
Inelastic energy loss in 100-keV H+ scattering from single atoms:
Theory and experiment for K, Rb, and Cs

A. Hentz,1,2 G. S. Parkinson,1 A. J. Window,1 P. D. Quinn,1 D. P. Woodruff,1,* P. L. Grande,2 G. Schiwietz,3

P. Bailey,4 and T. C. Q. Noakes4

1Physics Department, University of Warwick, Coventry CV4 7AL, United Kingdom
2Universidade Federal do Rio Grande do Sul, Instituto de Fisica, Avenida Bento Gonçalves 9500, 91501-970 Porto Alegre, RS, Brazil

3Hahn-Meitner-Institut, Abteilung SF4, Bereich Strukturforschung, Glienicker Strasse 100, 14109 Berlin, Germany
4CLRC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom

�Received 19 April 2006; published 6 September 2006�

The energy-loss spectrum associated with scattering of 100-keV H+ ions from K, Rb, and Cs atoms adsorbed
on Al�111� has been investigated both experimentally and theoretically. Theoretical simulations were con-
ducted based on calculations of the energy loss experienced in specific ion trajectories at the surface, using
coupled-channel calculations to describe inner-shell ionization and excitation as a function of impact param-
eter. The energy losses can be attributed entirely to single atomic collisions from the alkali atoms, and the
experiments reproduce the markedly increased asymmetry in scattering from Rb and Cs relative to K, attrib-
utable largely to the role of 3d and 4d excitations, respectively, and particularly the role of multiple excitations
of these states. For Rb and Cs scattering, the data show excellent quantitative agreement between theory and
experiment; for the K scattering, a discrepancy of a low-energy shoulder is attributed to a problem associated
with the sample preparation.
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I. INTRODUCTION

Medium energy ion scattering �MEIS�,1 typically using
100-keV incident H+ or He+ ions, is increasingly applied to a
range of problems concerned with compositional and struc-
tural characterization of the near-surface region of solids.
The technique is closely related to conventional �MeV�
Rutherford backscattering �RBS�, but the higher spectral
resolution possible through the use of dispersive electrostatic
energy analyzers at the lower ion energies provides the pos-
sibility of substantially superior �atomic-scale� depth resolu-
tion. In both techniques the energy of the scattered ions is
determined by the recoil energy loss, which depends on the
mass of the scattering atom, and by the inelastic loss, which
varies with the distance traveled by the ions through the
solid. This distance of travel depends on the depth of the
scatterer, so the scattered ion energy spectrum contains infor-
mation on both the depth and elemental character of atoms in
the near-surface region.

If the ions travel through many atomic layers in the solid,
it is usually sufficient to relate the total inelastic energy loss
to the depth of the scatterer through an average energy loss
per unit distance traveled in the sample, typically calculated
using the SRIM code,2 which takes no account of the crys-
tallographic character of the sample. In reality, of course, the
energy loss is due to discrete electronic excitations, which
are thus stochastic in nature. One consequence of this is a
broadening of the scattered ion energy peak by an amount
which increases with increasing depth due to variations in
the number of discrete losses. Empirical formulae can be
applied to estimate this “straggling” effect �e.g., Refs. 3 and
4�. These approximate methods work well in RBS, but if one
wishes to exploit fully the atomic-scale depth resolution in
MEIS it is important to describe more explicitly the details
of the specific electronic energy-loss processes that occur
and their relative probabilities.

Evidently, to extract the full depth information from
MEIS spectra from the outermost few atomic layers of a
solid, one requires a more sophisticated approach which
must contain two key ingredients, namely �i� a detailed de-
scription of the energy losses involved in scattering from a
single atom and �ii� explicit inclusion of each of these single-
atom collision effects along the scattering trajectory of an ion
passing through the surface region. Computer codes to
implement this approach have recently been introduced by
some of us, as described below. Specifically, the energy
losses in single-atom collisions as a function of impact pa-
rameter are described in a formulation based on ab initio
quantum mechanical methods using full numerical atomic-
orbital coupled-channel calculations.5 The combined energy
losses through interactions with all nearby surface atoms
close to the ion trajectory are then included through the use
of a computer program SILISH �SImulation of LIne SHape�,
which incorporates the results of the single-atom collision
losses into a Monte Carlo calculation of the ion trajectories
through the solid. This complete approach has already been
applied to MEIS from the clean Al�110� surface and com-
pared with experimental data with generally encouraging
results,6 although there do appear to be some detailed dis-
crepancies between theory and experiment. A recent applica-
tion to MEIS data from Cu�111� displays similar effects.7

