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Spectra of scattered ions and ion-induced electron emissions are used to investigate the electronic pro-
cesses that occur during 0.4—5.0-keV Li+ bombardment of clean and alkali-atom-covered Al(100). The
results show that Li 1s electrons are promoted during hard Li-Al collisions, but not during Li-K or Li-
Na collisions. Consequences of the inner-shell electron promotions are evident in the inelastic loss, neu-
tralization behavior, and electron emissions of the scattered Li particles. Spectra of scattered Li+ ions
exhibit discrete-loss features, which are resistant to the usual increase in resonant neutralization that ac-
companies the deposition of alkali atoms on the surface. The loss features are due to Li 1s excitation via
electron promotion, while the production of ions away from the surface via autoionization is responsible
for their lack of response to alkali-atom adsorption. Spectra of ion-induced electron emissions con6rm
that Li (1s2s ) is produced and that it undergoes autoionization.

I. INTRODUCTION

The interaction of energetic ions with surfaces is a
complex process involving many fundamental and often
intergrated phenomena. Important electronic aspects of
ion-surface collisions include inelastic losses; neutraliza-
tion and charge exchange; ' excitations of incident ions,
target surfaces, and sputtered particles; and ion-induced
electron emissions. These processes are important in ap-
plications such as ion scattering spectroscopy (ISS},
secondary ion mass spectroscopy (SINS), bombardment-
activated chemistry, reactive ion etching, and ion deposi-
tion. The present work investigates the inelastic losses,
charge exchange, electronic excitations, and electron
emissions produced by Li+ bombardment of clean and
alkali-covered Al(100) in the energy regime relevant to
low-energy ion scattering spectroscopy (LEIS), i.e., 0.4 to
5.0 keV.

Over the past decade or so, LEIS has become a well-
established technique for determining surface
geometries. ' LEIS is well suited for structural deter-
minations, not only because its energy and angular distri-
butions are extremely sensitive to surface structure and
composition, but also because ion scattering in this ener-

gy regime can be described to a high degree of accuracy
with relatively simple models based on classical elastic
scattering. However, an understanding of the energy loss
and neutralization behavior is also crucial to the accurate
interpretation of LEIS data. The present system
represents a case in which the prevailing models for alkali
ion scattering are blatantly inadequate.

Energy losses experienced by ions with incident ener-
gies in excess of a few hundred eV are usually modeled by
a combination of elastic energy losses due to classical
binary scattering from target nuclei and continuous in-
elastic losses due to the dissipative forces of surface elec-
trons on the moving projectile. The elastic loss is given
by the binary collision model (BCM}, which treats the

ion-surface interaction as a series of independent classical
elastic collisions between the ion and unbound target
atoms. According to the BCM, the Anal energy of a pro-
jectile with incident energy Eo and mass m „scattered
through an angle 4, from a target atom with mass m 2 is

r

cos%+ Qm z /m
&

—sin 4
(1+m2/m, )

A typical alkali-ion scattering energy spectrum displays a
single scattering peak (SSP) for each element present on
the surface, as well as both a low-energy tail and a small-
er high-energy tail associated with each SSP, which result
from multiple scattering. While the continuous inelastic
losses are generally much smaller than the elastic losses,
they do cause features in scattered ion spectra to broaden
and to shift below the BCM energy, an e6'ect which in-
creases with Eo.'

It is generally assumed that the ion fraction of scat-
tered alkali ions is accurately described by resonant neu-
tralization. Resonant charge exchange occurs when the
outer-shell energy level of a particle located within a few
0
A's of a surface overlaps the Fermi level, so that elec-
trons can reversibly tunnel between the particle and the
surface. Resonant charge exchange is active in the
scattering of alkali ions from surfaces because the ioniza-
tion potentials of alkalis are comparable to the work
functions of many materials. Since resonant charge ex-
change is reversible, it is usually assumed that the sur-
vival probability of alkali ions is essentially independent
of the ion trajectory for a given ion-surface combination.
This is in contrast to the behavior of noble-gas ions,
which typically undergo such a high rate of irreversible
Auger neutralization that only ions that have singly scat-
tered from the top layer are likely to survive. Therefore,
while noble-gas ion scattering can only probe the outer-
most atomic layer, alkali-ion scattering can probe the
structure of the Srst several atomic layers.
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Because the resonant neutralization probability of scat-
tered alkali ions depends strongly on the surface work
function, it can be drastically altered by the deposition of
even trace amounts of an adsorbate. Several studies have
been done to characterize the e8ects of alkali-atom ad-
sorption on the resonant neutralization of alkali ions
scattered from metal surface. ' ' The most obvious
e8ect is an increase in resonant neutralization, since ad-
sorbed alkali atoms reduce the surface work function via
the formation of surface dipoles. ' ' Several of the stud-
ies suggest that, under certain conditions, resonant neu-
tralization may also be influenced by inhomogeneities in
the surface local electrostatic potential. ' ' ' Resonant
tunneling ean also produce excited neutral atoms and
negative ions by populating low-lying valence states. '

The present work is a followup of previous experiments
investigating Li scattering from clean and alkali-atom-
covered Al(100), which were briefly described in two pa-
pers. ' ' There is renewed interest in alkali-atom adsorp-
tion on Al surfaces due to recent reports that these sys-
tems display some unanticipated adsorption properties.
In particular, alkali atoms adsorb at ordered metastable
hollow sites when deposited on cooled ( —100 K) single-
crystal Al surfaces, and then, when warmed to room tem-
perature, undergo an irreversible ordered intermixing
with the first atomic layer of the substrate. The ion
scattering experiments reported in Ref. 12 were originally
undertaken to determine the structure of Na/Al(100), but
instead showed that the neutralization of Li+ iona scat-
tered from these surfaces is highly site specific. In partic-
ular, the ion fraction of 3-keV Li+ ions scattered toward
the surface normal from Na/Al(100) is higher for the Al
SSP than for the rest of the scattered ion signal. This was
demonstrated by monitoring the response of Li+ ion
scattering spectra to Na deposition. %hile Na deposition
produced the expected increase in resonant neutralization
for the multiple scattering signal, the intensity of the Al
SSP remained high. At the same time, the Na SSP was
virtually undetectable, even in cases where Na coverages
were high enough to produce comparable amounts of sin-
gle scattering from Na and Al. The anomalously high
ion yield for ions singly scattered from Al sites was inter-
preted as resulting from an inhomogeneous local electro-
static potential. The next study showed this interpreta-
tion to be insufBcient.

Results presented in Ref. 22 demonstrated that Li 1s
electrons are promoted to empty states near the Fermi
level during hard Li-Al collisions, as evidenced by a
discrete-loss feature associated with the Al SSP. This
was an unexpected result, since inner-shell electron pro-
motions have received virtually no attention in the LEIS
literature related to alkali-ion scattering. Note that
several cases of inelastic losses or changes in neutraliza-
tion behavior associated with the promotion of the
outer-shell electrons of scattered low-energy noble-gas
ions have been reported. However, the only case of
an inelastic loss produced by an inner-shell electron pro-
motion that is known to the authors involves the promo-
tion of Na 2p electrons in low-energy Na-Na collision at¹contaminated Ag surfaces. More information on
electron promotions relevant to LEIS can be found in the

literature on ion-induced electron emissions, which iden-
tify core holes produced during ion-surface collisions by
monitoring the emitted Auger electrons. ' In all of the
studies of Auger electron emissions produced by low-
energy alkali-ion bombardment that are known to the au-
thors, however, core-level electron promotions involving
the projectile were only observed for symmetric col-
lisions, i.e., Li-Li, ' Na-Na, and K-K collisions.

