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Band effects on inelastic scattering of low-energy ions from metallic and ionic surfaces:
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Charge exchange and inelastic excitation processes have been analyzed in the scattering of low-énergy He
from metallic and ionic surfaces. An Anderson-like Hamiltonian is proposed, where the parameters are defined
taking into account the electronic band structure of the surface as well as the atomic nature of the interaction
between the projectile and the target atoms. The time-dependent collisional process is solved by using a
Green-function formalism, which allows us to calculate not only the charge-state probabilities but also the
one-electron interband excitations in the solid. Competitive effects of the hybridizations among the localized
state at the projectile site and the localized and extended surface states are contemplated. In this way we can
explain the observed energy dependences of the neutralization probability, as well as the occurrence of energy-
loss processes due to the excitation of valence and core surface electrons induced by the collision.
[S0163-182698)03708-4

I. INTRODUCTION level with respect to the Fermi level of the solid target. It is
the role of “intermediary agents” played by the localized
The inelastic scattering of low-energy ions from solid sur-states in the surface that allows one to understand the experi-
faces is a typical time-dependent quantum process which igiental evidencé.In the same sense the hybridization be-
not completely solved at present. It is usual, for visualizingtween the projectile state and the extended and localized
the charge-exchange process, to divide the projectile trajestates of the solid provide a mechanism to explain the one-
tory into three parts: the incoming trajectory, the violent col-electron excitations in the solid induced by the collisional
lision zone, and the outgoing trajectory. Auger neutralizationprocess. Taking into account the antibonding interaction be-
along the incoming part is expected to be important in theéween the He-§ state and the core levels of the solid, one
case where the ion energy level lies deep enough below theould expect that these core levels, which promote an im-
Fermi level. But it is found that the violent collision is cru- portant reionization, do not contribute to the inelastic scat-
cial for determining the final charge state of the projectiletering by core-band excitations. A Hgeak in the scattered
due to the reionization processes, and also for explaining thien energy spectra associated with an energy loss around 20
inelastic channels related with the excitation of targeteV can be due to both reionization and core-electron excita-
electrons:™’ The strong dependence of the inelastic scattertion processes, in this case one would think in the active
ing on the ion-target combination suggests that the electronipresence of at least two core levels: one with binding energy
excitation is closely related to the formation of quasimolecudower than that for He-4 state(24.6 e\) contributing to the
lar states during the collision. In this sense a predominancimelastic scattering by core electron excitation, and the other
of one-electron over two-electron excitations in surface scatwith binding energy larger than 24.6 eV promoting the reion-
tering processes, basically caused by the energy-levétation. The $ and 3 core states of K resemble this
crossing$ is also justified. The effect of the localized statessituation®
in the solid (core statesin the scattering process has been For a theoretical explanation of both the reionization of
analyzed through an ample variety of experimentalHe and its electronic excitation, an electron promotion
results®® It is found that an appreciable ionization of neutral mechanism mediated by molecular orbitélO) has been
He projectiles at low incident energieE <1 keV) can be proposed3°0n the basis of the adiabatic MO calculation,
expected when there are localized states in the surface wisurface electronic levels can be promoted due to the anti-
binding energies larger than that of the projectile state. Théonding interaction, with the projectile orbital promoted in
hybridization among them gives way to antibonding stategurn by the interaction with a core state of the target atoms.
which favor the electron transfer from the projectile state toThis MO energy calculation cannot give answers either
the empty band of the solid. In this form it is possible to about the reionization and electronic excitation probabilities,
explain the large reionization probabilities measured irf He or about the dynamical aspects of the hybridizations among
scattering from alkaline-earth elemeftsnexpected if one the localized state at the ion site and the surface states of
takes into account the deep location of the He€hergy localized and extended nature. The first attempt at including

0163-1829/98/5(.1)/667213)/$15.00 57 6672 © 1998 The American Physical Society



57 BAND EFFECTS ON INELASTIC SCATTERING 6. .. 6673

the effect of the hybridizations into a dynamical descriptionwhere the first two terms are related to the energy states of
was performed by Muda and Newhs,by considering, the solid, the third one to the energy state of the projectile,
within the framework of the Anderson-Newns Hamiltonian, and the following two to the hopping between solid and pro-
the projectile-site term as the energy of the diabatic stat@ectile states. The screened nuclear repulsion temy is
which results from the interaction between the projectilealso included in the expression Bi(t) [Eq. (1)]. The &;,,,
state and the inne( states of the target atom. Solving thel+ (Ckn,C) Operators creatélestroy an electron in the ex-
time-dependent Schdinger equation, they found the aver- tendede,, and localizedy, states of the solid, respectively.

age occupation number of the projectile state for a Iineae; (,) creates(destroy$ an electron in the projectile,
substrate of a finite number of atoms, with all the interfer-gi4ta The number operatdis are given byd,=¢'¢, . The

ence effects that a dynamical process implies. spinless picture is appropriate for the scattering oft He

. F’y followir:g thr?. igeas of N:Ud%and Newrgs(,j our theofet' He", where it is possible to consider only one active level
ICal proposal, which was already presented In previous,;, binding energyE,()= —24.6 eV measured with re-

9,12,13
pect to the vacuum level. The extended solid statgswith

works, is an extension of the Anderson-like picture, and
include several electronic bands of localized and extende nergies: ., (n is the band indexare distinguished from the
focalized stateg, with energiese, . In the case of localized

natures, with Hamiltonian parameters assimilated to thos
Obta'nﬁdﬁfrom a model based on a superp_os_mon of Pl ates associated with core bands, these bands are assumed to
“>which accounts for a realistic description of each

bpnd;, . : .be of zero width, and with an energy equal to the x-ray
dimeric system. Our model calculation conjugates the atom'%pectroscopic valut:17

properties that determine interactions between atoms with & .
model for the surface states that is capable of reproducing tf’k()a The hopping parametendy, 5(1), Via(1), are calculated

main features of each projectile-target combination. Theyperfqrmlnfg Ikl]near combination of atomic orbitdlsCAO)
time-dependent scattering process is solved using a GreerzpPan=on 0 thepin and ¢y states,

function formalism which allows us to calculate not only the

projectile charge-state probability, but also the probabilities an,a(t)zz CI;',]iVai,a(t), (2a)
of the one-electron interband excitations induced by the col- ol

lision, through a very efficient numerical calculation. This

formalism also provides probabilities along the projectile tra- Via(t) = Z CIM Vaia(h), (2b)
jectory, and the partial contributions of each surface elec- wio ’

tronic band to the neutralization of the ionic projectile, by where the indexes,i(,]) denote the site and state of the

res_lc_)rr:ant'hke fp:rc:.cessei.. i twdv of the rei atoms in the solid, respectively. The expansion coefficients

_'heaim of this work 1S a comparative study of the re'on'c';"i (¢ ) determine the local and partial density of states

ization process and inelastic scattering of low-energy He _&!' *"#J .

