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A theoretical calculation that allows for a fairly complete description of the charge-exchange and surface
electronic excitation processes occurring in thé &hd He scattering by ionic surfaces is presented. The
interaction parameters required to describe the collisional process are calculated by using a model Hamiltonian
that has proved to provide a systematic good description of the properties like binding energy, equilibrium
distance, and vibrational frequency of several dimers and atom-surface systems. The formalism is applied to
the comparative study of the scattering of lind He by the fluorine atom of a LiF surface. The ion survival
probabilities by elastic and inelastic processes are calculated, and the general trends of the experimental
findings are reproduced. Very satisfactory results concerning the electron-hole pair excitations in" the He
scattering are obtained when the charge fluctuation on the active F site is considered. The role of the surface
core states is found to be decisive for 1 pair excitation by Hé scattering, and for the neutralization of
H* projectiles.
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I. INTRODUCTION localized states of the solid target in the ion neutralization
and electronic excitation, must contempldig a model of
A great deal of low-energy ion scattering from solid sur-the ion-surface interaction that allows for the calculation of
face experiments have been performed in order to elucidatihe projectile energy level and the hopping between the pro-
the mechanisms of ion neutralization and electronigectile state and the states of the surface atdinsa time-
excitation!® The energy spectra of ions scattered along tradependent model Hamiltonian that incorporates these atom-
jectories close to the normal direction to the surface show atom interaction terms, an@i) a formalism accounting for
peak related with the ions that have only suffered an elastithe amplitude interferences in the calculation of ion neutral-
collision with the target atonfelastic peak corresponding to ization and electronic excitation probabilities, allowing also
elastic scatteringand other peaks shifted to lower energiesto infer about the role of the interaction with the core states
with respect to the elastic peak, that correspond to ions thaif the target. A theoretical description along these lines has
have lost energy by inelastic processes such as reionizatioalready been presented in previous wdti&The results ob-
electron-hole pair, or core-electron excitations in the surfacéained for several ion-target combinations have allowed to
(inelastic peaks corresponding to inelastic scatteritigis  understand the different mechanisms of charge-transfer and
observed that for several target elements the inelastic pealetectronic excitation in terms of the interaction of the projec-
dominate over the elastic peak. The usual treatment of iontile state with the band and core states of the surface. It has
surface charge exchange is based first, on considering the i@iso been shown from these results that a quantitative and
trajectory divided into three segments; i.e., the incoming resystematic description of the experimental findings depends
gion, the close atomic encounter, and the outgoing regiorstrongly on a reliable calculation of the parameters that ac-
and second, on the surface assumed as a jellium. In this caseunt for the projectile-surface interaction.
the ion neutralization occurs by either a resonant or by an In this paper we perform a comparative study of the H
Auger process, where the relative importance of each one iand He" scattering from fluorine of a LiF surface. For He
determined by the energy position of the ion level relative toscattered by the F atom, the experimental data show three
the valence band. An alternative approach is to assume thatibpeaks assignable to elastic scattering and to inelastic scat-
electron transitions take place during the violent collisiontering due to single and double electron-hole pair excitations.
with individual target atoms. Clear evidence has been preWhile in the case of H scattering by F, the elastic peak and
sented that violent collisions play a key role in determininga remarkable background due to multiple scattering from the
the final charge state of the scattered ions, although cleateeper layers are only observe@he experimental scatter-
band effects that mark some crucial discrepancies betwedng geometry correponds to a 160° scattering angle and an
surface scattering and gas-phase collision are also observedcident angle with respect to the surface equal to 80°. The
The ion level promotion due to the hybridization with local- formation of negative ions in the scattering of hydrogen from
ized states on the surface opens a possibility of resonanee LiF surface has been studied within a time-dependent
with valence-band states, this being highly favored by theHartree-Fock approximation, by using a charged cluster
continuum nature of them. (LigF)*" plus the residual point-charge field of the LiF sur-
A theoretical description of the scattering process thaface to account for the Madelung potential effect on the pro-
aims to provide answers about the role of the extended aniectile and substrate energy lev&i®ne important result ob-
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tained in this paper was the enhanced férmation in the  portant ingredient is to allow for the charge variation on the
scattering by the alkali i ions due to the presence of the active fluorine ion due to the electron capture by the projec-
F~ nearest neighbors. This conclusion agrees with the morBle, 8 a way to take into account the localization of a hole
prominent H peak observed in the scattering by Lin the created in this ionic surfacdé Finally, the g)_(te_nQed nature of.

