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Ion-surface charge exchange during sputtering and low-energy H¿ scattering from Ar, Kr,
and Xe layers formed on metal surfaces

Ryutaro Souda
National Institute for Research in Inorganic Materials, 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

~Received 9 May 2000; published 2 March 2001!

Low-energy H1 scattering from condensed Ar, Kr, and Xe layers formed on Au has been investigated in
comparison with the sputtering of secondary ions in order to establish a comprehensive picture of ion emission
from surfaces. The hole created in the Ar 3p orbital is localized at any coverage, as evidenced by the emission
of sputtered Ar1 and scattered H1 ions, whereas the Xe 5p hole is rather delocalized, especially in the
low-coverage regime, so that almost complete neutralization of Xe1 and H1 occurs. The nature of the
localization/delocalization of ionic holes in thick rare-gas layers is also examined.
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Particle-surface interactions have attracted consider
attention from both the fundamental and practical points
view. However, one of the most fundamental problems, i
the mechanism of charge exchange, is still poorly und
stood. An electron capture~or loss! can trigger an interna
evolution in the surface species and thus lead to a variet
processes, such as the fragmentation of a molecule, rea
at the surface, stimulated desorption, vibrational excitati
and so forth. This subject provides a basis for the study
various surface analysis techniques using ions, such as
energy ion scattering~LEIS!, secondary-ion mass spectro
copy ~SIMS! and electron- and photon-stimulated deso
tion. Thus far, a variety of mechanisms regarding
formation of ions and their subsequent emission from s
faces have been proposed.1–3 If energetically possible, the
most probable and efficient charge-transfer mechanism in
case of a metal surface is resonant charge transfer.2,4 Reac-
tive ions such as H1 undergo efficient resonance neutraliz
tion on metal surfaces, whereas the neutralization probab
is suppressed on highly ionic compound surfaces due to
localization of the H 1s hole.5 The noble-gas ions surviv
neutralization considerably even at metal surfaces bec
they are neutralized mainly via the two-electron Auger p
cess. The presence of a large band gap and the high bin
energy of insulating materials play a decisive role not only
the neutralization but also in nonadiabatic electronic tran
tions. In this context, thin layers of physisorbed atoms
molecules on a metal surface are of interest. With increas
coverage, the surface electronic properties can be con
ously changed from metallic to insulating. To date, a la
number of SIMS studies have been done,6,7 but very little
attention has been paid to this point. To the best of
knowledge, moreover, no LEIS studies of physisorbed s
tems have been performed. Sputtered neutral yields
known to be very high for physisorbed systems, and e
tronic sputtering has been proposed for the erosion pro
of thick films.8,9

In the present work, the results of a study of the sputter
of and H1 scattering from Ar, Kr, and Xe layers formed on
Au substrate are presented. It is shown that the cha
transfer process on Xe changes markedly between subm
layer adsorption and multilayer formation but that no sign
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cant change occurs on an Ar layer, indicating that the Xep
hole is delocalized due to resonant tunneling to the vale
band of Au, especially in the submonolayer-coverage
gime, whereas the Ar 3p hole tends to be localized at an
coverage. The neutralization of H1 on a thick Xe layer is
also different from that on Kr and Ar layers due to hybri
ization between the Xe 5p orbitals or the effects of the va
lence band. These findings lead to the conclusion that sim
physisorption can be realized for Ar adsorption, but th
some chemical interaction is involved in the adsorption
Xe.

The experiments were carried out in an ultrahigh-vacu
chamber~base pressure of 1310210mbar) equipped with
facilities for standard surface characterization. The
beams were extracted from a discharge and were mass
lyzed using a Wien filter. In the LEIS experiment, the su
face was bombarded by He1 and H1 ions with an incidence
angle of 20° and the positive ions emitted normal to t
surface were detected by means of a hemispherical ele
static energy analyzer~ESA! operating with a constant en
ergy resolution of 2 eV. The ion beam could be chopped
an electrostatic deflector into pulses with width of 100 ns a
frequency of 40 kHz. Thus, the emitted ions were detec
by the time-of-flight~TOF! technique. The TOF-SIMS mea
surements were made in such a manner that the sam
floated with a bias voltage of1500 eV, was irradiated by a
primary He1 or Ar1 beam ~2 keV! through a grounded
stainless-steel mesh placed 4 mm above the sample, an
positive ions extracted into the field-free region of the TO
tube were detected with a channel electron multiplier. T
energy distribution of the sputtered ions could be measu
using the ESA in the TOF mode. To avoid sample dama
the ion beam current was reduced to below 5 nA/cm2 and
each measurement was completed within 10 s. A polycr
talline Au foil with a thickness of 200mm was mounted on a
sample holder which was cooled to 10 K by means o
closed-cycle He refrigerator. The surface was cleaned
Ar1 sputtering at room temperature. The cleanliness of
surface was confirmed from the TOF-SIMS spectra as w
as the LEIS spectra~usingE051 keV He1), which revealed
no peak other than Au. The one monolayer~1 ML! coverage
of the Ar, Kr, and Xe layers was determined from the dec
©2001 The American Physical Society07-1
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curve of the Au surface-peak intensity in LEIS~using an
E05100 eV He1 beam to minimize the sputtering effect! as
a function of exposure time, and the film thickness was e
mated on the basis of this value.

