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L -shell filling of N61 and O71 ions from a clean and LiF-covered Au„111… surface

H. Khemliche,* T. Schlatho¨lter, R. Hoekstra, and R. Morgenstern
KVI Atomic Physics, Rijksuniversiteit Groningen, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands

~Received 23 April 1999!

We report on a high-resolution Auger spectroscopy study of the interaction of N61 and O71 ions with a
clean and a LiF-covered Au~111! target. The electron spectra from collisions on Au~111! and LiF-covered
Au~111! are distinctly different. The ones resulting from the interaction with Au~111! covered with one
monolayer of LiF resemble spectra taken on bulk LiF, which, in contrast to LiF-covered Au~111!, is an
insulator. On the Au~111! surface and for scattering geometries preventing projectile penetration below the first
atomic layer, a more efficientL-shell filling for O71 than for N61 ions is observed. Surprisingly enough, for a
single monolayer of LiF on Au the totalK Auger intensity of nitrogen is nearly 30% larger as compared to the
clean Au~111! target, while for oxygen no enhancement is found. These findings demonstrate that, for specific
projectile-target systems~e.g., N-LiF!, an efficient mechanism that fills the projectileL shell is active well
before the projectiles reach the surface, so thatKLL electrons are emitted at an early stage of the interaction.
@S1050-2947~99!04010-X#

PACS number~s!: 34.50.Dy, 34.50.Rk, 34.70.1e, 82.30.Fi
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I. INTRODUCTION

The interaction of multiply charged ions with solid su
faces has been the subject of numerous studies in the
few years and the main features of the neutralization
relatively well described qualitatively~for a review, see@1#!.
However, a detailed and quantitative understanding has
yet been reached. The extreme character of the system u
consideration, high electron depletion on one side and la
densities of loosely bound electrons on the other side
certainly the source of many subtle processes not yet
vealed. Moreover, the diversity of experimental techniqu
available makes a synthesis difficult since each one of th
only views the interaction through a specific window. Add
tionally, the use of different projectile-target systems a
different experimental conditions prevents a direct comp
son between experiments. Thus many aspects remain u
solved, such as the dynamics of the hollow atom/ion in fr
of the surface, the mechanisms responsible for the e
population of inner shells, and the sensitivity of the neutr
ization to various properties of the target~e.g., electron den-
sity and mobility, band structure, band gap for insulato
etc.!.

The neutralization of highly charged ions above a me
surface is most often described using the classical over
barrier ~COB! model @2–4#. According to this model, the
first phase of the neutralization consists of a competit
between capture of conduction electrons into the ion exc
orbitals and electron loss through autoionization and re
nant ionization. In the latter process, the projectile elect
loss into the empty states of the conduction band allows
capture of another electron into a lower projectile level, th
speeding up the population of the lower shells. Due to

*Present address: Laboratoire des Collisions Atomiques et
léculaires, Baˆt. 351, Universite´ Paris–Sud, F-91405 Orsay Cede
France.
PRA 601050-2947/99/60~5!/3800~9!/$15.00
ast
re

ot
der
e

is
e-
s
m

d
i-
re-
t
ly
l-

,

l
he

n
d

o-
n
e
s
e

short time available for the above-surface interaction,
Auger cascades alone cannot account for theKLL Auger
emission above the metal surface as observed experimen
by several authors@5–8#. Therefore, resonant ionization fo
lowed by capture might have a direct effect on the ea
population of inner shells@9#. Recent studies on insulator
~LiF! seem to indicate that the above-surfaceKLL Auger
emission is strongly suppressed@10#. Bulk LiF has a high
binding energy~12 eV! of valence electrons and a large ba
gap ~14 eV!. On the grounds of the above-mentioned CO
model, both quantities could be held responsible for the s
pression of theKLL Auger emission above the surface.
addition to the disappearance of the usual signature of
above-surface component in the Auger spectra, Limb
et al. @10# observed a shift of the low-energy side of th
spectra by'10 eV towards lower energies. A satisfacto
understanding of the observed behavior could not
achieved since several properties are changed simultaneo
when going from a metal~e.g., Au! to an insulator such as
LiF ~see Fig. 1!.

