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Inelastic energy loss in low-energy ion-surface collisions
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Recent measurements showed a previously unobserved sharp thresholdlike inelastic excitation occurring in
low-energy ion-metal surface collisions when varying the energy of the incident ion. Using a relativistic
Dirac-Fock-Slater approach we deduce that the inelastic energy loss of the ion beam can be traced to the fast
diabatic promotion of specific molecular levels to the continuum.@S0163-1829~97!03534-0#
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Low-energy ion-metal surface collisions allow for a va
ety of electronic processes to occur. Extensive investigat
have been undertaken to quantify the involved charge
change, ionization, neutralization, and inelastic loss p
cesses which play a fundamental role in areas such as
scattering spectroscopy and sputtering.1–7 A common
theoretical ansatz for an ion-metal surface encounter is
jellium approximation for the conduction-band electrons.8–12

This model allows for an understanding of ionization a
neutralization processes happening at larger ion-surface
tances but fails in the region of strong overlap between
ionic orbitals and the atomic orbitals of the surface atom
Experimental evidence has been found recently for a sh
thresholdlike behavior in the inelastic energy loss in lo
energy ions~Ne1) colliding with various metal surface
such as Fe, Ni, and Cu.13,14The inelastic energy loss shows
sharp increase with increasing incident energy which can
be attributed to the excitation of low-energy electrons alo
the path of the incoming and outgoing ion. It was therefo
proposed that the threshold could be due to inner-shell e
tron promotion occurring in the close encounter between
ion and a surface atom.13,14

In this work we investigate the proposed electron prom
tion process employing a twofold procedure. In a first s
we use anab initio relativistic linear combination of atomic
orbitals-molecular orbitals~LCAO-MO! Dirac-Fock-Slater
approach to get accurate single-particle molecular lev
formed during the slow encounter of the incoming ion an
surface atom. These level diagrams allow for the deta
study of electron promotion occurring at small ion-surfa
distancesR. As we are interested in the close encoun
(R'0.5 Å! between the projectile and a specific surfa
atom, the influence of neighbor atoms, which in a typi
metal are at least 3–5 Å away, can be neglected and a
center ansatz is appropriate. In a second step we use
one-electron kinetic-emission model proposed by Srou
et al.15–17 and Fineet al.18 to understand the projectile en
ergy loss. The Sroubek-Fine picture states that core-le
promotion in binary collisions generates localized molecu
orbitals with energies above the ionization threshold. Sub
quently these diabatically promoted states interact with c
tinuum states and the promoted electrons can be ejected
fairly high energies. This approach should hold as long as
initial binding energy of the promoted electron is hig
enough and the promotion time is short compared to
orbiting time of the active electron, i.e., the state stays loc
560163-1829/97/56~11!/6446~4!/$10.00
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ized during the promotion process. Sroubeket al.15–17 and
Fineet al.18 used this ansatz to understand electron emiss
spectra in slow ion-surface collisions. During the core-le
promotion and subsequent ionization of the promoted e
tron, energy is taken out of the projectile kinetic energy lea
ing to a significant inelastic energy loss of the projecti
Direct ionization through inner-shell promotion was prev
ously investigated by Wille.19

We briefly outline our theoretical ansatz:20–23 The two-
center single-particle Dirac-Fock-Slater equation for t
projectile-surface atom system to be solved is given as

FcaŴ •pŴ 1~ b̂21!mec
21

ZTe2

urW2RW Tu
1

ZPe2

urW2RW Pu
1E rMO~rW !

urW2rW8u
drW8

23XaS 3

8p
rMO~rW ! D 1/3Gf j~rW;RW !5« j~RW !f j~rW;RW !, ~1!

wheref j (rW;RW ) are the adiabatic molecular orbitals.
The time-independent Dirac-Fock-Slater equation~1! is

solved in the framework of an MO-LCAO~molecular
orbitals-linear combination of atomic orbitals! ansatz there-
fore writing:

f j~rW;RW !5 (
k51

A

cjk~RW !xk~rW !. ~2!