LiCl surface? although these results do not reproduce thdhe band states is taken from a semi-infinite linear-chain

experimental findings of Soudet al® concerned with the Model calculation of the ionic compound surface.
H* neutralization and electronic excitations. Section Il A is devoted to a detailed description of the

An Anderson-like Hamiltonian is used in this case to de-calculation of the interaction parameters, while Sec. 11 B in-

scribe the collisional time-dependent process. In this way thoduces the model Hamiltonian for the collisional process
interactions between the extended and localized states on tR8d discusses the proposal to account for the localized nature
surface and the localized states on the projectile site are wefjf the hole created at the active fluorine ion. The time-

contemplated. It has been found that the extended nature §fPendent formalism for calculating the ion survival prob-
the valence bands is decisive for a good description of th@bilities by elastic and inelastic processes is presented in Sec.

electronic excitations of the surface and the ion neutralizall C- AlSO in this section we describe how to calculate the

tion. The different terms of the Anderson Hamiltonian are@verage charge in the active fluorine ion at the surface in a
obtained from a model proposed for describing the adiabati€onsistent way with the dynamical evolution of the colli-
interaction between the projectile and the target atoms. Thigional process, and the variation of the projectile velocity
implies that the hopping with the band states is written inaccordingly W|th_the electronlc transitions. Our result§ are
terms of the hopping with the surface atoms by using a “neapresen_ted and discussed in Sec. Ill, and the concluding re-
combination of atomic orbitaléLCAO) expansion of the Marks in Sec. V.

solid states, while the energy term related with the energy of

the active projectile level is obtained as the difference be- Il. THEORY

tween the total energies of the corresponding electronic con-
figurations of the interacting system.

We consider that one main question comes from the The molecular orbital$MO) of the (LisF)** cluster em-
model Hamiltonian used to obtain the atom-atom interactiorbedded in the residual point-charge field of the LiF semic-
terms. This Hamiltonian is derived from a many-bodyrystal are obtained from a full electron self-consistent
Hamiltonian written in terms of the symmetrically orthonor- Hartree-Fock calculatiof?, The projectile-cluster interacting
malized atomic basis set where only those terms leading teystem is then considered as a “giant dimeric system” with
bond-pair interactions are retained. Up to this point two opihe isolated cluster described in terms of its own eigenstates,
tions are openti) to adopt a Hartree-FoclHF) approxima- and the interaction described by a bond-pair model
tion with parameters given in terms of one- and two-electrorHamiltonian’®
integrals calculated by using the orthonormal basis set, and
(i) to perform an expansion of the parameters up to second, - ayn
order in the overlap over the many-body Hamiltonian foI-dH_;, EiU(R)niUJri;j‘{,, (Vij,o(R)CiyCjg +H.C) Vi,
lowed by a HF approximation. In this case, only the hopping (1)
parameters are calculated by using the orthonormalized basis
set defined within the dimeric subspace. These two option&here thei andj states are obtained from a symmetric or-
of the interaction Hamiltonian have been discussed previthogonalization of the MGb, of the isolated cluster and the
ously and applied to the description of dimeric systems, an@tomic stateP, centered at the projectile site. A mean-field
also to the interaction of atoms with surfacés! The pa- approximation on the two-electron interactions allows for the
rameters obtained from the opti¢n have been adopted for following expressions of the Hamiltonian parameters after a
the description of the ion scattering by surfaces in all oursecond-order expansion in the overl&psis performed:
previous worksgyowever, after an extensive analysis of new
dimeric systems; we have arrived at the conclusion that the 0 2 ~ o a
option (ii) provides a more delicate balance among the dif- Ei,=ei _; SJV‘1’0+(1/4); SjAE; o+ Ui(ni—,)
ferent interactions involved that leads to a very systematic
good description of the properties of the analyzed dimers
(binding energies, equilibrium distances, and vibrational fre-
guencies The main difference between the two options rests o
on the diagonal terms of the model Hamiltonian, leading to + Aiki{CyCio) 1, (2
different proposals for the variation of the energy levels with
the distance between atoms. . . A

To describe the interaction between the projectile and &ij.o="tij+ 2 [Nkij{M— o)+ Aij{Nio) 1= Gij(C15Cj.0)
clusterlike LiF surface, we calculate the Hamiltonian param- .
eters by using the optiofi). The ion energy level is ob-

