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Hollow Atom Dynamics on LiF Covered Au(111): Role of the Surface Electronic Structure
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We report on measurements of the hollow atom dynamics on a clean and LiF covered Au(111)
surface. TheKLL-Auger spectrum arising from grazing incidence 6 ke @rojectiles is monitored
as a function of the LiF coverage up to 1 monolayer. As the coverage increases, we observe a strong
reduction in the above-surface component of kie.-Auger emission. The astonishing similarity, with
respect toKLL-Auger emission, between a single LiF monolayer on Au(111) and a LiF bulk surface,
indicates that the large band gap of the latter is not the limiting factor in the neutralization of highly
charged ions. [S0031-9007(98)06822-7]

PACS numbers: 34.50.Rk, 34.70.+e, 82.30.Fi

One of the most exciting aspects of the interaction oftaptured electronsZ( — 1) are distributed over thé and
multiply charged ions (MCI) with surfaces is the forma- M shells. For a highly inverted population (only two elec-
tion of the exotic species called hollow atom [1-7]. Dur-trons in theL shell), a sharp peak is observed on the low-
ing the approach of a MCI to a surface, conduction orenergy side of the spectrum (see top spectrum of Fig. 1).
valence electrons are captured at large distances into ek-was demonstrated that this structure is induced by a
cited states of the projectile, thus leading rapidly to fullslow L-shell filling process above the surface [7,11]; its
neutralization of the MCI with a highly inverted popu- intensity is then a direct signature for the efficiency of
lation. It was observed that for low normal velocities, above-surface neutralization.
the time between the first capture and the impact on the
surface is long enough for the relaxation to sparsely fill o -
the inner shells. The interaction of MCI with metals has  615keV 07> LiF/Au(11])
been studied extensively (for a review, see [8]) and a sce-
nario based on the classical over-the-barrier (COB) model
reproduced rather well several observed features of the
formation and decay of the hollow atom above the sur-
face [5,9]. In particular, the stepwise electron capture is
such that already captured electrons can be lost into the
empty states of the solid (if any) and to the vacuum due
to the image charge upshift of the projectile levels as the
distance to the surface decreases. Simultaneously, lower
projectile levels can be populated by either Auger transi-
tions from upper configurations or from resonant capture
of valence electrons at shorter distances. The resonant
electron loss mechanism was meant to account for the fast
relaxation degree observed experimentally [9]. By using
a cesiated Au surface, Meyer al. [10] confirmed the key
role played by the work function in the efficient neutral-
ization of the impinging ion above a metal surface since
the first capture distance and the capture levels depend I
only on the work function and the projectile charge state. ol v v vy

Hydrogenlike ions are often used so ti&tL-Auger or 400 450 500 550
K x-ray emission allows one to probe the projectile neu-
tralization. Our group has concentrated on the study of
Auger electron emission during the relaxation of the hol-FIG. 1. KLL spectra from 6.15 keV O on LiF/Au(111).
low atom. In the last phase of decay to the ground statelNe coverage is indicated on the right. The incidence and

KLL-Auger electrons are emitted with energies charactergbgg,%egboonng ntglecigfrigji?gné%’szrglsspgﬁtévf sl)zl'szigg@ -?Eg

istic of the initial electron configuration. The measuredelectron energy is converted to the projectile frame assuming
spectra reflect emission from neutral projectiles where alémission on the incident path.
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The interaction of highly charged ions with insulators current, the measured target current increases linearly with
(LiF) leads to drastically differen&kKLL-Auger spectra. coverage, at a rate of 50% per ML up to 1 ML. Low-
The low-energy peak is missing and the whole spectrunenergy electron spectra show that this additional current is
appears shifted by a few eV to lower energies [12]. Itdue to a substantial increase of low-energy electron emis-
was then argued that the large electron binding energgion, in agreement with the high yields of secondary elec-
(12 eV) and the wide band gap (14 eV) of LiF were trons measured from ion impact on LiF [21,22].
responsible for this behavior [8,12]. In the framework A series of KLL-Auger spectra is shown in Fig. 1 as
of the well accepted COB description, the former delaysa function of LiF coverage. The 6.15 keV’O beam
the onset of first capture and the latter prevents alreadig incident atyy = 2.5° with respect to the surface and
captured electrons from being lost into the target emptelectrons are detected at an angle= 40° with respect
states [13,14], thus suppressing theshell filling above to the beam direction. The coverage varies between 0
the surface. In arecent study, Hagical. [15] have shown and 1 ML and is determined with an estimated error of
that indeed a substantial fraction of electrons captured frormpproximately=0.1 ML. The evolution of the spectrum
LiF is lost if no restriction due to the band gap is imposed.with LiF coverage can be divided in two parts: first the