The statesxk(rW;RW ) are atomic four-component spinors

^rWuxk&[xnkmj
~r ,V!5

1

r S Fnk~r ! Y1k,mj
~V!

iGnk~r ! Y2k,mj
~V!D .

Using the ansatz~2! the solution of the Dirac-Fock-Slate
equation~1! is reduced to the secular equation

hMOc5«ScT, ~3!

which is to be solved self-consistently for all releva
projectile-surface atom distances. The relativistic molecu
orbitals f j (rW;RW ) are ordered with respect to the magne
quantum numbermj and their binding energy@i.e., 11(1/2)6
stands for the 11th level of themj511/2 ormj521/2 mani-
fold which are energetically degenerate#.

For the present study we focused on the collision syste
Ne1-Ni and Ne1-Cu as experimentally analyzed by Li an
6446 © 1997 The American Physical Society
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56 6447BRIEF REPORTS
MacDonald.13,14 For these collision systems Li and Ma
Donald measured the total inelastic energy lossQtotal expe-
rienced by the projectile while colliding with the metal su
face at steep incident angles~45° and 90°). Subsequently th
experimental data were analyzed by supposing the tota
elastic energy lossQtotal to be given as

Qtotal5Qe1Qinner
exp , ~4!

whereQe andQinner
exp are the inelastic energy losses due

continuous electron excitation and inner-shell excitati
respectively.14 The inelastic energy loss due to mean elect
excitation Qe was estimated in a model based on fir
principles calculations by Na¨rmannet al.11 This theoretical
approach gives a monotonic increase of the energy lossQe
as a function of the incident energy of the projectile. In
second step Li and MacDonald13,14 extracted the inelastic
energy loss due to inner-shell excitationQinner

exp by subtracting
the theoretical value forQe from the total inelastic energy
loss Qtotal. For all studied collision systemsQinner

exp rises
steeply from a value near zero at incident energies in
range of 2 to 4 keV. The maximum measured energy los
in the order of 140 eV. Finally the incident energies we
converted to a distance of closest approach by using the
versal scattering potential,24,25therefore yielding the inelastic
energy lossQinner

exp as a function of the distance of close
approach.

The measurements on the inelastic energy loss of N1

scattering from a metal surface were performed in the in
dent energy range of 1–9 keV.13,14 We therefore expect a
close encounter of the incoming ion with a surface atom
be well described by our molecular approach. We assu
that the incoming projectile is neutralized at larger distan
during its initial approach towards the surface. The effect
neutralization of slow ions interacting with metal surfac
taking place at ion-surface distances, large compared to
close encounter studied in this work, has been experim
tally confirmed in several studies.26,27 We therefore perform
our subsequent analysis of the close encounter based
neutral projectile interacting with a surface atom. Figure
and 2 show the correlation diagrams of the molecular lev
for the Ne-Ni and Ne-Cu collision system in the range
0<R<2 Å. It should be said that the relativistic approa
used in the present work is not an absolute necessity for
collision systems Ne-Ni and Ne-Cu. Nonrelativistic calcu
tions reveal that relativistic contribution to the binding en
gies of the molecular levels of interest are in the order of
eV. Relativistic effects can be important for collision sy
tems involving heavy partners as Au or Pb where deviati
from nonrelativistic calculations are at the percent level.

The molecular 9~1/2!6 state correlates asymptotically t
the Ne~2s1/2) state whereas the molecular 11~1/2!6 state
merges for large internuclear distances into the Ne~2p1/2)
projectile state. For both collision systems one clearly s
that the 9~1/2!6 state@Ne~2s1/2) state# as originally proposed
by Li and MacDonald,13,14,28is a bad candidate to be respo
sible for any significant inelastic energy loss. This molecu
level is strongly demoted with decreasing internuclear d
tanceR and has only a slight promotion setting in belo
R50.35 Å. Neither is this level promoted near to the co
tinuum to contribute to a significant inelastic loss. On t
n-
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basis of these results we expect the asymptotic Ne~2s1/2)
level not to be responsible for the sharp thresholdlike
crease in the inelastic energy loss.