Ideally, one wishes to change continuously target prop
ties from metals to insulators; this can be achieved at le
partly by using thin-film covered targets. The properties
thin LiF films have been investigated@11# and, for very thin
films, the binding energy of valence electrons is alrea

o-
FIG. 1. Schematic representation of the electronic structure

Au and bulk LiF.
3800 ©1999 The American Physical Society
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PRA 60 3801L-SHELL FILLING OF N61 AND O71 IONS FROM A . . .
close to that of bulk LiF. However, the band gap develo
only around five monolayers~ML !. Consequently, the use o
very thin LiF films is an appropriate method for access
the role of certain properties of a LiF surface in the neutr
ization of highly charged ions. In order to gain informatio
on the respective importance of the binding energy and
band gap in the neutralization of multiply charged ions
LiF, and thus to get insight into the above-surface inter
tion, we have investigated theKLL Auger emission from
grazing incidence impact of hydrogenlike N61 and O71 ions
on a clean and a LiF-covered Au~111! surface. It is known
that the neutralization dynamics depends on the tar
projectile system. For instance it was observed that for b
LiF as a target, N61 and O71 ions have different inner-she
filling rates @12#; that was explained by differences in the
inner-shell binding energies. Consequently, the contro
surface modification, together with the use of N61 and O71

projectiles, gives us the ability to effectively access details
the interaction. The efficiency of the inner-shell filling can
estimated from the structures in theKLL Auger spectrum
and their dependence on the observation angle. Toge
with the measured Doppler shift, it is possible to evaluate
spatial origin of theKLL Auger electrons. To strengthe
conclusions on the spatial origin of theKLL Auger emission,
we performed trajectory calculations using theMARLOWE

code@13#. After presenting the experimental procedure a
trajectory simulations, we will present first measurements
the angular variation of the Auger spectra obtained o
clean Au~111! surface and further use that information f
interpreting the results from the LiF-covered Au target.

II. EXPERIMENTAL PROCEDURE

Before each deposition cycle, the Au~111! surface was
sputter cleaned with 1 keV Ar1 and annealed at 400 °C. Th
surface cleanness was checked by low-energy ion scatte
~LEIS! and the surface morphology was asserted from
quality of the intensity structures of scattered He project
observed in the crystal azimuthal scan. LiF molecules w
evaporated from an electron impact heated crucible fi
with a LiF powder. The evaporator was water-cooled so t
during operation the base pressure in the main chambe
mained in the low 1028 Pa range. The deposition system
equipped with a flux monitor, which assures a reproduci
evaporation dose. The film growth was analyzed with LE
using 1 keV He21 ions @14–16#. The energy spectrum of th
scattered ions comprises peaks resulting from elastic sca
ing of He21 from the surface atoms; the integrated pe
intensity is proportional to the atom surface density. A
constant LiF evaporation flux, the variation of relative co
tributions from scattering off LiF~sum of scattering from Li
and F! and Au with deposition time follows at higher cove
ages a nonlinear behavior~Fig. 2!. That could be due to
either a multilayer growth or simply to a change in the stic
ing coefficient during the growth. To overcome the influen
of the latter effect, we have deposited a closed LiF layer~no
Au component observable in the LEIS spectrum! and then
monitored the LiF coverage during sputtering of the film
the probing beam. The LiF sputtering rate by He ions is h
enough to permit such a measurement@17#. The subsequen
relative LEIS signals from LiF and Au are linear in tim
s
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~Fig. 2!, indicating that the film growth was proceeded b
completion of a single monolayer@18#. Thus the deposition
system could be calibrated and the time necessary for
deposition of one monolayer LiF determined. The absenc
the band gap could be verified by He1 scattering and mea
suring the survival probability of incident ions. The latter d
not show any substantial increase when going from Au t
ML LiF on Au, whereas the existence of a large band g
would lead to an order of magnitude increase in the surv
probability of ions through the suppression of Auger neutr
ization @19#.