While these measurements of scattering from clean el-
emental surfaces provide relatively simple tests for the theo-
retical modeling, they do involve scattering trajectories
which involve interaction with several near-surface atoms at
different impact parameters, even in so-called “double-
alignment” geometries in which the incident and detected ion
directions are chosen to maximize the importance of shad-
owing due to elastic scattering in order to restrict the number
of contributing atomic layers. Of course, a proper description
of these multiple energy losses is the ultimate objective, but
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to test the methods in detail it is helpful to first establish the
accuracy of the single-atom energy-loss component of the
theory. For this purpose special experiments are required in
which submonolayer coverages of the atoms of interest are
deposited onto a substrate of lower atomic mass �to ensure
that ions scattered from the substrate emerge at lower ener-
gies and so do not influence the scattered ion energy spec-
trum from the adatoms�. Further requirements are that the
deposited atoms do not form three-dimensional clusters, and
do occupy adsorption sites above the surface, both necessary
if the ions scattered from the adatoms are to undergo signifi-
cant energy losses only in the single hard collision from a
single adatom.

Our first attempt to conduct such a test involved MEIS
measurements from monolayer and submonolayer coverages
of Y atoms on Si�111�.8 Y is more massive than the Si sub-
strate and has the added advantage that it occurs only with a
single isotopic mass, thus avoiding broadening of the scat-
tered ion energy spectra due to different elastic recoil energy
loss. This system is also known to form a structurally char-
acterized monolayer �1�1� surface silicide.9 However, this
silicide phase does have the Y atoms in subsurface sites, and
SILISH calculations showed that this geometry led to energy
loss to nearby Si atoms in the incident and scattered ion
trajectories. There was also evidence of adatom clustering, so
although the results showed that for near-normal incidence
and detection there was reasonable agreement between
theory and experiment, the data failed to provide the simple
single-atom scattering data required.

Here we present the results of a combined theory/
experiment study of 100-keV H+ scattering from the alkali
metal atoms K, Rb, and Cs deposited on Al�111�, a group of
adsorption systems that appear to satisfy our requirements
more fully. These adsorption systems have been character-
ized rather fully in many previous studies.10 Typically, alkali
adatoms are in an ionic state, giving up most or all of their
one outer-shell valence electron to the substrate; this leads to
the large surface dipole moment responsible for a pro-
nounced lowering of the work function, and ensures that
clustering does not occur. Moreover, at room temperature,
none of these species can be deposited to overlayer cover-
ages in excess of a single atomic layer. Rather complete
quantitative structural information is available for K and Rb
on Al�111�.11–14 At low temperature, these species surpris-
ingly form ��3� �3�R30° surface phases in which the ada-
tom occupies sites atop the surface layer Al atoms, but at
room temperature the alkali atoms displace some of the sur-
face layer Al atoms to form substitutional surface alloys �that
retain the ��3� �3�R30° periodicity�. An important feature
of these surface alloy phases, however, is that because of the
large effective radii of the alkali metal atoms, the outermost
alloy layer is very heavily rumpled, with the alkali atoms
much higher above the surface than the surrounding Al at-
oms. SILISH calculations reveal no discernible difference in
the predicted scattered ion energy spectrum from the atop
overlayer and surface alloy phases, except at very grazing
ion trajectories, confirming than even in these alloy phases
true single-scattering can be expected from the protruding
alkali atoms. For Cs on Al�111�, a low-temperature ��3
� �3�R30° phase involves atop adsorption,15 as for K and

Rb, but at room temperature a �2�3�2�3�R30° phase oc-
curs for which there is no complete structure determination
but evidence of the same surface alloying seen for the other
alkalis,15,16 which we can rather reliably assume places the
Cs atom centers above those of the Al surface atoms, particu-
larly as Cs has the largest atomic radius of any of these
adatoms.

