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Electron promotion in collisions of protons with a LiF surface
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Electron spectra arising from grazing incidence collisions in the keV range of protons with a LiF surface
grown on a tungsten substrate are analyzed in terms of the mechanism of electron promotion followed by
autoionization. The analysis consists in a comparison of the experimental electron spectra with calculated
electron spectra. The calculations are based on theoretically obtained molecular potential curves for the H-F2

molecular system in the LiF crystal. We find that molecular potentials which correspond to the promotion of
two 2p electrons of F2 along the 3ds one-electron orbital enter the lowest one-electron continuum at an H-F2

distance of;2.5 atomic units, so that autoionization at smaller distances becomes possible during the collision.
With these potentials, electron spectra are calculated for certain impact parameters using a semiclassical
eikonal approximation. Calculated spectra that can be compared to the experimental ones are obtained by
integrating over an impact parameter distribution which is extracted from Monte Carlo calculations of trajec-
tories. It is found that satisfactory agreement of experimental and theoretical spectra can be achieved if it is
assumed that electron promotion leads with high probability to excitation of autoionizing doubly excited F2

states embedded in the conduction band of LiF.@S0163-1829~99!11915-5#
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INTRODUCTION

Kinetic electron emission in low-energy collisions of ion
with insulator surfaces is not well understood. For LiF, on
a few experimental studies have been carried out that
sulted in absolute electron yields1 and stopping cross
sections.2 These data have recently been discussed in
more general context of electronic transitions at insula
surfaces.3 Both electron yields and stopping cross sectio
were found to be unusually high at low kinetic energies.
a possible explanation of the high yields of about two el
trons per ion at 1 keV collision energy, and of the low kine
energy threshold at about 100 eV, it was hypothesized
quasimolecular autoionization in close collisions of the p
jectiles with the negative halogen ions might be responsi
together with the rather large mean free path for electron
the crystal.1 The mechanism of level promotion leading
quasimolecular autoionization in atomic collisions in su
faces has been treated theoretically by Sroubek and F4

These authors also propose a theoretical expression
would allow one, in principle, to calculate electron spec
due to this mechanism. We found that this expression
equivalent to the so-called ‘‘eikonal approximation’’ that h
earlier been derived to describe spontaneous electron e
PRB 590163-1829/99/59~16!/10950~9!/$15.00
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sion during slow atomic collisions in the gas phase.5 The
latter approximation is based on the so-called ‘‘complex p
tential’’ model developed for the description of Penning io
ization processes.6 To our knowledge, the occurrence of th
mechanism of ‘‘electron promotion followed by molecul
autoionization~EPMA!’’ has not been demonstrated expe
mentally to occur in particle surface collisions, nor ha
theoretically obtained spectra for this mechanism been
ported. To investigate the role of this mechanism in co
sions of protons with a LiF target, we measured elect
spectra for this collision system under well-defined expe
mental conditions, and attempted to analyze these spe
theoretically in terms of the proposed mechanism.

A preliminary presentation of the experimental data w
given before.7 In that paper also an analysis of the spectra
terms of the EPMA mechanism has already been presen
That analysis yielded strong support for the dominance
EPMA at collision energies between 100 eV and 1 keV, b
was somewhat incomplete, in that the presented compar
of calculated and measured spectra was only relative,
focused only at an explanation of the general spectral sh
In addition, details of the theoretical analysis were not
ported.

In the present paper, we present absolutely normali
10 950 ©1999 The American Physical Society
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FIG. 1. Experimental electron spectra for 5° grazing incidence H1-LiF collisions at various laboratory collision energies
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experimental electron spectra together with their detailed
quantitative analysis in terms of the electron promot
mechanism. It turns out that details of the spectral shapes
considered in our earlier analysis can only be explained if
addition to the EPMA mechanism, also electron promot
leading to population and immediate decay during the co
sion of autoionizing doubly excited F2 states is invoked.