: I . given by the expression

from metallic and ionic compound surfaces, such as Li, Na;

K, LIiCl, NaCl, and KIl. These selected systems offer an )

ample variety of features related to the extended band struc- Pai(e)=2 [cN|28(e — £xn).

ture and the core states, which makes possible both MO pro- kn

motion and direct quasiresonant charge-transfer mechanisms. : .
) . "~ The atomic hopping/,; »(t) between the state, local-

The effect of extended and localized states in the solid, PPING/ i a(t) Pa

) o e i . ized in the projectile and the statg localized in the atom
through the|.r competitive hybr|d|;at|on§ with the localized site a of the solid is obtained from a self-consistent full
state in the ion site, is analyzed in detail.

. . . _— electron Hartree-FockHF) calculation of the total energy of
In Sec. Il we describe the interaction Hamiltonian used tF) oy

d the G function f i f Ving the ti the corresponding dimer.
an e tsreen-iunction formalism for solving the time- 1o E.(t) parameter is the projectile energy level shifted
dependent collisional process. In Sec. Ill we present th%

. ! . ; the interaction with the nuclei and electrons of the target
eigenstates and the eigenenergies which correspond to t(}\%t 9

: . D . —>POTY hin the HF approximation*® The screened nuclear re-
linear chain approximation of both metallic and ionic solids. bp

Section IV is devoted to an analvsis and di ion of th ulsionV,,_, is calculated within an adiabatic description as
ectio IS devoted 1o an analy Jdiscussion o he difference between the mean interaction energy and the
results, while the conclusions are summarized in Sec. V.

mean value of the electronic terms retained for describing the
dynamical scattering procep&q. (1)]. This residual interac-
Il. THEORY tion identified withV,,_,, is well fitted by a Molliere-like po-

A. Model interaction Hamiltonian tential.

The projectile-surface interaction is described by an

; . ; B. Time-dependent formalism
Anderson-like Hamiltonian

The collisional process is solved by using the time-
dependent Green functions defined as follows:

H(t)= nAn n EatAa VatA+Aa " ”
(D=2 siaiat 2 o1+ BaOfiat 2, [Via(0'8 Gaaltito) =1 O (1—to)(Y(to) & (to)Eq(t)

PO PO Ata +&,(t)Ci(t to)), 3
VDG X (Vi a D880t Vakn(DE] Ero) at)Cq (o)l ¥(to)) ®
whereC (t) creates an electron in an eigenstate of the

+Vins (1 projectile-surface system at the initial tinhg andéq(t) de-
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stroys an electron in an eigenstagg of the noninteracting o~
projectile-surface system at the time vatuén the scattering gt 9a(tlo) = ~i{Via()gaa(t,to) + 8(t—to) dia}, (80)
process both basis sef,} and{¢,} are coincident, and
correspond to the unperturbed solid and projectile state¥here
{®kn, @1, @al- ~ t
Within an independent-particle model, it is straightfor- Vﬁa(t)=V,3a(t)ex+J [eg—Ea(7)]d7
ward to show that the Green functid®y,(t,to) is propor- to
tional to the coefficienty(t), which gives the weight of the

state ¢, in the time-dependent one-electron wave function S(t,7)= —i®(t—7)2 Vap()Vga( 1),
X«(t) which evolves from the eigenstatg, at the initial B
time tg: and the initial condition is given by, (to,tg) =idg,. The
index a runs over the projectile and solid states, wiglleuns
Gualtito) =10 (t—tg)cq(t). only over the extended and localized states of the solid.

The total-energy conservation is ensured by performing
Therefore, these Green functions provide the informatioran eikonal approximation of the wave function which de-
necessary for calculating the probabilities of the differentscribes the coupled motion of nuclei and electrbhg
electronic channels we are interested in: thé Heutraliza-  Hamilton-Jacobi equation is derived by taking the classical

tion probability limit for the nuclei motion,
E=3Imp?+V(t),
0 — /R — 2 2.
P (t)—<”a(t)>—knzkp |Gakn(tto)] +Z |Gai(t,to)| whereE is the total energy which is conservedny? is the

(4) kinetic energy of the projectile, and(t) is the average po-
tential defined as
the HE ionization probability

V() =(4(to) [H(D)|%(to)), 9
. N _ 2. with (t) being the time-dependent electronic state, and
P*(t)—l—(na(t))—knng |Gan(tito)|; ©) H(t) is given by Eq.(1). This potential determines the pro-

jectile velocity in a self-consistent way with the electronic
the excitation probability of one electron from the valence totransition probabilities. In this approximation we are assum-
the conduction band, ing a sufficient massive target atom as to neglect its recoil.