A. A model for the atom-surface interaction

+2 [’jij<ﬁjfa>+éij<ﬁja>]+ 2 [hikj<&l:oeiﬂr>
IEa K# ]

tained as the difference between the total energy of the neu- +jixj<6it(rejfrr>_2k [Aikj<élrrrairr>+Ajik<6j+(rek<r>]v
tral projectile-surface interacting system and the total energy
of the ion-surface interacting systéﬁlAnother new and im- 3
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where clearly the case of the resonant neutralization of Hehere
the He-s state for the second electrofiey()=
AE; ,= O+ 3%¢n . +G%n ) —24.6 eV is the active one. In the case of Htaking into

" ! Ek (i M)+ Cie(Mhr)) account the energy difference between the affinity level

(—0.7 eV) and the ionization level{13.6 eV), the spin-
0 0 0 less model may be applied in two steps: first, the neutraliza-
it Ji(n_ >+ G |, Yy pp p )
‘i Ek Ujid M=) + G >)} tion of H", and then the negative-ion formation fron?.H
The expression of the Hamiltonian is the following one:

Gij= (3 - IP)(L+sh), ) . )
H(t):; 8knk+§: ec(t)nc+eq(t)ng

3=~ SiI7,
Aij=hii;—hig; - +Ek [Va(t)cl e+ H.c]
All two-electron integrals come from the general expres-
sion: +§C‘, [Vac(t)Ci Cot H.C]+ Viedt), (4)
Vija = (@@ (r")|Lr —r'|[Dy(r")D(r)), where thek states refer to the valence-band states, and the

h . icularU. =V Jo—vV states to the core band states that hybridize appreciably with

where n par;t(lcu ardi=Viiii » Jij = the projectile atomic state of energy givendy(t). The core

= Viij » a”dhkij:\_/kikj- _ bands are assumed of zero width. The time dependence of
The zero superindex refers to the integrals calculated by, parameters comes from the classical trajecRsR(t)

using the atomic states to differentiate them from the sam@egcriped by the projectile. An LCAO expansion of the hop-
ones obtained by using orthogonalized atomic functionsPing with the valence-band states leads to

This model Hamiltonian has been used for the description o
several dimers, leading to very satisfactory results concern- p
ing with binding energies, equilibrium distances, and vibra- Vak:iER Ci,rVai
tion frequencies? The one-electron integrals andt;; in- e
clude the electron interaction with the nuclei and with thewith the indexi summing over the valence states of the sur-
point-charge field of the LiF semicrystal. WhiM,,_, ac- face atom at positioRs. Within a nearest-neighbor approxi-
counts for the projectile nucleus interaction with the nucleimation, the only interaction maintained is the one with the
of the (LisF) cluster as well as with the point-charge field of fluorine atom on the surface:
the LiF surface.

The hopping parameteié,,(R), where the subscripta V.o~ E ck v
and « denote the orthogonalized states that asymptotically kg, iR
tend to the atomic state of the projectile and the MO of the

isolated cluster, respectively, are obtained from the totalfr’md the significative/,; corresponds to th,; hopping pa-

energy calculation of the ionic projectile interacting with the rameter obt:med ff:com thekstatlonarly C|a|Cl:::att)I0n o!escn?ed n
clusterlike surface without allowing charge-transfer betweerPeC: I A- The coefficients;  are calculated by using a lin-
them (E*). The more relevant hoppings correspond to thos€ar model of thg ionic co_mpound surface. The hopping with
between the atom state and the MO states that are practica@e core states included in E@) are the more relevant ones
pure 1s-F state ¥.,,), 2s-F state ¥,,), and D,-F state al qndvaz, as it was discussed in Sec. Il A. In _Flg. 1, the
(V,3). The values obtained for these hopping parameters afdPPiNgsVai,Vaz, andVas are shown as a function of the

practically the same as the ones corresponding to the dim&StanceR from the projectiles H and He' to the fluorine
F-H. atom at the surface. The core-level energiggR) and

The total energy of the neutral projectile-surface interact£2(R) are also assumed to depend on the projectile’s trajec-
ing system E?) is calculated similarly, and the ionization tory according with the adiabatic interaction described by the

energy of the projectile atome() is obtained from the dif- Hamiltonian(d). _
ferenceE*—E™. The ion level energy,(R) calculated as the difference
E°—E™ takes into account the electron interaction with the
alternating +1 and —1 charge distribution at the lattice

iijj » I = Vijij » D

B. Model Hamiltonian for the collisional process

N

Za qi
—(1/2)V2— -
(172 §|V—Ra| i20|r_Ri|

sites. This interaction appears in th%one-electron term of
An Anderson-like time-dependent Hamiltonian within a the expressiori2) (atomic units are used

spinless model is used for describing the collisional process.