A drawback of the large sputtering rate of LiF@20# is the
difficulty to maintain a steady coverage while a multip
charged ion beam impinges on the film. This limitation
minimized by using low beam intensities and as short
possible scanning times. A whole series ofKLL Auger spec-
tra is recorded following the deposition of 1 ML LiF. Th
change in the coverage is monitored in between meas
ments by measuring the relative contribution of the elas
scattering from LiF in the energy spectra of the reflec
ions. As an example, Fig. 3 shows the reflected O21 ion
spectra from 6.15 keV O71 incident atc510°. These ions,
detected off specular reflection, offer a great surface se
tivity. The top spectrum results from a clean Au~111!; then
following deposition of one LiF monolayer, the three botto
spectra are recorded. During acquisition, the LiF overlaye
being sputtered by the incident ions. Thus the LiF covera
decreases from bottom to top. We distinguish O21 scattered
off Au and F surface atoms; one can notice the large int
sity difference between ions reflected from a clean Au~top!
and 1 ML LiF on Au ~bottom!, indicating a higher survival
probability of O21 against neutralization by LiF.

III. SCATTERING GEOMETRIES

Before discussing the experimental data it is importan
have an idea about scattering geometries and trajectories
lowed by the ions. As beams, 6 keV N61 ions and
6.15 keV O71 ions were used at incidence angles ofc
510° andc52.5°. As will be shown, the two incidenc
angles correspond to two very different classes of inter

FIG. 2. Evolution of the LiF contribution~sum of scattering
from Li and F atoms! to the total amount of scattered He1 ions. The
left-hand side corresponds to the coverage variation during dep
tion, which was stopped at the time indicated by the dashed l
The right-hand side corresponds to the coverage variation indu
by sputtering by the probing He21 beam. The solid line is a linea
fit to the data.
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3802 PRA 60H. KHEMLICHE et al.
tions, namely forc52.5° the projectiles do not penetra
below the surface, while forc510° they do. By convention
we define the surface at the jellium edge, i.e., for Au~111! at
1.2 Å above the first atomic row@21#. The jellium edge,
around which the electron density changes rapidly from b
values to almost 0, is the place where a speeding-up of
L-shell filling starts@22#.

The trajectories of oxygen and nitrogen ions incide
along a high-indexed azimuthal direction on a Au~111! sur-
face (20° off the^100& direction! were calculated by the
MARLOWE code@13#. To account for the high charge state
the ions, we have calculated the image-charge accelera
according to the COB model@2#. The energy gained wa
added to the energy component perpendicular to the surf
In this way it is calculated that the incidence angles incre
from c52.5° andc510° toc53.5° andc510.5°, respec-
tively. The MARLOWE calculations have been performed f
these increased angles. This is justified since the scatte
potentials are not yet effective in the region where the ac
eration occurs. For 6.15 keV oxygen the trajectory results
our MARLOWE calculations are depicted in Figs. 4~a1! and
4~a2!. For an incidence angle ofc52.5° all particles scatte
specularly from the Au~111! surface and their distances o
closest approach to the first atomic row fall between 1.25
1.4 Å. For c510° incidence, most particles are still re
flected, although a few already penetrate the target. The
tances of closest approach of the reflected oxygen part
vary between 0.2 and 0.4 Å. From a point of view of inte
action with target electrons, the cases ofc52.5° and c
510° are very different. One expects a large influence on
angular dependence of theKLL electron emission because
the different path lengths the electrons have to travel thro
the target electron density.

To get some qualitative information from theMARLOWE

calculations on the influence of the LiF coverage on the s
tering trajectories, LiF molecules are positioned on the s
face laying along thê 100& direction. For collisions on
Au~111! covered with 1 ML of LiF, we observe a simila

FIG. 3. Raw spectra of O21 ions reflected atu525°, from
6.15 keV O71 incident atc510°. Top spectrum is from a clea
Au~111!. For the three bottom spectra, the LiF coverage decre
from bottom to top. The arrows indicate the expected energy fro
single elastic collision with F and Au atoms, respectively.
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distinction between incidence angles ofc52.5° and c
510° @Figs. 4~e1! and 4~e2!# as for clean Au~111!. For c
52.5°, all ions are scattered off the LiF layer, while forc
510° most particles penetrate below the LiF layer and
scattered off the first Au layer. It is of note that a few cas
are found in which the particles travel for a long distance
between the LiF and Au layer.

