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Band effects on inelastic scattering of low-energy ions from metallic and ionic surfaces:
A formalism beyond the adiabatic molecular-orbitals calculation
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Charge exchange and inelastic excitation processes have been analyzed in the scattering of low-energy He1

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.
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I. INTRODUCTION

The inelastic scattering of low-energy ions from solid s
faces is a typical time-dependent quantum process whic
not completely solved at present. It is usual, for visualiz
the charge-exchange process, to divide the projectile tra
tory into three parts: the incoming trajectory, the violent c
lision zone, and the outgoing trajectory. Auger neutralizat
along the incoming part is expected to be important in
case where the ion energy level lies deep enough below
Fermi level. But it is found that the violent collision is cru
cial for determining the final charge state of the projec
due to the reionization processes, and also for explaining
inelastic channels related with the excitation of targ
electrons.1–7 The strong dependence of the inelastic scat
ing on the ion-target combination suggests that the electr
excitation is closely related to the formation of quasimole
lar states during the collision. In this sense a predomina
of one-electron over two-electron excitations in surface s
tering processes, basically caused by the energy-l
crossings,8 is also justified. The effect of the localized stat
in the solid ~core states! in the scattering process has be
analyzed through an ample variety of experimen
results.3–5 It is found that an appreciable ionization of neutr
He projectiles at low incident energies (Ek,1 keV) can be
expected when there are localized states in the surface
binding energies larger than that of the projectile state. T
hybridization among them gives way to antibonding sta
which favor the electron transfer from the projectile state
the empty band of the solid. In this form it is possible
explain the large reionization probabilities measured in H1

scattering from alkaline-earth elements,3 unexpected if one
takes into account the deep location of the He-1s energy
570163-1829/98/57~11!/6672~13!/$15.00
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level with respect to the Fermi level of the solid target. It
the role of ‘‘intermediary agents’’ played by the localize
states in the surface that allows one to understand the ex
mental evidence.9 In the same sense the hybridization b
tween the projectile state and the extended and local
states of the solid provide a mechanism to explain the o
electron excitations in the solid induced by the collision
process. Taking into account the antibonding interaction
tween the He-1s state and the core levels of the solid, o
would expect that these core levels, which promote an
portant reionization, do not contribute to the inelastic sc
tering by core-band excitations. A He1 peak in the scattered
ion energy spectra associated with an energy loss aroun
eV can be due to both reionization and core-electron exc
tion processes, in this case one would think in the act
presence of at least two core levels: one with binding ene
lower than that for He-1s state~24.6 eV! contributing to the
inelastic scattering by core electron excitation, and the ot
with binding energy larger than 24.6 eV promoting the reio
ization. The 3p and 3s core states of K resemble thi
situation.3

For a theoretical explanation of both the reionization
He and its electronic excitation, an electron promoti
mechanism mediated by molecular orbitals~MO! has been
proposed.2–3,10On the basis of the adiabatic MO calculatio
surface electronic levels can be promoted due to the a
bonding interaction, with the projectile orbital promoted
turn by the interaction with a core state of the target atom
This MO energy calculation cannot give answers eith
about the reionization and electronic excitation probabiliti
or about the dynamical aspects of the hybridizations am
the localized state at the ion site and the surface state
localized and extended nature. The first attempt at includ
6672 © 1998 The American Physical Society



on

n
ta
tile
th

r-
ea
er

t
u

nd
de
os
a

ch
m
th
t
h
ee
he
ie
co
is
ra
ec
by

n
e
a

an
ru
pr
sm
lid
d

ed
e-
th

s
th

.

a

s of
ile,
ro-

.

e
el

-

ed to

e
nts
es

ll
f

ed
get
-
as
the
the

e-

57 6673BAND EFFECTS ON INELASTIC SCATTERING OF . . .
the effect of the hybridizations into a dynamical descripti
was performed by Muda and Newns,11 by considering,
within the framework of the Anderson-Newns Hamiltonia
the projectile-site term as the energy of the diabatic s
which results from the interaction between the projec
state and the inner states of the target atom. Solving
time-dependent Schro¨dinger equation, they found the ave
age occupation number of the projectile state for a lin
substrate of a finite number of atoms, with all the interf
ence effects that a dynamical process implies.

By following the ideas of Muda and Newns, our theore
ical proposal, which was already presented in previo
works,9,12,13is an extension of the Anderson-like picture, a
include several electronic bands of localized and exten
natures, with Hamiltonian parameters assimilated to th
obtained from a model based on a superposition of p
bonds,14,15 which accounts for a realistic description of ea
dimeric system. Our model calculation conjugates the ato
properties that determine interactions between atoms wi
model for the surface states that is capable of reproducing
main features of each projectile-target combination. T
time-dependent scattering process is solved using a Gr
function formalism which allows us to calculate not only t
projectile charge-state probability, but also the probabilit
of the one-electron interband excitations induced by the
lision, through a very efficient numerical calculation. Th
formalism also provides probabilities along the projectile t
jectory, and the partial contributions of each surface el
tronic band to the neutralization of the ionic projectile,
resonantlike processes.

The aim of this work is a comparative study of the reio
ization process and inelastic scattering of low-energy H1

from metallic and ionic compound surfaces, such as Li, N
K, LiCl, NaCl, and KI. These selected systems offer
ample variety of features related to the extended band st
ture and the core states, which makes possible both MO
motion and direct quasiresonant charge-transfer mechani
The effect of extended and localized states in the so
through their competitive hybridizations with the localize
state in the ion site, is analyzed in detail.

