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Multielectron neutralization channels in ion-surface scattering
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The neutralization of an ion impinging on a metal surface via capture in a low-lying level is studied. A
self-consistent local density approximation calculation of the capture rate in the ground state of helium in front
of an aluminum surface is reported. This calculation allows us to study the different multielectron channels
involved. Using this knowledge about the possible neutralization channels, different systems are analyzed. This
leads to a revision of the neutralization probabilities of ions in front of metal surfaces.

The study of ion-surface collision reveals the structure ofcitation. The way of treating these multielectron channels is
both projectile and target. The information that can be obeasily pictured: an electron is captured by the ion and the
tained during the interaction has been long sought for thenergy released in the process is absorbed by some surface
analysis of surfaces.The collision determines the final €xcitation. So in this zero-order picture, we only have to
charge of the different ionic species, the amount of electrofveigh the one-electron transition term by the surface struc-
emission, and the sputtered particles from the sotfdthus,  ture factor® The complexity in the calculation of these mul-
the many existing experimental techniques yield structurafi€lectron channels is given by the difficulty of the evaluation
information on ion and solid, together with information on ©of the surface structure factor.
the complicated dynamical aspects of the collision. But, the In this paper, we present the general formalism for treat-
interest of ion-surface collisions transcends the frame of suing multielectron neutralization of ions in front of a metal
face and atomic physics. The different ionic species availablgurface. We will apply this formalism to Hescattered off a
nowaday$ have led to the study of hollow atom collisions jellium surface of electron density given by=2.00a,. To
with surfaces. Hollow atoms |mp|y an energetic invertegour knowledge, this is the first self-consistent local density
population that can be used for laser emission, for directingPproximation(LDA) calculation of its kind. In this system
impurities onto a surface with a poten[ia| for h|gh informa- the excitation of surface plasmons is an open channel for the
tion storage, and for controlling macromolecule desorptiorfon neutralization, as will be shown. As the ion-surface sys-
from surfaces. Yet, few first-principles calculations exist. ~tem changes, new channels open and close. For example, the

The metal surface brings about many difficulties in anyH+—aIuminum system does not include collective oscillation
computation. Most of the existing models simply assume thaghannels, but we will show that the electron-hole channels
a surface is an infinite reservoir of electrons, which at bes¢hange when the electron-electron interaction in the metal is
are modeled via one-electron Sctiger equations. Then, kept, leading to a big discrepancy with common unscreened
the many-body aspects of the pr0b|em are usua”y shunnetreatments. Other systems, such as those with hollow atoms,
The usage of parameters fitted from experiments or froninay capture electrons directly from the surface in deep core
atomic physics is a common practice that reveals the diffiholes, with such a high energy transfer that unscreened cal-
culty of surface many-body calculations. culations remain realistic.

Among the neutralization channels existing in ion-surface The model presented here is the generalization of the
collisions, On|y one is Currenﬂy well described. This is thetheory of core-hole neutralization in bulk of Refs. 9,10 to the
resonance neutralization chanfd. high-lying level of the  surface system. Due to the presence of the surface, the ex-
ion at conduction-band energies is neutralized by one metdllicit dependence in the coordinate perpendicular to the sur-
electron. Thus, a one-electron description is reliable becaud@ce, z, is maintained, while the translational invariance
the metal relaxation effects are small. However, the rest oflong the surface allows us to perform a two-dimensional
the existing channels involve several electrons. These arfeourier transform. That is to say, the electron-electron inter-
what have been termenhultielectron neutralization chan- action in atomic unitsf=m=e=1) is written as
nels Low-lying levels will not be resonantly neutralized, 5
since there are no single electron transfers that can preserve 1 _ d q||2 Z_WequZfzf\equ.(r”,r‘p.
the energy of t'he systgm. One of the avaﬂgblg neqtrahzaﬂon [r—r’ (2m)* qy
channels in this case is the Auger neutralizatidks is de- . . .
scribed in Ref. 1, an electron from the metal surface make§nd the surface structure factor, proportional to the imagi-
the transition to a low-lying level of the incident ion, and the "7y Part ,Of _the surface dielectric susceptibility,
potential energy of the transition is transferred to a second™X(d],®.z,2"), is coupled to the one-electron matrix ele-
electron within the metal, which is ejected. But there aregMeNt giving the electron capture:
other multielectron channels that, even though assumed to be
) 6 - . 2@ "o
important® have not been properly taken into accolias is _<S|e—qu\z—z Ielqu~ru|k>,
the case of electron capture plus some surface collective ex- q
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where |s) is the core-hole state, arj#t) is a one-electron 10°
metal state, orthogonalized to the core stdfeThen the
neutralization rate of Refs. 9,10 becomes
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where the one-electron energies of the metal and the core™> o