The interaction of the state localized on the projectile site 0 < >

with the extended and localized band states of the surface is €a=\ ¢a Pa /s

well contemplated in this form. The spinless model is appro-

priate when it may be assumed that there is only one activevhere the first two terms correspond to the kinetic energy

atom state involved in the charge-exchange process. This &nd the electron-nuclei interaction, while the third represents
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FIG. 1. Hopping interaction terms between the projectile statedistance: the solid curve corresponds to the calculation Wit

(a) and the active MO ¢=1,2,3) of the target, as a function of the =1 While the dashed curve tny)=0. The dotted curve corre-
sponds to the F2 core-level energy; and the dot-dashed straight

ion-surface distance. > o )
lines delimit the valence-band edges of LiF.

the interaction of the electron with the point-charge distribu-

tion. In our case the active site=0, Ry=0, corresponds to charge-exchange process occuring along the time evolution.

the fluorine atom at the surface with chamgge= —1 partici-  The energy levels,(R) for H and He™ are shown in Figs.

pating in the charge-transfer process. A good approximatio2 and 3, respectively, for two limit situationéng)=1 and

of € is the following: (ng)=0. The energy level in the dynamical calculation is

- defined between these two limit values depending on the
7 - . 1 value of(ny(t)) along the ion trajectory. The variation of the

_(1/2)V2—2 |r_!|; |_Z |ri1|Ri| (Pa>+ < 0( )> g J y

a i#0

R hydrogen energy level with the distance from the surface
5) shows a pronounced difference with the one calculated in
Ref. 8 by using the optiofi) for the interaction Hamiltonian.
The repulsive contribution I to £,(R) implies to assume Itis found that the electron-electron repulsion energy is over-
that the charge of the active site at the surface does netstimated in the optiofi), leading to an upward shift of the
change. In the binary collision the electron capture by thdevel energy for small separation distances and consequently
projectile (H", He") leaves the corresponding hole local- to a systematic underestimation of the binding energies of
ized at the active site within the time scale of the collisionthe analyzed systeni8.n Figs. 2 and 3 the only core-level
process, as it has been already pointed out by Boesall*  energy that shows an important variation as a functioR:of
In our description we can take into account the dynamicak, that tends to the  F state, is also shown.
charge fluctuation on the active Fite along the projectile The “residual” potential included in Eq4) is required to
trajectory defined byR=R(t) as the formalism allows to calculate the variation of the projectile velocity along the
calculate the average occupation numgey(t)) for the sec-  trajectory and the turning points for the collision. We define
ond electron in the @, state of the active fluorine, according this potential as
with the excitation and charge-transfer processes taking
place during the collision. The repulsive contributiofR ih N
Eqg. (5) is then replaced byny(t))/R, leading to a less re- _ _ _
pulsive effect agny(t)) becomes smaller than one due to the Vied RIOT=(H)run = (H)aynamict Zpigo

0
€= < Pa

i
IR—R|’
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where(H )¢, is the mean value of the full Hamiltonid&q. .

(1)], but without the interaction between the projectile distance(a.u.)

ngc_leu_s and th_e point-charge d|Str|bl“.ltlon that is written ex- FIG. 4. The “residual” potentialV,.s as a function of ion-
plicitly in the third term, andH)gynamicis the mean value of surface distance. H scattering:(—) for (no)=1, (- -) for {ng)
the Hamiltonian terms maintained for describing the dynami-_, o+ scatteringi(—) for (ng)=1, (- -) fgr <n0'>=0_ 0
cal collision process according with the Anderson-like ’

model. Both(H and(H i, are calculated without . ¥ +
allowing ch;rgéf#ansfeﬁ b@twgglr? the projectile and the sur- Gam(tto) =10 (t=10)(Cr(t0)Cq(t) + Cq(t)Cm(to) ),

face. By making the same considerations as in the case of thvehereq and m refer to the surface and projectile states that
energy levels,(R) with respect to the effect of the charge diagonalize the system without interaction. Thei§(t,) cre-
fluctuation on the active fluorine site, the final expression ofates an electron at the initial tirig in an eigenstate ,, of