In Sec. II we describe the interaction Hamiltonian us
and the Green-function formalism for solving the tim
dependent collisional process. In Sec. III we present
eigenstates and the eigenenergies which correspond to
linear chain approximation of both metallic and ionic solid
Section IV is devoted to an analysis and discussion of
results, while the conclusions are summarized in Sec. V

II. THEORY

A. Model interaction Hamiltonian

The projectile-surface interaction is described by
Anderson-like Hamiltonian

H~ t !5(
kn

«knn̂kn1(
l

« l n̂l1Ea~ t !n̂a1(
l

@Vla~ t !ĉl
1ĉa

1Val~ t !ĉa
1ĉl #1(

kn
~Vkn,a~ t !ĉkn

1 ĉa1Va,kn~ t !ĉa
1ĉkn!

1Vn-n , ~1!
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where the first two terms are related to the energy state
the solid, the third one to the energy state of the project
and the following two to the hopping between solid and p
jectile states. The screened nuclear repulsion termVn-n is
also included in the expression ofH(t) @Eq. ~1!#. The ĉkn

1 ,
ĉl

1 ( ĉkn ,ĉl) operators create~destroy! an electron in the ex-
tendedwkn and localizedw l states of the solid, respectively
ĉa

1 ( ĉa) creates~destroys! an electron in the projectilewa

state. The number operatorsn̂a are given byn̂a5 ĉa
1ĉa . The

spinless picture is appropriate for the scattering of H1

(He0), where it is possible to consider only one active lev
with binding energyEa(`)5224.6 eV measured with re
spect to the vacuum level. The extended solid stateswkn with
energies«kn ~n is the band index! are distinguished from the
localized statesw l with energies« l . In the case of localized
states associated with core bands, these bands are assum
be of zero width, and with an energy« l equal to the x-ray
spectroscopic value.16,17

The hopping parametersVkn,a(t), Vla(t), are calculated
by performing linear combination of atomic orbitals~LCAO!
expansion of thewkn andw l states,

Vkn,a~ t !5(
a,i

ca,i
kn Va i ,a~ t !, ~2a!

Vla~ t !5(
m, j

cm, j
l Vm j ,a~ t !, ~2b!

where the indexesa,i (m, j ) denote the site and state of th
atoms in the solid, respectively. The expansion coefficie
ca,i

kn (cm, j
l ) determine the local and partial density of stat

given by the expression

ra,i~«!5(
kn

uca,i
kn u2d~«2«kn!.

The atomic hoppingVa i ,a(t) between the statewa local-
ized in the projectile and the statew i localized in the atom
site a of the solid is obtained from a self-consistent fu
electron Hartree-Fock~HF! calculation of the total energy o
the corresponding dimer.

The Ea(t) parameter is the projectile energy level shift
by the interaction with the nuclei and electrons of the tar
within the HF approximation.14,15 The screened nuclear re
pulsionVn-n is calculated within an adiabatic description
the difference between the mean interaction energy and
mean value of the electronic terms retained for describing
dynamical scattering process@Eq. ~1!#. This residual interac-
tion identified withVn-n is well fitted by a Molliere-like po-
tential.

B. Time-dependent formalism

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

Gqa~ t,t0!5 iQ~ t2t0!^c~ t0!uĉa
1~ t0!ĉq~ t !

1 ĉq~ t !ĉa
1~ t0!uc~ t0!&, ~3!

whereĉa
1(t0) creates an electron in an eigenstatewa of the

projectile-surface system at the initial timet0 , andĉq(t) de-
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stroys an electron in an eigenstatewq of the noninteracting
projectile-surface system at the time valuet. In the scattering
process both basis sets$wa% and $wq% are coincident, and
correspond to the unperturbed solid and projectile sta
$wkn ,w l ,wa%.

Within an independent-particle model, it is straightfo
ward to show that the Green functionGqa(t,t0) is propor-
tional to the coefficientcq

a(t), which gives the weight of the
statewq in the time-dependent one-electron wave funct
xa(t) which evolves from the eigenstatewa at the initial
time t0 :

Gqa~ t,t0!5 iQ~ t2t0!cq
a~ t !.

Therefore, these Green functions provide the informat
necessary for calculating the probabilities of the differe
electronic channels we are interested in: the He1 neutraliza-
tion probability

P0~ t !5^n̂a~ t !&5 (
kn,kF

uGa,kn~ t,t0!u21(
l

uGal~ t,t0!u2;

~4!

the He0 ionization probability

P1~ t !512^n̂a~ t !&5 (
kn.kF

uGa,kn~ t,t0!u2; ~5!

the excitation probability of one electron from the valence
the conduction band,

Pve~ t !5 (
kn.kF

(
k8n8,kF

uGkn ,k8n8~ t,t0!u2; ~6!

and the excitation probability of one electron from a loc
ized band to the conduction band,

Plo
e ~ t !5 (

kn.kF

uGkn,l~ t,t0!u2. ~7!

The Green functionsGqa(t,t0) are calculated from thei
motion equations determined by the Anderson-like Ham
tonian H(t) @Eq. ~1!#. After same algebra, and introducin
the phase transformation

Gqa~ t,t0!5gqa~ t,t0!expF2 i E
t0

t

«q~t!dtG ,
the final expressions for the equations of motion are18

d

dt
gaa~ t,t0!52 i H E

t0

t

dtS~ t,t!gaa~t,t0!