electrons ar&, andEg, respectively. The energy transferred
in the process isv, as written in the energy conservation
6. Here we are disregarding velocity effects, which is a good 10°% -
approximation as long as the ion speed is much smaller than
the electron Fermi velocity. This is the case of Hat 1 keV.
Equation (1) includes all possible multielectron final 1077
channels. This can be traced back to the origin of the surface
susceptibility, since it appears as the sum of the charge fluc-
tuations over all possible excited states of the metal. The
appearance of fluctuation operators instead of the full density FIG. 1. Neutralization rates of He in front of an LDA
operators comes from removing the elastic channel0, so  rg=2.0a, surface. The full line corresponds to the multielectron
that we do not include one-electron transitions and concerreutralization rate, calculated in LDA. The dashed line is the rate of
trate on multielectron channels. the Auger channel of noninteracting electrons. This unscreened cal-
The difficulty of Eq. (1) is the computation of culation overestimates the Auger neutralization channel, and thus
x(qj,@,2,2") for as many values as required to perform thethe Iong-range effect of Fhe plasmon channels i_n th_e multielectron
multidimensional integrations. The theory in which the sus-calculation leads to an increase of the neutralization rate only a
ceptibility is formally defined for jellium surfaces is the factor 3 bigger at5 a.u. from the jellium edge. At the jellium edge,
time-dependent density functional thec(mDDFT).ll In the the Auger channel dominates, therefore the unscreened calculation
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case of a surface, the TDDFT susceptibility is defined as 'S Pigger-
, , © [ relation potential are minor problems in the theory. In addi-
x(Q),0,2,2")= xo(q),®,2,2") + f_mf_xdzleZ tion to this, the large amount of existing literature provides a
good starting basis for the complicated numerical
X xo(Q),0,2,21)R(q),®,21,25) calculations®
, In Fig. 1 we find the results for the neutralization of
Xx(q),0.,22,2), @ He* on a jellium surface of ;= 2.00a,. The full line is the

where y, is the susceptibility of noninteracting particles, multielectron neutralization rate. The dashed line is a plot of
which is calculated for the considered jellium surface. And,the Auger neutralization of noninteracting electrohsVe
the effective interaction is the corresponding Fourier transperformed the calculation depicted by the dashed line by
forms of replacing the interacting susceptibiligy by the noninteract-
ing xo in Eq. (2).
O(ty—ty)  duyd p](ry,ty) The discrepancies in the two calculations shown are due
[ri—ry Sp(ry,ty) : to conceptual differences. In the dashed line, the Coulomb
Po interaction among the metal electrons is neglected, while it is
where p, is the ground-state electron density of the metaltreated within the self-consistent field approximatibin the
v.dp] is the exchange and correlation functional of theplotted full line. Thus this last calculation includes all pos-
Kohn and Sham time-dependent formalish#s in density  sible surface excitation channels: single-particle and collec-
functional theory, the approximations are introduced in theive excitations.
exchange and correlation functional. We are going to use the Although we find that the calculated rates do not differ
LDA Lang and Kohn surface, so that we are consistentlyvery much, we emphasize that the physical picture is quali-
using the local exchange and correlation potential. We aréatively different. The apparent agreeméohly a factor 3
going to introduce the already standard LDA approximationbigger at 5 a.u. from the jellium edpés due to the overes-
for the susceptibility, disregarding the time dependence iimation of the Auger channel by the noninteracting elec-
the effective interactioft*° trons. This can be seen in Fig. 2. We have represented here
This procedure has the appealing feature of selfthew dependence of the neutralization rate;(%/), which is
consistency. Self-consistency is important in order to conthe probability per unit energy of exciting the metal when
serve the surface response sum rdfeSalculations in elec- one particle is captured by the ion. The area under the plotted
tron energy losS and photoemissidfi have vyielded line is the neutralization rate a=5 a.u. from the jellium
excellent agreement with experiment. Hence we expect thadge. The smooth curvésquares is the noninteracting-
the locality and time independence of the exchange and corlectron calculation. It is the probability per unit energy of