EXPERIMENT

Only the features of importance for the present study
briefly summarized in the following. Details of the apparat
can be found elsewhere,8,9 as well as details concerning th
preparation of the LiF film.10,11 A mass analyzed H1 beam
impinges on a W~110! surface covered by a LiF film. Prior to
the evaporation of the LiF film, the tungsten crystal w
cleaned by several cycles of heating in an oxygen atm
sphere to 2300 K. The LiF film was produced by therm
evaporation~1100 K! of LiF powder. During the evaporation
the W~110! surface was held at room temperature. X-r
photoemission spectroscopy~XPS! measurements showed
film thickness of 10 nm. Metastable ionization electron sp
troscopy~MIES! and ultraviolet photoemission spectrosco
~UPS! (HeI) measurements showed that the film posses
the electronic structure of a bulk LiF surface.10 No occupied
states could be found with MIES in the band gap of t
insulator film. At present, the detection sensitivity is of t
order of one defect in 104 lattice sites. The advantage
using LiF films instead of LiF single crystals is the absen
of charging phenomena and the easy-to-achieve chem
cleanliness of the film~checked with XPS!. The same strat-
egy has been applied by us successfully to study the pote
emission in collisions of He* , He1, and He21 with LiF.12

The incidence angle of the ion beam is 5° with respec
the surface; the ejected electrons are energy analyzed u
90° with respect to the beam axis. The spectrometer rec
the electron spectra at constant pass energy~10 eV! with a
resolution of 0.15 eV @full width at half maximum
~FWHM!#. Given a constant pass energy of 10 eV, the tra
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mission function of our hemispherical analyzer~Leybold EA
10! is constant over the measured energy range~up to 25 eV
electron energy!.13 The difference in the work function of the
surface and the analyzer was biased in such a way that e
trons leaving the clean W~110! surface with zero kinetic en
ergy arrive at the analyzer with 5.25 eV. Thus, the lo
energy cutoff of the spectra for the LiF spectra gives
work function of the LiF film~3.5 eV!. Electrons that leave
the surface with zero kinetic energy show up at the cut
energy. The spectra were not compensated for the en
dependence of the collection efficiency introduced by
biasing procedure.

Figure 1 shows the energy spectra of emitted electrons
various collision energies. For reasons of clarity an off
was applied to the various spectra. The electron yield
given in number of electrons per incident ion, eV, and ste
dians. Due to the biasing procedure and due to the unkn
absolute value of our transmission function we are not a
to absolutely normalize the spectra with our experimen
setup. Therefore, absolute electron yields from the literat
have been used1 to bring our spectra to an absolute sca
thereby assuming that~i! the electron emission is isotropi
and that~ii ! the total electron yield is the same for perpe
dicular and grazing incidence. These assumptions need t
verified by future experiments.

The peaklike structure around 4 eV visible in all spectra
due to electrons leaving the LiF surface with close to z
energy. In principle it could be induced by the biasing pr
cedure. Its extreme sensitivity to experimental conditions
also evidenced by the fact that it is somewhat less p
nounced in the spectra presented here than in the sp
published in Ref. 7, while the peaklike structure around 6
is virtually identical for the two sets of spectra. On the oth
hand, a similar peaklike structure around 4 eV was also
served in electron spectra induced by electron and pho
bombardment.14,15Part of it may therefore be real and not a
artefact. In our analysis, we will concentrate on an interp
tation of the spectra above;5 eV.
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ANALYSIS

General description

To carry out calculations of electron spectra that can
directly compared to experimental spectra, we have to so
several problems in an approximate way. In the first pla
we have to calculate the potential curves relevant for
EPMA mechanism. This has already been discussed in
earlier paper.7 We consider only collisions between the pr
jectile and the F2 ion in the ionic Li1-F2 crystal. Of the
projectile we assume that it has already been neutralize
the grazing trajectory when it reaches small H-F2 distances
where ‘‘orbital promotion’’ can occur. According to the d
abatic one-electron molecular orbital diagram of H-F2, con-
structed according to the rules given in Ref. 16 and depic
in Fig. 2, the F2(2p) electrons will be promoted via the 3ds
orbital, while a ‘‘hole’’ will be demoted via the 2ps orbital.
The potential curve corresponding to this situation can
principle cross into the continuum and lead to autoionizat
of the transient molecule. The final state of this autoioni
tion would be the ground state of the H-F molecule, with t
2ps,p orbitals completely filled, and with one electron
the continuum. The EPMA process may therefore be in
cated by the following scheme:

H1F2→~H2F!2~ ...2ps12pp43ds2!→~H2F!