1(
b

Ṽab~ t !gba~ t0 ,t0!1d~ t2t0!daaJ ,

~8a!

d

dt
gkm,a~ t,t0!52 i $Ṽkm,a~ t !gaa~ t,t0!1d~ t2t0!dkm,a%,

~8b!
s

n
t

-

-

d

dt
gla~ t,t0!52 i $Ṽla~ t !gaa~ t,t0!1d~ t2t0!d la%, ~8c!

where

Ṽba~ t !5Vba~ t !expF i E
t0

t

@«b2Ea~t!#dtG ,
S~ t,t!52 iQ~ t2t!(

b
Ṽab~ t !Ṽba~t!,

and the initial condition is given bygqa(t0 ,t0)5 idqa . The
indexa runs over the projectile and solid states, whileb runs
only over the extended and localized states of the solid.

The total-energy conservation is ensured by perform
an eikonal approximation of the wave function which d
scribes the coupled motion of nuclei and electrons.19 A
Hamilton-Jacobi equation is derived by taking the classi
limit for the nuclei motion,

E5 1
2 mn21V~ t !,

whereE is the total energy which is conserved,1
2 mn2 is the

kinetic energy of the projectile, andV(t) is the average po-
tential defined as

V~ t !5^c~ t0!uH~ t !uc~ t0!&, ~9!

with c(t) being the time-dependent electronic state, a
H(t) is given by Eq.~1!. This potential determines the pro
jectile velocity in a self-consistent way with the electron
transition probabilities. In this approximation we are assu
ing a sufficient massive target atom as to neglect its reco

III. LINEAR CHAIN MODEL FOR THE SOLID TARGET

Tight-binding linear chains of atoms have been wide
used for representing the solid targets in the atom-surf
collisional process.20–25 The eigenvalues and eigenfunction
of these one-dimensional systems can be calculated exa
and taking into account that we are interested in describ
the band effects in He1 scattering experiments involving in
cident and scattered directions close to the surface nor
the linear model is expected to be adequate.

A. Pure element surface

For the semiinfinite linear chain of atoms shown in t
figure, with one state per site, the eigenvalues«kn and eigen-
functionswk are

«kn5«0
~n!12b~n! cos~px!, ~10a!

wk5A2(
a

sin~apx!, ~10b!

where

x5 lim
N→`

k

N11
.
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TABLE I. Energy parameters that define the band structure, with reference to the vacuum level, fo
LiCl, NaCl, and KI surfaces~a!, and for metallic Li, Na, and K surfaces~b!.

~a!

Energy~eV! LiCl NaCl KI

bottom of conduction band 20.25 20.30 20.89
top of valence band 29.7 28.5 27.1
valence-band-width 3.0 3.0 3.0
localized energy state 219.8 (Cl-3s) 219.6 (Cl-3s) 222.4 (K-3p)

259.7 (Li-1s) 240.0 (Na-2p) 235.0 (K-3s)

~b!

Energy~eV! Li Na K

top of valence band 22.4 22.4 22.2
valence-band-width 3.0 3.0 3.0
localized energy state 257.0 (Li-1s) 233.0 (Na-2p) 220.0 (K-3p)

236.1 (K-3s)
o
co

ve
e

d

c-

y
Thenx varies continuously between 0 and 1. In the case
more than one state per site, nonhybridized bands are
sidered for each one. The hopping parameterb is obtained
from calculations of the partial density of states,26 and«0 is
the Fermi level measured with respect to the vacuum le
The energy location of the core bands is obtained from sp
troscopic data.16,17

B. Ionic compound A-B surface

In this case the linear chain ofA-B atoms is represente
as follows:

The eigenvalues«kn corresponding to the two bands~n51
and 2! are

«kn5ā1bX ~10c!

with X56Az1
214 sin2(px/2), z15(«A2«B)/2b and ā

5(«A1«B)/2. The2 sign corresponds to the lower and o
-

s

rs
f
n-

l.
c-

cupied band (n51) and the1 sign to the upper and empt
band (n52). The gap energy is given byEg5u«A2«Bu, and
the eigenfunctionswkn are18

wkn5 (
a~odd!

ca
knwa1 (

a~even!
ca

knwa ,

with

ca
kn5B sinS px

2 D F2 cos~apx/2!

cos~px/2!
1

sin~apx/2!

sin~px/2! G ~a odd!,

~10d!

ca
kn5B

2 sinS px

2 D cosS px

2 D
~X1z1!

3F2 cos~apx/2!

cos~px/2!
1

sin~apx/2!

sin~px/2! G ~a even!,

~10e!

where
B5
A2uX1z1ucos~px/2!

A~X1z1!2 cos2~px/2!@114 cos2~px/2!#14 sin2~px/2!
.

ur-

he

he
The hopping parameterb is obtained from the valence
band-widthw and the gap energyEg as

b5
1

2
Aw~w1Eg!.

The values ofw andEg , and the energies of the core band
are obtained from spectroscopic data.16,17

In Tables I~a! and I~b! it was show the energy paramete
,

that define the band structures for the different target s
faces we analyzed: LiCl, NaCl, and KI@Table I~a!#, and Li,
Na, and K@Table I~b!#.

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

Vkn,a~ t !'( c1i
knV1i ,a~ t !,
i
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wherec1i
kn corresponds toa51 in Eq. ~10b! for a pure ele-

ment surface, and in Eq.~10e! for the ionic compound sur
face. The first atom of the chain is chosen according with
experimental situation we are describing: the scattering
He1 (He0) by either the cation or anion.

The projectile trajectory along the chain direction is giv
by

R5Rc~n!1n~ t !t,

with both the turning pointRc(n) and the velocity deter-
mined self-consistently from the average potentialV(t)
given by Eq.~9!.