Perhaps more important to LEIS than inelastic losses
associated with electron promotions are the ramifieations
of electron promotions to the ion survival probability. In
the data presented in Ref. 22, the promotion of Li ls elec-
trons changed the neutralization behavior of Li projec-
tiles by initiating the formation of autoionizing states
that contributed to the ion yield. The autoionization pro-
cess was verified by spectra of the ion-induced electron
emissions. The identification of autoionizing states in
Ref. 22 illuminated the underlying cause of the site-
specific neutralization observed in the previous study. '

For the data collected at 3 keV, nearly all of the signal
produced by single scattering from Al was at the loss
feature. This was not evident in the first study, as the Al
SSP appeared only as a small shoulder on the high-energy
side of the loss feature. It was therefore the loss feature
intensity that was resistant to the usual increase in neu-
tralization induced by Na adsorption. The reason that
the loss feature intensity remained high, in spite of Na
deposition, was that the promotions responsible for the
inelastic loss produced excited neutrals, which autoion-
ized above the surface and thus augmented the ion frac-
tion of the loss feature. The site-specific neutralization
reported in the earlier studies, was, therefore, caused by
the selective excitation of Li in Li-Al collisions, as op-
posed to Li-Na eolhsions. Experiments are currently in
progress that look at the same systems with a time-of-
Qight analyzer capable of detecting both ions and neu-
trals. Early results show that, while the effects are not as
large as those produced by autoionization, variations in
the surface local electrostatic potential do, in fact, con-
tribute to site-specific resonant neutralization. '

The present work represents a more in-depth study of
the inelastic loss, charge exchange, electronic excitations,
and electron emissions relevant to Li+ bombardment of
clean and alkali-atom-covered Al(100) surfaces than pre-
viously reported. By employing a larger range of incident
energies, sample orientations, scattering angles, and al-
kali coverages, the spectra of scattered ions and electron
emissions reveal several additional intricacies of the
effects of Li inner-shell promotions. Monte Carlo simula-
tions of ion scattering spectra are also used to distinguish
between spectral characteristics that are produced by
elastic and inelastic processes. Experimental procedures
are described in Sec. II. Results are presented in Sec. III
and are discussed in Sec. IV. Section V summarizes the
important results.

II. EXPERIMENTAL PROCKDURK

The Al(100) sample was cut with an electric discharge
machine from a single-crystal boule that was oriented by
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Laue x-ray diffraction to within 0.25 of the (100) plane.
It was then leveled with 600-grit sandpaper and polished
with a suspension of MgO. After confirming the orienta-
tion, the surface was polished with 0.3-pm diamond paste
followed by colloidal silica (Beuhler). Use of the colloidal
silica was much simpler and safer than the chemical etch
typically employed in the final polishing stage for Al sin-
gle crystals. The quality of the surface proved to be supe-
rior to that of the commercial Al(100) sample used in a
previous study, ' as determined by ion scattering angular
distributions.

The sample was mounted on a manipulator (Vacuum
Generators) with three transitional and two rotational de-
grees of freedom, and placed in the ultrahigh-vacuum
chamber (base pressure equal to 3 X 10 "Torr) in which
all of the experiments were performed. The vacuum
chamber consists of three working levels. The upper lev-
el houses a four grid reverse-view low-energy electron
difFraction (LEED) system. The LEED optics are also
used as a retarding field analyzer (RFA) for Auger elec-
tron spectroscopy (AES). The middle level contains a
Li+ ion gun (Kimball Physics), an electron gun, a

sputter gun, and an electrostatic analyzer (ESA) based on
a double-focusing 160' spherical sector (Comstock). The
lower level is used for evaporations.

In-vacuum sample preparation consisted of reiterative-
ly sputtering with grazing incidence 2-keV Ar and nor-
mal incidence 0.5-keV Ar+, and annealing to approxi-
mately 420'C for a minimum of 20 min. The purity and
order of the surface were verified with AES and LEED.
Polar angle scans of singly scattered Li+ ions, which are
more sensitive to surface order than LEED, were used
as a final measure of surface quality. All K and Na depo-
sitions and ion scattering measurements were performed
at room temperature. Well-outgassed SAES getters were
used for Na and K deposition. AES spectra taken before
and after data collection verified that 0 contamination
remained at &O. lgo ML, where 1 ML is defined as the
number of atoms in a single bulk-terminated Al(100) lay-
er.

Calibration of K coverages was performed by compar-
ing the alkali-induced change in work function, hP, to
those published in Ref. 51 for K/Al(100). hP was deter-
rnined by measuring the shift in the low-energy cutoff of
the secondary electrons that were produced by a 200-eV
electron beam incident on the sample in a direction 57'
from the surface normal and emitted along the normal.
Electron cutoff spectra were collected immediately before
and after depositions, with the sample biased at —20 V to
lift the cutoff above any low-energy electrons produced
by filaments. AES intensity ratios of the K 252-eV peak
to the Al 68-eV peak are also reported as raw intensities
uncorrected for elemental sensitivities or for the energy
dependence of the RFA analyzer response. Coverages of
Na-covered surfaces were calibrated using LEED. The
0.5-ML coverage was determined via a bright and sharp
Na/Al(100)-c(2X2) LEED pattern. The smaller cover-
ages were then assigned by assuming that coverage is pro-
portional to exposure time for coverages below 0.5 ML.

Alkali-covered surfaces were also monitored with He+
ion scattering using a normal incidence 2-keV He+ beam

and a scattering angle of %'=158 . It mas found that the
ratio of the adsorbate SSP to the Al SSP increased mono-
tonically with, and was very sensitive to, the coverage.
Therefore, although there is no easy way to determine ac-
curately absolute coverages from He+ spectra, they did
provide an excellent test of the reproducibility of the
deposition.

Spectra of scattered Li ions and of ion-induced elec-
tron emissions were obtained by targeting samples with
0.4- to 5.0-keV Li+ ions, and collecting the scattered
ions or emitted electrons with the ESA. By pointing the
Li+ ion gun directly at the ESA, the energy spread of

the incident beam was found to be & 0.2%. It was neces-
sary to install a 1-mm-diam aperture 9 cm in front of the
Li+ ion gun to get a well-collirnated beam at lower ener-

gies. A Faraday cup was used to profile the ion beam at
the sample position. The spot size mas ~ 1 mm in diame-
ter over the entire energy range. The analyzer resolution
was sealed to 1% of the beam energy for the ion scatter-
ing spectra. Spectra were collected with two different an-
gles between the ion gun and the analyzer. Most of the
data were collected with the analyzer positioned 12' from
the Li+ ion gun, which gives a scattering angle of
'0=168'. Data were also collected with the analyzer po-
sitioned 138' from the ion gun, i.e., 4'=42'. The angular
acceptance was +2 in both cases. Secondary electron
cutoffs were collected with the ESA resolution set to 0.6
eV, while spectra of electron emissions in the energy
range of 40-80 eV were collected with the resolution set
to 3 eV in order to increase the throughput.