3~ ...2ps22pp4!1e2~«!. ~1!

Here, the molecular states are characterized by their con
ration in terms of thediabaticone-electron orbitals, as usua
We notice that, according to the correlation diagram, als
transition at the crossing of the 3ds orbital with the 3ss
orbital can occur. In case of such a transition, the two e
trons may remain in an excited molecular state that correl
asymptotically with an F2 ion in a doubly excited state with
the configuration (1s22s22p43s2). These states are usual
autoionizing and their population can therefore contribute
the electron spectra. To our knowledge, of the three fi
structure states3P, 1D, and 1S, only the 1D state has been
identified experimentally,17 and its energy was determined
be E(1D)514.85 eV above the ground state of F. The3P
state cannot be populated from the promoted(...3ds2)1S
potential if total spin is conserved, and therefore will not
considered. An estimate of the1D-1S energy difference can

FIG. 2. Schematic diabatic one-electron correlation diagram
the H-F2 system, illustrating the phenomenon of electron prom
tion via the diabatic 3ds orbital.
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be obtained from the known energy difference of the equi
lent states of the doubly excited Ne(...2p43s2),18 by scaling
according to ‘‘Slaters rules.’’19 In this way we obtain an
estimated energyE(1S)516.5 eV, which we will use in our
evaluation below. The conduction band of LiF is know
from photoemission experiments14 to start at 14.1 eV above
the valence band, and the vacuum level, i.e., the lowest o
electron continuum, at 11.4 eV. Assuming that the excitat
energy of an isolated F2 can approximately be taken equal
the energy separation of the corresponding band from
valence band in the LiF crystal, we therefore have to c
clude that the band of doubly excited F2** states lies in the
conduction band and is embedded in the lowest one-elec
continuum of LiF. Population of these states via electr
promotion is therefore a possible process and should be
sidered in the analysis of electron spectra. We will call t
corresponding mechanism ‘‘electron promotion followed
atomic autoionization~EPAA!’’ to distinguish it from the
EPMA mechanism~1!. The corresponding scheme is the fo
lowing:

H1F2→~H2F!21~ ...2ps12pp43ds2!

→H1F2** ~ ...2p43s2!→H1F1e21~«!. ~2!

The first arrow in schemes~1! and ~2! indicates adiabatic
path, because H1F2 is the ground state of the system
large H-F distances, and is thereforeadiabaticallyconnected
with the lowest adiabatic molecularS state. Similarly, the
first excited state of the system at large distances belong
H21F, both in their ground states, and is thereforeadiabati-
cally connected with the first excited adiabatic molecularS
state.

From the above qualitative discussion it follows that, fo
quantitative description of the electron promotion proce
the two adiabatic molecular potential curves for the grou
and first excitedS state of the (H-F)2 system are necessary
With these potential curves, the anticipated electron prom
tion can then be described in terms of a diabatic transit
between the two potential curves at some ‘‘avoided cro
ing.’’

We construct the potential curves from calculated m
lecular orbitals~MO’s!, which are shown in Fig. 3. The or
bitals relevant for the construction of the ground and fi
excitedS state are assigneds, p, ands* orbitals, respec-
tively. They relate asymptotically to the atomic H(1s) and
F2(2p) atomic orbitals, and can accommodate eight el
trons. The (H-F)2 system has seven outer electrons, so t
the highest occupied molecular orbital~HOMO! in the
ground state is thes* orbital, with one electron in it.

The energy of theS ground state we obtain by populatin
thes-MO with two electrons, thep-MO with four electrons,
the s* -MO with one electron, and by adding the corr
sponding MO energies up to the total energy. Similarly,
obtain the energy of the first excitedS state by populating
the s-MO with one electron, thep-MO with four electrons,
s* -MO with two electrons, and by adding up the corr
sponding MO energies.