Vies(R) may be written as the noninteracting system, whitg(t) destroys an electron at
the timet in an eigenstateb,. It is straightforward to see
N-1 ai that the average occupation number in ¢hetate is given by
Vres[R(t)]:<H>full_<H>dynamic+zp#0 |R—R-|
1
(g()= 2 [Ggultito)l?, )
B Zp<n0(t)> a(occupied

6 _ .
R © where the initially occupiedr states are the surface valence

and core band states for an incoming positive ion. Within the
In Fig. 4 this potential for both projectiles, Hand He", ~ SPinless model we are using, the probability of a positive

is also shown for the two limit values @ho). charge state for the projectile results to be:
P (1)=1—(na(1)) 8
C. Time-dependent formalism o ] ) )
_ _ o _ It is important to notice thaP*(t) involves the elastic
1. Elastic and inelastic ion survival probabilities and inelastic-scattering processes. The probability of surface

We use the same Green's function technique used in prelectron excitation is given by the average occupation of the
vious works®~® which in our opinion is quite convenient conduction band:
when the solid eigenstates are known as in the case of the
linear-chain model. The time-dependent Green functions Podt)= (n(1))=PE&(t) + PUY(1), (9)
proposed are k e condband
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where the core RS and the valenceRYS) electron excita-  count for these processes, that can be treated within a pertur-
tion probabilities can be distinguished accordingly with Eq.bative way'® Basically the two-electron terms we would
(7). In order to compare with the experimental data of Soudaieed to include are

et al.,®> we need to evaluate the probabilities for positive ions
that correspond to the elastic and inelastic peaks. Within the
independent electron approximation we are performing, it is
possible to define the inelastic ion survival probability as

fmin n
k;k (VicgkokaaCh, Ck, CicsCat H-C)
17283

2 Vikoksk,C,Cr,CrC,
+ +
Pinelastic: E <(1_Ca Ca)nk>:P+*Pee kyKokgky 1KoK3K4 ™Ky TKy T K3 ™Ky
k e condband
PN In the same way, the electron-electron repulsion in the
k Zib d [{cacl®, projectile site given by the tertdn,;n, , must be included
ceonaban in the Anderson-like Hamiltonian for a correct description of

where P* and P, are obtained from Eqg8) and (9), re- the all final charge states (H H™, H°) in the H" scattering

spectively, andc; c,) is obtained from case. A perturbative calculation of this correlation term that
goes beyond the time-dependent HF approximation is also

N . possible within the Green’s function technigtfelThe inclu-
(ca (Hew(t))= . ogjpiedGaa(tato)Gka(t:to)- sion of these terms in the Hamiltonian is an improvement left

for a future work.
It is also possible to distinguish between the ion probabil-

ity for inelastic processes related to valence electron excita- 2. The charge at the active fluorine site
tions (PiE%e)\stic) and those related to core electron excita- The average occupation numbr,(t)) for the second
tions (Pipefastio): electron in the P, state of the active fluorine atom is calcu-
(8 e ve lated from the expression:
Pinelastic: P Pee
K
- > GZ.(t,t0) Galt,to), (no(1)=2 [cf'elX(ni(1))
k e condband a € valence band K
c with {n,(t iven by Eq.(7).
Pitlgalgstic:PJr*ng < k( )> g y Eq.(7)
. 3. The variation of the projectile velocity along the trajectory
- > > Gac(t,to) Gt to). . . .
k e condband c(core statep We assume a rectilinear trajectdr{t) that is calculated

by integrating the velocity (t) =dR/dt at each time. The
(10)
projectile velocity varies along the trajectory due to the cou-

Thus, the elastic ion survival probabilitpP{, (3. ) results pling between the electronic transitions and the nuclear mo-

are tion in order to maintain constant the total enefgynuclei
+electrons). This variation can be taken into account by an
P =P —Pi® . —PO (11)  average potential constructed as the sum of the energies of