Because ion scattering is a destructive technique,
several precautions were taken to ensure that beam darn-

age did not affect the results. First, the entire face of the
sample was systematically charted with LEED, using the
micrometers on the manipulator as a coordinate system.
Only portions of the sample that produced sharp, bright,
and undistorted LEED patterns were used. The coordi-
nates of the usable region were translated to the ion
scattering level by mapping the perimeter of the sample
with the ion beam. The ion Aux was then reduced so that
several scans taken from a single spot were indistinguish-
able. Spectra collected by ramping the detection energy
in opposite directions were also indistinguishable, To get
a reasonable signal-to-noise level, spectra were collected
from several different spots and signal averaged. Typical-
ly, about 15 spectra were collected from a single prepared
surface, with only every other 1 mm of the high-quality
surface being used before repreparing the sample.

III. RESULTS

A. Ion scattering spectra from clean Al(100)

The spectra shown in Fig. 1 are of normally incident
Li+ ions scattered from Al(100) through an angle of

qi=168 along the [0111 azimuth. Each spectrum corre-
sponds to a different Eo ranging from 0.4 to 5.0 keV, as
indicated. The spectra were normalized to equal max-
imum intensities, with consecutive spectra displaced by
the distance indicated by the vertical axis tick marks.
The energy scale is set to zero at the BCM energy for sin-
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FIG. 1. Spectra of normally incident Li+ ions scattered

through 4= 168' along the [011]azimuth from clean Al(100) for
the incident energies indicated. The spectra are normalized to
equal peak heights, with consecutive spectra displaced by the
distance indicated by the tick marks on the vertical axes.

gle scattering of Li from Al.
Several of the spectra in Fig. 1 display an unanticipat-

ed feature. Instead of only one peak, there are two peaks,
labeled P1 and P2, evident in most of the spectra. The
higher-energy peak, P1, is the only feature visible at the
lowest Eo, and is therefore attributed to the usual single
scattering from Al. The 1ower-energy peak, P2, emerges
with increasing Eo, and eventually dominates the spectra.
The energy separation between Pl and P2, b,E,
remains fairly constant at -35 eV. As expected, both
features broaden and shift further away from the BCM
energy with increasing Eo due to the continuous inelastic
losses.

The spectra shown in Fig. 2 were produced by scatter-
ing 1-keV Li+ ions through a fixed scattering angle of
4=168' from Al(100) along the [011]azimuth at several
different incident polar angles, ranging from 0=22' to
90', where 0=90' is normal incidence. Each spectrum is
vertica11y shifted, as in Fig. 1, and relative scaling factors
are indicated. While the absolute intensities of P1 and P2
change significantly with 0, both peaks are visible in
each spectrum. Moreover, their relative positions and in-
tensities are essentially unchanged over the entire range
of incident angles. The same result was found for scatter-
ing along the [001] azimuth. The large changes in shape
and intensity of the spectra are expected, as the effects of
focusing and channeling vary with the crystal orienta-
tion. This is demonstrated in the inset, which shows a

80', K 4.9

90', K 6.7
I I I I I I I I I I I I I I I I I I I I I I

-150 -100 -50 0 50

polar angle scan of the scattered ion intensity at P1 taken
along the [011]azimuth. Note that the first peak in the
polar angle scan, at -22', is the surface flux peak (SFP),
which is produced by surface atoms focusing ion flux
onto adjacent atoms in the same layer.

In an effort to see how P2 is affected by the scattering
angle, spectra were also collected for Li+ scattering
from Al(100) through an angle of 4=42'. As seen in Fig.
3, these spectra have complex shapes, but there are no
obvious peaks analogous to P1 and P2. Note that the
peaks in these spectra are substantially broader than
those in Figs. 1 and 2. This is due primarily to the many
multiple glancing-angle collisions that have a final energy
at or near the SSP energy.

B. Ion scattering spectra from alkali-covered Al(100)

The relative intensities of P1 and P2 respond dramati-
cally to the deposition of alkali atoms on the sample. The
spectra shown in Fig. 4 were taken under the same condi-
tions as the spectra in Fig. 1, except that 0.24 ML of K
was first deposited on the surface. This K deposition pro-
duces a work-function shift of b,P = —1.9 eV and a K 254
eV to Al 68 eV AES ratio of 0.027. The factors on the
right of Fig. 4 indicate the decrease in the maximum in-
tensity as compared to the spectra collected from the

Energy (eV, Relative to BCM)

FIG. 2. Spectra of 1-keV Li+ ions scattered through
4= 168' along the [011]azimuth from clean Al(100) for incident

polar angles ranging from 8=22' to 90'. Each spectrum is

shifted as in Fig. 1. The inset shows a polar angle scan of the
Li+ ions scattered through 4= 168' along the [011]azimuth at

the P1 energy.
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FIG. 4. Spectra of normally incident Li+ ions scattered

through 4=168 along the [011] azimuth from Al(100) with a
0.24-ML K coverage Incident energies and scaling factors rela-
tive to the corresponding spectra in Fig. 1 are indicated. The
spectra are displayed by the distance indicated by the tick
marks on the vertical axes.

)

-800 -600 -400 -200 0

Energy (eV, relative to BCM)

FIG. 3. Spectra of 'Li+ ions scattered from A1(100) in the
[011] plane through 4=42'. The ion beam is incident along
8=SsFp for each Eo, as indicted. Spectra are normalized and
shifted as in Fig. 1.

clean surface. The correlation of higher factors with
lower Eo reflects a greater degree of alkali adsorbate-
induced resonant neutralization at lower projectile veloci-
ties.

In addition to the peaks P1 and P2, which are evident
in the data collected from the clean surface, there are two
other discernible peaks, labeled K and P3, in the spectra
shown in Fig. 4. Although these peaks are small, and
may be somewhat difficult to discern in any single spec-
trum, they are evident as subtle, but persistent, features
in the spectra collected at different incident energies. The
peak labeled K, located at higher energies, is readily
identified as the K SSP. The peak labeled P3, on the oth-
er hand, is not so easily identified. Some interesting
characteristics of P3 are that it has an onset at about
E0=1.0 keV and is 1ocated below P2 and P1, with the
separation between P1 and P3, EE, 3, remaining fairly
constant at -80 eV. P3 is actually visible in some of the
clean surface spectra (see Fig. 1), but is even more
difficult to distinguish above the higher background.
Note that the intensities of P2 and P3 are not as affected
by K adsorption as are P1 and the multiple scattering
background.

The evolution of the scattered Li spectra as a func-
tion of alkali-atom coverage is shown in Fig. 5 for (a)
1.0-keV, (b) 3.0-keV, and (c) 5.0-keV normal incidence
Li+ beams. In all cases, the multiple scattering back-

ground decreases precipitously with alkali coverage,
while the P2 and P3 signals remain strong. In Fig. 5(a),
where Eo=1.0 keV, Pl and P2 are well separated, and
P1 decreases much more rapidly with alkali coverage
than does P2. P1, P2, and P3 are all present, although
somewhat difficult to distinguish, in Fig. 5(b), where
E0=3.0 keV. The shape of the overall single scattering
signal, however, clearly does change with alkali-atom
coverage. As more Na is deposited, the shoulder corre-
sponding to P1 disappears, and P3 becomes more evident
as the background decreases. In Fig. 5(c), where Eo =5.0
keV, P2 is the dominant feature and P1 is not visible, al-
though P3 is seen as a shoulder on the low-energy side of
P2, even for the spectra collected from the clean surface.
Note that single scattering from either Na or K is very
weak in all cases.