In Fig. 4 we show the resulting energy curves relative
the energy curve of the ground state of the ionized sys
(H-F). The latter is calculated by adding the energies of t
electrons in thes-MO, four electrons in thep-MO, and

r
-
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FIG. 3. Calculated molecular-orbital energy levels for the HF2 system as a function of the internuclear distance. HOMO indicates
highest occupied molecular orbital, LUMO the lowest unoccupied molecular orbital. The adiabatic orbitalss, p, ands* are not related in
a simple way to the qualitative diabatic orbitals of Fig. 2.
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no electron in thes* -MO. The energy of the ionized system
obtained in this way corresponds in our description to
‘‘vacuum level’’ of the Li-F crystal perturbed by the H atom
and is given in Fig. 4 by the zero-energy line. This ‘‘vacuu
level’’ relates asymptotically to H1F, both in their ground
state, and in the united atom limit to Ne in its ground sta
e

.

The ground-stateS potential at large H-F distances corr
sponds to the valence band of LiF. The energy of the la
with respect to the vacuum level is known from experime
In the MO calculations we have made use of this informat
~see below!, so that the asymptotic energy of the H-F2 chan-
nel lies at the correct position: at212 eV, slightly be-
Fig.
FIG. 4. Ground state and first excited adiabatic molecularS potential curves as obtained from the calculated molecular orbitals of
3 ~symbols!, and diabaticS potential curves~drawn lines!. The ‘‘promotion curve’’ enters the continuum limit~zero energy line! and crosses
the energy region of doubly excited F2 states, where transitions to these states are possible. Also shown is the ‘‘avoided crossing’’~LZ!.
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low 211.4 eV, where the state density of the valence b
starts to rise.14 The Madelung part of the one-electron bin
ing energy at the F site in this way becomesEM512
2EA(F2)58.6 eV, whereEA53.4 eV is the electron affinity
of F.

In Fig. 4 we show, in addition to the ground and fir
excitedS potential curves, also the diabatic molecular curv
corresponding to the diabatic transition indicated in the re
tion schemes~1! and~2!. In the crossing region, these diab
tic curves are obtained by interpolation from the relev
adiabatic curves.

We realize of course that the molecular potential cur
we obtained in the described way have to be considere
approximations. And, in addition, one has to remember t
in the LiF crystal, the potential curves should generally
replaced by ‘‘energy bands.’’

The potential curves that are relevant for the EPA
mechanism@see scheme~2!#, and correspond asymptoticall
to H1F2** (1s22s22p43s2), are not known. The main
characteristic of these curves is that they do not involve
promoted orbitals, and therefore should vary with distance
a similar way as the continuum limit. For our calculations w
represent the corresponding diabatic potentials by cu
running parallel to the continuum limit at the energies e
mated for asymptotic distances.

The avoided crossing at which the diabatic transition fr
the initial H1F2 potential into the promoted potential occu
is labeled by ‘‘LZ,’’ to indicate that the dynamics at th
crossing is treated by us using the Landau-Ze
approximation.20

The potential curve diagram~Fig. 4! is the basis for our
calculations of the electron spectra.

The molecular orbital calculations

The electronic structure of a crystalline solid, i.e., t
band structure, shows occupied and empty states with di
ent dispersion relations~energy-momentum relations! de-
pending on band index and wave-vector direction. A deta
calculation that pretends to reproduce band gaps accur
is far from simple and requires the summation over ma
lattice sites using a large basis set for the electron w
functions. On the other hand, the presence of an impurity
or atom in the crystal, like H, represents a strong pertur
tion that modifies the electronic levels in its neighborho
where the interaction takes place or, in other words, mos
the electronic transitions~excitation, ionization, and charg
exchange!. We are mostly interested in studying the ele
tronic coupling between a slowly moving proton and a L
crystal, and therefore have to make simplifying assumptio
The first assumption is that, as discussed before, the prot
quickly neutralized. The second assumption is that we o
need consider the F2 ions as active centers. This is justifie
since the Li1 centers are practically inert due to the streng
of the binding energy of theirK-shell electrons~about 50
eV!. This means that the relevant atomic states that are
sidered in the molecular-orbital calculations are the H a
F2 states, particularly the H(1s) and F2(2p) levels, which
are very close in energy.