Figure 1 shows the intensities of sputtered secondary
as a function of coverage obtained by bombardment w
primary Ar1 ions (E052 keV). The intensities are norma
ized to 5 ML coverage. The sputtered Ar1 intensity increases
steeply from the initial stage of adsorption and tends to
come saturated in the higher-coverage regime. On the o
hand, very few Xe1 ions are emitted at the initial stage an
then the emission increases gradually in intensity after
first monolayer is formed. The results for Kr1 lie between
these two cases. The low Xe1 ion emission for submono
layer coverage is caused by the preferential neutralizatio
Xe1 directly adsorbed on the Au substrate. It might be p
sumed that a contribution in the Ar1 yield, especially at the
earlier stage of adsorption, comes from a double excita
of Ar** in a close encounter, followed by autoionization f
from the surface. The doubly charged ions emerge in
multilayer regime but their intensities are much smaller th
those of the singly charged ions.7 This double excitation is
more efficient in symmetric collision systems10 and, hence, a
primary Ar1 ion might lead to a high Ar1 yield. However,
almost the same evolution curves are obtained for Ar1, Kr1,
and Xe1 using primary He1 ions, indicating that the doubly
excited species make very little contribution to the sputte
ion yields.

Figure 2 shows the energy spectra of H1 ions (E0
5100 eV) scattered from the Ar and Kr layers formed on

FIG. 1. The intensities of sputtered secondary ions as a func
of coverage. Ar, Kr, and Xe layers formed on a polycrystalline
surface were bombarded withE052 keV Ar1 ions and the second
ary ions emitted normal to the surface were detected. The intens
at the 5 ML coverage are normalized by multiplying by a factor
1.5 and 3.2 for Kr1 and Xr1, respectively.
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as a function of coverage. The intensities are normali
through the ion beam current. The clean Au surface exhi
a broadly humped background, which is caused by the re
ization of H0.5 With increasing coverage, the surface peak
H1 scattered from the adsorbate becomes pronounced
tive to the background. The surface peak consists of the e
tic peak A and two energy-loss peaks,B and C. The loss
peaks are remarkable for Kr but almost negligible for A
This kind of energy loss is caused by the electron-hole p
excitation of the surface or the reionization of H0.5 The in-
tensities of both the background and the surface peak
higher at the Ar surface than at the Kr surface. Note that
surface peak of H1 appears even with a very low coverage
Ar. The energy spectra of H1 scattered from the Xe layer ar
shown in Fig. 3. The H1 intensity is considerably smalle
than that from the Ar and Kr surfaces. The surface peaks
absent in the submonolayer-coverage regime, and no ma
increase of the H1 intensity occurs for a multilayer of Xe.

To date, a large number of studies of rare-gas adsorp
on metal substrates have been done.11–21 It is expected that
the adsorption of rare-gas atoms is much simpler than tha
other chemically reactive species because of the weak in
action between the adatom and the metal surface. This w
physical interaction is reflected in the small adsorption
ergy. However, the adsorption energy of Xe on transitio
metal surfaces is quite high, suggesting the existence o
teractions other than the van der Waals force. Moreover,
work-function decrease~0.4–1.4 eV! upon adsorption of
rare-gas atoms12–14 implies the existence of some charg

n

es
f

FIG. 2. Energy spectra of H1 scattered from~a! Ar and ~b! Kr
adsorbed on a Au substrate as a function of coverage. The sur
were irradiated with anE05100 eV H1 beam at the incidence angl
of 20° and the ions scattered normal to the surface were analy
The intensities are normalized through the ion beam current.
indicates counts per second.
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transfer interactions in bonding. The nature of the bonding
rare-gas adatoms on metal surfaces has been discusse
tensively in order to elucidate these experimen
results,15–20 but some controversies still exist.

Ultraviolet photoelectron spectroscopy~UPS! from Xe
adatoms has been utilized as a powerful probe for investi
ing variations in the surface electrostatic potential.21 The ma-
jor hypotheses in this approach are that adsorbed Xe res
outside the surface dipole layer and that the Xe levels
pinned to the vacuum level. Therefore, the binding energy
the Xe 5p level is directly related to the local work functio
near the adsorption site. The binding-energy shift obser
in UPS should be rationalized in terms of not only the initi
state effect mentioned above but also a final-state effect
ing from the relaxation process. It should be noted that
np5 hole state created in rare-gas atoms during sputte
and scattering of H1 ions is essentially the same as the fin
state observed in UPS. Therefore, some insight into the fi
state electronic configuration or the nature of the bonding
rare-gas atoms on a surface should be obtained from
neutralization of the sputtered rare-gas ions and scattered1

ions.
On metal surfaces like Au, the H 1s orbital merges into

the valence band and forms a resonance state. The lifetim
the valence hole originating from the H 1s hole, as estimated
from t5\/W where W represents the bandwidth, is qui
small relative to the ion-surface interaction time
310215s), so that complete neutralization of H1 occurs~the