A satisfactory understanding of the large differencegeaks at 467 and 481 eV (peaks labeteahdB in Fig. 1)
could not be achieved since many parameters are changskbwly loose intensity and become broader. They corre-
simultaneously when one goes from a metal to an insulaspond to the decay ofs2s23/° and 1s2s2p3/° configu-
tor such as LiF. Which of these parameters (e.g., electrorations, respectively [6]. Simultaneously, we observe a
binding energy, band gap) are the most critical for de-drop of the overall intensity between the top spectrum and
scribing the hollow atom formation and deexcitation onthe others. Second, around 1 ML coverage, we observe a
insulator surfaces? In order to decouple the role of thelistinct shift of the spectrum by —10 eV, with a small
binding energy from that of the band gap, we have carriedtructure appearing at 457 eV. Figure 2 shows spectra
out an experiment in which the projectile neutralization onarising for 6.15 keV @' impinging atys = 10°, i.e., at
a LiF covered Au(111) surface was studied throdgty.-  much higher normal velocity. The evolution of tk&. L
Auger spectroscopy as a function of LiF coverage up tantensity distribution with LiF coverage is similar to that
one monolayer (ML). Such thin films do not exhibit a of Fig. 1, though the peaks disappear faster due to the
large band gap and moreover have the advantage of beirsfporter time available for above-surface processes.
conducting. For a reliable interpretation of the results, one needs

The LiF films were produced by evaporating LiF information on (i) the emission depth of the low-energy
molecules from an Omicron commercial electron heatedKLL electrons observed from a clean gold and (ii) the
evaporator with an integral flux monitor. The evaporatorelectronic structure of the thin LiF films on metals. The
was water cooled so that the base pressure in the chamb#rangular dependence of thE€LL-Auger spectra from
could be kept in the lowl0~® Pa range. Before each
deposition cycle, the Au(111) surface was sputter cleaned

with 1 keV Art and annealed at 40C€. The surface 140 = -
cleanness and morphology was checked by low energy r 615keVOT- > LiF/Au(111)
ion scattering (LEIS). To determine the film growth we - y=10°

also used LEIS, which has been proven to be a powerful 120

technique for studying growth modes of thin films [16—
18]. The coverage was also monitored following the 100 |
deposition of a closed layer (no Au component present in -
the LEIS spectrum), i.e., during sputtering of the film by

the probing beam (the sputtering rate of LiF is relatively
high even by He ions [19]). The subsequent relative LEIS
signals of Li, F, and Au showed a linear behavior with

time, indicating the single layer character of the LiF, as
was observed too for other surfaces of Au [20].