Ill. LINEAR CHAIN MODEL FOR THE SOLID TARGET

— 2.
Puet= 2 2 [Gww®)l® ®  qignbinging linear chains of atoms have been widely
F used for representin% the solid targets in the atom-surface
and the excitation probability of one electron from a local-collisional proces§?~*° The eigenvalues and eigenfunctions
ized band to the conduction band, of these one-dimensional systems can be calculated exactly,
and taking into account that we are interested in describing
the band effects in Hescattering experiments involving in-

o(t)= 2 |Gkny|(t,t0)|2. (7) cident and scattered directions close to the surface normal,
kn>ke the linear model is expected to be adequate.
The Green function$,(t,to) are calculated from their A. Pure element surface

motion equations determined by the Anderson-like Hamil-
tonian H(t) [Eqg. (1)]. After same algebra, and introducing
the phase transformation

t
Gyaltito) = gqa(tltO)eXF{ —i ft gq(T)d7
0

€0 €9 €9 €o

the final expressions for the equations of motion‘tre o _ _
For the semiinfinite linear chain of atoms shown in the

d t figure, with one state per site, the eigenvalagsand eigen-
gt Jaa(tilo) = —i{ f d73(t,7)gaqn( 7 to) functions ¢, are
to

exmn=e4V+2B™ cog mx), (109
+§ Vas(1)9galtoto) + 5<t—to>6aa],

=122, sin(amx), (10b)
(8a) @

where

d o~
a gkm,a(tato):_l{Vkm,a(t)gaa(t=t0)+5(t_t0)5km,a}a o
x=lim ——.
(8b) Noo NT1



57 BAND EFFECTS ON INELASTIC SCATTERING 6. ..

TABLE I. Energy parameters that define the band structure, with reference to the vacuum level, for ionic

LiCl, NaCl, and KI surfacesa), and for metallic Li, Na, and K surfaceb).

6675

@
Energy(eV) LiCl NacCl KI
bottom of conduction band -0.25 —0.30 —0.89
top of valence band -9.7 -8.5 -7.1
valence-band-width 3.0 3.0 3.0
localized energy state —19.8 (CI-3X) —19.6 (CI-3X) —22.4 (K-3p)
—59.7 (Li-1s) —40.0 (Na-2) —35.0 (K-3s)
(b)
Energy(eV) Li Na K
top of valence band —-2.4 —2.4 —-2.2
valence-band-width 3.0 3.0 3.0
localized energy state —57.0 (Li-1s) —33.0 (Na-23) —20.0 (K-3p)
—36.1 (K-3s)

Thenx varies continuously between 0 and 1. In the case otupied bandf=1) and the+ sign to the upper and empty
more than one state per site, nonhybridized bands are coband fi=2). The gap energy is given tiy,=|s5—&g|, and
sidered for each one. The hopping parametds obtained the eigenfunctions,,, are'®

from calculations of the partial density of statdgnd e, is

the Fermi level measured with respect to the vacuum level.

_ kn kn
The energy location of the core bands is obtained from spec- Prn= 2 Co Pat 2 Co Par

troscopic datd®?’ a(odd a(even
with
B. lonic compound A-B surface
In this case the linear chain @-B atoms is represented ckn—p sm( ) 2 cogamx/2) S'r_‘(o‘m(/z) (e 0dd),
as follows: 2 cog mx/2) sin( wx/2)
(100
B !
/'\
X X
p\/\a 2 Si,(% CO{ 777)
ck'=B
€8 &8s  EB sA @ (X+2y)
The eigenvalues,,, corresponding to the two bands=1 2 cogamx/2)  sin(amx/2)
and 2 are - : - (a even,
=+ BX (100 cog mx/2) sin(x/2)
— (109
with X=+\ZZ+4sif(7x/2), z;=(ep—ep)/2B8 and «

=(ea+eg)/2. The— sign corresponds to the lower and oc- where

B V2| X+ 24| cog wx/2)
X+ 2% coR(mxI2)[1+ 4 coZ(mx/2) ]+ 4 SiF(7x/2)

The hopping parametes is obtained from the valence- that define the band structures for the different target sur-
band-widthw and the gap energ, as faces we analyzed: LiCl, NaCl, and KTable (a)], and Li,
Na, and K[Table (b)].

Within the linear chain description of the solid target, the
LCAO expansion of the coupling tert,, , is approximated
by considering only the interaction with the first atom of the
chain,

VW(w+Eg).

I\)II—‘

B=

The values ofv andEy, and the energies of the core bands,
are obtained from spectroscoplc data’

In Tables (a) and Kb) it was show the energy parameters an'a(t)mz c'{{‘vli‘a(t),
I
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FIG. 1. Hopping parameter obtained from the HF total-energy

calculation of the dimer He-target atom as a function of the atom-
surface distance(@) (—) He(1s)-CI(3s) hopping parameter(b)
parameter. (c)

(———9  He(ls)-Li(1s)  hopping

=)

He(1s)-Li(2s) hopping parametei(----) He(1s)-CI(3p) hopping
parameter, diagonal matrix elemdsyj(t): (—) for He-Li and(----)

for He-Cl.

GOLDBERG

V2p- 1s (a)

0 2 4 6 8 10

Atom-surface distance (a.u.)

4 1 T T 1
kn ; o Vapis (a)
wherecy;' corresponds tax=1 in Eq. (10b) for a pure ele- Vo,
ment surface, and in Eq10e for the ionic compound sur- 2 F o 1
face. The first atom of the chain is chosen according with the _
experimental situation we are describing: the scattering of g
He"™ (He by either the cation or anion. g 0r P
The projectile trajectory along the chain direction is given Z e
by =5 - _'/‘,.. |
R=R.(v)+ v(h)t, /

. . . . 4k _—
with both the turning pointR.(») and the velocity deter- R ' ' ' ' ]
mined self-consistently from the average potentigt) Vi, ()
given by Eq.(9). ¥

0 =
IV. RESULTS AND DISCUSSION §

The atomic hoppind/,,(R) parameter and thE,(R) pa- 5
rameter, obtained from a HF total-energy calculation for =
each projectile-target combination, are shown in Figs. 1, 2, 2 T .
and 3. The index runs over the valence and the active core |
states of the target:=2s and 1s for Li, i=3s and 2 for Voo, o,
Na,i=4s, 3s, and J for K, andi=3p and 3 for Cl. The '30 5 4 6 8 10

HF calculation was performed up to a distance of 1 a.u., the
curves fitting these values were extended to smaller dis-

tances. The turning point for the maximum value of the ki-

Atom-surface distance (a.u.)