R(rq,ro,ty,ty) =
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Two things become clear. First, despite the fact that our
calculation includes all possible neutralization channitis,
determining neutralization channel at distances greater than
3 a.u. from the surface is the monopole surface plasmon
channel*® Second, as we approach the bulk, electron-hole
pairs become increasingly important. The overestimation of
the single particle-hole channéAuger neutralizationby a
noninteracting type of calculation leads us to find a higher
neutralization probability in bulk than in the multielectron
calculation.

The experimental data of Ref. 18 show a slope in the
neutralization rate that has not been explained by the existing
calculations:”® Our theory shows a clear increase in the
slope due to the long range of the plasmon channels, improv-
ing the agreement with experiment. The exponential fit to the
experimental data gives a distance of decay of 1.3 a.u. for the
experiment?® while our results give a decay of 0.92 a(full
line, Fig. 1) in the region between the jellium edge and 3 a.u.
This decay is 0.75 a.u. in the same region for the unscreened

=5) (107° a.u.)

1/17(w,z

0.4 0.6 0.8 1 results(dashed ling The differences between theory and ex-
periment may be overcome by the proper inclusion of the ion
©/ wp potential in the one-electron Hamiltonian of the collision

states'® In this paper we focus on many-body aspects of the
FIG. 2. Neutralization rate per unit of transferred energy at Selectron capture by an ion at a metal surface. In Ref. 19 it
a.u. from the jellium edge. The smooth, almost constant curve is thgyas shown that the effect of the ion potential on the one-
unscreened Auger calculatidequares The sharp rising curve at  electron Hamiltonian of the collision states tends to improve
0.65wp (crosses wherewp is the plasma frequency, is the multi- the agreement with experimental estimations. However, a
electron channel calculation. Clearly, the overestimation of the Auproper calculation of this effect still has to be performed.
ger channel by the noninteracting calculation reduces the numerical Extrapolating the above discussion to other systems, we
differences in the total rates, despite the fact that both calculationsyy conclude that a noninteracting calculation for Auger neu-
are qualitatively very different. However, in systems where the muly,5jization of protons on aluminum will overestimate the
tielectron channels are not available, that is, for energy tranSferﬁeutralization rate by about one order of magnitude in the

much smaller than_the me_tal plas_ma frequency, the_Auger chann_? gion near the suface. This is due to the energy range of this
rates calculated with noninteracting approaches will be overesti-

mated(like the case of H neutralized on aluminuin In systems neutralization process, which is under Qdp7in Fig. 2.

where the transfer energy region corresponds to the surface plasmgrbere are systems in which the energy range will fall in the

region(such as A¥ scattered off magnesiunthe unscreenethon- surft?ce gla?fmon freqyency regrllt_)nr; -trhhls is the case of Ar
interacting calculation underestimates the neutralization rate, whileSC& _ere 0 magnesmm, In-whic e e”ergy range spans
at big energy transfers the noninteracting calculation approaches t#B€ interval going from 0.46p to 1.1wp. In this case we
many-body calculatiottsuch as in highly charged ion-surface scat- g;;pgeecrt itnhethg]tﬁ:)iﬁgpe?’aizlﬁglig?:uI;i(?rllvztaS fgcsorfgr:ﬂ?;
tering). .u.
jellium edge.