IV. RESULTS AND DISCUSSION

The atomic hoppingVia(R) parameter and theEa(R) pa-
rameter, obtained from a HF total-energy calculation
each projectile-target combination, are shown in Figs. 1
and 3. The indexi runs over the valence and the active co
states of the target:i 52s and 1s for Li, i 53s and 2p for
Na, i 54s, 3s, and 3p for K, and i 53p and 3s for Cl. The
HF calculation was performed up to a distance of 1 a.u.,
curves fitting these values were extended to smaller
tances. The turning point for the maximum value of the
netic energy considered (Ek51000 eV) is indicated by an
arrow in each case.

FIG. 1. Hopping parameter obtained from the HF total-ene
calculation of the dimer He-target atom as a function of the ato
surface distance.~a! ~—! He(1s)-Cl(3s) hopping parameter.~b!
~––––! He(1s)-Li(1s) hopping parameter. ~c! ~—!
He(1s)-Li(2s) hopping parameter,~----! He(1s)-Cl(3p) hopping
parameter, diagonal matrix elementEa(t): ~—! for He-Li and~----!
for He-Cl.
e
f

r
,

e
s-
-

y
- FIG. 2. The same as in Fig. 1:~a! ~—! He(1s)-Na(2p) hopping
parameter.~b! ~—! He(1s)-Na(3s) hopping parameter,~----! diag-
onal matrix elementEa(t) for He-Na.

FIG. 3. The same as in Fig. 1:~a! ~—! He(1s)-K(3s) and
~-•-•-! He(1s)-K(3p) hopping parameters.~b! ~—! He(1s)-K(4s)
hopping parameter,~---! diagonal matrix elementEa(t) for He-K.
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A. Ionization probability of He 0 scattered by metal
and ionic surfaces

The neutral projectile case in our model calculation
sembles the reionization experimental situation when the
ger neutralization probability in the incoming trajectory
equal to 1. In other case, our results for the ionization pr
ability of He0 would be affected by a number less than 1
order to compare with the observed reionization of He1.

He0–Li, LiCl

In Fig. 4~a! we compare the ionization probabilities (P1)
of He0 scattered from a metallic Li surface, and by Li and
atoms at LiCl surface. For the ionic surface, the elect
transfer from the He-1s state to the empty-band states
only appreciable when the projectile is scattered by the
ion. This is an expected result taking into account that
hybridization between the He-1s ~224.6 eV! and the Li-1s
~259.7 eV! states gives place to an antibonding state wh
crosses the empty band with a strong weight of He, and
the empty band has a predominant character of Lis
state.18,27 While the negligible ionization of He0 scattered by
the Cl atom is consistent with the antibonding interact
with a core state whose binding energy is lower than the
for the projectile state. The behavior ofP1 as a function of
the projectile kinetic energy depends on the variation of
antibonding state along the trajectory, on the veloci

FIG. 4. Ionization probability~%! as a function of projectile
kinetic energy of He0 scattered from metallic and ionic surfaces.~a!
He0 scattered by a Li atom at metallic Li~j! and ionic LiCl ~d!
surfaces; He0 scattered by a Cl atom at a LiCl surface~n!. ~b! He0

scattered by a Na atom at metallic Na~j! and ionic NaCl~d!
surfaces.~c! He0 scattered by a K atom at metallic~K! ~j! and
ionic ~KI ! ~d! surfaces.
-
-

-

l
n

t-
e

h
at

e

e
-

dependent turning point, and on the resonance condition w
the empty states. The differences between the ionic and
tallic surfaces can be adduced to the presence of an en
gap in the first case.

In Table II we compare theP1 values for the scattering o
He0 from Li atoms at ionic~a! and metallic~b! surfaces with
those obtained when the interaction with the localized s
of the solid is omitted. These results support clearly the r
of ‘‘intermediary agent’’ played by the Li-1s state through
the hybridization with the He-1s state, in the electron trans
fer to the band states.

He0–Na, NaCl

In Fig. 4~b! we present the results ofP1 as a function of
the projectile energy when the He0 is scattered from Na at
oms at the metallic surface and at the ionic one. The ion
tion probabilities are comparable in both ionic and meta
surfaces. The ionization probability is smaller than in t
case of He scattered by Li atoms. This fact can be explai
in terms of the 2p core-state energy of Na~233.6 eV for
NaCl, 233 eV for metallic Na! which are closer to the He
level energy. Then a less promoted antibonding orbital w
a smaller weight of He state than in the case of Li result

In Table III we make the same comparison as in Table
but for the Na-atom case, obtaining the same conclusion:
the interaction with the localized state 2p which makes pos-
sible the charge transfer between the He atom and the su
band states.

He0–K, KI

Figure 4~c! shows the results ofP1 as a function of the
incoming projectile energy for He1 scattered by K atoms a
the metallic and at ionic surfaces. Taking into account o
the energy location of the K-3s inner state which is though
as the responsible of the ionization, compared with the
ergy of the Na-2p inner state, the differences observed b
tween He0 scattered by either Na or K atoms are not e

TABLE II. Ionization probability ~%! of He0 scattered by Li
atoms at ionic~LiCl ! ~a! and metallic~b! surfaces. II.1: the interac
tion between the localized Li-1s core band and the He-1s orbital is
considered. II.2: this interaction is omitted in the calculation.

~a!

Ek (eV) II.1 II.2

308 40.4 0.1
390 45.5 0.1
510 63.0 0.1
694 51.0 0.1

1000 31.0 0.2

~b!

Ek (eV) II.1 II.2

308 12.4 0.1
390 20.5 0.1
510 27.3 0.1
694 31.5 0.1

1000 27.7 0.2
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pected. But we have also to take into account the hopp
terms in one and other case~Figs. 2 and 3!, and also the fact
that in the scattering by a K atom, there are two localize
inner bands being able of strong interactions with the Hes
state.

