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Abstract

Low-gnergy ion scattering spectroscopy is used to obdain real space surface imagmg of the atomic surroundings of different foc
metal surfaces. Scattered He™ jons were mapped over a large solid angle sector. By wsing an universal shadow cone expression, it is
possible (o invert the angular maps into two-dimensienal real space maps. The inversion procedure is tested on Pu111), Caf{001)
and Al{111} surfaces getting nearest neighbour atoms up to a distance of 4 A. Furthermore, for known surfaces the maps also allow

to extract information on the scaitering mechanism itself.
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1. Introduction

Low-energy ion  scattering  spectroscopy
(LE-ISS) is a well-known techmique for surface
analysis. Bombarding a surface with noble gas
ions of some hundred of ¢V and measuring the
energy and angular distributions of the recoiled
ions, the elemental composition and structure can
be determined.

The technique is based on the fact that the
elastic scattering of the incoming ions is the preva-
lent mechanism for their change in energy and
momentum, At energies from 100 to 10 keV the
classical theory of ISS considers the ion-surface
scattering as a sequence of elastic two-body colli-
sion events. In this model, each ion reflected by
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the surface experiences an energy loss as a con-
sequence of elastic scattering while the influence
of the surrounding atoms is neglected. Hence, for
a given scattering angle, its final energy 1s directly
related to the mass of the target atom. By acquiring
energy spectra of the reflected ions an elemental
analysis of the surface can be carried out [1-3].

On the other hand, the noble gas ions which
penetrate the surface or suffer multiple collisions
are readily neutralised owing to their high electron
affinity (E,,( He)=24.6 ¢V ) compared to the work
Function of the sampled materials. Consequently,
they are not detected by the electrostatic energy
analysers typically used in [S5. This effect topether
with the large cross section for elastic scattering,
makes ion scattering spectroscopy sensitive to the
topmost atomic layer [1-3].

Angle resolved ISS is widely used (o determine
nuclear positions in real space. Examples are the
measurement of adatom positions relative to the



surface [4], the determination of nearest neighbour
distances and the evaluation of the surface order
[5]. These methods offer great flexibility due to
the broad range of useful energies and incoming
1on masses [2].

In the literature we find only few studies where
the surface order is determined by a complete
angular mapping of the scattered ions and/or
neutrals [6]. A well established method for the
inversion of such complete angular maps into real
space atom coordinates is not yet available. For
the interpretation of the azimuthal and polar scans,
several methods use trajectory caleulations with
different interaction potentials between incoming
ions and surface atoms [1]. These molecular
dynamics methods lead to the direct interpretation
of the intensity features along high symmetry
directions. Additional fine structure showing up in
complete angular maps of scattered tons, however,
are not considered because of the greal amount of
computing time necessary [1].

In the present work we demonstrate how new
insight can be obtaimed applying a new data repre-
sentation in terms of real space coordinates. The
method is based on the binary collision approxima-
tion wsing the Molitre potential [7] for the ion-
atom interactions. In particular, we show the
following;

(1) Taking advantage of the continuous polar
and azimuthal angle-scanning of the ion beam
incidence-angle we are able to give a real-space
map of ordered surfaces.

{2} The interpretation of various fine structure
features is much easier and direct when complete
ity $i,} angle maps are available.

(3) For known surface structures, we can get
information on the surface scattering mechanism.

Furthermore, the mapping procedure is tested
for different target atom masses, different Jow
index surfaces and different incidence ion beam
kinetic energies.

2. Experimental method
The analysis system 15 based on a modified

Vacuum Generator ESCALARB Mk 11 spectrometer
[8] with a base pressure of 2x 10 mbar,

equipped with a three channeltron hemispherical
electrostatic encrgy analyser, 8 Mg Ko and 5i Ka
twin anode X-ray souree, a quadrupole mass spec-
trometer and a low-cnergy electron diffraction
{LEED) system. The ion beam was produced by
a VG AG 60-185 [on Gun with a nominal angular
spread of 0.2°. In the present experiment the feed
gas for the ion gun is He (99.997% pureness).
During operation, a liquid nitrogen trap is acti-
vated on the He line in order to purge the He gas
from residual impurities, With the ion beam on,
the partial pressure in the analysis system is
2 % 10~ ® mbar. The relative angle between the fixed
ion gun and analyser is Y giving a scattering
angle of #,,=9%" (Fig. 1}. X-ray photoelectron
spectroscopy and LEED are used to check the
surface cleanliness and order, respectively.

The sample is mounted on a xyz manipulator
with 2 rotational axes. Rotations are motorised
and computer controlled such that the incidence
polar angle &, (with respect to the surface) and
azimuthal angle ¢;, can be swept over the whole
hemisphere above the sample { Fig. 1) and a series
of energy spectra can be recorded automatically
on a predetermined set of angles (#,, d:.).

The nominal analyser energy resolution is 1%
of its pass energy which can vary from 0.1 to
206 eV, We used the maximum pass energy because
the present siudy was performed on clean surfaces
where only one element is present on the surface
and, consequently, only one peak is present in the

lon gun Energy analyser
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Fig. 1. Schematic representation of the experimental geometry.
The scattering angle &, 15 fixed te 90" while the incidence angles
it and ¢, can vary continuously by rotating the sample.



ISS energy spectra. The angular tesolution is regu-
lated by a system of slits inside the energy analyser
and it is fixed in this experiment to 2°.

The experimental procedure consists in the
acquisition of the intensity of the [85 peak associ-
ated with a specific target atom for each (8, &)
setting. Intensities are recorded for up to 4000
angular settings. The sample normal, the analyser
direction and the incident beam direction are
coplanar for all the angular settings. The geometri-
cal arrangement is such that the surface normal
points to the analyser entrance slits when the
incident beam is parallel to the surface (Fig. 1}
For the scattering angle &,,=9%0%, the energy E|
of the He® reflected ions is determined by
E =E, (IM—4)iM+4) where M is the mass of
the scatterer atom on the surface and £, the ion
beam kinetic energy [1].