The results for 6 keV N61 ions impinging on Au~111!
and 1 ML LiF-covered Au~111! are not shown as they ar
similar to those of O71.

IV. KLL AUGER ELECTRONS FROM Au „111…

At low normal velocities, a fraction of theKLL Auger
emission takes place above the surface. The above-su
components can be identified as sharp peaks on the
energy side of theKLL spectra. The peaks exhibit a Doppl
shift corresponding to emission on the incoming part of
trajectory @5–8,23#. Electrons emitted from below the su
face ~jellium edge! suffer attenuation and refraction@24#
while crossing the electron gas and therefore exhibit
angle-dependent intensity, whereas emission above the
face will generally not depend on the emission angle. Fig
5 displays the variation of theKLL Auger spectra with the
observation angleQ, resulting from 6.15 keV O71 ions in-
cident atc510° @Fig. 5~a!# and 2.5°@Fig. 5~b!# on a clean
Au~111! surface.

In all the Auger spectra, the electron energy is tra
formed into the projectile frame, assuming that emission
curs on the incoming trajectory, i.e., before appreciable
flection by the surface. Normalization of the spec
according to geometrical factors is hazardous and ea
leads to systematic errors. To avoid such a risk, the spe
are normalized to the height of the peak at 467 eV. Typica
the KLL spectra comprise a broad structure due to the ov
lapping contributions of configurations with more than tw
electrons in theL shell, and sharp peaks on the low-ener
side at 467 and 482 eV, corresponding to the decay of
1s(2s2 1S)3l 5 and 1s(2s2p 3P)3l 5 configurations, respec
tively. The small peak at 512 eV is due to decay of t
configuration with all captured electrons in theL shell, i.e.,
1s2s22p5, and represents the latest possible stage of
KLL decay.

For an incidence angle ofc510° @Fig. 5~a!#, the intensity
ratio around 500 eV between the spectra measured au
550° andu520° is I 50/I 20'1.3. This part of the spectrum
arises mainly from configurations with more than twoL elec-
trons. Those configurations are populated later in time
compared to the aforementioned configurations with t
electrons in the L shell @1s(2s2 1S)3l 5 and
1s(2s2p 3P)3l 5#. Assuming that the electrons are emitte
when the particles are closest to the surface~0.2–0.4 Å
above the first atomic row, i.e., 0.8–1 Å below the surfac!
and that they are attenuated in the electron gas, we exp
ratio I 50/I 20 between 1.30 and 1.45, depending on the va
of the mean free path~15 and 10 Å, respectively!. This is
consistent with the measured ratio. It also implies that
normalization to the peak height at 467 eV is well chos
and that the low-energy peak is essentially due to abo
surface emission. It is worth noting that the small peak
512 eV, which corresponds to configuration 1s2s2 2p5

es
a
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FIG. 4. MARLOWE trajectory calculations for 6 keV nitrogen projectiles incident atc52.5° ~left panels! andc510° ~right panels! on
Au~111! and LiF-covered Au~111!. The LiF coverage is indicated byu. The solid lines represent the first atomic layer of Au. In panels~a1!
and~a2! the dotted line represents the position of the jellium edge while in the other panels the dotted lines represent the position o
layer.
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~maximum number ofL electrons!, seems to display a Dop
pler shift similar to that of the low-energy peak, i.e., al
being emitted on the incoming trajectory@Fig. 5~a!#.

Complementary information can be drawn from the sp
tra obtained forc52.5° @Fig. 5~b!#, which show only minor
changes upon variation of the observation angle. The m
angular variations indicate that theKLL emission occurs in
regions of low electron density. This is in agreement with
trajectory calculations, which show@cf. Fig. 4~a1!# that the
ions do not penetrate below the surface. Compared tc
510°, the time between first electron capture and reach
the surface has increased from approximately 25 fs to so
what over 100 fs. The enhanced time period above the
face explains the intensity increase of the 1s(2s2 1S)3l 5

peak at 467 eV and the clear appearance of
1s(2s2p 3P)3l 5 peak at 482 eV. The decay of these tw
-

or
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g
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e