In Table IV~a! we compare the results ofP1 for He0

scattered by K at ionic surface, with those obtained by om
ting in the calculation the interaction either with K-3s or
K-3p core states. From the comparison of these results
conclude that, in the absence of a K-3s state, the hybridiza-
tion with the K-3p state also promotes some reionization.
the other hand, the presence of the K-3p state inhibits the
large ionization probability obtained by only considering t
interaction of the He-1s state with the K-3s core state. This
is a clear example of competitive roles of the hybridizatio
between the all active localized states. Similar conclusi

TABLE III. Ionization probability ~%! of He0 scattered by Na
atoms at ionic~NaCl! ~a! and metallic~b! surfaces. III.1: the inter-
action between the localized Na-2p core band and the He-1s or-
bital is considered. III.2: this interaction is omitted in the calcu
tion.

~a!

Ek (eV) III.1 III.2

444 1.9 0.1
510 1.5 0.1
694 0.8 0.1

1000 0.9 0.1

~b!

Ek (eV) III.1 III.2

444 2.0 0.1
510 1.7 0.1
694 0.3 0.1

1000 0.3 0.1

TABLE IV. Ionization probability ~%! of He0 scattered by K
atoms at the ionic KI surface~a! and at the metallic K surface~b!.
IV.1: considering the interactions with both localized core ban
K-3s and K-3p. IV.2: without considering K-3s. IV.3: without
considering K-3p.

~a!

Ek (eV) IV.1 IV.2 IV.3

308 0.3 0.2 29.7
390 0.4 0.4 4.8
510 1.8 0.7 7.0
694 3.3 1.4 17.7

1000 5.4 2.3 25.7

~b!

Ek (eV) IV.1 IV.2 IV.3

308 0.6 0.1 27.2
390 0.8 0.1 22.5
510 1.2 0.1 16.6
694 2.2 0.1 10.9

1000 3.5 0.1 7.1
g

t-

e

s
s
are extracted from the results shown in Table IV~b! for He0

scattered by a K atom at metallic surface. But in this case t
interaction with the K-3s state is the only responsible of th
ionization mechanism, which is understood by consider
the shallower position of the K-3p state in the metallic sur-
face with respect to the ionic one.

The scattering of He0 by Li, Na, and K atoms at metallic
and at ionic surfaces, shows that the ionization probability
strongly dependent on the antibonding interaction betw
the He-1s orbital and the localized states in the surface.
all cases, the ionization probability we found at the analyz
low-energy values is nearly the same for the scattering fr
metallic and ionic surfaces. Our results are in agreement w
the general trends of the existing experimental data.3–5

B. Partial contributions of extended and localized solid states
to the neutralization of incoming He1 projectiles

He1 –Li, LiCl

Figures 5 show the neutralization probability (P0) of He1

when it is scattered from Li at metallic@Fig. 5~a!# and ionic
@Fig. 5~b!# surfaces, and from Cl at a LiCl surface@Fig. 5~c!#.
In these figures we can also observe the partial contribut

-

s

FIG. 5. Neutralization probability~%! as a function of projectile
kinetic energy of He1 scattered from metallic~Li ! and ionic~LiCl !
surfaces.~a! Partial contributions from 2s band states~h! and from
the 1s core state~s! to the total neutralization probability~j! of
He1 scattered by a Li atom at a metallic surface.~b! Partial contri-
butions from 2s band states~h! and from the 1s core state~d! to
the total neutralization probability~j! of He1 scattered by a Li
atom at LiCl.~c! Partial contributions from 3p band states~h! and
from the 3s core state~s! to the total neutralization~j! of He1

scattered by a Cl atom at an ionic surface.
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of extended~s andp like!, and localized~Li-1s and Cl-3s!
bands to the neutralization of He1.

At the metallic surface there is an important neutralizat
in the whole energy range analyzed, showing a smooth
pendence on energy. It is evident that the charge tran
responsible of the neutralization occurs from valence st
@Fig. 5~a!# being negligible the contribution of the core ban
But the valence-band electrons neutralizing the incoming
are only possible due to the promotion of the He-1s state by
its hybridization with the localized state in the solid. Th
fact is corroborated by omitting the interaction with th
Li-1s state; in this caseP0 falls to zero~Table V!.

At the ionic surface, the neutralization probability of He1

scattered by the Li atom@Fig. 5~b!# becomes more appre
ciable for the low-energy values, while is negligible in the
range for the scattering from Cl atom@Fig. 5~c!#. For the
scattering by the Li atom it is found a smooth energy dep
dence related with a total contribution coming from valen
band electrons. The neutralization of He1 scattered by the Li
atom at low kinetic energies is only possible due to to
promotion of the He orbital by the antibonding interacti
with the Li core state. The negligible values ofP0 obtained
when disregarding this interaction are shown in Tables
The small neutralization found for the scattering by the an
is in disagreement with the experimental results that sho
small ion survival probability at low incoming energies3

This can suggest that hybridizations among the solid
projectile states for a linear substrate model differ subs
tially from those for a real three-dimensional surface. In fa
many experimental findings can only be explained by vi
alizing the MO formation within a cluster model of the su
face, including the first neighbors of the target atom.7,28,29

He1 –Na, NaCl

In Figs. 6~a! and 6~b! we show theP0 results when He1 is
scattered from the Na atom at metallic and ionic~NaCl! sur-
faces, respectively.