Apart from these attractive structural aspects, the three
alkali atoms have other aspects which make them of interest
for this study. Not only are all three atoms more massive than
Al that comprises the substrate, but Cs has essentially only a
single naturally occurring isotope; Rb and K are both domi-
nated by two isotopic masses at 85 amu �22%� and 87 amu
�78%� for Rb, and at 39 amu �93%� and 41 amu �7%� for K,
so in these cases some broadening of the scattered ion energy
spectra arises from this source. The relative binding energies
and occupancies of shallow core levels, the excitation of
which leads to the inelastic loss asymmetry in the scattered
ion energy spectrum, also show interesting differences.
These are:

K: 370 eV �2s2�; 301 eV �2p6�; 41 eV �3s2�;

25 eV �3p6� ,

Rb: 303 eV �3s2�; 239 eV �3p6�; 122 eV �3d10�;

37 eV �4s2�; 21 eV �4p6� ,

Cs: 216 eV �4s2�; 170 eV �4p6�; 89 eV �4d10�;

30 eV �5s2�; 18 eV �5p6� ,

where the binding energies given are the Hartree-Fock-Slater
values used in the theoretical calculations presented here;
these typically differ by a few eV from experimental tabu-
lated photoelectron binding energies.17 A conspicuous differ-
ence between K on the one hand and Rb and Cs on the other
hand is the probable influence of the d electron states. For K,
with no occupied d-states, the dominant shallow core level
excitations are likely to be those of the 3s and 3p electrons
with binding energies that are small compared with the typi-
cal instrumental resolution of 200–300 eV, so the resulting
asymmetry in the experimental scattered ion energy spec-
trum due to inelastic losses is likely to be weak, as the cross
section for excitation of the deeper 2s and 2p states will be
low. In Rb and Cs one has similar shallow �4s, 4p and 5s, 5p
respectively� core levels with small binding energies and
high cross sections, and deeper states �3s, 3p and 4s, 4p,
respectively� with small cross sections, but in addition these
atoms have the high-occupancy d states with intermediate
binding energies which may be expected to lead to signifi-
cantly larger asymmetry in the experimental scattered ion
energy spectra.

II. EXPERIMENTAL DETAILS

The experiments were performed at the Daresbury Labo-
ratory UK National MEIS facility.18 The ion accelerator is
fitted with a duoplasmatron ion source and was operated for
the present studies with a H+ beam at a nominal energy of
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100 keV. The end station consists of separate ultrahigh
vacuum �UHV� chambers for sample preparation and char-
acterization, for sample storage, and for the ion scattering
experiments. Samples are introduced into the preparation
chamber via a fast-entry load-lock and transferred between
chambers under UHV conditions. MEIS measurements were
performed with the sample at room temperature. The sample
was aligned with respect to the incoming ion beam by means
of a high-precision goniometer. The position of the beam
spot on the sample surface was changed regularly to mini-
mize ion-induced damage. The maximum ion dose used on
any one spot on the sample was 10 �C of ion charge, corre-
sponding to approximately 2�1016 ions/cm2 for the high-
resolution measurements reported here. Ions scattered from
the sample were detected by a moveable toroidal electrostatic
analyzer, the two-dimensional �2D� detector19 of which pro-
vides “tiles” of ion counts as a function of both ion energy
and scattering angle over limited ranges of each.

The general methodology for extracting ion energy spec-
tra and angular blocking curves from these raw data tiles has
been described elsewhere.18,20 In the present experiments,
however, for which our objective is to collect scattered ion
energy spectra of good signal-to-noise quality at high spec-
tral resolution, a modified method, described previously in
the context of our study of Y on Si�111�,8 was adopted. In
particular, in order to optimize the resolution, the three sets
of slits in the beamline that define the beam size and diver-
gence were closed down, decreasing the vertical size of
the ion beam �perpendicular to the scattering plane but
within the dispersion plane of the analyzer� from
0.5 mm to 0.15 mm. This led to a reduction of the effective
ion beam current, from �60 nA to �20 nA, but an im-
provement in the overall energy resolution �full width at half
maximum—FWHM� in the measured spectra from
�400 eV to �250 eV. Of course, the reduced beam current
leads to a loss of signal, and thus a deterioration in the sta-
tistical noise, for the same data collection times. To address
this problem, scattered ion energy spectra taken at slightly
different scattering angles �within the 2D detector angular
range� were displaced in energy by the kinematic factor �the
change in recoil energy loss with scattering angle� and then
summed over a finite angular range. To allow for any non-
linearities in the 2D detector,21,22 the kinematical correction
factor was extracted from the data by fitting to the scattered
ion energy peak in each angular channel of the detector, as
described previously.8 This procedure worked well for the
Rb and Cs scattering data, but proved a problem for the K
scattering data, because the scattering cross section is so
much lower that the signal-to-noise ratio in an individual
channel was too poor to provide reliable fitting. For the K
scattering data, therefore, no correction could be made for a
known “sawtooth” distortion in the two-dimensional detec-
tor; as a result, the K scattering data is expected to show
slight additional energy broadening due to this effect.