As a cross reference, 2-keV He+ ion scattering spectra
collected from some of the same surfaces are shown in
Fig. 6. The He spectra do not exhibit a significant mul-
tiple scattering background because virtually all of the
multiply scattered He+ ions undergo Auger neutraliza-
tion. In contrast to the scattered Li+ spectra, single
scattering peaks associated with the alkali adsorbates are
many times more prominent in the He+ spectra. For ex-
ample, the K SSP is much larger than the Al SSP in the
He+ ion scattering spectra than it is in the Li+ ion
scattering spectra (see Fig. 4). Likewise, while the Na
SSP is larger than the Al SSP in the He+ scattering data
collected from surfaces with a 0.5-ML coverage, a Na
SSP is barely discernible in the corresponding Li+ spec-
tra shown in Figs. 5(b) and 5(c).

To better characterize the evolution of the Li ion
scattering spectra as a function of Fo, peaks in the nor-
mal incidence data of Figs. 1 and 4 were fit to Gaussian
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FIG. 5. Spectra of normally
incident 'Li+ ions scattered
through 4=168 along the [011]
azimuth from Al(100) surfaces
with various alkali coverages for
Ep = (a) 1.0, (b) 3.0, and (c) 5.0
keV. The work-function
changes associated with the K-
0.04 ML and K-025 ML cover-
ages are hP= —0.6 and 1.9 eV,
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the ensuing collision cascade. Collisions subsequent to an
excitation can also open new deexcitation channels in-
volving level crossings. Auger electrons may be emitted
from the solid, or from scattered or sputtered particles.
Excited neutrals that deexcite via in intra-atomic Auger
decay are said to have autoionized. Because the scattered
particles are moving, electrons ejected from these sources
can also be Doppler shifted by several eV. '

Spectra of electron emissions produced by bombarding
Al(100) with Li+ ions were collected for several incident
energies. Spectra shown in Fig. 9(a) were collected with
the detector at the surface normal, i.e., 8&„=90,and
with the incident ion beam located at 0=78' along the
[011] azimuth. For the electron emission spectra shown
in Fig. 9(b), 8d„=8+138',i.e., the ion gun and the
analyzer are 138' apart, while the incident ion beam is lo-
cated along the [011] azimuth at either 8=30' or
8=as„p,as indicated. In Fig. 9, the measured secon-
dary electron cutoff is set to zero so that the energy scale
is with respect to the surface vacuum level. Each spec-
trum was normalized to the ion beam Aux, and then
scaled by the indicated relative factors. The scaling fac-
tors in Fig. 9(b) should not be compared to those in Fig.
9(a), however, as it was not possible to determine the rela-

!.. . . I. . . . I. . . . I. . . . I. . . . I

500 1000 1500 2000 2500 3000
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FIG. 8. The intensities of P1, P2, and P3, normalized to the
sum of the intensities, as a function of Eo for spectra collected
from (a} clean Al(100) and (b) Al(100) with 0.24 ML of K.
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The fractional intensities of P1, P2, and P3, i.e.,
Px/(P 1 + P2 + P3), are shown in Fig. 8 as a function of
Eo for spectra collected from (a) the clean surface, and (b)
a surface with 0.24 ML of K. In the spectra collected
from the clean surface, there is a gradual shift in intensity
from P1 to P2 as Eo increases, until P2 overtakes Pl.
The shift is, however, much more dramatic for the K-
covered surface, where P2 goes from being nonexistent to
being the dominant peak over a 300-eV interval in Eo.

C. Spectra of ion-induced electron emissions

Spectra of the electron emissions produced by a Li+
beam impinging on Al(100) were collected to look for evi-
dence of core-level excitations. Peaks in the electron
emission spectra are due to Auger deexcitation of core-
level holes, where the peak energy is indicative of the ex-
cited species and the speci6c de-excitation channel pro-
ducing the ejected electrons. %hile this is similar to
AES, which employs an electron beam to excite core-
level electrons, there are some important differences in
ion-induced Auger electron emissions. Ion bombardment
can generate excited states both within the incident parti-
cles and in the target. Excitations may be produced dur-
ing collisions involving incident ions or may result from
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FIG. 9. Energy spectra of the electron emissions produced by
'Li+ ion bombardment collected (a) along the surface normal
(O&„=90'}for ion-beam incidence along 0=78' and (b) 138
from the ion-beam incidence direction for 0=30 (thin line) and
0=Os» (bold line). Incident energies and scaling factors are
indicated.
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tive collection ef5ciency of the analyzer between the two
configurations.

Two features are evident in these spectra. The peak at
lower energy, marked Li AU(1,2), is attributed to the au-
toionization of Li'(ls2s ), as discussed in Sec. IV. The
second peak is due to electrons emitted from Al LMM
Auger transitions. The shifts in the Li AU(1,2) peak with
Eo are Doppler shifts, indicating that the Li AU(1,2) sig-
nal originates from moving sources. The Doppler shifts
provide information about the Li'(ls2s ) population,
and are discussed below.

The Al LMM peaks change widths in response to
changes in the experimental configuration because the Al
LMM signal is composed of two components, one broad
and one narrow, which have different angular distribu-
tions. The narrow component is assigned to the Auger
deexcitation of sputtered Al atoms containing 2p vacan-
cies, which emit electrons isotopically. The broad com-
ponent is due to electrons ejected during Auger deexcita-
tions of 2p holes in the solid. These electrons are emitted
with an approximate cosine distribution about the surface
normal, as they are more likely to inelastically scatter be-
fore escaping the solid if they are traveling parallel to the
surface. This explains why the broad component is
prominent in Fig. 9(a) when 8d„=90',and the narrow
component is well isolated in the 8=30' spectra shown
in Fig. 9(b) when the detector is only 12 above the sur-
face plane. The spectra collected with intermediate Sd„,
i.e., when 8=8&~, are composed mostly of the atomic
component, but also have a small contribution from the
solid component. The relative intensities of the atomic
and solid Al LMM emissions are also affected by the
direction of the incident beam. In particular, since nor-
mally incident ions and the collision cascades they ini-
tiate are directed into the crystal, a normal incidence
beam will create more Al 2p holes in the bulk than a
grazing incidence beam.

Note that the sharp Al LMM peak can be used to cross
check the energy calibration of the present electron emis-
sion spectra. In Ref. 53, the narrow peak is located at
-67.5 eV with respect to the Al Fermi level. To locate
the narrow Al LMM component with respect to the
Al(100) vacuum level, the 4.41-eV Al(100) work function
must be subtracted, which places it at -63 eV, in excel-
lent agreement with the value measured here.

IV. DISCUSSION

The present results reveal that the interaction of low-
energy Li+ ions with Al(100) and alkali-atom-covered
Al(100) cannot be understood within the context of classi-
cal scattering and resonant neutralization. In particular,
the peaks below the Al SSP and their distinct response to
alkali adsorption cannot be accounted for without con-
sidering inner-shell electronic excitations and autoioniza-
tion. As will be seen, the electron emission features indi-
cate that the promotion of Li is electrons is at the root of
the underlying complexity of this system.