TABLE V. Neutralization probability~%! of He0 scattered by Li
atoms at ionic~LiCl ! ~a! and metallic~b! surfaces. V.1: the interac
tion between the localized Li-1s core band and the He-1s orbital is
considered. V.2: this interaction is omitted in the calculation.

~a!

Ek (eV) V.1 V.2

308 5.9 0.2
390 4.5 0.2
510 3.1 0.2
694 1.3 0.2

1000 0.3 0.3

~b!

Ek (eV) V.1 V.2

308 63.0 0.1
390 59.6 0.1
510 52.1 0.1
694 43.4 0.1

1000 31.8 0.1
n
e-
er
es
.
n

l

-
-

e

.
n
a

d
n-
t,
-

At the metallic surface we observe that for kinetic en
gies larger than 400 eV the main neutralization mechanism
provided by a nonadiabatic charge exchange between
Na-2p state~233 eV! and the He-1s state, while, for ener-
gies lower than this value, the electron transfer from
valence-band states becomes more important. The me
nism of neutralization for the large energy values is differe
from the corresponding one for a Li metallic surface. In t
Na surface case, the hybridization of the projectile state w
the valence-band states appears as the responsible of the
siresonant charge exchange between the Na-2p and He-1s
states.

At ionic surface, for the kinetic-energy range analyze
the only mechanism possible is a neutralization by
valence-band electrons mediated by the intermediary rol
the 2p core state~Tables VI!. We observe that the promotio
of the He-1s state is more efficient for the neutralization
the case of scattering by Na atoms at a NaCl surface tha
the case of scattering by Li atoms at a LiCl surface, while
opposite situation occurs for the ionization of neutral proje
tiles. This occus with the less-promoted antibonding state
the case of Na lying resonantly with the occupied ba
states, while, in the Li case, the resonance with the em
band states is more suitable in the strong interaction reg

He1 –K, KI

A strong contribution to the neutralization of He1 scat-
tered by a K atom at a metallic surface and at ionic surfac

FIG. 6. Neutralization probability~%! as a function of projectile
kinetic energy of He1 scattered from metallic~Na! and ionic~NaCl!
surfaces.~a! Partial contributions from 3s band states~h! and from
the 2p core state~s! to the total neutralization~j! of He1 scat-
tered by a Na atom at a metallic surface.~b! The same as in~a! for
He1 scattered by Na atom at ionic surface.
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is provided by a quasiresonant charge transfer from the
calized K states to the He-1s state~Fig. 7!. The hybridiza-
tion between them explains the smaller contribution com
from the valence-band states, and also the neutralizatio
such low energies by the quasiresonant mechanism. The
ergy dependence ofP0 is in agreement with variations in th

TABLE VI. Neutralization probability~%! of He0 scattered by
Na atoms at ionic~NaCl! ~a! and metallic~b! surfaces. VI.1: the
interaction between the localized Na-2p core band and the He-1s
orbital is considered. VI.2: this interaction is omitted in the calc
lation.

~a!

Ek (eV) VI.1 VI.2

444 12.5 0.3
510 10.2 0.3
694 5.3 0.3

1000 1.6 0.3

~b!

Ek (eV) VI.1 VI.2

444 0.2 0.1
510 0.8 0.1
694 2.3 0.1

1000 3.5 0.1

FIG. 7. Neutralization probability~%! as a function of projectile
kinetic energy of He1 scattered by a K atom at metallic~K! and at
ionic ~KI ! surfaces.~a! Partial contributions from 4s band states
~h!, and from 3s and 3p core states~s! to the total neutralization
~j! of He1 scattered by a K atom at a metallic surface.~b! The
same as in~a! for He1 scattered by a K atom at an ionic surface.
o-

g
at
n-

incoming energy observed in the elastic peak in the ene
spectra of He1 scattered from K.4 The appreciable value
and the nonmonotonous behavior of the neutralization pr
ability as a function of the incoming ion energy, due to res
nant transitions of the surface core electrons to the He s
have been detected in other systems.30–32The scattering from
Sn ~Ref. 30! is an example of target systems where the
calized core state~Sn-4d state! is quasiresonant with the
projectile orbital. In this case the hybridization between th
makes possible a small but appreciable ionization of neu
projectiles with a smooth dependence on the energy, wh
for the neutralization of incoming ions, this core state is
volved in a direct form through a nonadiabatic charg
transfer process. An oscillatory behavior is obtained for
He1 neutralization probability due to the direct charge e
change between the localized quasiresonant states. In1

scattering from D-covered TiC~111!,31 it has been found tha
for kinetic energies larger than 40 eV an additional neutr
ization other than the Auger process takes place. In this c
the mechanism is assumed to be caused by the resonant
sition of the D-1s electron to the He state promoted by th
antibonding interaction with the Ti-3p core state. In the
same sense, the scattering of He1 by Ta atoms at either pure
Ta or TaC surfaces shows a nearly oscillatory energy dep
dence of the neutralization probability, while, for He1 scat-
tered by Hf atoms at the HfC surface, the dependence
served is smooth.32 The Ta-4f core state located at225 eV
~Ref. 17! can be assumed to be responsible for an impor
resonant neutralization. If the Hf atom has no core sta
fulfilling such a resonant condition, then the possible mec
nism is, in this case, a neutralization caused by a valen
electron transition to the He orbital promoted by interacti
with the Hf-5p core state~230.6 eV!.