A single channel in the detector corresponds to an angular
range of 0.15°, and in the data presented here the spectra are
averaged in this way over ten such channels. Notice that in
all figures showing the experimental data, the energy scale is
offset by the kinematic correction factor �referred to hereaf-
ter as “k-offset”�, and so does not include the recoil energy

loss of the main scattering collision. As we are concerned
here only with the relative energies within the spectra that
define the energy losses, this offset of the absolute energy
scale is of no consequence. Indeed, small variations in the
primary beam energy from experiment to experiment associ-
ated with the operating conditions of the ion source also
occurred, and additional small energy shifts �typically up to
�200 eV� in the absolute energy scale have been applied to
different spectra to simplify comparisons between them. The
same nominal absolute energies are also used for the match-
ing theoretical simulations.

The Al�111� crystal, initially spark-machined from an ori-
ented single-crystal bar and mechanically polished, was
cleaned in situ by the usual combination of ion bombardment
and annealing until a clean well-ordered surface was ob-
tained as judged by Auger electron spectroscopy and low-
energy electron diffraction �LEED�. Initially 1 keV Ar+ ion
sputtering was used, but small amounts of embedded subsur-
face Ar, even after quite extensive annealing at 400 °C,
proved difficult to remove and led to a scattering signal in
MEIS only slightly lower in energy than that from K depos-
ited on the surface. For this reason, Ne+ sputtering was used
for all the data reported here although, as remarked below,
some subsurface implanted Ar may have remained in the
sample from the earlier cleaning treatment. The alkali metals
were deposited from well-outgassed SAES “Getter” sources
heated by passing currents of typically 6.5–7.5 A through
them. For K and Rb the nominal saturation dose at room
temperature yielded ��3� �3�R30° LEED patterns, while for
Cs a rather weak set of extra LEED beams attributable to the
�2�3�2�3�R30° phase was seen.

III. THEORETICAL DETAILS

As mentioned in the introduction, the theoretical treat-
ment required to compare with these experimental results
requires two stages. In the first stage the details of the inelas-
tic energy losses associated with interaction with a single
scattering ion are described. These results are then incorpo-
rated into a simulation of the ion trajectories through the
surface region in the experiment. This procedure has been
described more fully previously,8 but we summarize the main
points below.

A. Inelastic excitations in single collisions

In order to determine the inelastic energy-loss distribution
in a single atomic collision, we have applied methods well
established in atomic physics, namely the solution of the
time-dependent Schrödinger equation for one active electron
�through so-called close-coupled calculations� in the
independent-electron model �IEM�.

Coupled-channel calculations are the best tool to describe
inner-shell ionization and excitation of atoms23 as a function
of the impact parameter. These time-consuming calculations
are based on the semiclassical method.24 The projectile �in-
cident ion� following a classical trajectory provides a time-
dependent electrostatic perturbation on the target electrons
which is incorporated in a full solution of the time-dependent
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Schrödinger equation. For a given impact parameter b, the
amplitudes ai→f are calculated for any transition from an
initial occupied state i to an unoccupied bound or continuum
state f of the target atom and thus the probability correspond-
ing to atomic excitation or ionization is determined. From
such calculations we obtain the energy loss or energy transfer
�T� probability, dP /dT, for each atomic subshell as a func-
tion of the impact parameter, b. This contains a nonzero
probability for no-loss collisions, dPno-loss /dT, realized by a
delta function, and the function dPloss /dT for T�0 that is
continuous apart from some spikes due to excitations to
bound states. Details of the atomic orbital coupled-channel
calculations �AO� may be found elsewhere. Notice that the
calculations used here take no explicit account of electron
capture by the H+ ion but this is known to be a weak effect
��5–10% � for 100 keV H+. Furthermore, as shown previ-
ously, the use of the huge basis set of final states does take
account of energy loss due to electron capture reasonably
well. We also note that the inner-shell ionization/excitation
probabilities at these energies are very similar for H+ and H0

due to the large screening radius of H0 relative to the inner-
shell radii. Of course, the experiments to which we compare
our theoretical results involve detection only of H+ ions, so
any H0 species leaving the surface do not contribute to the
measured signal.