It can be concluded that P2 and P3 do not result from
classical elastic scattering because it can be shown that
they are not produced by contaminants nor are they due
to multiple scattering. As seen from Eq. (1), the energy

separation between SSP's for two different target masses
will roughly scale with Eo. This type of behavior is evi-
dent in Fig. 4, where the separation between the Al SSP
and the K SSP increases with Eo. By comparison, hE,
and hE& 3 are fairly insensitive to Eo. Multiple scatter-
ing can also be dismissed as an explanation for P2 and
P3. The probability for incident ions to undergo a
specific scattering sequence is extremely sensitive to
scattering conditions. Spectral features resulting from
multiple scattering will, therefore, change drastically
with sample orientation. In contrast, the spectra in Fig.
2 show that the relative intensities and positions of P2
and P1 are largely unaffected by radical changes in the
sample orientation. The persistence of P2, regardless of
the geometry of the lattice about the target atom, shows
that the underlying mechanism responsible for P2 is
highly localized in nature.

Since P2 and P3 cannot be understood within the con-
text of classical scattering, Monte Carlo simulations were
performed to help differentiate the elastic and inelastic
effects in the experimental data. The simulations, which
are described in Ref. 54, model the scattering as a se-
quence of binary collisions in which the Thomas-Fermi-
Moliere potential, with the screening length modified by
a factor of c =0.8, is used to determine the scattering an-
gle as a function of impact parameter. For the results
shown in Fig. 10, lattice vibrations with surface enhance-
ments were included, but inelastic losses were not. To
improve statistics, acceptance angles in the simulations
shown in Figs. 10(a), 10(b},and 10(d) were +10' about the
exit angle, rather than k2' as in the experiment. A side
effect of increasing the acceptance angle is to broaden the
peaks in the simulation. The simulation results are divid-
ed into surface events (gray) and subsurface events
(white}, according to whether or not the trajectory ex-
tended past the first two atomic layers, which are the
only layers directly visible to the incident ion beam for
both normal incidence and at the SFP. Experimental
data corresponding to each simulation are superimposed
on the figures. Note that features in the experimental
spectra are located at lower energies than the correspond-
ing features in the simulations due to the continuous in-
elastic losses. These continuous losses also act to broaden
the features, although this is not evident in all of the
spectra due to the use of a larger acceptance angle in
some of the simulations.

Figures 10(a) and 10(b) show simulations of experimen-
tal data that display both a strong P1 and P2 signal. The
scattering parameters are (a) Eo = 1 keV, 4= 168',
0=90, and (b) Eo=1 keV, 4=168', 8=22. These
simulations produced spectra with only one peak, even
though the corresponding experimental spectra contain
two peaks. All other simulations using 4=168 pro-
duced only a single peak as well. This confirms that the
extra peaks seen in the spectra of scattered ions collected
at 4=168' are not produced by elastic scattering, and
therefore must be the result of discrete inelastic losses as-
sociated with single scattering.

Figures 10(c) and 10(d) show examples of how elastic
scattering can produce multiple peaks. These Monte
Carlo simulations correspond to the spectra shown in



14 460 K. A. H. GERMAN, C. B.VA&WRE, AND J. A. YARMOFF 50

(a) 1 keV 7Li ~ Al(100) (b) 1 keV 7Li ~ Al(100)
0 0 O=OSFp, P= 168

-100 0

(C) 1kev7Li+ ~ Ai(100)
8 = Ospp, 'P = 42'

QD!8

-100 0

(d.) 2 keV 7Li -+ Al(100)
8 = SsFp. 'P = 42

FIG. 10. Monte Carlo simulations of Li+
ion scattering spectra for (a) Eo = 1 keV,

168 s 8=90
~ (b) Eo= 1 keVs 4=168

8=espp =22 (c) Eo = 1 keV, 4=42', and
O=espp=22 and (d) Eo =2 keV 4'=42 and
8=espp = 19 . The histograms are divided
into surface events (gray) and subsurface
events (white), according to whether or not the
trajectory extended past the first two atomic
layers. The corresponding experimental data
are superimposed on each panel. The intensi-
ties of the simulation and the experimental
data are arbitrarily scaled to each other.
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Fig. 3 for which E0=1 keU, 4=42, and 8=0spp=22',
and Eo =2 keV, 4=42', and 8=8sFp=19', respectively.
For these conditions, both the simulated and the experi-
mental data show a number of peaks, some of which cor-
respond to quasi-single (QS), quasi-double (QD), and
quasi-triple (QT) events. 54 QD and QT peaks are due to
multiple grazing-angle scattering from two and three
neighboring surface atoms, respectively, which readily
occurs at small scattering angles. Note that in Fig. 10(c),
the relative peak heights of the QS and QD peaks are not
the same in the experimental data and the simulation.
This is largely due to the broadening that occurs as a
consequence of the continuous inelastic losses, which are
not accounted for in the simulations. Since the ions in-
volved in a QD trajectory spend more time in the vicinity

of the surface, they will experience more inelastic losses
than QS ions. Thus, the experimental QD peak is
broadened more than the QS. If the relative areas of the
QS and QD peaks are considered instead, then the experi-
ment and simulation are well matched. In Fig. 10(d), the
general shape of the spectra is consistent between experi-
ment and simulation, and the simu4tion even reproduces
the feature that is located —50 eV below the QS peak.

The separation of the simulated signal into surface and
subsurface events helps to clarify several characteristics
of the experimental spectra. The subsurface signal in Fig.
10(a) comprises virtually all of the signal in the high- and
low-energy tails. The intensity of the subsurface signal
also makes a smooth transition between the high- and
low-energy tails underneath the Al SSP. Since the sub-
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surface is not directly visible to the incoming beam, this
part of the spectrum is not a part of the single scattering
intensity. Recall that the general shape of this subsurface
signal was used as a guide to determine the shape of the
multiple scattering background in fitting the experimen-
tal data .In Figs. 10(b), 10(c), and 10(d), there are rela-
tively few subsurface events as compared to Fig. 10(a).
This confirms that a Li+ beam is much less penetrating
for incidence at 8=0&zp than for 8=90'. Note that, in
Figs. 10(c) and 10(d), the QD and QT peaks are produced
by scattering within the first two layers, which is con-
sistent with multiple grazing-angle collisions being pre-
valent in this configuration.

Given that P2 and P3 cannot be explained within the
context of classical scattering, the most logical explana-
tion is that they are loss features due to discrete electron-
ic excitations. Discrete inelastic losses of the magnitude
seen here can occur when electrons are promoted to emp-
ty states during a binary collision. Electron promotions
take place when an occupied level crosses an unoccupied,
or partially occupied, level during the collision. Electron
promotions are different from resonant charge exchange
in that the energy difference between the initial and final
states can be several tens of eV's. The level bending
necessary to induce such large shifts typically requires in-
ternuclear distances of & 1 A. Because the promotion
energy is coverted from the kinetic energy of the colliding
atoms, electron promotions are associated with discrete
inelastic energy losses. Electron promotions can be
detected in LEIS by measuring a discrete-loss
feature or an abrupt shift of the SSP to lower en-

ergy as a function of either Es (Ref. 44) or of the final
charge state.