C. Excitation of valence-band electrons

We calculate the excitation probability of valence-ba
electrons by using expression~6! within our model calcula-
tion, that provides one-electron excitations in the solid
well as neutralization of the incoming ion. Then, any attem
to compare our results with the loss peaks associated
interband excitations in the ion energy spectra2–7,33would be
made taking into account the ion survival probability by A
ger and resonant processes. As we are interested in the c
bility of the ion-surface collision to induce electronic excit
tions in the solid, we analyze the excitation probabiliti
independently of the final charge state of the incoming io

He1 –Li, LiCl

Figure 8~a! shows the excitation probability of a valenc
band electron as a function of the incoming ion energy
He1 scattered by Li and Cl at a LiCl surface, and by Li at
metallic surface.

At the ionic surface we found that the excitation of
valence-band electron takes place in He1 scattering by either
Li or Cl atoms. We observe that the excitation probabil
grows with the incoming energy in the case of He collidi
with a Cl atom, while it becomes negligible for He1 scat-
tered by a Li atom. At a metallic surface the excitation pro
ability of valence-band electrons is appreciable in the wh
energy range analyzed.

-
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The incidence of localized states in the valence-band e
tron excitation can be inferred by omitting them in the c
culation. In Table VII we compare the results obtained w
and without the Li-1s state in the calculation of the valenc

FIG. 8. Excitation probability~%! of valence-band electrons in
duced by He1 colliding with metallic and ionic surfaces.~a! He1

scattered by a Li atom at a metallic surface~j! and at an ionic
~LiCl ! surface~d!; He1 scattered by a Cl atom at an ionic surfa
~n!. ~b! He1 scattered by a Na atom at a metallic surface~j! and
at an ionic~NaCl! surface~d!. ~c! He1 scattered by a K atom at a
metallic surface~j! and at an ionic~KI ! surface~d!.

TABLE VII. Excitation probability ~%! of valence-band elec
trons when He1 is scattered by a Li atom at an ionic~LiCl ! surface
~a! and at a metallic surface~b!. VII.1: with the Li-1s core band
included in the calculation. VII.2: without the Li-1s core band.

~a!

Ek (eV) VII.1 VII.2

308 2.5 0.5
390 2.5 0.9
510 2.2 1.4
694 1.6 2.3

1000 0.9 3.6

~b!

Ek (eV) VII.1 VII.2

308 19.3
390 23.6 12.6
510 20.8 11.5
694 20.4 10.2

1000 16.0 9.3
c-
-

band excitation probability when He1 collides with a Li
atom at ionic~a! and metallic~b! surfaces. In the scatterin
by Li atoms at the ionic surface~a!, the interaction with the
core state enhances the valence-electron excitation at
kinetic energies, while practically inhibits this excitation
the large energy values analyzed. By suppressing the in
action with the localized state in the metallic surface~b!, the
excitation probability decreases, and shows a near-cons
behavior as a function of the ion energy. This result sugge
that the hybridization between the He-1s state and the
valence-band states is favored by the antibonding interac
with the Li-1s core state. The energy dependence obser
is clearly introduced in this case by variations of the an
bonding state along the trajectory.

The same comparative analysis is performed in the c
of He1 colliding with a Cl atom at a LiCl surface, the resul
of which are presented in Table VIII. In this system, hybri
izations between the projectile state and the extended
localized states in the solid lead to a competitive eff
within the dynamical evolution, and as a consequence
Cl-3s core band partially promotes the valence-electron
citation at the large energy values analyzed.

He1 –Na, NaCl

The interband excitation for He1 scattered by Na atoms a
a NaCl surface is negligible except for very low kinetic e
ergies~,300 eV!, while it has an appreciable probability i
the case of He colliding with Na at the metallic surface,
can be observed from Fig. 8~b!. Table IX shows a compari-
son of the probabilities of valence-band electron excitat
obtained with and without the Na-2p core band. In this case
the effect of the core state in the interband excitation is l
pronounced than in the Li-surface case. This fact is relate
the less efficient promotion of the He-1s state mediated by
the interaction with the Na-2p core state, which also leads t
a lower ionization of He0.

He1 –K, KI

An appreciable valence-band electron excitation is fou
for He1 colliding with K atoms at the metallic surface, wit
an energy dependence and probability values similar to th
obtained for the case of a metallic Na surface@Fig. 8~b!#. For
He1 scattered at the ionic KI surface, the excitation
valence-band electrons grows with the incoming projec
energy. In Tables X~a! and X~b!, we analyze the roles playe
by the localized K-3s and K-3p core states in the valence

TABLE VIII. Excitation probability ~%! of valence-band elec-
trons when He1 is scattered by a Cl atom at an ionic LiCl surfac
VIII.1: considering the interaction between the Cl-3s core band and
He-1s orbital. VIII.2: this interaction is neglected.

Ek (eV) VIII.1 VIII.2

250 0.3 0.4
308 0.5 0.6
390 0.6 0.7
510 1.1 1.1
694 1.7 0.9

1000 3.3 1.8
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electron excitation by isolating their effects. We find that t
hybridization with the K-3s state produces a marked inhib
tion of this collisional-induced excitation mechanism at bo
metallic and ionic surfaces. The K-3p state appears to pro
mote the interband excitation for the large energy valu
while for the small energy range we observe a tendenc
inhibit this excitation.

Small probabilities of valence-electron excitation a
found in He1 scattering from the ionic surfaces. This excit
tion process depends on the competitive effects of hybrid
tions between the projectile orbital and the extended
localized surface states. The absence of an energy gap i
metallic surfaces makes possible a more appreciable vale
electron excitation by the collision.

TABLE IX. Excitation probability ~%! of valence-band elec
trons when He1 is scattered by a Na atom at an ionic NaCl surfa
~a!, and at a metallic Na surface~b!. IX.1: considering the interac
tion between the Na-2p core band and the He-1s orbital. IX.2: this
interaction is neglected.

~a!

