5
for the neutral fractions in the scattered beam. The ions weresq=<13 (Fig. 1). This result demonstrates that the neutral-
produced in a Nanogan 10-GHz electron cyclotron resonandeation of the highly charged ions proceeds sufficiently fast
ion source mounted on a high-voltage platform, extractecind close to the surface in comparison with the final forma-
with 10 keV, and accelerated by a voltage up to 100 keV. Intion of atoms on the outgoing trajectory path. An important
order to obtain with our setup projectile energies in the MeVpractical aspect of this observation results from the fact that
domain, ions with charge up =17 were accelerated and owing to the high mass of Cs atorfts33 amu, high projec-
scattered from the target surface. tile energies up to MeV are needed in order to achieve ve-

The beam of C¥" ions was collimated by sets of slits in locities in the domain of atomic unit&.u); the terminal
the sub-mrad domain. These slits also form components ofoltage of our setup is limited to about 100 kV, so that high
two differential pumping stages in order to maintain a baserojectile energies can only be achieved here by making use
pressure of some 16 mbar in the UHV target chamber of highly charged projectiles. Since Cs atoms have a fairly
against a pressure of typically 10 mbar in the accelerator large number of weakly bound electrons of typically some
beam line. The target was mounted on a precision manipulaens of eV, the observation of a charge state equilibrium with
tor and prepared by a fair number of cycles of grazing sputrespect to the final charge fractions is not surprigB@-41.
tering with 25-keV AF ions under a grazing angl®;, In Fig. 2, we show the dependence of the normalized
~2° and subsequent annealing at temperatures of abouotutral fractions as a function of the angle of incidence for
520 °C. The state of preparation and the quality of the targespecularly reflected projectiles. The data indicate a slight in-
surface was inspected by the width and structure of the arerease ofP, with increasing angle, i.e., RCT is affected by
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FIG. 2. N lized | fracti ‘ ) ¢ e of FIG. 4. Normalized neutral fractions as a function of projectile
scatterin .fo?rgn%lzlfevn%gre}onrsa Crt:soflnesctzz &}rounr:d(;)lfl:) Ej}Irjr?ee ° energy for s_cattering -Of cs io_ns from Cujlll)_ under

9 - _=1.35°(full circles). Solid curve with dots: calculations for the 3D
dashed curve represents results from our model calculations WitBntinuum (jellium). Thin solid curve: calculations for the 2D

Vopi=0.25 eV(cf. also Fig. 4. surface-state continuum. Dashed and thick solid curve: calculations

) _ for the 2D surface-state continuum comprising optical potential
the normal velocity component to a small amount only. Thisyjith v,,=0.15 eV and 0.25 eV, respectively. Dash dotted and dash
is confirmed by our calculations represented by the dashegbtted-dotted curves: contributions of @nd & states to the total
curve, which reproduce the data fairly wétbr details see neutral fractions calculated ff o= 0.25 eV.

below). A plot of P, as a function of projectile velocity is

presented in Fig. 3 for a grazing angle of incidenBg i the preceding section, we will show below that this struc-

=1.35°. As we have mentioned, in order to achieve suffiy,e has its origin in pronounced contributions of excited
ciently high projectile velocities for the tuning of a kinematic |o\e(s to the final formation of Cs atoms.

resonance for the neutral fractions'Cdons of charge up to

g=17 have been used. The negligible effect of the charge of

the incident projectile on the neutral fractions in the outgoing IV. DISCUSSION

beam(cf. Fig. 1) is also reflected in these results which show, . .

irrespective of the use of increasingly higher projectile A crucial aspect of the effect of the projected band gap for
charge for higher projectile velocities, a smooth curve refhe Cu11l target on RCT is the dependence of the neutral-
vealing a kinematic resonance structure. These data are ch&fation of Cs ions on the(paralle) velocity. In the static
acterized by an onset at a velocity of about 0.15 a.u. and §258 the subject is simple. The Cs level has a clearly lower
broad peak where a structure is identified at lower velocitiedOnization energy than the target work function and, in addi-

from the maximum. Based on model calculations, as detaileOn: this energy is even further reduced by a shift owing to
image charge effectg3]. As a consequence, RCT is com-