configurations, which are the lowest-lying singlet and trip
ones, represents the full population of all configurations w
two electrons in theL shell. The other, higher-lying state
with configurations 1s(2s2p 1P)3l 5 and 1s(2p2 1,3L)3l 5

decay by ultrafast Coster-Kronig transitions@26# to the low-
est state within their spin system. The lifetimes of t
1s(2s2 1S)3l 5 and the 1s(2s2p 3P)3l 5 have been calcu-
lated to be 10 and 125 fs, respectively@25,27#. Due to the
Coster-Kronig channel, the higher-lying states have lifetim
of approximately 1 fs. If the complete time window from
first capture to reaching the surface~100 fs! is available, the
singlet system can easily fully relax and even for the trip
system about half of the population can decay. This imp
that as soon as the projectiles reach the surface, theL shell is
filled very fast, shifting theL-shell population from 2 to 3 to
4 . . . electrons.
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3804 PRA 60H. KHEMLICHE et al.
By solving the rate equations, Schipperset al. @25# calcu-
lated the relative intensities of the singlet~467 eV! and trip-
let ~482 eV! peaks as a function of the observation time. T
singlet-triplet ratioRST depends strongly on the observatio
periodTw . For example, when increasingTw from 50 fs to
100 fs,RST decreases from 10 to 3. From the spectra of F
5~a! one finds a ratio of about 3. Even considering the la
uncertainties in the theoretical assumptions and the exp
mental ratio, it seems that the observation window is clos
100 fs. This implies that the time needed to get the first t
electrons into theL shell is much shorter than 100 fs, say o
the order of 10 fs.

A filling time of the order of 10 fs can also be deduc
from comparing the singlet peak intensities atc510° and
c52.5°. At c510° the peak intensity is about a factor of
smaller. To reduce the intensity of the short-live
1s(2s2 1S)3l 5 configuration by a factor of 2, the observatio
window needs to be limited to approximately 10 fs@25#. For
c510° the time above the surface is 25 fs, so the time to
two electrons in theL shell is approximately 15 fs, which i
in the same range as the value estimated from the sin
triplet ratio.

In order to study the influence of the projectile electron
structure, we performed experiments for N61 ions. Figure 6
shows the angular dependence ofKLL Auger spectra from
N61-Au~111! interactions. Two differences are observ
when compared to O71. First of all, the relative intensity o
the singlet peak 1s(2s2 1S)3l 4 at 352 eV is substantially
lower than its equivalent from O71. This indicates that the
observation-time window is much shorter than for O71. But
for N61 the total time between first capture and reaching
surface is only approximately 2 fs less than for O71. Such a

FIG. 5. Variation ofKLL Auger emission as a function of th
observation angleu for 6.15 keV O71 incident at~a! c510° and
~b! c52.5°. The spectra are normalized to the height of the pea
467 eV. The electron energy is transformed into the frame of
incoming projectile, i.e., assuming that electron emission occu
on the incoming trajectory.
e

.
e
ri-
to
o

et

t-

e

2-fs difference cannot explain the strong reduction in
above-surface peak. The reduction of the observation-t
window is therefore likely to be caused by a reduced filli
rate, i.e., an extended filling time.

The second difference concerns the position of the hi
energy peak around 386 eV, which in contrast to O71 does
depend on the observation angle. The observed Doppler
demonstrates unambiguously that it is emitted on the ou
ing trajectory, i.e., following specular reflection of the pr
jectile, as was also observed by Thomaschewskiet al. @24#.
This hints also at a reducedL-shell filling rate when the
particles are close to the target.

Summarizing the results for a clean Au~111!, we conclude
that the quasimatching between the surface band struc
and the projectile levels plays an important role for both
slow ~above-surface! and fast~below-surface! contributions
to theL-shell filling. Both rates are smaller for N61 than for
O71 ions.