the different electronic channels weighted by the correspond-

Here we have adopted the notation that Soetial® use  ing probabilities of occurrenc€:*’ The approximation of an
for classifying the inelastic and elastic peaks in the ion enaverage potential is a good one for incident kinetic energies
ergy spectraA denotes the elastic peaB, is the inelastic (Ey) not too low as to invalidate the assumption of an unique
peak concerned with the excitation of an electron of the vatrajectory. In our case this potential is directly given by
lence band, whileC denotes the inelastic peak related with
the excitation of a core electron, and also with the simulta- V(t)=(H(t))
neous excitation of two valence electrons and the reioniza-
tion process, when these three inelastic processes mean simind for a constant value of the total enerdy=E,
lar energy losses. The reionization process by a resonant(H(«)), the velocity is determined as
mechanism during the violent collision takes place in the
case o_f a neutralization of the ion_projgctile along the incom- v(t)=2[E—V(D]M.
ing trajectory by another mechanism like the Auger process.
The reionization probability can be computed within our for- i i ]
malism by considering an incoming neutral projectile. But 1he calculation ofH(t)) requires to know the different
the description of the excitation of two simultaneous@verage occupation numbe(sy(t)) and the cross terms
electron-hole pairs is not possible within the assumed indeécg(t)cq(t», which can be calculated from the Green’s
pendent electron approximation . Nevertheless the formalisrfunctions G,(t,to). The turning point is determined when
allows for the inclusion of the two-electron terms that ac-v(t) becomes zero.
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4. Motion equations for the Green is functions T T T T T v T v T
Defining ggn(t,to) as 2.0 M M

A A
t A A
gqm(t,t0)=qu(t,to)exp{iJ gqdT . A A .
to
A A
the required Green’s functions are found by solving the a A
integral-differential equations given by 1.5 4 a a -
t 8 A A
idga,(t,t /dt=fd2t, W7t =
Jaa(t,to) , 72 (1, 7)Gaa( 7, t0) = i x [ i
a
3
+> vaﬁ(t)gﬁa(thtO)+ O(t—1p) baan §
B 1.0 -bo“” -
% ©
dgka(t,to)/dt=Via(t) Gan(t,to) + 8(t —to) ke ‘0,’ RS
wherea runs over the projectile and surface stategnd g8 ’0,@?59 ‘Q&
only over the surface states, and the new functions intro- % ®
duced are 0.5 - oe COBRARARRAIRNRR
° W
S(t,7)= =10t 1) Vas(t)Vga(7), o © Jo
B | o » ° |
o 3 Y of A
t OO © O
Va(t) =V (t)exp[if (eg—ea)dr7|. o2 L
pe pe to g 0.0 1 J j T T T T 0%7]”"“
-4 -2 0 2 4
lll. RESULTS AND DISCUSSION distance(a.u.)

The ba_nd en_ergies O_f the ionic ggrfgqe gre determined FIG. 5. Average occupations as a function of ion-surface dis-
from the dispersion relation of a semi-infinite linear chain ofance. @) surface core statds,.); (#) valence-band statés,,);
alternate F and Li* atoms. The top of the valence band is (¢ ) conduction-band statds.): (O) projectile statgn,).
located at—0.49 a.u., the bandwidth is 0.19 a.u. and the

energy gap is 0.49 a.u. Theg,, ¢ coefficients are normalized ot e occupations according with the hybridizations among
to obtain a projected charge of 0.9 on the p;3tate. The  he surface and projectile states that take place along the ion
noncomplete electron transfer from Li to F is contemplatedyajectory can be observed. Thus, the core state occupation
in this form, and consequently the small but not vanishingshows a pronounced adiabatic variation suggesting an inter-
participation of the F-p state in the conduction band is pre- mediary role in the inelastic and charge-transfer processes.
served. This also means that the maximum valuengj is  The projectile and conduction-band states become occupied
actually 0.9 instead of 1. The core bands that are |ncludeg|Ong the incoming part of the trajectory at the expense of
correspond to the 2F state located at1.38 a.u., and 10  falling down the core and valence-band occupations. In the
the 1s-F state with an energy of 25.7 a.u. The core state oytgoing part a redistribution of the electronic charge occurs
energies are obtained from the HF calculation of the isolatedjjying place asymptotically, to a negligible neutralization of
cluster (L5F)** embedded in the residual point-charge fieldthe jon projectile and to an appreciable electron-hole pair

of the LiF semicrystal. excitation on the surfaceg.p) =0.53 and(n,,) =0.47).
The elastic and inelastic ion survival probabilities as a
A. He' scattering function of the incoming ion kinetic energy are shown in Fig.