A closer look at the molecular 11~1/2!6 level suggests
the following mechanism to take place: As can be seen in
Ne-Ni correlation diagrams the molecular 11~1/2!6 level has
no avoided crossing which could lead to an electronic red
tribution over the whole range of internuclear distancesR
shown. For the Ne-Cu system the molecular 11~1/2!6 level
exhibits an avoided crossing with the 12~1/2!6 level at
R50.27 Å. To investigate to what extent this avoided cro
ing is passed in a diabatic manner at projectile energies in
range of 3 to 9 keV, we have calculatedab initio dynamic
coupling matrix elements between all molecular levels.21,22

In the upper part of Fig. 2 the radial coupling matrix el
ments, acting between the molecular 11~1/2!6 and
12~1/2!6 level, is shown. It is peaked at the avoided cro
ing and has a very large magnitude therefore allowing
electron to diabatically follow the energy curve~dashed
line!. For the case of Ne-Ni and Ne-Cu the molecular 11~1/2!
6 level is in contrast to the 9~1/2!6 level only slightly de-
moted. Below a threshold distance ofR50.4 Å a strong
promotion of the 11~1/2!6 state sets in leading to ionizatio
at R50.28 Å for Ne-Ni andR50.25 Å for Ne-Cu. The
main emphasis of this work is to show that the inelas
energy lossQinner attributed to the inner-shell promotion14,15

can be tentatively explained by the diabatic promotion of
11~1/2!6 molecular state. One should recall that the co
sion energies for the presently investigated collision syste
are in the range of 1 to 10 keV and therefore additio
inelastic energy loss channels due to inner-shell excita
(K, L shell of a metal atom! are not available. The latte
have been studied extensively by Kessel and Everhart29,30

and Schmidt and Garcia31 for ion-atom collision systems

FIG. 1. Correlation diagram for the Ne-Ni collision system. T
molecular 11~1/2!6 state~thick line! corresponds asymptotically to
the atomic Ne~2p1/2) projectile state whereas the molecul
9~1/2!6 state merges for largeR into the Ne~2s1/2) state. The inset
shows the molecular 11~1/2!6 state at the ionization threshol
marked as a vertical broken line. The diamond in the inset gives
experimental threshold distance for the onset of the Ne11 yield
~Ref. 13!. The area of the inset is marked with broken lines on
main graph.



g

th
n
o
o

on
th
rg

ed
e

he
-
o

e

he

s to
the
the-
ro-

om-
ter
be

tic
r

.
loss

ci-

the
ex-

-

h

u

e to

6448 56BRIEF REPORTS
The theoretical inelastic energy lossQinner
theo due to inner shell

promotion ofoneelectron is now obtained in the followin
manner:

Qinner
theo5EMO~R!2EAO , ~5!

i.e., we subtract the negative atomic binding energy of
Ne~2p1/2) projectile state from the ion-atom distance depe
dent 11~1/2!6 eigenstate energy. As long as the distance
closest approach does not undergo the ionization thresh
no inelastic loss is generated. Once the 11~1/2!6 level is
promoted to the continuum a strong interaction with the c
duction band sets in, leading to resonant ionization of
quasimolecular level and subsequent loss of kinetic ene
of the projectile which is transferred to the eject
electron.15–18 The minimum energy loss is given by th
asymptotic binding energy of the Ne~2p1/2) electron plus the
metal work function which together amount to 20 eV. T
promotion of the 11~1/2!6 level happens in a diabatic man
ner over a short period of time as compared to the velocity
the quasimolecular electron. For a 5 keV incoming Ne pro-
jectile the time for promotion of the 11~1/2!6 level is in the
order of t50.25–0.5 a.u. whereas the typical orbiting tim
for a Ne~2p1/2) electron is in the order oft50.7 a.u. Accord-
ing to Sroubeket al.15–17 and Fineet al.18 this is the crucial
criterion for the molecular level to stay localized during t