V. KLL AUGER SPECTRA FROM LiF-COVERED Au „111…

A. Experimental results

The role of the surface electronic structure in the proj
tile inner-shell filling is best investigated by a continuo
change of the properties of the surface. Hereafter, theKLL
Auger emission from N61 and O71 projectiles is monitored
as a function of the LiF coverage of a Au~111! surface. We
are then not only able to compare the different targets~Au,
thin LiF film, and LiF bulk surface!, but also we can directly
observe how the changes take place. An example for
evolution of the oxygenKLL Auger spectrum with the LiF
coverage of Au~111! is presented in Fig. 7. The 6.15 ke
projectile is incident atc52.5° and electrons are observed
u540°. As the LiF coverage increases, the intensity of
two low-energy peaks at 467 and 482 eV, signature of
above-surface emission, decreases. At 1 ML coverage,
above-surface component is totally suppressed and ano
peak appears at 457 eV, due to the decay of an incomple
screened projectile. At the higher normal velocity obtain
with c510°, a similar behavior was observed@18#.

Spectra arising from the interaction of 6 keV N61 on
LiF-covered Au~111! are presented in Fig. 8. The beam

at
e
d

FIG. 6. Same as Fig. 5~a! but for 6 keV N61. The spectra are
normalized to the height of the peak at 352 eV. The tilted li
follows the position of the high-energy peak and is consistent w
a Doppler shift expected for electron emission from specularly
flected projectiles.
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PRA 60 3805L-SHELL FILLING OF N61 AND O71 IONS FROM A . . .
incident at an anglec510° and electrons are observed
u530°. In the initial stage, the evolution with LiF coverag
of the intensity distribution in the Auger spectrum is qu
similar to what is observed with O71: the low-energy peak
from above-surface emission slowly disappears from
spectrum. Further, while approaching a monolayer, the sp
trum exhibits maxima at shifted positions. We notice in p
ticular small peaks at 342 eV and 382 eV, which correspo
respectively, to configurations 1s2s2 3l 3 ~singly charged
projectile! and 1s2s2 2p4 ~neutral projectile having a maxi
mum number ofL electrons!. But most surprisingly the tota
KLL intensity increases. The intensity variation with the L
coverage is displayed in Fig. 9, wherein the spectra are i
grated over the measured energy range shown in Fig. 8.
fore and after the acquisition of each spectrum, the incid

FIG. 7. KLL Auger spectra from LiF-covered Au~111! for vary-
ing coverage. The O71 projectiles are incident atc52.5° and elec-
trons are detected atu540°. The actual coverages from 0 to
monolayer are indicated on the right.

FIG. 8. Same as Fig. 7 for N61 incident atc510°; electrons are
observed atu530°. The coverage is indicated on the right.
t

e
c-
-
d,

e-
e-
nt

beam current was carefully measured on a Faraday cu
front of the target, and any noticeable beam variation dur
acquisition could be detected on the target current recor
simultaneously. For a completed LiF overlayer, we obse
an increase of nearly 30% with respect to the clean Au~111!.
The results for O71 show a completely different behavio
after an initial decrease the total intensity recovers at 1
coverage to almost its initial value for clean Au.

B. Discussion

Before attempting to explain the remarkable changes
the intensities of the totalKLL Auger spectrum as the LiF
coverage increases~see Fig. 9!, the spectral shapes will b
discussed. To do so it is worth comparing the spectra
tained from 1 ML LiF on Au~111! not only with a clean gold
target but also with results for a LiF bulk surface. Such
comparison is shown in Fig. 10 for N61. We notice the
strong similarity between the LiF targets; spectra from b
targets present a comparable peak structure. Furtherm
both spectra exhibit a very long tail on the low-energy sid
This resemblance between 1 ML LiF and bulk LiF confirm
our earlier conclusion@18# regarding the minor role played
by the band gap in bulk LiF for the filling of the projectil
inner shells. However, according to model calculations@3,4#
the existence or absence of a band gap is relevant for
initial stages of the ion-surface interaction. This seems
imply that even the above-surfaceL-shell filling is not di-
rectly and fully linked to the first neutralization phase of t
highly charged ion-surface interaction.