(oamuery) ('

FIG. 2. The same as in Fig. (a) (—) He(1s)-Na(2p) hopping
parameter(b) (—) He(1s)-Na(3s) hopping parametef;---) diag-
onal matrix elemenE(t) for He-Na.

(cameRy) (Q)°H

FIG. 3. The same as in Fig. 1a) (—) He(1s)-K(3s) and

netic energy considerede(=1000 eV) is indicated by an (-----) He(1s)-K(3p) hopping parametergb) (—) He(1s)-K(4s)
hopping parametef;--) diagonal matrix elemeri,(t) for He-K.

arrow in each case.
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100 T T y T T T T T TABLE II. lonization probability (%) of He® scattered by Li
80 [ ---m-- He'Li metallic (a) ] atoms at ioniqLiCl) (a) and metallic(b) surfaces. Il.1: the interac-
~--e+ He'Liat LiCl i tion between the localized Lislcore band and the Heslorbital is
60 | e s HeMClatlicl . considered. I1.2: this interaction is omitted in the calculation.
wf e e A @
e EUURURPEPEE e "
20 [ . - Ex (eV) .1 1.2
.I\_', - 4
O fproi oo By g 308 40.4 0.1
=8} - 390 455 0.1
& 71 --w-- He'-Nametallic (b) 510 63.0 0.1
‘? 6k He’-Na at NaCl | - .
= °7 ] 694 51.0 0.1
£ ,L ] 1000 31.0 0.2
4
& | :I:; ]
ELL e, i (b)
51 B . Ex (eV) 1.1 1.2
= 0p 1 1 I T T .
308 12.4 0.1
8w He™K metallic © 7] 390 205 0.1
sl e HeKaK i 510 27.3 0.1
‘ ] 694 315 0.1
41 RSt - 1000 27.7 0.2
Lo [URSTEEEE L
L ‘... .- ..
2 PO i
- _.-':"-- - - . . g .
o L pole . ) | ) ) dependent turning point, and on the resonance condition with
200 400 600 800 1000 the empty states. The differences between the ionic and me-
Incident Energy (eV) tallic surfaces can be adduced to the presence of an energy
o N _ o gap in the first case.
FIG. 4. lonization probability(%) as a function of projectile In Table Il we compare thE™ values for the scattering of

kinetic energy of H&scattered from metallic and ionic surfacés.
He® scattered by a Li atom at metallic (M) and ionic LiCl (@)
surfaces; Hescattered by a Cl atom at a LiCl surfag®). (b) He°
scattered by a Na atom at metallic Nl) and ionic NaCl(®)
surfaces.(c) He” scattered  a K atom at metalliqK) (M) and
ionic (K1) (@) surfaces.

He® from Li atoms at ioniqa) and metallic(b) surfaces with
those obtained when the interaction with the localized state
of the solid is omitted. These results support clearly the role
of “intermediary agent” played by the Li-d state through
the hybridization with the He-4 state, in the electron trans-
fer to the band states.

A. lonization probability of He © scattered by metal o
and ionic surfaces He"-Na, NaCl

The neutral projectile case in our model calculation re- !N Fig. 4b) we present the results " as a function of
sembles the reionization experimental situation when the Authe projectile energy when the s scattered from Na at-
ger neutralization probability in the incoming trajectory is OMs at the metallic surface and at the ionic one. The ioniza-
equal to 1. In other case, our results for the ionization probfion probabilities are comparable in both ionic and metallic
ability of He” would be affected by a number less than 1 inSurfaces. The ionization probability is smaller than in the
order to compare with the observed reionization of He case of He scattered by Li atoms. This fact can be explained

in terms of the P core-state energy of N&33.6 eV for
He®—Li, LiCl NaCl, —33 eV for metallic Na which are closer to the He

. o _ level energy. Then a less promoted antibonding orbital with
In Fig. 4a) we compare the ionization probabilitieBT) 5 smaller weight of He state than in the case of Li resuts.

of He" scattered from a metallic Li surface, and by Liand Cl |, Taple 11l we make the same comparison as in Table Il

atoms at LiCl surface. For the ionic surface, the electrony,  for the Na-atom case, obtaining the same conclusion: it is
transfer from the He-4 state to the empty-band states is yq interaction with the localized stat &vhich makes pos-

only appreciable when the projectile is scattered by the caljp|e the charge transfer between the He atom and the surface
ion. This is an expected result taking into account that thg,;nq states.

hybridization between the Hesl(—24.6 e\j and the Li-1s
(—59.7 eV states gives place to an antibonding state which He—K. KI
crosses the empty band with a strong weight of He, and that '

the empty band has a predominant character of 4i-2  Figure 4c) shows the results 0" as a function of the
state*®?’While the negligible ionization of Hescattered by  incoming projectile energy for Hescattered by K atoms at
the Cl atom is consistent with the antibonding interactionthe metallic and at ionic surfaces. Taking into account only
with a core state whose binding energy is lower than the onghe energy location of the K-3inner state which is thought
for the projectile state. The behavior Bf as a function of as the responsible of the ionization, compared with the en-
the projectile kinetic energy depends on the variation of theergy of the Na-p inner state, the differences observed be-
antibonding state along the trajectory, on the velocity-tween H& scattered by either Na or K atoms are not ex-
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TABLE IlI. lonization probability (%) of He® scattered by Na 100 P T T T T T J " T
atoms at ionigdNaCl) (a) and metallic(b) surfaces. Ill.1: the inter- - --m-- P°(%) @
action between the localized NgpZore band and the Heslor- 80 B R Sjbﬂ“d ]
bital is considered. 111.2: this interaction is omitted in the calcula- 60 F oo @ o "0 Licls core state .
tion. - B . 1