We have used theGAUSSIAN-94 computer code to calcu
late the molecular orbitals of the (HF)2 quasimolecule as a
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function of the internuclear distance between the H and
centers. The F center is located at the center of an octahe
surrounded by six point charges, which represent the1

ions, at a distance determined by the condition that
Madelung potential at the F2 position is reproduced. The
calculation is based on a Hartree-Fock approximation t
includes single electron excitations and the basis set use
the 6 – 311G(d, f ). The results of the calculations ar
shown in Fig. 3. Also indicated in the figure is the lowe
unoccupied molecular orbital~LUMO!, which asymptoti-
cally connects to the H(2s) level. The molecular orbitals,s,
p, ands* shown were used to construct the potential cu
diagram as discussed in the preceding section. In this c
struction only differences between molecular-orbital energ
are used, which we expect to be accurate.

At this point we would like to mention that molecula
orbital calculations for the system H-LiF have been p
formed before21,22 in connection with an analysis of energy
loss spectra measured for H and H1 scattering from LiF. The
reported results of these calculations, however, we foun
be not directly applicable to our present problem.

Calculations of spectra and comparison with experiment

The actual calculations of electron spectra are perform
as outlined below. First, a scattering potential is construc
for the purpose of carrying out Monte Carlo type calculatio
of trajectories occurring for a given experimental situation
is constructed assuming that the H1 is neutralized at an es
timated distance of four atomic units in front of the surfa
layer, and it consists of the interaction with a crystal sl
containing 1000 Li1 and F2 ions. The interaction is de
scribed as the sum of two terms, a short-range binary
and a long-range part representing the polarization inte
tion and the ‘‘Madelung-like’’ interaction. The short-rang
part is a potential we calculated for the ground state of
(HF)2 @or (HLi) 1# system using the same Hartree-Foc
type molecular-orbital code as used for the calculations
the molecular orbitals. Using the resulting potentials, Mo
Carlo calculations are carried out, from which a distributi
function w(b;Ecoll ,Q i ,F I) of impact parameters for colli-
sions with F2 centers is retrieved. This function depends
the collision energy (Ecoll), and on the angles of incidenc
(Q i ,F i) with respect to the surface directions.

For the calculation of the electron spectrum arising from
collision with a defined impact parameter, a potentialVi(R)
representing the initial state of the ionizing transition is d
fined. It is composed of the molecular promotion cur
shown in Fig. 4, and the Hartree-Fock-type potentialVHF for
the neutral~HF! system. Within the semiclassical descriptio
we use to calculate the electron spectra,5 the transition prob-
ability, or ‘‘width,’’ of the initial state is represented as
distance-dependent imaginary partG(R) of the potential as

Ui~R!5Vi~R!2 iG~R!/2. ~3!

The final state of the autoionization transition leading to
certain electron energy in the lowest one-electron continu
~«! is represented by a real potential which we indicate b

Vf~R,«!5VHF~R!1«. ~4!
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Using the so-called ‘‘eikonal approximation’’5 the probabil-
ity for spontaneous emission of an electron of energy~«! in a
binary collision with a certain impact parameter~b! is calcu-
lated by evaluating the following expression:5,7

P~«,b!5U E
S1

S2
dSFmAG~S!/@2pKi~S!K f~S,«!#

3expS i E
S1

S

@Ki~S8!2K f~S8,«!#dS8D GU2

. ~5!

The integration is performed along the trajectory@S(b)# for
the particle of reduced mass~m!. For each point onS, the
corresponding particle distanceR(S) is defined, so that the
functions can be evaluated for eachS(b). The functions
Ki(S) and K f(S,«) represent the local momenta of relativ
motion along the trajectory, and are given by

Ki~R!5A2m@Ecoll2Ui~R!#;

K f~R,«!5A2m@Ecoll2Vf~R,«!#. ~6!