FIG. 2. Same as Fig. 1 for the Ne-Cu collision system. T
diamond marks the onset for the experimental Ne11 production
~Ref. 13!. The circle marks the onset for the experimental C1

recoil yield ~Ref. 13!. The upper graph shows theab initio radial
coupling matrix element between the molecular 11~1/2! and 12~1/2!
levels.
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promotion. We therefore expect most of the resonant los
the continuum of the promoted electron to take place at
distance of closest approach. The only parameter in our
oretical inelastic energy loss is the number of electrons p
moted to the continuum which cannot be deduceda priori
from our one-electron ansatz. As we assume that the inc
ing projectile is neutralized before having a close encoun
with a specific surface atom, up to two electrons can
promoted to the continuum out of the asymptotic Ne~2p1/2)
state. By matching the maximum in the theoretical inelas
energy lossQinner

theo with the experimental maximum fo
Qinner

exp , we found both for the case of Ne1-Ni and Ne1-Cu
that two Ne~2p1/2) electrons are promoted to the continuum
Figures 3 and 4 show the corresponding inelastic energy
Qinner

theo versus the experimental result forQinner
exp . Good quan-

titative agreement is reached over the whole range of in
dent energies, i.e., distances of closest approach.

Further evidence for the atomic Ne~2p1/2) projectile state
to be the right candidate for the thresholdlike features in
energy-loss spectra and ion yield can be seen from the
perimental Ne11 yield.14,15 This yield shows for both sys

e

FIG. 3. Theoretical inelastic energy lossQinner
theo versus the experi-

mental inelastic energy loss due to inner shell promotionQinner
exp as a

function of the distance of closest approach for the Ne1-Ni system.
The dashed horizontal line marks the minimum energy loss du
excitation of one electron to the continuum.

FIG. 4. Same as Fig. 3 for Ne1-Cu.
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56 6449BRIEF REPORTS
tems a very sharp onset at about 3.5 keV for Ne1-Ni and 4
keV for Ne1-Cu. Similarly from our calculations we get fo
the Ne-Cu system a higher threshold incident energy for
11~1/2!6 level to be ionized as for Ne-Ni. Converting th
experimental incident energies to distances of clos
approach13,14givesR50.28 Å andR50.25 Å as the thresh
old distances for the onset of the production of Ne11 ions in
the Ne1-Ni and Ne1-Cu systems, respectively. These valu
are in almost perfect agreement with the ionization thresh
distance of the molecular 11~1/2!6 level as can be seen from
the inset in Fig. 1 and the diamond in Fig. 2, the deviat
being in both cases in the order of 531023 Å. This method
could be used to calibrate the widely used various empir
surface scattering potentials.25 Finally we focused on the ex
perimental Cu1 recoil yield measured in Ne1-Cu collisions.
It shows a sharp threshold at incident energies of 2–3 k
Converting these energies to distances of closest appr
gives a mean distance ofR50.34 Å, which is in perfect
agreement with the Cu(3d) ionization threshold~circle in
Fig. 2!, and further evidence for the correct description of t
close encounter between an ion and a surface atom by m
of an ab initio two-center ansatz.
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We have investigated the sharp thresholdlike behavio
the inelastic energy loss in low-energy Ne1-metal surface
collisions. We found the inner-shell promotion of sing
quasimolecular states created in the close encounter of
ion with a surface atom to be responsible for the sharp
crease in the inelastic energy loss with increasing incid
energy. Using a relativistic Dirac-Fock-Slater approach,
deduced that the inelastic energy loss and energetic broa
ing of the ion beam can be precisely traced back to the p
motion to the continuum of specific molecular levels. For t
collision systems studied in this work the asymptotic atom
Ne~2p1/2) projectile state is responsible for a thresholdli
behavior in both the inelastic energy-loss spectra and
Ne11 yields.
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