40 |° O N -
@ 20 | .
E, (eV) .1 1.2 - l
S Opo-po oy g £ L ?
444 1.9 0.1 Z2 15F n PY%) ®»
510 15 0.1 '-§ ---0-- s-band
694 0.8 0.1 :é 10k --+0-- Li-1s core state i
1000 0.9 0.1 E _
(b) S s Trg .
[ N
Ex (eV) .1 1.2 E Pren o
444 20 01 L 0P O Qg (oY ]
510 1.7 0.1 04 e PU%) ©
694 0.3 0.1 o band
1000 03 01 L ---0-- Cl- 35 core state
02 4
B """""""""" .
pected. But we have also to take into account the hopping i el ]
terms in one and other cadleigs. 2 and 3 and also the fact 0.0 —lo--c>--*:=r==19:==:=f“<3E """ T “ . ]
that in the scatteringypa K atom, there are two localized 00 200 60 800 1000
inner bands being able of strong interactions with the lde-1 .
state. Incident Energy (eV)
In Table I\V(a) we compare the results &®* for He’ FIG. 5. Neutralization probability%) as a function of projectile

scattered by K at ionic surface, with those obtained by omitkinetic energy of Hé scattered from metallitLi) and ionic(LiCl)
ting in the calculation the interaction either with ks 2r surfaces(a) Partial contributions from 2 band state§1) and from
K-3p core states. From the comparison of these results wthe 1s core statgO) to the total neutralization probabilit{ll) of
conclude that, in the absence of a I§-8tate, the hybridiza- He" scattered by a Li atom at a metallic surfads). Partial contri-
tion with the K-3p state also promotes some reionization. Bybutions from 2 band state$[) and from the 5 core state(®) to
the other hand, the presence of the |§-8tate inhibits the the total neutralization probabilityll) of He* scattered by a Li
large ionization probability obtained by only considering the&tem at LiCl.(c) Partial contributions from 8 band state¢l) and
interaction of the He-4 state with the K-3 core state. This oM the 3 core state(O) to the total neutralizatioil) of He"
is a clear example of competitive roles of the hybridizations>cattered by a Cl atom at an ionic surface.
between the all active localized states. Similar conclusions
are extracted from the results shown in Tabléd\Mfor He°
TABLE IV. lonization probability (%) of He scattered by K scattered pa K atom at metallic surface. But in this case the
atoms at the ionic Kl surface) and at the metallic K surfack).  interaction with the K-3 state is the only responsible of the
IV.1: considering the int_eractions With _both localized core bandsionjzation mechanism, which is understood by considering
K-3s and K-3p. IV.2: without considering K-8. IV.3: without  the shallower position of the K{Bstate in the metallic sur-
considering K-3. face with respect to the ionic one.
The scattering of Heby Li, Na, and K atoms at metallic
@ and at ionic surfaces, shows that the ionization probability is

Ex (eV) V.1 Iv.2 Iv.3 strongly dependent on the antibonding interaction between
308 0.3 0.2 20.7 the He-1s orbital and the localized states in the surface. In
390 0.4 04 48 all cases, the ionization probability we found at the analyzed
510 18 07 70 low-energy values is nearly the same for the scattering from
694 3.3 1.4 17.7 metallic and ionic surfaces. Our results are in agreement with

1000 5.4 23 o5 7 the general trends of the existing experimental data.
(b) _ . : :
E, (eV) V.1 V.2 V.3 B. Partial contrlbutlc_ms_of ext(_anded_and Iocallzgd §O|Id states
to the neutralization of incoming He* projectiles
308 0.6 0.1 27.2 He*—Li Licl
390 0.8 0.1 225 et
510 1.2 0.1 16.6 Figures 5 show the neutralization probabilif§%) of He"
694 2.2 0.1 10.9 when it is scattered from Li at metall{¢-ig. 5(@)] and ionic
1000 3.5 0.1 71 [Fig. 5(b)] surfaces, and from Cl at a LiCl surfaféig. 5(c)].

In these figures we can also observe the partial contributions
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TABLE V. Neutralization probability%) of He’ scattered by Li 5 T T J T T T T T
atoms at ionidLiCl) (a) and metallic(b) surfaces. V.1: the interac- . P (a)
tion between the localized Li€lcore band and the Heslorbital is s 4L --o--sband .
considered. V.2: this interaction is omitted in the calculation. ? -+ O+ Na-2p core state .
A=t -0
@ 00 .8 i
Ey (eV) V.1 V.2 £ e
52t -
308 5.9 0.2 8
390 45 0.2 E 1L P i
510 3.1 0.2 2 e
694 13 0.2 O EE T TS b SRS o
1000 0.3 0.3 Op o T
(b) 40 (O
Ek (eV) V.1 V.2 g o - m--PY(%)
> -- 0 --s-band
308 63.0 0.1 =301 - 0--Nedpcorestate ]
390 59.6 0.1 2 _
510 52.1 0.1 Tf 4
694 43.4 0.1 2 B
1000 31.8 0.1 = g
£ 10 o -
z T _

R = B o
of extendeds andp like), and localizedLi-1s and CI-3) Obo-p ooy SRS ®
bands to the neutralization of He 200 400 600 800 1000

Incident Energy (eV)

At the metallic surface there is an important neutralization

in the whole energy range analyzed, showing a smooth de- riG. 6. Neutralization probabilit%) as a function of projectile
pendence on energy. It is evident that the charge transfeinetic energy of Hé scattered from metallitNa) and ionic(NaCl)
responsible of the neutralization occurs from valence statesyrfaces(a) Partial contributions from 8 band state¢]) and from
[Fig. 5@] being negligible the contribution of the core band. the 2p core statgO) to the total neutralizatioill) of He* scat-
But the valence-band electrons neutralizing the incoming ionered by a Na atom at a metallic surfade. The same as ifg) for
are only possible due to the promotion of the Hestate by  He" scattered by Na atom at ionic surface.

its hybridization with the localized state in the solid. This i N
fact is corroborated by omitting the interaction with the At the metallic surface we observe that for kinetic ener-