. . . On the other hand, high-energy transfetss{wp) will
gxcmng an electron over the Fermi energy, Whe.n.one partICI‘?eave the collective modegchanne?gclosed ar?é tﬁza dominant
's captured by the ion. The curve strongly rising at 0'65Auger channel can be perfectly calculated with free particles.

wp, Where wp IS the plasma frequency, is th? Interacting- For hollow ions aproaching a metal surface, the Auger chan-
electron calculatioricrosses Here we see that in the region . 4 .
nel can be well described in this way.

where only interacting electron-hole pairs can be exdited
low 0.7wp) the neutralization is small; it can be up to one  We thank E. Pardo and the Cray staff for their help during
order of magnitude smaller than the noninteracting calculathe computation of the results presented here. This work has
tion. When the surface plasmon channel opens, the calculdeen funded by Direccio General de InvestigagioCientr

tion with interacting electrons is a factor 4 bigger than thefica y Tecnica (DGICYT) of Spain under Contract No.
noninteracting calculation. PB93-0260.

1H. D. Hagstrum, innelastic lon-Surface Collisiongdited by N. 4M. L. Yu, Topics Appl. Phys54, 91 (1991).
H. Tolk, J. C. Tully, W. Heiland, and C. W. WhitéAcademic, 5p. Nordlander and J. C. Tully, Phys. Rev. Léit, 990(1988; A.

New York, 1977, p.1. G. Borisov, D. Teillet-Billy, and J. P. Gauyacthid. 68, 2842
2R. Baragiola,Low Energy lon-Surface Interactiongdited by (1992.
J.W. RabalaigWiley, New York, 1993 6A. A. Almulhem and M. D. Girardeau, Surf. S@10, 138(1989.

3F. Aumayr and H. P. Winter, Comments At. Mol. PhyQ, 275 "R. Zimny, Z. L. Migkovic, N. N. Nedeljkovig and Lj. D. Nedel-
(1994. jkovic, Surf. Sci.255 135(1991).



53

83. W. Gadzuk and H. Metiu, Phys. Rev.2R, 2603(1980.

9F. Sols and F. Flores, Phys. Rev.3B, 4878(1984).

0p M. Echenique, F. Flores, and R. H. Ritchie, Solid State
Physics: Advances in Research and Applicaticedited by H.
Ehrenreich and D. TurnbullAcademic, New York, 1990 \ol.
43, p. 229.

E. K. U. Gross, C. A. Ullrich, and U. J. Grossmann,Density
Functional Theoryedited by E. K. U. Gross and R. M. Dreizler
(Plenum, New York, 1995 p. 149.

2. Zzangwill and P. Soven, Phys. Rev.24, 1561(1980.

133, F. Dobson and G. H. Harris, J. Phys1g, 3971(1986.

1A, Liebsch, Phys. Rev. B2, 6255(1985.

BRIEF REPORTS

9625

15K, D. Tsuei, E. W. Plummer, A. Liebsch, K. Kempa, and P. Baksi,
Phys. Rev. Lett64, 44 (1990; K. D. Tsuei, E. W. Plummer, A.
Liebsch, E. Pehlke, K. Kempa, and P. Baksi, Surf. 34iz, 302
(1991).

18A. Liebsch, G. V. Benemanskaya, M. N. Lapushkin, Surf. Sci.
302 303 (1994; P. J. Feibelmann, Prog. Surf. Sdi2, 287
(1982.

7T, Fonden and A. Zwartkruis, Surf. Sc269/27Q 601 (1992;
Phys. Rev. B48, 15 603(1993.

184, Winter (unpublishedl

I9N. Lorente, R. Monreal, and M. Alducin Phys. Rev.48, 4716
(1994.