Ek (eV) IX.1 IX.2

444 0.02 0.03
510 0.02 0.04
694 0.02 0.08
825 0.02 0.10

1000 0.02 0.24

~b!

Ek (eV) IX.1 IX.2

444 9.9 8.1
510 9.7 7.8
694 8.8 7.0
825 8.2 6.3

1000 7.4 6.3

TABLE X. Excitation probability~%! of valence-band electron
when He1 is scattered by a K atom at an ionic KI surface~a!, and
at a metallicK surface~b!. X.1: the interactions with both localize
core bands K-3s and K-3p, are included. X.2: without the K-3p
core band. X.3 without the K-3s core band.

~a!

Ek (eV) X.1 X.2 X.3

308 0.1 3.7
390 0.2 5.0
510 0.4 0.1 5.7
694 0.7 0.2 5.1

1000 1.1 0.2 3.9

~b!

Ek (eV) X.1 X.2 X.3

308 9.2 11.5 24.8
390 9.2 9.3 37.0
510 8.7 7.2 35.6
694 7.7 5.2 31.6

1000 6.7 3.8 26.9
s,
to

a-
d
the
ce-

D. Excitation of core-band electrons

In the case of He scattered by Li and Na atoms, it is
found excitation of corelike band electrons~Li-1s and
Na-2p!. This fact reinforces the antibonding interaction pi
ture between the projectile state and corelike states of
surface. When these corelike states are deeper in energy
respect to the projectile level, the charge exchange betw
projectile and band states becomes efficient, while the e
tation of core electrons is possible when their binding en
gies are smaller than the ionization energy level of the
coming projectile.

He1 –LiCl

For collision with a Cl atom, one expects a negligib
ionization of He0 due to the quite inefficient antibondin
interaction with the Cl-3s core state~219.8 eV!. In terms of
the interaction between the localized states, the excitatio
the Cl-3s core electron is expected to be appreciable. O
results show these trends, as it can be observed from Fi
The possibility of having a small, but appreciable, co
electron excitation probability for the large kinetic energi
shows the simultaneous hybridizations between the Hes
state and the Cl-3p and Cl-3s band states.

He1 –K, KI

The results shown in Fig. 10 indicate the antibonding
teraction between the He-1s state and the K-3p core state as
the mechanism responsible for this core-electron excitat
We observe that hybridization with the K-3s core state be-
comes inefficient at low kinetic energies for promoting t
excitation of the K-3s electron. Then, these results corrob
rate the requirement of surface core states with binding
ergies lower than the one for the projectile state, for-hav
an appreciable excitation of these core electrons. The dif
ent energy dependencies of the K-3p excitation found for
the metallic and ionic surfaces are assigned to band-struc
effects, fundamentally to the presence of an energy ga
the KI surface. How the simultaneous interactions amo

FIG. 9. Core-electron excitation probability~j!, and ionization
probability of He0 ~h! scattered by a Cl atom at an ionic LiC
surface, both as functions of the incoming projectile energy.
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He-1s, K-3s, and K-3p states is affecting the K-3p core-
electron excitation, can be extracted from the results sho
in Tables XI~a! and XI~b! by either considering or omitting
the interaction with the K-3s state. We observe that in th
case of the metallic surface, the hybridization with the K-s
state inhibits the K-3p electron excitation. For the ionic sur
face case this inhibition effect is also observed for energ
larger than 390 eV, but for energy values smaller than
one the interaction with K-3s state potentiates the excitatio
of the K-3p electron.

Our results show a monotonous increase of the co
electron excitation probability for low kinetic-energy value
in the scattering from KI surface. Assuming a resonant n
tralization mechanism as the available one, the oscillat
energy dependence of the loss peakC associated with core
electron excitation4 can be explained in terms of the calc
latedP0 behavior@Fig. 7~b!#.

FIG. 10. Energy dependence of the probability of core-elect
excitation by the He1 scattering from K at a metallic surface~a!,
and at an ionic~KI ! surface~b!. The excitation probabilities of the
K-3p ~j! and K-3s ~h! core electrons are discriminated.
e

a

m

n

s
is

e-
,
-

ry

V. CONCLUSIONS

The theoretical proposal we use in this work to descr
the collision between ions and surfaces allows us to ana
in detail the charge exchange and interband excitations
to the one-electron processes. The dynamical aspects o
collision are taken into account, and the effects of the diff
ent interactions among the projectile state and the locali
and extended surface states are isolated. In this way, we
able to infer the roles played by each one in the char
exchange and excitation processes. The general trend
obtain for neutralization and reionization of He0 scattered
from either metallic or ionic surfaces, as well as for valenc
and core-electron excitations induced by the collision, are
agreement with the experimental findings. The strong dep
dence on the hybridizations among the projectile state
the surface states leads to results very dependent on
projectile-target combination. This fact also suggests tha
suitable description of the surface involving the first neig
bors of the target atom can be required for a good descrip
of the quasimolecular state formation.
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TABLE XI. Excitation probability ~%! of the K-3p electron
when He1 is scattered by a K atom at an ionic KI surface~a!, and
at a metallicK surface~b!. XI.1: the interactions with both localized
core bands K-3s and K-3p are included. XI.2: the interaction be
tween the K-3s core band and He-1s orbital is omitted.

~a!

Ek (eV) XI.1 XI.2

308 60.0 41.8
390 47.1 63.5
510 19.6 81.2
694 4.6 84.8

1000 2.1 78.0

~b!

Ek (eV) XI.1 XI.2

308 17.9 43.3
390 18.7 30.5
510 18.6 32.5
694 18.4 33.1

1000 19.1 33.5
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