Li-1s state; in this case® falls to zero(Table V). gies larger than 400 eV the main neutralization mechanism is
At the ionic surface, the neutralization probability of He provided by a nonadiabatic charge exchange between the
scattered by the Li atorfiFig. 5(b)] becomes more appre- Na-2p state(—33 ew and the He-§ state, while, for ener-
ciable for the low-energy values, while is negligible in the all 91€S lower than this value, the electron transfer from the
range for the scattering from CI atofffig. 5(c)]. For the vglence—band _statfas becomes more important. jl'he. mecha-
scattering by the Li atom it is found a smooth energy depenfiS™ of neutrahzatlorj for the large energy \(alues is different
dence related with a total contribution coming from valence-om the corresponding one for a Li metallic surface. In the
band electrons. The neutralization of Hecattered by the Li @ Surface case, the hybridization of the projectile state with
atom at low kinetic energies is only possible due to to thelN® valence-band states appears as the responsible of the qua-
promotion of the He orbital by the antibonding interaction Siresonant charge exchange between the Naad He-5
with the Li core state. The negligible values @f obtained ~ States. tace. for the kinet vzed
when disregarding this interaction are shown in Tables V. Al |o|n|c surhacg, or the .bllnet_lc—energy rallnge. anabyzeh,
The small neutralization found for the scattering by the aniorf '€ ©N!y mechanism possible is a neutralization by the
is in disagreement with the experimental results that show ¥&/€nce-band electrons mediated by the intermediary role of
small ion survival probability at low incoming energiés. the 2p core state(Ta_lbIes V). V\/_e.observe that the prom_otpn
This can suggest that hybridizations among the solid angf the He-Is state is more efficient for the neutralization in _
projectile states for a linear substrate model differ substani'€ case of scattering by Na atoms at a NaCl surface than in
tially from those for a real three-dimensional surface. In fact N case of scattering by Li atoms at a LiCl surface, while the
many experimental findings can only be explained by Visu_qpposng situation occurs for the ionization qf neu'FraI projec-
alizing the MO formation within a cluster model of the sur- tiles. This occus with the less-promoted antibonding state in

face, including the first neighbors of the target atof#?® the case of Na lying resonantly with the occupied band
states, while, in the Li case, the resonance with the empty-

band states is more suitable in the strong interaction region.

He*—-Na, NaCl
) 0 . Het—K, Kl
In Figs. Ga) and @b) we show theP® results when Hé is
scattered from the Na atom at metallic and iofN@Cl) sur- A strong contribution to the neutralization of Hescat-

faces, respectively. tered ly a K atom at a metallic surface and at ionic surfaces
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TABLE VI. Neutralization probability(%) of He? scattered by  incoming energy observed in the elastic peak in the energy
Na atoms at ionidNaCl) (a) and metallic(b) surfaces. VI.1: the spectra of Hé scattered from K. The appreciable values
interaction between the localized Ng 2ore band and the Hesl  gnd the nonmonotonous behavior of the neutralization prob-
orbital is considered. VI.2: this interaction is omitted in the Ca|CU'abiIity as a function of the incoming ion energy, due to reso-
lation. nant transitions of the surface core electrons to the He state,

have been detected in other systéfis?The scattering from
Sn (Ref. 30 is an example of target systems where the lo-

(@

Ex (eV) VL1 V1.2 calized core stat€Sn-4d statg is quasiresonant with the
444 12.5 03 projectile orbital. In this case the hybridization between them
510 10.2 0.3 makes.possi_ble a small but appreciable ionization of neut.ral
694 53 0.3 projectiles with a smooth dependence on the energy, while,

' ' for the neutralization of incoming ions, this core state is in-

1000 1.6 0.3 . . . .
volved in a direct form through a nonadiabatic charge-
(b) transfer process. An oscillatory behavior is obtained for the

E, (eV) VI.1 VI.2 He" neutralization probability due to the direct charge ex-

444 5 1 change between the localized quasiresonant states. Tn He
0. 0. scattering from D-covered Ti@11),%! it has been found that
>10 0.8 0.1 for kinetic energies larger than 40 eV an additional neutral-
694 2.3 0.1 ization other than the Auger process takes place. In this case,
1000 35 0.1

the mechanism is assumed to be caused by the resonant tran-
sition of the D-Is electron to the He state promoted by the

. . . antibonding interaction with the Ti{8 core state. In the
is provided by a quasiresonant charge transfer from the lo- 9 B

) . - same sense, the scattering of'Hey Ta atoms at either pure
calized K states to the Heslstate(Fig. 7). The hybridiza- Ta or TaC surfaces shows a nearly oscillatory energy depen-

tion between them explains the smaller contribution comingy . . ¢ ihe neutralization probability, while, for Hecat-
from the valence-band states, and also the neutralization af by Hf atoms at the HfC surfacé the (;jependence ob-

such low energies by the quasiresonant mechanism. The €larved is smooth? The Ta-4 core state located at25 eV
ergy dependence 61° is in agreement with variations in the (Ref. 17 can be éssumed to be responsible for an important

100 resonant neutralization. If the Hf atom has no core states
' ' ' ' ' ' ' ' fulfilling such a resonant condition, then the possible mecha-
nism is, in this case, a neutralization caused by a valence-

..... P°(%) (@) 1

g sop ;E’;‘;fm core siates . electron transition to the He orbital promoted by interaction
z with the Hf-5p core statg—30.6 eVj.
§ 60 |- ,::; -
£ ( C. Excitation of valence-band electrons
a S
g 40F s T We calculate the excitation probability of valence-band
5 electrons by using expressidf) within our model calcula-
§ 20 |- By __,.::;;f' . tion, that provides one-electron excitations in the solid as
= g | well as neutralization of the incoming ion. Then, any attempt
ol > ; 1 to compare our results with the loss peaks associated with
100 | N interband excitations in the ion energy spetifé would be
[0 . . . . .
made taking into account the ion survival probability by Au-

S 8ol " R | ger and resonant processes. As we are interested in the capa-
& i R oo " LN bility of the ion-surface collision to induce electronic excita-
Z co L _ qoTe o tions in the solid, we analyze the excitation probabilities
E i O R independently of the final charge state of the incoming ion.
= [ §
g or : He*—-Li, LiCl
qb; 2| Figure 8a) shows the excitation probability of a valence-
Z i band electron as a function of the incoming ion energy for

o ”| He" scattered by Li and Cl at a LiCl surface, and by Li at a

O 200 00 200 000 metallic surface.