The calculations have been performed for each active
electron in a given subshell in the framework of the frozen-
core Hartree-Fock-Slater method.25 Fano-Lichten26,27 type
promotion typically does not occur for such asymmetric
projectile-target systems. Furthermore, adiabatic changes of
the target-electron densities are small for Z1�Z2. Thus, the
frozen-core Hartree-Fock method should be quite reliable.
All probabilities, dP /dT, were then combined according to
the independent-electron model to allow for energy losses
involving more than one electron �multiple excitation and
ionization events�. Thus, for example, considering a hypo-
thetical atom with only two electrons, the probability for a
certain total electronic energy loss, �E, transferred during an
individual ion-atom collision, can be written as

dPatom
elec

d�E
=� �g1��T1� +

dPloss

dT1
��g2��T2� +

dPloss

dT2
�

����E − �T1 + T2�	dT1dT2, �1�

where the probability for a no-loss collision, gi, for each
electron, i, appears explicitly. The terms in the product of
probabilities within the integral describe the probability of
the two electrons being found in their original state after the
ion-atom collision, the probability for single excitation or
ionization events �one term for each electron�, and finally the
probability that both electrons move to distinct final excited
or ionized states. In this way, using the IEM, it is possible to
distinguish the probabilities of elastic, single-excitation, and
double-excitation events. The generalization for more elec-
trons is straightforward.

A general and more compact form of Eq. �1� can be writ-
ten as

dPatom
elec

d�E
�b� = 
�

i
� dTi

dPi

dTi
�b�� � �
�E − 


i

Ti� , �2�

where the index i runs over all electrons for each subshell
�e.g., 2s, 2p, 3s, and 3p for a K atom�. Here the inner shells
�1s for the K atom� have not been taken into account since
they are kinematically suppressed for protons at 100 keV.
Equation �2� corresponds to a series of convolutions of indi-
vidual single-electron energy-loss distributions and thus the
whole distribution is unitary.

B. Monte Carlo simulations of MEIS energy-loss spectra

In order to calculate the energy-loss spectra relevant to the
real MEIS experiment, one must consider the interactions
along the scattered ion trajectories using the SILISH code
referred to in the Introduction. Briefly, to achieve this, as in
the VEGAS program28 the lattice positions of the adsorbate
and substrate atoms are stored in an array. For each imping-
ing projectile, the target atoms are displaced according to
their one-dimensional root-mean-square thermal vibrations,
and the ion trajectory is determined by a sequence of binary
collisions. In each of them, the scattering angle is obtained
by using the Moliere scattering potential, the ion energy, and
the impact parameter. The scattering angle is used to deter-
mine the new ion direction as well as the recoil-energy trans-
fer to the target atom. In contrast to the VEGAS program,
however, the impact parameter is also used to select the as-
sociated inelastic energy loss tabulated from calculations
based on Eq. �2� for different targets and impact parameters.
The target atoms are selected by considering the atoms inside
a cylinder with radius rmax and axis parallel to the ion inci-
dent direction.

The flux of incident ions at each lattice position is then
stored in a 2D matrix, where each bin, representing the trans-
verse ion position, contains not only the number of projec-
tiles but also the histogram of ion directions and energy
losses. The same calculation is performed for the outgoing
ions in the detection direction using time reversibility. The
incoming and outgoing tracks are connected by using the
corresponding flux matrices, together with the position of the
backscattering atom according to its thermal vibration. Only
trajectories within the same scattering plane are connected.
The corresponding energy loss for the whole ion trajectory
therefore consists of the energy loss due to the incoming and
outgoing paths, as well as to the elastic and inelastic energy
loss in the hard scattering collision. In this way, the variation
of the kinematical factor due to different scattering angles is
also taken into account.

IV. RESULTS AND DISCUSSION

As remarked in the Introduction, the energies and occu-
pation numbers of the shallow core levels of the three alkali
metal atoms studied here do vary significantly, with the ab-
sence of intermediate-energy d states in K relative to Rb and
Cs being particularly significant. We therefore first report the
results of the theoretical energy-loss spectra from these three
atoms for 100-keV H+ scattering without the incorporation
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of any instrumental broadening. Figure 1 shows the results of
the coupled-channel calculations for the energy-loss prob-
ability of 100-keV H+ projectiles colliding with atomic K,
Rb, and Cs at an impact parameter, b, close to zero, corre-
sponding to a large scattering angle �note that these spectra
are essentially identical for any impact parameter associated
with a large scattering angle8�. In this figure, each elastic
peak �located at 100 keV� is convolved with a Gaussian
function with a FWHM of 7 eV, in order to allow easier
visual comparison of the importance of the no-loss and loss
contributions to the whole distribution. Note that the areas of
these peaks correspond to the probability of no-loss colli-
sions, namely 12.2% for K, 6.2% for Rb, and 8.1% for Cs. A
notable aspect of the energy-loss distribution in Fig. 1 is the
significant contribution of excitation of alkali metal subshells
at large energy transfers. Some of the main ionization thresh-
olds for the various core electron states are labeled. While
there are clearly detailed differences in the energy-loss spec-
tra associated with the different shallow �valence and near-
valence� core levels, these effects occur within �50 eV of
the no-loss peak and are unlikely to be resolved in the ex-
periments �with an instrumental resolution of �250 eV�.
More notable in this regard is the significantly larger inten-
sity at higher-loss energies in the 200–400 eV range for Rb
and Cs, relative to that for K. This difference can be assigned
to the role of the d-state excitations and it is these contribu-
tions which are expected to give rise to an enhanced asym-
metry in the experimental spectra which are subjected to in-
strumental broadening.