A drawback of the large sputtering rate of LiF is the dif-
ficulty to maintain a steady coverage while a MCI beam
impinges on the film. In the experiments we have used
low beam intensities and short scanning times to minimize
this limitation. After each deposition procedure, succes-
sive spectra are recorded, switching betwgéid. electron N T R e
and reflected ion spectra. The latter are used for the LiF 400 450 500 550
coverage determination. During all the measurements, the
target current was recorded; it was thus possible to corre-
late this quantity to the LiF coverage. Foraconstantbeam FIG. 2. Asin Fig. 1, for an incidence angle of<10
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the clean Au target [23] demonstrates unambiguously Our results can now be interpreted in the following way.
that peakA and to a lesser extent pedlk originate During the growth, the Au substrate becomes increasingly
from emission above the surface (here defined by thehielded by the developing LiF overlayer. This results in
jellium edge). This is surprising in view of the calculated an increase of the fraction of surface electrons with higher
lifetimes of the corresponding configurations (10 andbinding energies [@p) electrons], leading to a delayed
120 fs, respectively [6]) and the time available betweercapture onset and a slowdown of the neutralization rate
the first capture at 10 A, as derived from the COBdue to the lower electron densities at F sites. For the
model, and impact on the surface=0 fs). Even at grazing incidence considered here, the projectiles scan a
the relatively high normal velocity used in Fig. 2, the large area of the surface before impact; thus they are able
KLL angular distribution indicates that a major fractionto efficiently capture Au electrons through any hole in the
of the low-energy peak corresponds to emission above theverlayer. This first phase results in the loss of intensity
surface. This is consistent with Marlowe [24] simulationsin the above-surface emission. Finally, at 1 ML coverage,
of the projectile trajectories which indicate that for a cleana complete neutralization above the surface is no longer
Au(111) surface, nearly all particles are reflected betweepossible, causing the incremental shift of tK&L-Auger
the jellium edge and the first atomic row. This holds forpeak A from 467 to 457 eV. The position of the new
both impact angles, i.e., 2.%and 10. Similar simulations low-energy peak is consistent with the calculated energy
on 1 ML LiF/Au(111) indicate that for 25nearly all  of configurations1s2s?3/4, i.e., for which an electron
particles are reflected from the LiF layer. Fér= 10° is missing in theM shell. This sudden change in the
only 15% is reflected from the LiF layer, the majority of spectrum is an indication that a closed layer has been
the particles (60%) is reflected off the upper Au layer,reached, and corresponds to the disappearance of the Au
and the remaining 25% penetrates deeper into the targetomponent in the reflected ion spectrum.
Although the simulations show that in close vicinity of the The main features of th&LL spectra from a single
target the trajectories are very different for 2&nd 10,  LiF monolayer on Au are very similar to those from a LiF
the evolution of theKLL spectra (cf. Figs. 1 and 2) is bulk surface [12], i.e., there are no sharp structures and
similar. This supports the conclusion that the low-energythe spectrum is shifted to lower energies. We therefore
peaks are due to processes occurring above the surface.conclude that the large band gap of a LiF surface is not
For thin (sub-)monolayer films of insulators on met- the limiting factor in the neutralization of the MCI above
als, the band gap disappears or is at least stronglthe surface, thus raising a question on the effectiveness
reduced. Qualitative insight in the electronic structure ofof the resonant electron loss mechanism as a speeding-up
LiF/Au(111) can be gained from the experimental andprocess in the filling of inner shells. It is worth noting that
theoretical investigations on the growth of LiF on W(110)in both cases this does not exclude that initially a hollow
[25,26]. The electronic structure of a thin LiF film atom might be formed [13,14,31].
resembles that of bulk LiF only for coverage above 5 ML, A more detailed analysis of the spectra of Fig. 2 reveals
and even then the band gap is still narrower than that dhat the integratedKLL-Auger intensity, starting from
bulk LiF. Consequently one monolayer of LiF on Au(111) a clean gold surface first decreases and then increases
possesses only part of the properties of a LiF bulk surfacdp finally nearly recover around 1 ML as is shown
namely, the high electron binding energy and not then Fig. 3. Similar measurements [23] for®N show
large band gap. The absence of a large band gap could
be verified by Hé scattering and measuring the survival

probability of incident He ions. The survival probability 13l
remained on the few percent level when going from clean T e
Au to 1 ML LiF on Au, whereas the existence of a large 12 —o o
band gap would lead to an order of magnitude increase in 5 I
the survival probability through the suppression of Auger S11f
neutralization, as shown by Hea#it al. [27]. E -
To get some information on the work function or in ‘g)l.o B
this case the binding energy of the surface electrons we z I
measured negative ion yields. The yield of scattered O o 0.9
following impact of O* on submonolayer LiF coverages 0.8 I
was found to decreases with coverage. Owing to the al
mechanism of negative ion formation on metals [28—30], oLt
this implies an increase of the “work function,” at least for 00 02 04 06 08 1.0
low coverage. The disappearance of the low-energy peaks LiF coverage (ML)

in our spe_ctra is also a sign of the increase of the bindin%IG. 3. Integratedk-Auger intensity from the © spectra of
energy, since the opposite trend was observed by Meygiig > * pata for N+ [23] are also shown for comparison. The

et al. [10], who reduced the work function by evaporating error bars result from a pessimistic estimation of beam current
Cs on Au. variation during acquisition.
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