At the ionic surface we found that the excitation of a
valence-band electron takes place in"Heattering by either

FIG. 7. Neutralization probability%) as a function of projectile ~ Li or Cl atoms. We observe that the excitation probability
kinetic energy of Hé scattered pa K atom at metalli¢k) and at ~ grows with the incoming energy in the case of He colliding
ionic (K1) surfaces.(a) Partial contributions from & band states With a Cl atom, while it becomes negligible for Hescat-
(0), and from 3 and 3 core stategO) to the total neutralization tered by a Li atom. At a metallic surface the excitation prob-
(M) of He™ scattered p a K atom at a metallic surfacéb) The  ability of valence-band electrons is appreciable in the whole
same as ir(a) for He™ scattered  a K atom at an ionic surface. ~ energy range analyzed.

Incident Energy (eV)
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30 T T T T T T T T TABLE VIII. Excitation probability (%) of valence-band elec-
" @ ] trons when Hé is scattered by a Cl atom at an ionic LiCl surface.
20 L . o e . | VIII.1: considering the interaction between the G3-&re band and
w e, He-1s orbital. VIII.2: this interaction is neglected.
---m-- Li metallic i
10 F ---o- LiatLiCl . E (eV) Vi1 VIIIL2
- ---6-- Clat LiCl
L e e D a 250 0.3 0.4
§ Ul o el T . . 1 L 21 308 0.5 0.6
8 12F 7] 390 0.6 0.7
D ®
T eewe e 1 510 1.1 11
S gl TR - A 694 1.7 0.9
Q L]
& 1000 3.3 1.8
- ---w-- Na metallic
> 4 - ---®-- Na at NaCl ~
5
;:? . band excitation probability when Hecollides with a Li
e Op e s ey re * atom at ionic(a) and metallic(b) surfaces. In the scattering
g 12r © b by Li atoms at the ionic surfac@), the interaction with the
g - ] core state enhances the valence-electron excitation at low
g 8F S .- . kinetic energies, while practically inhibits this excitation at
i . T " the large energy values analyzed. By suppressing the inter-
nl B gme;(ai]llc | action with the localized state in the metallic surfébg the
e R | excitation probability decreases, and shows a near-constant
R o JPORSR oo . behavior as a function of the ion energy. This result suggests
0o & L L L= that the hybridization between the He-Istate and the
200 400 600 800 1000

valence-band states is favored by the antibonding interaction
with the Li-1s core state. The energy dependence observed

FIG. 8. Excitation probability%) of valence-band electrons in- IS cléarly introduced in this case by variations of the anti-
duced by Hé colliding with metallic and ionic surfacega) He*  bonding state along the trajectory. .
scattered by a Li atom at a metallic surfa@) and at an ionic The same comparative analysis is performed in the case
(LiCl) surface(®); He" scattered by a CI atom at an ionic surface Of He" colliding with a Cl atom at a LiCl surface, the results
(A). (b) He" scattered by a Na atom at a metallic surf¢l® and  Of which are presented in Table VIII. In this system, hybrid-
at an ionic(NaCl) surface(®). (c) He" scattered pa K atom ata  izations between the projectile state and the extended and
metallic surface(M) and at an ionidKl) surface(®). localized states in the solid lead to a competitive effect
within the dynamical evolution, and as a consequence the
The incidence of localized states in the valence-band eled=I-3s core band partially promotes the valence-electron ex-
tron excitation can be inferred by omitting them in the cal-citation at the large energy values analyzed.
culation. In Table VII we compare the results obtained with
and without the Li- & state in the calculation of the valence- He*—-Na, NaCl

Incident Energy (eV)

The interband excitation for Hescattered by Na atoms at
a NacCl surface is negligible except for very low kinetic en-
ergies(<300 eV}, while it has an appreciable probability in
the case of He colliding with Na at the metallic surface, as
can be observed from Fig(l®. Table IX shows a compari-

TABLE VII. Excitation probability (%) of valence-band elec-
trons when Hé is scattered by a Li atom at an ioniciCl) surface
(a) and at a metallic surfacé). VII.1: with the Li-1s core band
included in the calculation. VII1.2: without the Lislcore band.

@ son _of the _probabilifties of valence-band electron _excitation
E, (eV) VIl VilL2 obtained with and without th_e Nap_Zcore band. In_ thl_s case,
the effect of the core state in the interband excitation is less
308 25 0.5 pronounced than in the Li-surface case. This fact is related to
390 25 0.9 the less efficient promotion of the Hes ktate mediated by
510 2.2 1.4 the interaction with the Na+2 core state, which also leads to
694 1.6 23 a lower ionization of H&
1000 0.9 3.6
He*—K, Kl
E ®) An appreciable valence-band electron excitation is found
« (eV) VII.1 VII.2 S SN _ . .
for He" colliding with K atoms at the metallic surface, with
308 19.3 an energy dependence and probability values similar to those
390 23.6 12.6 obtained for the case of a metallic Na surf@Ee. 8b)]. For
510 20.8 11.5 He" scattered at the ionic KI surface, the excitation of
694 20.4 10.2 valence-band electrons grows with the incoming projectile
1000 16.0 9.3 energy. In Tables ¥) and X(b), we analyze the roles played

by the localized K-3 and K-3p core states in the valence-
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TABLE IX. Excitation probability (%) of valence-band elec- T T T y T " T T T
trons when Hé is scattered by a Na atom at an ionic NaCl surface 8l R
(a), and at a metallic Na surfadb). IX.1: considering the interac- -
tion between the Na+2 core band and the Heslorbital. IX.2: this
interaction is neglected.