In fact, there are more aspects hinting at the existenc
mechanisms that populate theL shell before the projectile
penetrates into the electron gas, and which depend stro
on the system under consideration.~i! On a clean Au~111!,
we have seen that N61 and O71 behave differently, while the
first neutralization steps should be similar. Namely, bo
above- and below-surface contributions to theKLL Auger
spectrum are smaller for N61 than for O71. ~ii ! For bulk LiF
or 1 ML LiF/Au~111!, part of the emission ofKLL Auger
electrons takes place before a complete neutralization of
projectile. This can be concluded from the extension of

FIG. 9. IntegratedKLL Auger intensity normalized to the inten
sity for clean Au as a function of LiF coverage for N61 ~closed
symbols! projectiles incident atc510° and O71 ~open symbols!
projectiles incident atc510° ~circles! andc52.5° ~squares!.
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spectrum to lower energies~see Fig. 8!, indicating contribu-
tions from various ionic configurations. Such low-ener
tails are not seen in theKLL Auger spectra from metals. Fo
metal surfaces,M electrons are always available to mainta
complete neutralization of the projectile above the surfa
whenever Auger decay takes place.~iii ! The increase of the
total KLL Auger intensity as a function of the LiF coverag
observed for N61 projectiles~see Fig. 9! might be ascribed
to a directL-shell filling, which seems to be faster than on
clean Au surface.

This implies that other mechanisms, which depend on
system investigated, have to be invoked for explaining
observed early population of theL shell of the second row
elements. Calculations by Arnauet al. @29# showed that the
presence of a multiply charged ion inside a conductor
duces a charge cloud made of conduction or valence e
trons (V). This screening cloud~C! mimics the projectile
outer shells~e.g.,M shell for nitrogen and oxygen! and neu-
tralizes the ion charge. The argumentation given above s
gests that for metals, a similar screening cloud is alre
present above the surface. Thus it keeps the projectile ne
whenever autoionization transitions occur and most of
speeds up theL-shell filling rate@30#. To model theirKLL
spectra from N61-Au~111! interactions, Thomaschewsk
et al. @22# had to includeLCV processes. Conduction ele
trons extruding into the vacuum seems natural in view of
high fields involved. Bardsley and Penetrante@31# have
shown, using a classical dynamics model of the hig
charged ion-surface interaction, that indeed many unbo
electrons are present around the ion well above the surf

FIG. 10. Comparison ofKLL Auger spectra from N61 imping-
ing on different targets. Top: 4 keV beam incident atc55° on bulk
LiF~100!; electrons are observed atu590°. Middle and bottom: 6
keV beam incident atc510° on one-ML LiF/Au~111! and
Au~111!, respectively; electrons are observed atu530°. The lines
are to guide the eye.
e,

e
e

-
c-

g-
y
ral
ll

e

y
d
e,

and that they effectively screen the ion charge. Additiona
they calculated that electrons extracted from the solid w
the projectile is closer to the surface populate deeply bo
orbitals @32#.

The quasiresonant filling process is also a valid candid
for explaining the observed early transfer of electrons to
ner shells. For instance, such a filling of the oxygenL shell
from Au valence electrons was shown to be a very effici
way for achieving fast neutralization and relaxation of O71

between the jellium edge and the first atomic layer@2#. The
direct filling of projectile inner shells from the valence ele
trons at large distance was also inferred from the interac
of Ar171 with a graphite surface@33#. To reproduce the ob-
served x-ray spectrum and its dependence on the im
angle, the authors used a simple neutralization model
assumes a singleM-shell filling process above and below th
surface. The model describes rather well the earlyM-shell
population.

Additionally, in particular above nonmetallic surface
when resonant neutralization is less efficient, Auger neut
ization and deexcitation processes may play a role. Dir
L-shell filling from capture of target core electrons is also
possibility @34,35#. Direct capture from target inner shel
requires close encounters, which are not achieved in m
collisions where a fast neutralization and relaxation of
multiply charged ion is observed~see, e.g.,@36#!.

The gain of intensity in the nitrogenKLL Auger spectrum
as the LiF coverage increases~see Fig. 9! is remarkable and
represents a new aspect in the neutralization of hig
charged ions above surfaces. At first sight, this indicate
more efficient nitrogenL-shell filling from LiF than from
Au, which is consistent with the conclusion drawn from F
6 that the nitrogenL-shell filling from a clean Au~111! is
particularly slow.