Electron promotions at surfaces have been successfully
modeled using a quasimolecular approach developed for
binary collisions of isolated atoms, as described in Ref.
55. In the quasimolecular model, the energy levels of the
colliding atoms are treated as molecular-orbital (MO) lev-
els which shift as a function of interatomic distance. The
evolution of the MO's conform to two limiting cases. At
infinite separation, the MO level reduce to the atomic or-
bitals of the two separate atoms involved in the collision.
As the interatomic distance approaches zero, the MO or-
bitals evolve toward the atomic orbitals of a united atom
having the combined nuclear charge of the two separate
atoms. At small interatomic distances, it is possible for
MO levels to cross. If levels with the same bond symme-
try cross, and if one of the levels is not fully occupied,
then electrons can be promoted during the level crossing.
The relevant parameter in the MO model for determining
the onset of a promotion for a given incident energy and
scattering angle is the distance of closest approach, which
must be within a certain critical distance r, before a pro-
motion will occur, where r, is typically between 0.1 and

I

miE*=E 1—0
m(

Ef 1+ +—2 QE~Ef cos+,
mz mz

where Ef =E& —Q and E& is given by Eq. (1). Solving
Eq. (2) for Q gives

1.0 A.
Although the quasimolecular model was developed for

isolated atomic binary collisions, it can provide valuable
information about the evolution of electronic energy lev-
els during hard binary collisions in a solid. The atomic
correlation diagrams shown in Fig. 11 were constructed
according to the rules prescribed in Ref. 55. The dia-
gram for Li-Al collisions [Fig. 11(a)] shows that the Li ls
level crosses the partially occupied Al 3p level, , thus al-
lowing Li 1s to Al 3p electron promotions. For Li-Na
collisions, Fig. 11(b) shows that there are no Li ls level
crossings, and hence no Li 1s promotions are allowed. In
the correlation diagram for Li-K collisions (Fig. 11(c)],
only fully occupied levels cross the Li 1s leve1, and again
Li 1s electrons cannot be promoted. If the quasimolecu-
hr formalism is relevant, then it is possible for quasi-
molecular states to mediate Li 1s electron promotions
during Li-Al collisions, but not during Li-K or Li-Na col-
lisions.

%hile quasimolecular states mediate the promotion
process, the final state of a promoted Li 1s electron is not
the atomic Al 3p level, but rather an empty state of the
sohd, i.e., a state just above the Fermi level. Since Li 2s is
in resonance with the Fermi level, the promotion energies
are equal to the excitation energies of Li 1s electrons to
the Li 2s level, which requires -59 eV (Ref. 56) for a sin-
gle excitation, while an excitation involving both Li 1s
electrons requires 142 eV.

The peak separations hE& z and AE, 3, are plotted in

Fig. 12 as a function of Ez and tend to cluster at about 35
and 80 eV, respectively. At first, it may seem that the
magnitudes of AE, z and hE, 3 are inconsistent with
the energy required to promote Li 1s electrons to the Fer-
mi level. However, the energy lost by a rebounding pro-
jectile does not necessarily represent the tota1 excitation
energy. Because the mass of Li is a non-negligible frac-
tion of the total mass of the Li- A1 system, a substantial
fraction of the excitation energy, E*, is absorbed by the
recoiling Al atom. Thus, the discrete inelastic loss ex-
perienced by the projectile, Q~, is only a fraction of E .
Because a promotion occurs during what is essentially a
binary atomic collision, the collision can be described us-

ing classical equations for a partially inelastic binary col-
lision in which E* of kinetic energy is removed from the
system. Using conservation of energy and momentum,
E' is estimated for a given Q~ as

m) mi
PE& cos%+ E* 1+ +Eq

mz mz

m
1+

mz

2
m,

sin 4
mz

' 1/2

(3)
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diagrams for (a) Li-Al collisions,
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collisions.
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FIG. 12. Peak separation EEl 2 (~ ) and hE, 3 (~ ) as a
function of Eo shown along with inelastic losses calculated us-

ing Eq. (3) for the various values of E* and 4 as indicated.

Equation (3) can be used to model b,E, z and hE,
as a function of Ep for the present data, where E ' is used
as a fitting parameter. This model assumes that extrane-
ous inelastic losses that occur prior to the collision are
small compared to Ep and that the energy losses occur-
ring after the collision do not depend on whether or not
the collision was elastic. The contours plotted in Fig. 12
were produced by applying Eq. (3) to the present system.
Comparing calculated values of Q to AE, 2 shows that
El 2 is -60 eV, which is significantly larger than
AE, 2. To illustrate the response of Q to E', dashed
contours are also plotted for E*=55 and 65 eV. The best

match to the data for hE, &
requires an E' of about 140

eV. The measured inelastic losses hE, 2 and hE& 3 are
therefore in excellent agreement with the promotion of
one and two Li 1s electrons, respectively, to empty states
near the Fermi level during a single collision.

The idea that the magnitude of the discrete loss of the
projectile depends on the scattering angle is helpful in in-

terpreting the ion scattering spectra collected at 4=42'.
For E =60 eV, and 4=42, the predicted inelastic loss
for a Li projectile scattered from Al is —57 eV, as
shown in Fig. 12. The Al SSP for Ep=1.0 keV and
4=42', as shown in Figs. 3 and 10(c), is sufficiently nar-
row and isolated that it would be resolved from a 57-eV
loss feature. Since no loss feature is evident in the data,
the incident energy threshold for the Li 1s electron pro-
motion for a 4=42' scattering event must be greater
than 1.0 keV. This can be compared to the threshold of
-0.5 keV observed for 4=168'.

The association of a higher promotion threshold with a
smaller 4 rejects the fact that the distance of closest ap-
proach increases with decreasing 4 for a given Ep. To il-

lustrate this, the distance of closest approach for binary
Li-Al collisions was calculated for 4'=168 and 42' for
several values of Ep using the Thomas-Fermi-Moliere po-
tential with the screening length modified by a factor of
v=0. 8. The results of these calculations are plotted in

Fig. 13. The distance of closest approach for the onset
energy of P2, Ep =0.5 keV, in the 4=168' configuration

0
is 0.68 A, which can be used to approximate r, . The
closest approach for Ep=1.0 keV, 'tII=42', is 0.67 A,
which is just within the approximated r, . It is therefore
reasonable, within the context of the MO model, that
there is no prominent lass feature in the Ep I 0 keV,
4'=42 spectrum.

The creation of a Li 1s hole is the first step in the for-
mation of Li*(ls2s ). The presence of Li'(ls2s ) is
detected in the electron emission spectra as it deexcites
via the intra-atomic Auger autoionization process

Li*( is2s )~Li (ls )+e =,
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FIG. 13. Calculated values for the distance of closest ap-
proach during binary Li-Al collisions for 4=168' and 4=42'
shown as a function of Eo.

where the ejected e leaves the Li 2s level with a charac-
teristic energy. Studies of atomic collisions show that the
energy of the ejected electron is 50.9 eV in the rest frame
of the Li particle. ' In Ref. 46, a Li AU(1,2) peak is
seen 51 eV above the low-energy cutoff in spectra of
secondary electrons collected near the surface normal
with a grazing 2-keV Li beam impinging on a Li-
covered W(100) surface. In the spectra of the electron
emissions shown in Fig. 9, the Li AU(1,2) peaks produced
at lower incident Li+ energies are at 51 eV, in excellent
agreement with the deexcitation of Li*( ls2s ). At higher
energies, however, the velocities of the excited particles
increase, causing significant Doppler shifts. It is interest-
ing to note that there is no apparent emission due to the
autoionization of higher Li' states. For example, the two
configurations of Li'( ls2s2p) eject 53.5 and 55.0-eV elec-
trons and Li'( ls2p ) emits a 55.6-eV electron.