Excitation Probability of Cl-3s electron

@ S
E« (eV) IX.1 IX.2 2,1 . i
=
444 0.02 0.03 -
510 0.02 0.04 - Tonization Probability of incoming He?
694 0.02 0.08 2r i
825 0.02 0.10 L - ]
1000 0.02 0.24 e
OFw - ®---:E:lo... Oeeeenenns F R e [ L LT EET TR R D <
1 L 1 L 1 L 1 L 1
(b) 200 400 600 800 1000
Ek (eV) IX.1 IX.2 Incident Energy (eV)
444 9.9 8.1
510 9.7 78 FIG. 9. Core-electron excitation probabili(l), and ionization
694 8.8 70 probability of H€ (O) scattered by a Cl atom at an ionic LiCl
825 8.2 6.3 surface, both as functions of the incoming projectile energy.
1000 7.4 6.3

D. Excitation of core-band electrons

o _ ) . _ In the case of He scattered by Li and Na atoms, it is not
electron excitation by isolating their effects. We find that thefond excitation of corelike band electron&i-1s and
hybridization with the K-3 state produces a marked inhibi- Na-2p). This fact reinforces the antibonding interaction pic-
tion of this collisional-induced excitation mechanism at bothy;re petween the projectile state and corelike states of the
metallic and ionic surfaces. The Kp3state appears to pro- syrface. When these corelike states are deeper in energy with
mote the interband excitation for the large energy valuesyespect to the projectile level, the charge exchange between
while for the small energy range we observe a tendency tgrojectile and band states becomes efficient, while the exci-
inhibit this excitation. tation of core electrons is possible when their binding ener-

Small probabilities of valence-electron excitation arégies are smaller than the ionization energy level of the in-
found in He" scattering from the ionic surfaces. This excita- coming projectile.

tion process depends on the competitive effects of hybridiza-
tions between the projectile orbital and the extended and
localized surface states. The absence of an energy gap in the
metallic surfaces makes possible a more appreciable valence- For collision with a Cl atom, one expects a negligible
electron excitation by the collision. ionization of H@ due to the quite inefficient antibonding
interaction with the CI-8 core statd —19.8 e\). In terms of
TABLE X. Excitation probability(%) of valence-band electrons the interaction between the localized states, the excitation of
when He' is scattered p a K atom at an ionic Kl surfacé), and  the Cl-3s core electron is expected to be appreciable. Our
at a metallicK surface(b). X.1: the interactions with both localized results show these trends, as it can be observed from Fig. 9.
core bands K-8 and K-3p, are included. X.2: without the K18 The possibility of having a small, but appreciable, core-
core band. X.3 without the K-8core band. electron excitation probability for the large kinetic energies
shows the simultaneous hybridizations between the ble-1

He* -LiCl

@ state and the CI-8 and CI-3 band states.
E, (eV) X.1 X.2 X.3
308 0.1 3.7 Het-K, Kl
390 0.2 .0 The results shown in Fig. 10 indicate the antibonding in-
510 0.4 0.1 5.7 teraction between the Hesktate and the K-B core state as
694 0.7 0.2 5.1 the mechanism responsible for this core-electron excitation.
1000 11 0.2 3.9 We observe that hybridization with the Ks3Zore state be-
(b) comes inefficient at low kinetic energies for promoting the
E. (eV) X1 X2 X.3 excitation of t'he K-3 electron. Then, these res_ults _cor'robo—
rate the requirement of surface core states with binding en-
308 9.2 11.5 24.8 ergies lower than the one for the projectile state, for-having
390 9.2 9.3 37.0 an appreciable excitation of these core electrons. The differ-
510 8.7 7.2 35.6 ent energy dependencies of the K- &xcitation found for
694 7.7 5.2 31.6 the metallic and ionic surfaces are assigned to band-structure
1000 6.7 3.8 26.9 effects, fundamentally to the presence of an energy gap in

the Kl surface. How the simultaneous interactions among
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40 v T y T T T T TABLE XI. Excitation probability (%) of the K-3p electron
 uKa3p core band @ | when H€ is scattered ya K atom at an ionic Kl surfacés), and
-~ 0 --K-3s core band at a metallicK surface(b). XI.1: the interactions with both localized
30 . core bands K-8 and K-3p are included. XI.2: the interaction be-
tween the K-3 core band and Heslorbital is omitted.
20 | e e - PR a 7] (a)
9 Ey (eV) XI.1 X1.2
)
£ 1ol 4 308 60.0 41.8
§ 390 47.1 63.5
& 510 19.6 81.2
g Op pooey CRRRRRd A g S f 5 694 4.6 84.8
3 1000 2.1 78.0
M 60 | " ) -1
E | (b)
% ‘~! ] Ey (eV) XI.1 XI.2
S o} . 308 17.9 433
n | 390 18.7 30.5
510 18.6 325
20| “.‘ - 694 18.4 33.1
. 1000 19.1 335
L B oomnnnn a
0k JoEESY PO . FEET - LAl M S . T V. CONCLUSIONS
200 400 600 800 1000 ) . ) )
Inci The theoretical proposal we use in this work to describe
ncident Energy (eV)

the collision between ions and surfaces allows us to analyze

FIG. 10. Energy dependence of the probability of core-electrorn detail the charge exchange and interband excitations due

excitation by the Hé scattering from K at a metallic surface), 10 the one-electron processes. The dynamical aspects of the
and at an ioni¢KI) surface(b). The excitation probabilities of the collision are taken into account, and the effects of the differ-
K-3p (M) and K-3s (0) core electrons are discriminated. ent interactions among the projectile state and the localized

and extended surface states are isolated. In this way, we are

i , able to infer the roles played by each one in the charge-

He-1s, K-3s, and K-3 states is affecting the Ki8core-  gychange and excitation processes. The general trends we

electron excitation, can be extracted from the results showBptain for neutralization and reionization of Hecattered
in Tables X&) and XI(b) by either considering or omitting rom either metallic or ionic surfaces, as well as for valence-

the interaction with the K-8 state. We observe that in the and core-electron excitations induced by the collision, are in

case of the metallic surface, the hybridization with the &-3 agreement with the experimental findings. The strong depen-

state inhibits the K-p electron excitation. For the ionic sur- dence on the hybridizations among the projectile state and

face case this inhibition effect is also observed for energieshe surface states leads to results very dependent on the

larger than 390 eV, but for energy values smaller than thiprojectile-target combination. This fact also suggests that a

one the interaction with K-8 state potentiates the excitation suitable description of the surface involving the first neigh-

of the K-3p electron. bors of the target atom can be required for a good description
Our results show a monotonous increase of the coreof the quasimolecular state formation.

electron excitation probability for low kinetic-energy values,
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