Here Ecoll is the relative collision energy. Note that th
initial-state momentum is a complex number via the comp
initial state potential, and that the probability is calculated
a coherent sum of amplitudes along the trajectory. It
been shown that nonclassical effects are well accounted
in the approximation used.5

As outlined above, we account for the possible dynam
branching of the population amplitudes in the incomi
channel using the Landau-Zener model. This means tha
define a probability for the system to choose the diab
path that leads to promotion. This probability has the form20

wprom~b,Ecoll!5exp@22H12
2 /„nc~b!a…#, ~7!

with nc(b) the radial velocity at the crossing andH12 the
electronic coupling matrix element. From the energy sepa
tion of the adiabatic curves in Fig. 4 we take thatH12
51.9 eV. The quantitya is the difference of the slopes of th
diabatic curves at the crossing.

To obtain electron spectra from the probabilitiesP(«,b),
we have to integrate over the impact parameter. With
distributions defined above, we thus obtain as the final re
for the absolute differential electron yield

Y~«;Ecoll ,Q i ,F j !5E wprom~Ecoll ,b!P~«,b!

3w~b;Ecoll ,Q i ,F i !db. ~8!

This theoretical differential yield can directly be compared
experimental spectra.

There is one function that is not known in our theoretic
description of the process, the width functionG(R). We will
use the physically reasonable function

G~R!5A exp~2R/Rtr!, ~9!

With ~A! and (Rtr) being free parameters to be determined
comparison with experiment.

It is crucial for the comparison of experimental and the
retical spectra to make sure that the electron energy sca
the same in the two cases. In the experiment, the zero p
x
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of the energy scale is fixed at the Fermi level of the crys
The theoretical electron spectra are calculated relative to
vacuum level of the crystal. Since, according to our measu
ments, the vacuum level is 3.5 eV above the Fermi level,
fix the zero energy point of the calculated spectra at 3.5
of the experimental energy scale.

In a first attempt we tried to reproduce the experimen
spectra assuming only the EPMA mechanism to be op
tive. We found that, in accordance with our previous resul7

the absolute intensity of the spectra, as well as their ‘‘ta
ing’’ towards high electron energies and their variation w
collision energy, can be rather well reproduced in this w
This general agreement becomes especially evident when
intensity is plotted on a logarithmic scale.7 On the other
hand, the spectra show a pronounced peaklike struc
around 6 eV, which becomes more visible on a linear int
sity scale as used in this paper. This peaklike structure c
not be reproduced on the basis of the EPMA mechan
alone. This is true even if different, less physical, function
forms are used for the width functionG(R). The reason is
that the EPMA mechanism can be operative only in the d
tance region inside the distance at which the promoted cu
crosses the continuum limit. This leads to an effective c
finement of the transitions in time, and therefore to a mi
mum broadening of the spectra due to the time-energy
certainty. For the collision energy region investigated, a
for the potentials we used, this broadening exceeds the w
of the observed peak structure.

In an attempt to explain the peak structure, we allowed
our calculations for population of the doubly excited F2

states. In principle, one could try to include these chann
by treating the transitions at the crossings using again
Landau-Zener model. On the other hand, the electronic c
pling matrix elements H12 are not known, so that one woul
have to introduce more free parameters into the calculatio
And in addition, the doubly excited F2 states are rather dif
fuse, so that an appreciable overlap of the correspond
wave functions of neighboring F sites will be present a
probably lead to partially delocalized states whose excita
in a diabatic transition in terms of the Landau-Zener mode
problematic. In the extreme case that the characteristic ‘‘
localization time’’ is short compared to the time betwe
crossing and recrossing of the potential curves in the co
sion, we would even expect that the transitions to the exc
state band should be described as transitions to an elec
continuum, i.e., as irreversible loss to the band from the p
moted molecular potential curve. To keep our analysis tra
parent, we therefore prefer to show spectra that arise un
the simple assumption that one of these states is popul
with 100% probability ‘‘on the way in’’ at the crossing of th
promoted molecular potential curve with the curves conne
ing to the doubly excited F2 states. To realize this kind of a
process in the calculations, we simply have to change
quantities relating to the ‘‘initial state’’ in relation~5! ac-
cordingly at the point of the trajectory where the crossi
occurs.