Autoionization of the Li'( ls2s ) state also explains the
distinct response of the P2 signal to alkali adsorption, as
seen in Fig. 8. With one less electron to shield the nu-
cleus, the 2s level is more tightly bound than in the
ground state, i.e., the binding energy is 16 eV instead of
5.39 eV. The lower-lying 2s level thus has a large over-
lap with the Al conduction band, and consequently a very
high probability of being doubly occupied, i.e., forming
Li ( ls2s ), as it leaves the surface. Then, after
Li'( ls2s ) escapes the surface, it autoionizes. Since sing-
ly scattered Li in the present study travels away from
the surface at a rate between 0.7 and 2.2 A/fs, and the
mean lifetime of Li'( ls2s ) is on the order of 18 fs, it is
reasonable to expect that Li~(ls2s ) typically travels 10
to 40 A away from the surface before autoionizing. This
is far enough above the surface to inhibit resonant neu-

tralization of the resulting ground-state Li+ ions.
It is interesting to compare the behavior of P3 to that

of P2. P3 is like P2 in that it is resistant to the increased
resonant neutralization associated with alkali adsorption,
which is an indication that autoionization is actively con-
tributing to the P3 ion yield. On the other hand, the elec-
tron emission spectra show no features corresponding to
the autoionization of a Li" species with a double Li 1s
hole, such as Li (2s 2p) which is characterized by 71-
eV electron emissions. This means either that double Li
1s holes are so short-lived that it is very unlikely that
they escape the surface, or that some other excitation is
responsible for P3.

There are, however, rather severe restrictions on the
possible excitations that might produce P3. First, the ex-
citation must initiate the formation of an autoionizing Li
state to account for the response of the neutralization
behavior of P3 to alkali adsorption. Since there are no
other autoionization features observed, the excitation
must therefore involve the production of Li (ls2s ).
Second, a11 of the inelastic losses responsible for P3 must
occur during a single collision. The second restriction
holds because sequential excitations would not produce a
sharp loss feature correlated to a SSP. To the extent that
sequential excitations do occur, they happen during the
course of many different combinations of scattering
events. Because both the elastic energy loss and the par-
titioning of the inelastic loss between the projectile and
the target atoms vary greatly for different collision com-
binations, the total energy loss experienced by projectiles
after two or more inelastic collisions would not be as well
defined as is P3. The excitation must also have a total E'
of —140 eV to be consistent with the separation of P3
from P1. Therefore, the most likely cause for P3 is the
simultaneous excitation of two Li 1s electrons followed
by the rapid filling of one of the vacancies before escaping
the surface.

Assuming that P3 is a consequence of the simultaneous
promotion of two Li 1s electrons, there are several
reasons why a double 1s hole would have a shorter life-
time than a single 1s hole. Because the double hole is
lower in energy than the single hole, more deexcitation
channels are available to partially fi11 empty Li 18 levels.
For example, the empty Li 1s level is suSciently below
the Al 2p level to open an Auger decay channel, i.e., an
Al 2p electron fills one of the empty Li 1s states and
releases enough energy to lift another electron above the
Fermi level. The singly occupied Li 1s level, on the other
hand, is located above the 73-eV Al 2p level and therefore
cannot be filled by Al 2p electrons. Although it may be
coincidental, the Al LMM peak begins to emerge at 1.0
keV, which is about the same as the threshold incident
energy for P3. While most of the AL LMM signal is
probably produced during ion-induced collision cascades,
some of the signal may be due to the decay of Al 2p holes
created via the filling of vacant Li 1s levels.

There are several indications in the scattered ion spec-
tra collected from alkali-covered surfaces that, as predict-
ed by the correlation diagrams in Fig. 11, Li 1s promo-
tions take place only during Li-Al collisions and not dur-
ing Li-Na or Li-K collisions. First of all, as shown in
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Fig. 7, the inelastic loss experienced by Li+ singly scat-
tered from K tracks very closely with Pl, indicating that
Li+ scattered from K experiences only the usual continu-
ous inelastic losses. If Li 1s promotions with E'=60 eV
were occurring during Li-K or Li-Na collisions, then ac-
cording to Eq. (3}, the Li would undergo additional
discrete inelastic losses of 32 and 42 eV, respectively.
Clearly, this is not the case for the K SSP. Furthermore,
the Na SSP and K SSP intensities are small compared to
P2, suggesting that the measured ion yields at the Na and
K SSP energies are not enhanced by autoionization.

Consideration of the specific example of the spectrum
shown in Fig. 5(b) for scattering of 3-keV Li+ from the
0.5-ML Na/Al(100)-c(2X2) surface makes it clear that
the measured charge state of singly scattered Li+ is
dependent on the scattering site. In the absence of neu-
tralization, the intensity of the Na SSP at the c(2X2)
coverage would be nearly —,

' of the Al SSP for the follow-

ing reasons: At normal incidence on an fcc (100) surface,
the first two atomic layers are directly visible to the in-
cident ion beam, while deeper layers are shadowed.
Thus, the first two atomic layers are responsible for all of
the observed single scattering signal from the clean sur-
face. At the O.S-ML c(2X2}coverage, however, for any
simple adsorption geometry, half of ML of Al atoms
would be shadowed by Na, so that there would be 1.5 ML
of Al atoms and 0.5 ML of Na visible to the incoming
beam. This three-to-one ratio of Al to Na targets is near-
ly representative of the single scattering probabilities and
only slightly modified by scattering cross sections, as the
ratio of the partial cross sections for 3-keV Li+ to
scatter through 168 from Na, as compared to Al, is 0.89.
Thus, the fact that the Na SSP is much smaller than —,

' of
the Al SSP demonstrates that singly scattered Li is more
likely to reach the analyzer as a neutral when scattered
from Na than from Al. The chemical selectivity of elec-
tron promotions predicted by the quasimolecular model
is also borne out by other experiments on composite sur-
faces. For example, reionization of He scattered from
InP occurs only during He-In collision, and
Ne"(2p~3s ) states are generated only by Ne-Mg col-
lisions at MgO surfaces and Ne-Cu collisions at
Cu3Au(100}.

The above interpretation accounts for the main
features of the present results. The inelastic losses in the
ion scattering spectra are due to the promotion of Li 1s
electrons to empty states above the Fermi level. Loss
features are not seen in scattering from Na or K because
Li-Na and Li-K molecular states do not mediate Li 1s
promotions. A consequence of the Li 1s promotions is
the formation of autoionizing Li (ls2s ) states which
are, in turn, responsible for the Li AU(1, 2) electron emis-
sions as well as for the resistance of the ion scattering loss
features to alkali-induced resonant neutralization. Closer
examination of the data, however, yields some additional
details which further characterize the electronic process-
es that occur in this system.

One thing to consider is that the data points for hE,
and hE, 3 do not precisely follow the excitation energy
contours for Q as a function of Eo shown in Fig. 12.