According toMARLOWE calculations of trajectories on th
clean Au~111! surface@Fig. 4~a2!#, 95% of the projectiles are
reflected above the first layer, at a depth less than 1.2
below the jellium edge. Assuming that most of the electro
are emitted at that position and taking a mean free path o
Å @28#, this would lead to an attenuation around 30%. The
fore, the intensity gain measured on a monolayer LiF see
to cancel the intensity attenuation experienced in the cl
Au~111! target. But as Fig. 4~e2! shows, only a small frac-
tion of the ions is reflected off the LiF layer; the majority o
the trajectories penetrates below the LiF and enters the e
tron gas of the Au. It is therefore unlikely that trajecto
effects alone can explain the increase, in particular since
trajectories for N61 and O71 are similar. The behavior of the
O71 results is more in line with what one would expect fro
the MARLOWE calculations. For example, if one looks at th
left panels of Fig. 4, one sees that at small coverages~4b1!
some of the trajectories come closer to the first atomic la
of the Au~111! surface, and a few even penetrate. A loss
intensity is thus expected. When the coverages approa
full monolayer @cf. Figs. 4~d1! and 4~e1!# all particles are
reflected from the LiF layer, thereby diminishing the distan
emitted electrons have to travel through the electron gas.
initial decrease in intensity followed by an increase at hig
coverages is indeed observed in the measurements~cf. Fig.
9!. The intensity increase for N61 is therefore most likely
due to a more efficient filling of theL shell on LiF as com-
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pared to Au. An indication of efficientL-shell filling for the
N61-LiF system is also found from the work of Limbur
et al. @12# at higher energies on bulk LiF. They observ
strong peaks in theirKLL spectra corresponding to the max
mumL-shell filling for N61, while for O71 these peaks were
only just visible. The large differences observed between
two species can only be understood on the grounds of t
different electronic structures. Hence, we conclude that fo
ML LiF on Au~111!, most nitrogenKLL Auger electrons are
emitted above the LiF overlayer.

VI. CONCLUSION

In summary, we have used thin LiF films on Au~111! to
study the neutralization dynamics of N61 and O71 projec-
tiles at grazing incidence. The use of different projectile s
cies, together with the possibility to change the nature of
surface during a single experimental run, allows us to dr
definite conclusions regarding the inner-shell filling abo
the first atomic layer.

~i! For a clean Au~111! surface, theL-shell filling is faster
for O71 than for N61. This can be concluded from the com
parison of oxygen and nitrogenKLL Auger spectra obtained
for similar conditions, and it is visibly independent o
whether the electron emission occurrs before or after the
jectile reaches the bulk electron density.

~ii ! As opposed to this, for a LiF-covered Au~111! surface
the L-shell filling is faster for N61 than for O71. Especially
remarkable in this connection is the increase of the in
grated N61 total Auger intensity with increasing LiF cover
age of the Au~111! surface, whereby the gain is mainly du
to emission from a doubly filledL shell. However, for both
N61 and O71 the projectile neutralization is not always com
pleted at the moment of electron emission.

~iii ! The band gap in LiF plays only a minor role for th
hollow atom dynamics. This confirms our earlier conclusi
ns
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@18# and is based on the similarity of spectra obtained w
bulk LiF targets and LiF-covered Au~111! targets, respec-
tively.

~iv! The L-shell filling mechanisms just above and belo
the jellium edge seem to be the same: there is no indica
for different processes in these two regions. Apparently th
is a continuous evolution from the first step of neutralizati
to the capture into inner shells.

~v! Finally it can be concluded that ‘‘above-surface’’ ele
tron emission is not necessarily leading to sharp peaks in
spectra. Especially for the LiF targets, a broadened elec
distribution with a low-energy tail results from Auger deca
of several, overlapping ionic configurations.

The dynamics of the hollow atom/ion above the surfa
represents certainly the most critical part of the interact
between a highly charged ion and a surface. We believe
many subtle aspects are yet to be unraveled. For that res
thin films represent a versatile tool for studyingin situ the
target dependence of the mechanisms involved in the in
shell neutralization and relaxation. This allows changi
well defined surface quantities while keeping all other e
perimental conditions constant. Further experiments are
derway for determining the influence of the various sol
state properties~e.g., the valence electron density and t
width of the valence band! in the hollow atom/ion dynamics
at the surface.
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