FIG. 3. Energy spectra of H1 scattered from Xe adsorbed on
Au substrate as a function of coverage. The measurements
made under the same conditions as those in Fig. 2. The intens
are normalized through the ion beam current. cps indicates co
per second.
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band effect!.22 The hole survives for a much longer time o
the surface of molecular solids and, hence, a marked sur
peak of H1 due to survival of the resonance neutralization
observed. The surface peak has so far been observed on
ionic compounds with highly ionic bonds, such as alka
metal halides and alkaline-earth halides, whereas no ap
ciable surface peak appears for metals and covalent ma
als. The H1 ion probes the local electronic configuratio
around target atoms and H1 scattering has been successfu
applied to the analysis of the nature of bonding of alka
metal adatoms on the basis of ion neutralization.23 The un-
derlying concept of this approach is that the neutralizat
probability of the H1 ions, or delocalization of the valenc
hole, should be related to covalency in bonding, which
defined as the quantum-mechanical sharing of valence e
trons ~holes!. The highly localized nature of the rare-gasnp
hole in the thick physisorbed layer clearly shows that
existence of electronic levels at the same energy positio
not sufficient for the occurrence of a resonant electronic tr
sition and the formation of covalentlike orbital hybridizatio
is necessary. The occurrence of complete neutralization
sputtered Xe1 and scattered H1 shows that the Xe 5p orbital
is not isolated but has some covalent hybridization with
valence-band orbitals of the Au surface. On the other han
typical physisorption state is realized for Ar on Au, as e
denced by the highly localized nature of the Ar 3p hole in
the submonolayer-coverage regime. The holes in ph
isorbed species decay via the Auger process during a lifet
(.10214s) that is much longer than that of resonance n
tralization (,10215s).

Since sputtered rare-gas ions have much heavier mass
smaller kinetic energy (E50 – 5 eV) than scattered H1, their
emission from the surface provides us with informati
about the behavior of ionic holes over a longer time sc
(10214– 10213s). The ion yield, particularly that of Xe1,
increases gradually after the completion of the first mo
layer, which can be ascribed to the ion neutralization effe
suggesting that the Xe 5p hole is not perfectly localized eve
for multilayers on this time scale, as a consequence of
hybridization between the Xe 5p orbitals or the band effec
from the substrate.

As shown in Fig. 2, the intensity of the H1 ions scattered
from Ar and Kr increases in the multilayer regime. This fin
ing indicates that H1 ions scattered from deeper layers c
survive neutralization and contribute to the surface peak.
the other hand, no evolution of the H1 intensity occurs for a
multilayer of Xe because the H1 ions scattered from the
deeper layer are preferentially neutralized. The signific
difference in the intensity of H1 among the multilayers of
Ar, Kr, and Xe cannot be explained simply in terms of qu
siresonant neutralization~QRN! because the requirement fo
the occurrence4 of QRN ~within 65 eV of the H 1s level,
13.6 eV! is satisfied for all target species examined here~Ar
3p, 15.8 eV; Kr 4p, 14.0 eV; Xe 5p, 12.1 eV!. Moreover,
the charge-exchange probability of H1 in gas-phase colli-
sions is comparable for these target species.24 The expected
neutralization probability according to QRN is around 0.5
far as the localized core levels are concerned.22,25 Therefore,
the very highly efficient neutralization of H1 on the Xe
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multilayer relative to the thick Ar and Kr layers implies th
the hole is still delocalized to some extent due to the hyb
ization between the Xe 5p orbitals.

The energy-loss peak is caused by the electron promo
mechanism via a transient quasimolecular state du
collision.26,27 Electron excitation occurs along the high
promoted antibonding orbital, which is formed due to h
bridization between the H 1s and rare-gasnp orbitals.23 Peak
B ~peak C! is caused by one-electron excitation~simulta-
neous two-electron excitation!. In a gas-phase experimen
the probability of target excitation~e-h pair excitation! in-
creases in the order Ar, Kr, and Xe.28 The present experi
mental result might be explicable along these lines. Ho
ever, the reionization of neutralized H0 is known to
contribute significantly to the inelastic surface scattering.5,23

Despite this fact, peakB from the thick Ar layer is very
small, indicating that H1 is hardly neutralized on the incom
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ing trajectory even if it penetrates into the thick Ar lay
~even in this case, H1 should be neutralized during the vio
lent collision via the QRN process!. The peak-B intensity
from Kr grows only in the multilayer-coverage regime. Th
fact indicates that a longer travel distance~or a longer inter-
action time! is required for H1 to capture the electron in th
Kr layer and peakB comes from reionization rather than th
e-h pair excitation. In this context, the presence of peakB
due to surface scattering on Xe implies that H1 captures the
Xe 5p electron efficiently. The neutrals backscattered fro
the solid can be partly reionized during collision with surfa
atoms, resulting in the broadly tailed background in the1

spectra.5,22 Such reionized H0 atoms undergo resonance ne
tralization during the outgoing trajectory from the surfa
and, hence, the intensity of the background should also
related to the extent of hybridization between the rare-gasnp
orbitals.
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