——— 77— pletely dominated by resonant ionization, and contributions

N - "1 of electron capture are negligible. This feature is present in
w 15% ': g: °.<€, Cs - Cu(h) | our data presented in Fig. 3 where a kind of threshold for the
5 A 4+ e 0% formation of neutral atoms can be identified, i.e., in the low-
B v 5+ ‘2 ; velocity limit our data consistently extrapolate towards a
g * 6+ ® complete ionization of scattered projectiles. Thus, neutraliza-
= % 8+ v ® -0mp NIz projec - | o N
T 0F o o » & . tion of projectiles can only proceed via a kinematically as-
5 w11+ .V 8 sisted RCT process, as observed previously for the scattering
2 a 12+ v 1 of a number of alkali-metal ions from a number of different
° o 13+ ] % metal target$11,26,28.
0} 5L <© 15+ v o] . . . .
N v 17+ ) . The interesting feature of our work is related to the effect
g ; 0'8 of the projected band gap and, in particular, the effect of the
5 A '; ] 2D surface-state continuum on the RCT process. The theo-
£ ol e retical concepts were outlined in Sec. Il. For comparison of

00 01 02 03 04 05 06 07 08 theory and experiment, we have replotted in Fig. 4 the nor-

projectile velocity (a.u.) malized neutral fractions shown in Fig. 3. The solid curve

with circles termed “3D jellium” represents our calculations
FIG. 3. Normalized neutral fractions as a function of projectile for RCT with the 3D continuum states of a free-electron
energy for scattering of @$ ions from Cu111) under &, metal with work function and Fermi energy for the @CLl)
=1.35°. Symbols represent the charge of incident projectiles. ~ surface. These calculations show a kinematic resonance
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structure forP, as a function of projectile velocitymore by the model potential used. Note, however, that for projec-
precise: parallel-velocity component; however, for grazingtile velocitiesv <0.35 a.u. quantitative agreement with the
ion surface collisions the approximatian=v holds better ~experimental data is achieved, whereas the calculated neutral
than 10°%). The maximum of the calculated structure lies atfractions are not sensitive to a correction due to multielectron
v=0.4 a.u. which is about the same regime as observed ififfects(the latter being small This supports our interpreta-
the experiment. Contributions of excited states in the calcuion of the experimental results in terms of a kinematically
lations for a jellium target are found to be more than one@Ssisted RCT between projectile and 2D surface-state con-
order of magnitude smaller than for the ground state. A strik{inuum and explains the problems with our theoretical ap-
ing result of the comparison of these calculations with theP™oach at high velocities by the poor description of the dis-

data are experimental neutral fractions which are a factor dgpersion of the ClL1]) states associated with the motion

. . . arallel to the surface.
about 20 higher. Thls. sheer contra;t can hardly be a.ttrlbutea Electron capture to higher excited states via kinematic
to general concepts in the theoretical description, since thgﬁects can only proceed for projectile velocities clearly
same kind of theoretical approach provided excellent quan;

N ith d btained with larger than those for population of the@manifold. This
titative agreement with data obtained with, e.g., afl&l) would correspond to the closing of the projected band gap as
target, the prototype of a free-electron mdtel]. We there-

: “seen” by electrons escaping from the projectile, and leads
fore conclude that the observed discrepancy has to be ag; 5 “free-electron target” behavior of electron loss. It is well
cribed to the specific electronic structure of the(fi) sur-  ggtaplished that the population of excited states in grazing
face. scattering from the free-electron metals is very small
The thin solid curve in Fig. 4 represents calculations for[11 26-28. This is, in particular, caused by large electron

RQT between projectile and 2D surface—st'ate continuunogss rates, so that we do not take into accouh&fd higher
which reproduce gross features of the experiment, howevegiates.