More detailed evaluation of the results of the calculations
reveal, however, that multiple excitations play a substantial
role in the differences in energy loss between the three alkali
atoms in this higher-energy region. In particular Fig. 2 shows

the calculated scattered ion energy spectrum for large-angle
scattering from isolated Cs atoms if one includes only single
excitations and no-loss �elastic� contributions, if one then
adds double excitations, and if one includes all orders of
excitations �as in Fig. 1�. Evidently, for Cs, the contribution
of multiple excitations becomes dominant for energy losses
greater than approximately 250 eV. Figure 3 shows how the
role of these multiple excitations differs for the three alkali
atoms. For K there is essentially no contribution from mul-
tiple excitations, but for Rb double excitations are significant
and for Cs more than 20% of the excitations are double or
higher order. These multiple excitations are exclusively for
the shallow core levels �L shell for K, M shell for Rb, N shell
for Cs� and almost exclusively involve the d states. The ma-
jor differences in the higher energy losses for the three alka-
lis are thus attributable to excitations of the d electrons, and
particularly multiple excitations of these states.

Evidently, in experimental spectra that suffer significant
instrumental broadening, it is the increasing importance of
relatively high energy ��100–150 eV� losses for the heavier
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FIG. 1. �Color online� Calculated results for the energy-loss
distribution for H+ ions impinging on isolated atoms of K, Rb, and
Cs at small impact parameter. The no-loss features have been con-
volved with a narrow Gaussian �FWHM approximately 7 eV� in
order to broaden them sufficiently to allow their inclusion in the
plots and aid visual assessment of their relative importance. The
scattered ion energies take no account of elastic-recoil energy loss.
Thresholds for single ionization of some of the shallow core levels
are labeled.
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orders of multiple excitation �as shown in Fig. 1�. Other details are
as in Fig. 1.
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FIG. 3. �Color online� Pie-chart representation of the relative
contributions of different orders of excitations to the scattered ion
energy spectra for 100-keV H+ scattering at large scattering angle
from K, Rb, and Cs atoms. Zero excitation corresponds to pure
elastic scattering, single to single electronic excitations of an atom,
etc.
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alkali atoms that is expected to be the main observable ef-
fect. This expectation is confirmed by the results of Fig. 4,
which show theoretical spectra for 90° scattering after broad-
ening by convolution with a Gaussian with a FWHM of
250 eV, the value found to give the best description of the
instrumental resolution of the associated experiments. Notice
that for scattering from Rb and K, Fig. 4 also shows the
difference in the expected spectra for a single isotope, and
for the naturally-occurring abundance ratio of the two main
isotopes. The additional broadening introduced by the two
different masses is actually much more noticeable for K than
for Rb, because while the abundance of the dominant isotope
is higher for K, the relative difference in the masses of the
two components is larger, and the lower-abundance higher-
mass isotope leads to a high-energy “tail” on the calculated
scattered ion energy spectrum. Note that while Figs. 1–3
show information relating to the energy-loss spectrum ex-
tracted directly from the atomic calculation used to generate
the loss spectrum as a function of impact parameter, Fig. 4
and subsequent figures, shown to aid experiment/theory
comparisons, are based on the use of the SILISH program
used to calculate the energy loss over different scattering
trajectories for the actual surface structure.