One difFerence is that AE, 2 and hE, 3 increase some-

what more rapidly as a function of Eo than the free atom
model represented by Eq. (3) predicts. Another diff'erence

is that, at the onset energies of P2 and P3, the data for
6E I 2 and AE I 3 fall below the contours for E ' that
represent the excitation of a Li 1s electron to the lowest-

lying empty state. Taken at face value, it would appear
that Li 1s electrons were being promoted into states
below the Fermi level. These discrepancies can be ac-
counted for, however, if the efFects of the dissipative in-
elastic energy losses and the energy dependence of the
electron promotion probability are considered.

The rate at which AE& z and hE, 3 increase as a
function of Eo is, in part, due to the difFerent continuous
inelastic losses experienced by Li' particles with 1s holes
and ground-state Li as they travel through the surface re-
gion. The energy dissipated per distance traveled de-
pends not only on the speed of the projectile, but also on
its charge state. After losing a 1s electron, the Li nucleus
is less screened, resulting in a stronger Coulombic in-
teraction between the Li projectile and the crystal. Excit-
ed Li'( ls2s ) particles therefore experience larger dissi-
pative forces than their ground-state counterparts. Be-
cause the energy dissipated via the Coulombic interaction
also increases with the speed of the projectile, ' the addi-
tional continuous energy loss caused by the 1s hole be-
comes more significant at higher energies. Thus, hE& z

and hE I 3 increase more rapidly with Eo than the calcu-
lated inelastic loss.

The reason behind the apparent discrepancies between
the values of AE, 2 and hE& 3 near the threshold and
the minimal amount of energy required to promote Li 1s
electrons is that, near the onset of the excitation, the
difFerence between the peak centers is not an accurate
reflection of the discrete inelastic loss. At the onsets of
P2 and P3, promotion probabilities are rapidly increasing
as a function of Eo. This is evident in Fig. 8, where the
intensity of P2 relative to P1 increases rapidly with E„
near the threshold energy for P2. Because singly scat-
tered particles experience difFerent amounts of inelastic
loss prior to the collision, there will be a distribution of
collision energies. Near the threshold, Li particles at the
higher end of the collision energy distribution are more
likely to undergo Li 1s promotions than those at the
lower end of the distribution since they wi11 experience a
smaller distance of closest approach. The net efFect is
that the discrete inelastic loss associated with the promo-
tion preferentially reduces the higher side of P1 and aug-
ments the higher side of P2, so that the separation be-
tween P1 and P2 is smaller than the inelastic loss. The
effect is even greater for hE, 3 than for AE, 2 because
the collision energy distribution is broader at the higher

threshold energy associated with P3.
The electron emission data compliment the results of

the ion scattering data in a number of ways. One was is
that the electron emission spectra sample a difFerent pop-
ulation of the excited Li* than the ion scattering spectra,
as the Li*( ls2s ) particles responsible for the Li AU(1,2)
signal are not necessarily traveling toward the analyzer.
This is why Li*(ls2s ) emissions can be detected in the
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4=42 configuration with Eo as low as 0.5 keV, even

though this is well below the threshold for the Li 1s pro-
motions for scattering at that angle. Likewise, the small,
but unmistakable, Li AU(1,2) signal produced by the 0.4-
keV beam in Fig. 9(a) shows that the absolute threshold
for the Li 1s promotion is actually -400 eV or less, even
though the ion scattering data collected at %'=168' show
no evidence of electron promotions when Eo =0.4 keV.

Additional information about the excited-state popula-
tion can be obtained by analyzing the Doppler shifts in
the Li AU(1,2) signal. The magnitude of the Doppler
shift expected for the spectra in Fig. 9(a) can be quickly
estimated by assuming that the typical velocity of the
deexciting Li' in the direction of the analyzer is well
represented by the velocity of the ions contributing to P2.
The final energy of the electrons from these sources can
then be calculated using a simple Galilean transforma-
tion. This approximation locates the Li AU(1,2} peak at
52.5 eV for the 0.5-keV spectra and 56.2 eV for the 5-keV
spectra. The 3.7-eV relative shift predicted by this calcu-
lation is only slightly larger than the observed shift of
-2.5 eV. The agreement is actually quite good, consid-
ering the simplicity of the approximation.

The same reasoning cannot be directly applied to the
Doppler shifts seen in the emission spectra in Fig. 9(b),
however, because the loss features were not isolated and
identified in the corresponding ion scattering spectra col-
lected at 4=42'. However, the fact that the Li AU(1,2}
peak shifts to higher energy as Eo increases indicates that
Li 1s promotions do occur during forward-scattering
events. After all, if Li 1s holes were only being formed
during backscattering events, the Li' velocity distribu-
tion would be directly away from the analyzer and only
negative Doppler shifts would be seen. Contrary to this,
the Li AU(1, 2) peak shifts measurably toward higher en-

ergy when ED=1.0 keV and shifts dramatically by
Eo =3.0 keV, indicating that promotions begin to occur
for forward scattering by —1.0 keV. Because cross sec-
tions for forward scattering are much higher than the
cross sections for backscattering, many of the electron
promotions may occur during grazing co11isions when Eo
is on the order of a few keV.

Given that electron promotions do occur during for-
ward scattering at higher incident energies, it is not
surprising that the Doppler shifts are larger for the spec-
tra in Fig. 9(b) than in Fig. 9(a), as the forward-scattered
particles lose less energy than those that are backscat-
tered. The energy loss experienced by Li+ from Al is
over 65% for 4=168, but only about 13% for %'=42'.

In the two cases where 4=42', the average component of
the velocity distribution of the excited particles in the
direction toward the analyzer is larger when 8=0sFp
than when 0=30 for the following reasons: As seen in
the Monte Carlo simulation shown in Fig. 10(c), when an
ion beam is incident along 8=8sFp in the [011]plane of
a fcc (100) surface, the vast majority of the scattering
events are grazing collisions from the first two atomic
layers. On the other hand, for 0=30, the ions penetrate
deeper into the crystal and experience more multiple col-
lisions, thereby reducing the average component of the
velocity distribution of the excited particles in the direc-
tion of the analyzer. The measured shifts in the Li
AU(1,2) peak produced with the beam at 8=8sFp are 2,
5, and 7 eV for ED=1, 3, and 5 keV, respectively. As-
suming that the velocity distribution in this configuration
is reasonably well characterized by the BCM energy for
Li scattering into the analyzer at %'=42', the calculated

Doppler shifts of 3.8, 6.6, and 8.7 eV, respectively, com-
pare very well with the data. The abrupt shift in the Li
AU(1,2} position between 1 and 3 keV also suggests that
the number of promotions occurring in the forward-
scattering direction increases rapidly during this interval.

V. SUMMARY

Spectra of the scattered ions and the ion-induced elec-
tron emissions provide useful information for under-
standing collision-induced electronic processes. The
present study employed both techniques for low-energy
(0.4-5 keV) 7Li+ ions scattering from Al(100},
Na/Al(100), and K/Al(100). The complementary ion
scattering and secondary electron data provide suScient
information to detail a process in which inner-shell elec-
trons are promoted from the incident ions to states just
above the Fermi level of the solid. For scattering from
the alkali-atom-covered surfaces, Li 1s promotion occurs
only during Li-Al collisions and not during Li-Na or Li-
K collisions. As a result, discrete inelastic losses and in-
creases in the ion yield via autoionization are associated
with single scattering from Al.
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