the second peaked structure—attributed to the contributions
of excited states to RCT (6 state$—is clearly too large.
The agreement between theory and experiment is signifi- V. CONCLUSIONS

cantly |mpr0\_/ed, if an enhanc_em_ent of electron-loss rates We have presented detailed studies on the neutralization
due to multielectron effects is incorporated as outlined

above. This results in the reduction of calculated neutral—Of fast Cs J',O.ns during grazing scattering from a(!:uL)_
urface. C$" ions of charge up tg=17 have been used in

atom fractions. The thick dashed and solid curves are res'UK(S‘S:'rder to achieve sufficiently high projectile velocities for the
from calculations usiny,,=0.15 eV andV,,=0.25 eV, re- y high proj

; L . : tuning of a kinematic resonance for the neutral fractions. The
spectively, where a quantitative agreement is achieved for .~ L L
the latter case negligible effect of the charge of the incident projectile on

We attribute the better agreement with data obtained Witﬁr;]e neutrallza_\tlon pLotzjab_:_llr;ty showsl ;[hat_the efqumbrlulml
a higher amplitude of the optical potential to a partial correc— 11 9€ state Is reached. The neutral fractions of specularly
. oy . S reflected beams reveal a resonance structure as a function of
tion of the deficiency in describing the band structure of th

) : he projectile velocity which is attributed to a kinematically
C“(?“? surface_by the modelgote_ntlal uSE2s]. Thls_ pq- assisted RCT between the projectile and the target. As the
tential is well suited close to thE point, but the description most striking result we find neutralization probabilities an
of the metal continuum gets poorer with increaskjg The  order of magnitude higher than that expected for a free-
model potential imposes a free-electron-like dispersion oglectron metal target surface. The enhanced neutralization
electronic states with momentum parallel to the surfd€e: propabilities are attributed to the effect of the projected band
=E;+ki/2m* (effective massm*=1). This dispersion gap of the C(@11) surface on resonant charge transfer. The
leads to the same projected band gap with incredsingnd  measured neutral fractions can be consistently explained by
the surface state is always inside the band gap. On the othgte theoretical treatment incorporating the band-structure ef-
hand, photoemission studies show a dispersion of electronifects on the RCT using a model potential representation of
states of C(L11) with k; that leads to a degeneracy of sur- the Cy111) surface. A comparison between calculated and
face state and bulk states fiqr>0.23 a.u[42]. Furthermore, measured data reveals several important aspects, given in the
the projected band gap closeskat-0.63 a.u[43]. For graz-  following.
ing scattering, the electron is transferred from a projectile (1) Capture of electrons forming a 2D continuum of the
state to a state of the metal reference frame Witkv, . surface state in the projected band gap of theélC1) surface
Then with increasing) the “effective” Cu(111) band struc- plays a dominant role. This type of charge exchange en-
ture approaches the band structure of the free-electron methhnces the electron capture in comparison to interactions
concerning electron loss which should lead to an increase afith a 3D continuum.
electron-loss rates. As follows from E7), multielectron (2) Enhancement of electron-capture probabilities holds,
contributions to electron loss also increase with With in particular, for excited  manifold of the projectile, so
increasing optical potential, i.eA(Z), electron loss is en- that these states have to be taken into account in a quantita-
hanced for largev, . We thus interpret the better quantitative tive description of the experiments.
agreement with the experimental data by using a higher am- (3) The inelastic electron-electron interactions signifi-
plitude of the optical potential by a compensation of defi-cantly contribute to the decay of the population of the pro-
ciencies in the description of the band structure of1Q0) jectile states, since RCT rates are strongly reduced as com-
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pared to the case for a free-electron metal surfagel9. in view of a realistic C(l11) band structure in a direction
(4) For low projectile velocities, the experimental data areparallel to the surface.

reproduced on a quantitative level by our approach free from 4 assistance of K. Maass and A. Sgwin the prepa-
adjustable parameters. The agreement between experimeation and running of the experiments is gratefully acknowl-
and theory becomes poorer at higher projectile velocitiesedged. This work was supported by the Deutsche For-
which we attribute to deficits of our surface model potentialschungsgemeinschaFG, Grant No. Wi 1336
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