For the calculation, we made the reasonable assump
that G(R) becomes constant as soon as the transition to
doubly excited state has occurred, and that the constant v
is equal to the value of the functionG(R) at the crossing.
The two free parameters of the functionG(R) were chosen
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FIG. 5. Comparison of experimental and calculated spectra. The calculations have been carried out assuming 100% popula
excited autoionizing state lying 2.85 eV above the continuum limit, i.e., at the energy of the doubly excited F2(1s22s22p43s2) 11D state.
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we
by trial and error to find the best agreement with experime
In this way the valuesA51 andRtr51 ~both in atomic units!
were determined. The result obtained assuming 100% po
lation of the doubly excited molecular state connecting to
1D state of the(...2s22p43s2) configuration at 14.85 eV is
shown in Fig. 5. We notice that the absolute intensity,
t.

u-
e

e

variation of the intensity with collision energy, and the cha
acteristic peak structure of the spectra are rather well re
duced. This is especially true for the 200-eV spectrum wh
also the high-energy exponential tail is well described.
case of the 1000-eV spectrum, the observed peak shape
gests that higher excited states might contribute. In Fig. 6
trum can
ies of the
FIG. 6. Comparison of experimental and calculated spectra at 1000 eV collision energy. It is shown that the experimental spec
be well reproduced assuming population of two autoionizing states lying 2.85 and 4.5 eV above the vacuum level, i.e., at the energ
1D and the1S states of the F2(...2s22p43s2) configuration.
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show a comparison of the experimental 1000 eV spect
with a calculated spectrum resulting if branching from t
promoted molecular curve into two doubly excited sta
curves, the one asymptotically connected to the1D state, and
the one asymptotically connected to the1S state, respec-
tively, is assumed. In the calculation the same parameter
uesA51 andRtr51 are used, and the branching—with 50
probability for both channels—is treated in exactly the sa
way as described above. The agreement between experi
tal and theoretical spectra is surprisingly good.

Both experimental spectra show an additional peak
structure just above the vacuum level, i.e., for electrons
start with close to zero energy from the crystal. Such a str
ture could in principle be reproduced in our calculations
assuming that a state at, or slightly below, the vacuum le
i.e., a surface state in the bulk band gap, is populated
promotion. However, structures of electron spectra close
zero energy can easily be induced by experimental artifa
so that this interpretation has to be considered very prel
nary until more careful measurements that reproduce
structure have been carried out.

DISCUSSION

The main result of the analysis is that the 3ds-promotion
mechanism suggested by the diabatic correlation diagram
the H-F2 system gives the correct absolute intensity and
correct energy dependence of the electron spectra, and t
fore may be considered the mechanism that explains the
usually high kinetic emission yields observed for LiF. It
interesting to note that an important part of the promot
mechanism is the diabatic transition from the incomi
H1F2 channel at the crossing with the lowest H21F chan-
nel. Only the appropriate incorporation of this transition
the Landau-Zener approximation led to the satisfact
agreement of the energy dependence of the spectra.

The fact that it is possible to reproduce the peaklike str
ture of the spectra if it is assumed that the promotion ‘‘end
in excited autoionizing states that coincide in energy with
doubly excited F2** (1D, 1S) states, whose excitation i
predicted by the diabatic correlation diagram, is very stro
evidence for the importance of the EPAA mechanism.
the other hand, we would like to emphasize that the occ
rence of the EPAA mechanism automaticallyimpliesthe oc-
currence of the EPMA mechanism if—as in the pres
case—the crossings between the promoted molecular po
tial curve with the molecular potential curves connecting
the autoionizing atomic states are embedded in the o
electron continuum~see Fig. 4!. Unfortunately the relative
importance of the two mechanisms cannot simply be
tained from the electron spectra, because the spectra ca
simply be decomposed into intensity components belong
to the two mechanisms. The reason is that the intensity
given electron energy and for a certain impact paramete
composed as a coherent sum over amplitudes from diffe
distances, and, in general, from the different potential cur
belonging to the different mechanisms@see relation~5!#. On
the other hand, a rough estimate of the relative importanc
the two mechanisms can be obtained just from the dista
dependent lifetime determined in our model calculations.
the crossing distance of 2.5 Bohr radii the lifetime amou
m
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to about 15 atomic units of time. During this time the
projectile travels over a distance of 3 Bohr radii. As a co
sequence, for impact parameters that lead to a turning p
of the collision well inside the crossing distance of 2.5 Bo
radii, the system in the promoted state decays virtually co
pletely ‘‘during the collision’’ at small distances, with com
parable probabilities for transitions inside and outside
crossing. From this—depending on how we define EPM
and EPAA—the relative importance of these mechanis
can be judged.