In Fig. 5 we can see the occupations of the surface anf: W€ found that for all th"‘r‘_e”fefgy values analyzed, the core
projectile states as a function of the ion-surface distanc&!€ctron excitation probabilitiPe. is zero. Therthe inelastic
(negative values of distance only indicate the incoming parton survival probability corresponds only ®;, Nstic [EQ.
of the trajectory. These occupations are calculated through(10)]. Also, in Fig. 6, we compare the results obtained by
Eq. (7), (n¢) correspond to the two core states consideredgither including or not the variation of the charge)) on the
(n,,) to the valence bandn,) to the conduction band, and 2active F site at the surface. iny when_ th_e localized nature of
(n,) to the occupation of the projectile state. The sum of alithe hole created ‘it(é)he active E(f)'te is included, the energy
the (ny(t)) has to be equal to the total number of active dependencies oPinejasiic and Pejasiic are in good coinci-
electrons, and this becomes a good test of our numericalence with the experimental resuttés it has been already
calculation. The results shown in this figure correspond to amentioned, Soudat al. find three peak$A, B, and Q in the
incoming ion with a kinetic energy of 300 eV. The variations energy ion spectra coming from the Héons scattered from
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FIG. 6. The ion survival probabilities as a function i&f for FIG. 7. The same as in Fig. 6 for*Hscattering. (1) P* by

. . ) :
HeHA)scatterlng. The (_:'rCIeS cor_respon_d to elastlc( )processe%noring the charge fluctuation on the active F site. In this case
(P50, and the up triangles to inelastic processes,£)..0. p*A)

The. omen svmbols corresbond to results obtained by unoming th elf.,lsticcoincides withP™ when the effect of this charge fluctuation
pen symt pona t ! ' by ignoring thiinciuded.

charge fluctuatioqng) on the active F site.R) the final positive

charge-state probabilith * giving the same result independently of

the charge fluctuatiotn,). in all the energy range, as it has been observed from the ion

spectrum for H& scattering. Within the approximation used
h | F Th KB ianabl in this paper, it is not possible to calculate the probability for
the topmost layer F atoms. The peak B is assignable to thg,q gimyitaneous excitation of twesh pairs. We expect that

i . ) R
He |or|13, Wh'fh exIC|tg one helecltron-hole kpa|r since thza more pronounced decrease of the elastic ion survival prob-
energy-loss value relative to the elastic peak A correspondgy;ii with increasing energy will be obtained by including
well to the band-gap energy of LiF. The peak C is thought t%his reaction channel

be caused by simultaneous excitation of texh pairs ac-
cording with the energy-loss value that is twice the one fo
the peak B. It is also found a negligible ionization probability
from the He" spectrum obtained with Hencidence . Then

Another significative result is concerned with the role
rplayed by the core states; the hybridization with treR2
state makes possible the excitation of &b pair, while the

o d . buti ¢ reionizafi inelastic scattering is suppressed when this core state is not
It Is not expected an important contribution Of reionization ey ged in the description of the ion-surface interaction.

prockeszes to thg peak C. It 'ﬁ also obserfved that.tfhe Tgcl)as%is indicates the formation of quasimolecular states during
peaks become dominant with increase of energy: for 100 e¥,o ¢ojjision whose promoted energy levels allow for reso-

the elastic peak dominates in intensity, while for energieg, ;s canture and loss processes leading finally to excitations
around 300 eV the intensity of the inelastic peaks begins Q¢ 4 valence electron

be larger. The measured intensities of the elastic g@ak
and inelastic peakB) are proportional to the probabilities of
ions scattered elastically P((Y.) and inelastically
(P30, respectively. We found that our results for By considering the charge variation on the active F site
Pg,g{;{ic and P;g?;stic exhibit the same behavior with the in- our results indicate a negligible electron-hole pair excitation,
cident ion energy when they are compared with the intensithenP ™ corresponds in this case to the probability of elasti-
ties of the elastiqdA) and inelastic(B) peaks. AsP* is  cally scattered ions; the results obtained by ignoring this
constant and equal to 1 within the whole energy range, weariation gives also a small inelastic ion survival probability
can conclude that there are only inelastic processes withoats it is seen from Fig. 7. For the scattering of neutral atoms
neutralization in the scattering of Fidrom the fluorine atom we found an increasing ionization probability with the in-
at these energy values. The ionization probability for incom-crease of the kinetic enerdjfig. 8@)]. The measured energy
ing HE® atoms has also been calculated, and found negligiblepectra of H ions show a broad background due to multiple