An important issue in comparing theoretical and experi-
mental ion energy spectra is how one deals with the broad-
ening in the experimental data due to instrumental effects,
most notably the energy spread in the incident ion beam and
the response function of the toroidal ion energy analyzer.
Without detailed knowledge of this instrument function, it is
clearly important to constrain its permitted form or one can
always get a good fit by adjusting this component. In our
earlier investigation of scattering from the Si�111� /Y
system,8 we assumed only that the instrument response func-

tion must be symmetric, but could take the rather general
form that the intensity as a function of energy, E, should be

I = I0 exp�− �ln�2�/2	�E/FWHM�w� .

We then also noted that as the expected, unbroadened spec-
trum �Fig. 1� is highly asymmetric, with a much sharper
high-energy cutoff, we should adjust the instrument function
to give a good fit to the high-energy side of the experimental
peak. Interestingly, this procedure led to a value for the ex-
ponent, w, of almost exactly 2; i.e., the optimal instrument
function is essentially Gaussian. Based on this, in the present
study it was assumed that the instrument function was
Gaussian, and only the FWHM value was adjusted to find a
value which gave the most consistent fit to the data from all
three alkali metals. The resulting value was 250 eV.

Figure 5 shows these same broadened theoretical spectra
of Fig. 4 compared with the equivalent experimental spectra,
all recorded in the same scattering geometry, with ion inci-

dence along �1̄1̄0	 and detection along �001	, corresponding
to a 90° scattering angle. Clearly the agreement for the Rb
and Cs scattering data is excellent, but less good for the K
scattering measurements. The origin of the mismatch of
theory and experiment in the low-energy side of the K scat-
tering peak is not entirely clear. Our inability to correct for
the sawtooth distortion on the two-dimensional detector due
to the low scattering signal and poor signal-to-noise ratio,
mentioned earlier, may be a contributory factor, although this
would be expected to lead to a general broadening and not to
the presence of the enhanced intensity in the wings. Increas-
ing the width of the Gaussian function, used in the convolu-
tion with the theoretical spectrum to represent the experi-
mental resolution, by 10–20 eV, did lead to a marginal
improvement in the overall fit, but failed to address the main
discrepancy of the low-energy shoulder in the experimental
data. One possible reason for this feature is a small amount
of subsurface Ar or K. In initial low-resolution measure-
ments, when Ar ion sputtering was used for sample cleaning,
a similar effect was seen but with substantially greater inten-
sity. The data presented here were recorded after a substan-
tial number of cycles of Ne ion sputtering, but it is possible
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FIG. 4. �Color online� Calculated results for the energy-loss
distribution for H+ ions impinging on isolated atoms of K, Rb, and
Cs on Al�111� for 90° scattering calculated using the SILISH code
and broadened by convolution with a Gaussian of FWHM 250 eV
to represent the instrumental broadening. For Rb and K, the effect
of including the two different isotopes is also shown. The scattered
ion energy scale has been offset by the kinematic correction asso-
ciated with the recoil energy loss.
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FIG. 5. Comparison of the experimental scattered ion energy
spectra from the K, Rb, and Cs overlayers on Al�111� atoms for 90°
average scattering angle with the theoretical predictions of Fig. 2.
The full lines are the results of the theoretical simulations, and the
different symbols correspond to experimental data points from
separate measurements. The scattered ion energy scale has been
offset by the kinematic correction associated with the recoil energy
loss.
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that a small amount of implanted Ar from the earlier cleaning
still remained in the near-subsurface region of the newly pre-
pared surface. The second possibility is the presence of some
subsurface penetration of the K. Because of their very large
atomic radii, one does not generally expect subsurface pen-
etration of alkali atoms in Al, but K is the smallest of the
three atoms investigated, and it is notable that penetration to
the second layer of Al�111� is well-established for the even
smaller Na atom �e.g., Ref. 29�. Deeper penetration has never
been reported, but most surface science techniques are rela-
tively “blind” to this effect. In view of the fact that the en-
ergy of the low-energy shoulder implies an implanted Ar or
K distribution peaking several layers below the surface the
interpretation based on Ar seems more probable. Despite this
somewhat poorer quantitative fit to the K data, a clear feature
of this experimental scattered ion energy peak is that it is
significantly narrower and more symmetric than those from
Rb and Cs, fully consistent with the theoretical prediction.