At this point it appears appropriate to discuss a modifi
tion of the definitions of the ionization mechanisms intr
duced in connection with the diabatic correlation diagra
The main characteristic of EPAA is that the systemstaysin
the autoionizing state after the collision. This characteris
becomes important in the collision only after the recrossi
when the collision partners separate. Inside the crossing
tance it does not seem sensible to speak of ‘‘atomic auto
ization’’ states, one should rather say that the system follo
certain molecular potential curves from which molecu
autoionization is possible. We therefore propose to asc
all transitions occurring ‘‘on the way in,’’ as well as thos
transitions ‘‘on the way out’’ which occurinsidethe crossing
distance, to EPMA, and to ascribe only those transitions
occur ‘‘on the way out’’outsidethe crossing distance, an
from the state connected to the autoionizing atomic states
EPAA. If we adopt this nomenclature; we can state the f
lowing qualitative results of our analysis for the H-F2 sys-
tem: ~i! The two mechanisms are approximately of equ
importance in the collision energy range investigated;~ii ! the
relative EPAA contribution increases with increasing co
sion energy;~iii ! the peak structure in the spectra is due
EPAA; ~iv! the observed shift and broadening of the pe
structure~due to EPAA! with increasing collision energy re
flects the population of higher autoionizing states at hig
collision energies.

It is interesting to discuss the present results on elec
emission in the context of recently published results on
stopping cross sectionfor the same H-LiF system.2 The latter
results were obtained for collision energies above 2 keV
they allow an extrapolation down to 1 keV where a value
;50 eV Å2 may be estimated from the published data. O
theoretical treatment—using of course the adapted param
values of the width function—allows a direct calculation
the contribution of the ionization process to the stopp
cross section. In a simple, but for the present purpose s
ciently accurate, approximation it is theionization cross sec-
tion times the energy loss corresponding to the average
ergy of the emitted electrons. With a calculated ionizati
cross section of 2.5 Å2, and with an average energy loss
approximately 16 eV taken from our spectrum, we thus p
dict a contribution of 40 eV Å2 to the stopping cross section
In other words, it looks as if the main contribution to th
stopping power in the insulator LiF is due to electron em
sion and can be calculated on the basis of the promo
mechanism.

Finally, we would like to briefly address the relation o
the present results to other reported results for the s
H/LiF system, namely, on H2 formation23 and on energy-
loss spectra for protons.21,22 It is obvious that, as part of the
electron promotion mechanism identified by us, the init
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formation of H2 at the Landau-Zener crossing between
H-F2 potential and the H2-F potential is predicted. There
fore, a theoretical model of H2 formation should contain
transitions at this crossing as an important first step. T
relation with the energy-loss spectra reported in Refs. 21
22 is less clear. The spectra are reported for H1 ions emerg-
ing from the surface in H1-LiF scattering at large scatterin
angles. While a clear quasidiscrete peak, labeledA, for elas-
tic scattering appears in the spectra, no corresponding p
indicative for a discrete inelastic process can be seen. In
22 this fact is ascribed by the authors to the absence
2p(F2) electron promotion. This seems at first sight to be
contradiction to our present results. But we emphasize
this is not the case, because in the energy-loss spectra e
are selected that imply a reionization of H, very small imp
parameters, possibly multiple collisions, and also elastic
lisions with Li targets, and are therefore not comparable w
tt
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ci
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ich
sc
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ef.
of

at
nts
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the events represented in the electron spectra. The l
events are characterized by survival of the neutral H pro
tile, and by rather large impact parameters.
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