B. H* scattering
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0.7 S I e — ered. We conclude that the electronic excitations at the sur-
1 @ 0 1 face depend strongly on the coupling between thestétate
0'6'_ ] and the F-» state, and this coupling value is small as it can
0.5 - | be seen from Fig. 1. Then the result concerned with the lack
> - . - . . .
= | | of e-h pair excitation will be independent of the better de-
% 0.4 1 . scription of the charge states of the projectile that we can do.
Ko] < i
[e]
5 0.3 o .
5 02 oL e
= 0.27 —" 1 IV. CONCLUSIONS
°
T o .
0149 o _—— = We have presented a parameter-free calculation of the
° . i
1 _— 1 ion-surface scattering process that accounts for
o.04 @ 1 ! L . 1 ! e (i) A description of the interaction based only on the prop-
0.7 1 ®) . erties of the atoms involved.
0 6_' ® ] (i) The analysis of the surface core states that hybridize
- | appreciably with the projectile state.
% 0.5 - . (iii) A dynamical one-particle Anderson-like Hamiltonian
E 1 1 that includes the extended band states and the localized core
o 0.4 1 bands that participate in the collision process.
o 1 1 (iv) A description of the dynamical evolution that allows
S 0'3'_ ¢ ] for the calculation of the probabilities for the different elastic
g 0.2 e _ and inelastic channels.
2 (v) A classical ion trajectory that includes the velocity
S 0.14 . variation of the projectile accordingly with an average time-
= ® O T . . .
1 e/—é74A><§ é 1 dependent potential that involves the coupling between the
0.0 — v T T

T T T nuclear motion and the electronic transitions.
100 200 300 400 500 (vi) The possibility to examinate the role played by the
kinetic energy E, (eV) localized nature of the hole created at the active anion site of
an ionic surface, and its effect on the projectile level shift
FIG. 8. (a) The positive charge-state probabil®y as a funtion ~ 2/0ng the trajectory in a consistent way .
of the kinetic energy. Empty circles correspondRo for an in- These ingredients make the formalism a powerful tool
coming ion H* while full circles correspond t&* for an incoming ~ towards a complete description of the elastic and inelastic
neutral hydrogen atontb) The full circles correspond to the calcu- Processes that take place in ion-surface collision.
lation including the surface core stateg} ) results where the in- The results obtained provide a very satisfactory explana-
teraction with the 2-F state has been neglecte) results where  tion of the differences observed in the energy spectra for H
the interactions with both<tF and 2-F states have been neglected. and H€ scattering by fluorine in a LiF surface. The role of
the adiabatic interaction with the F core states is clearly evi-

scattering from deep layers, indicating a low probability ofdenced, being the presence of thef2 state decisive for a
valence electron capture by the kbn. Our calculation leads high e-h pair excitation in the scattering of Heand for a

to an oscillatory behavior oP* as a function of,, but it neutr_allzatlon of H Iovyer than tha_t expected for the case of
does not take into account neither multiple-scattering pro@ pI’OjeCtI'|e level quaswesqnant with the valence—banq states.
cesses nor the negative charge state for the projectile. TH¥0ther important result is that good agreement with the
energies of affinity and ionization levels of hydrogen nearéXperimental trends is only achieved when the charge fluc-
the surface are not separate enough as to expect that tH@t"?” on the act_lve ﬂuorme_ ion is taken into account in a
spinless approximation provides a completely satisfactongonsistent way with the excitation and charge-transfer pro-
description of the charge-transfer process. A calculation betesses along the trajectory. Finally, our formalism opens the
yond the Hartree-Fock approximation is required to describ@0ssibility of including correlation terms that are important
more correctly the all possible final charge states for an ini0 describe the simultaneous excitation of e« pairs, and
coming H' ion. the negative charge state for"Hcattering.

In Fig. 8(b) we can observ®™ as a function of kinetic
energy when the core states are left out from the calculation.
The ion survival probability falls down due to the resonance
of the ion level with the valence states, which in this case has
not been altered by hybridizations with the core states. The This work was supported by GratPIP) No. 4799/97
presence of a core state so deep in energy asdHe state  from Consejo Nacional de Investigaciones Ciicais y Tec-
only introduces a shift in the oscillations wiky, but it does  nologicas(CONICET), (CAI+D) No. 94-E12, andCAI+D)
not substantially affect the values Bf". Thee-h pair exci- No. 6-1-76 from Universidad Nacional del LitordUNL),
tation is also negligible when the core states are not considArgentina.
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