One further question we may address is the influence of
different scattering geometries on the energy-loss spectrum.
In principle, even for an adatom on a surface, the scattering
geometry could influence the spectrum through two mecha-
nisms. Firstly, different scattering angles involve different
impact parameters in the hard collision, and this difference in
the local trajectory of the ions close to the scatterer could
influence the energy-loss process, although, as we have re-
marked above, the atomic calculations indicate very little
difference in the energy-loss spectrum for a wide range of
scattering angles. Secondly, if the scattering geometry in-
volves either incident or scattered ion trajectories that are
grazing relative to the surface, one may expect to see addi-
tional broadening due to excitation of electrons associated
with the Al substrate atoms. As the experimental scattered
ion energy spectrum from Cs shows the strongest asymmetry
due to inelastic losses, measurements and calculations have
focused on this system as the one most likely to display
significant effects. Figure 6 shows the results. In the upper
panel are shown experimental spectra recorded in four dif-
ferent scattering geometries: 90° scattering angle �incidence

direction �1̄1̄0	 and detection along �001	, with associated
polar incidence and detection angles of 35.26° and 54.74°,
respectively, relative to the surface normal�; 125.27° scatter-

ing angle ��1̄1̄0	 incidence, �112	 detection, associated polar

angles of 35.26° and 19.47°�; 100.03° scattering angle ��1̄1̄2̄	
incidence, �332̄	 detection, associated polar angles of 19.47°

and 60.50°�; 125.27° scattering angle ��1̄1̄2̄	 incidence, �110	
detection, associated polar angles of 19.47° and 35.26°�. No-
tice that the second and fourth geometries �each with a scat-
tering angle of 125.27°� simply involve a switch of ingoing
and outgoing trajectories, so the interaction with the Cs atom
should be identical. There appears to be no systematic dif-
ference between the shapes of these four spectra. In the
lower panel are shown a series of theoretical simulations of
these experimental geometries �shown in the graph by the
same symbols� and of three other geometries not investigated
experimentally. The simulations of the experimental data in-
dicate that there should be no discernible difference between
the energy-loss spectra in these four different scattering ge-

ometries, consistent with our view that the atomic calcula-
tions show no differences between these three �large� scatter-
ing angles, and that the ion trajectories are too distant from
the underlying Al atoms to be influenced by interaction with
these substrate atoms. The additional theoretical spectra,
however, show that if the ion trajectory is only 10° from
grazing, a small additional broadening is seen due to inter-
action with the Al atoms, and this effect becomes signifi-
cantly more pronounced for grazing angles of 5° and 3°;
notice that for these three geometries the incident ion direc-

tion is the same, along �001̄	, but the outgoing trajectory is
increasingly grazing.

V. CONCLUSIONS

The results of our experimental measurements of the scat-
tered ion energy spectra from essentially single-atom scatter-
ing of 100-keV H+ ions from K, Rb, and Cs compare very
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FIG. 6. �Color online� Data showing the influence of different
scattering geometries on the energy loss spectrum of 100-keV H+

ions scattered from Cs adsorbed on Al�111�. The upper panel shows
experimental data recorded at different scattering angles in scatter-
ing geometries described in the text. The lower panel shows the
results of simulations for the same scattering geometries and for
three other scattering geometries involving more grazing exit angles
�polar angles of 80°, 85°, and 87° corresponding to grazing angles
of 10°, 5°, and 3°�.
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favorably with the results of theoretical calculations which
consider explicitly the energy loss associated with atomic
electronic excitations, a description which promises to allow
far more quantitative analysis of MEIS data from ultrathin
surface layers. In particular the theoretically predicted pro-
nounced asymmetry of the ion energy spectra scattered from
Rb and Cs atoms, which appears to be most strongly related
to 3d and 4d electronic excitations, respectively, and an in-
creasing importance of multiple excitations, is reproduced
essentially exactly by the experimental data. For scattering
from the K atoms, the experimental spectra reproduce the
theoretically predicted near-symmetry of the scattered ion
energy peak, but show an additional low-energy shoulder not
predicted by the theory; this effect may be attributable to the
nature of the sample preparation.

Comparison of the theoretical and experimental results for
scattering from Cs adsorbed on Al�111� also show that the
energy-loss spectrum is essentially independent of scattering
angle for single-atom collisions at large scattering angles,

while the results also show that inelastic losses due to inter-
action with the Al substrate are only significant for very
grazing ion trajectories on this surface in which the Cs atoms
lies significantly above the near-neighbor Al atoms.

The results appear to be very encouraging for this ap-
proach to analysis of the MEIS data aimed at exploiting the
best possible �atomic-scale� depth resolution. Further tests
involving scattering experiments from well-characterized
solid surfaces, in which scattering trajectories involving sur-
face and subsurface inelastic losses, are now being investi-
gated to extend the original investigation of this type on
Al�110�.
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