The acquisition of a complete angular map takes
up to 9 min. In order to evaluate the surface
damage caused by sputtering we monitored the
LEED pattern. For all the studied surfaces, the
diffraction spots are still sharp after the data
acquisition even though a higher inelastic back-
ground intensity is visible. On the other hand, we
scan the ion beam on a 0.5c¢m® area and the
typical sample current is below 10nA. On this
basis, we conclude that the surface damage is
usually small although it could become a major
problem for time consuming measurements.

3. Theoretical background

It is well known that the single binary collision
approach is sufficient for the elemental analysis of
surfaces [1-3]. On the other hand, we need to
consider two events in order to understand the
features of angle resolved measurements. The first
one is a focusing event in which the weakly
deflected ion trajectories become more dense on a
cone around a first target atom (Fig. 2a). As a
consequence, the incoming ion flux is zero behind
the atom and at the maximum on the wall of the
so-called shadow cone. The sccond event is the
large-angle scattering of the incoming ions into
the analyser. When rotating the sample, cach time
a neighbour atom passes through the shadow cone

Shadow cone
(a)
Analyzer
ton Beamn
Bin
(b

Fig. X, (a} The ion scattering mechatism is producing an “ion-
free” shadow cone beyond the target atom. Small angle scatter-
ing events lead to a focusing of the incoming trajeciories on a
shadow cone wall: the ion fAux & va distance d from the shadow
cone centre @(a) i peaked in correspondence with the cone
radius r. {b) Large angle scattering events are ehhanced when
the nearest neighbour atom is placed on the shadow cone of
the target atom. The effect is amplified for close packed rows.

wall produced by the first scatterer ( Fig. 2b), the
probability of large angle scattering events
increases giving rise to @ maximum in the intensity
of reflected ions. The whaole process is still labelled
“single” or “‘gquasisingle scattering™ because the
first event changes only slightly the energy and the
momentum of the incoming ion. For a fixed scat-
tering geometry, the scattered ion energy is mainly
determined by the mass of the second scatterer.
In angle-resolved 1SS, at very grazing incidence
{#,,=0) each surface atom lies in the shadow cone
of its neighbour and the large angle scattering
intensily is practically negligible. At a ertical angle
fl. a drastic increase of the scanering intensity due
to quasisingle scaltering events involving surface
atoms takes place (Fig. 3a). The critical polar
angle 8, is strictly related to the scattering geometry
involving atoms in a chain, corresponding to the
situation where the second scatterers pass through
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Fig. 3. (a} An cxample of polar scan J¢,,(8,) For the Cu peak intensity for the 2000 &V He* — Cu{001) system. The azimuth is fixed
along the [100] surface direstion. (b) Greyscale representation of the angular map £, é,) for the 2000 ¢¥ He™ — Cul001) system.
The vertical doted line indicates the polar scan shown in (ab. {c) Azimuthal scans collected on a 1207-azimuthal sector above a
Cu{001} sarmple in a waterfull representation. The He* ion energy is 2000 eV, The incidence polar angle step ig 1° while the azimuthal
angle step is 2°. The curves obtained at 9°, 167 and 20° are shown with a thicker line {see text]. {d) The shadow conc radius 7 vs the
distance { bevond the surface tarpet atom (filled circle) after the Oen formulas for He™ ions impinging with a kinetic energy of
2000 ¥ on a Cu atom. The incidence polar angle 8] is chosen to correspond to the critical angle & for an atom (empty circle) al
the distanee d, located at [, 7o) on the shadow cone #(1). (e} Knowing the shadow cone form and the impact polar angle 8, it is
possible to determine the distance between the first (smalk-angle) scatterer and a second (large-angle) scatterer. The azimuthal angle
#% defines the x, and v, coordinates of the second scatterer within the surface plane.

the cone walls. When the incidence polar angle
ft,, is greater than the critical angle §, for nearest
neighbour atoms, the Jarge angle scattering events
involve exclusively the atomic layers below the
first one.

In a series of polar scans we can identify the
critical angle for every azimuthal direction. In fact,

in the series of polar scans as displayed in a prey-
scale representation in Fig. 3b, a distinct intensity
enhancement occurs between 15 and 19° depend-
ing on the azimuth. For comparison, the series of
azimuthal seans equivalent to Fig. 3b are plotted
in Fig. 3c using the traditional representation of
angle-resolved 185,



Knowing the form of the shadow cone radius
rif) { Fig. 3d). with [ the distance beyond the first
seatterer, the critical angle can be determined as
f), =arctan{ry/fy;y with an associated distance
dy =\¥E+15. In general, we can pass from the
relation r{f) for the shadow cone to the function
d(#,) for the surface atoms. Having the distance
between a pair of surface atoms and its az-
muthal direction ¢, we are able to locate the
second scatterer in the x—v real-space plane, ie.
we find its relative coordinates xp=dl, cos (¢y,),
vo=dyp sin {¢,) where ¢, is the azimuthal angle
with respect to a fixed surface direction {Fig. e}

Once an J{th,, ¢, ) map of the scattering intensity
(Fig. 3b) is obtained over a large solid angle and
the form of the shadow cone {Fig. 3d}) is known
we can perform a mapping into the x—y real-space
plane. Starting from a (x, v) mesh {Fig 3¢) of
surface coordinates we calculate the corresponding
dy and ¢%, for each couple (xg, yg). Finally, we
invert d(f,) in order to find 72, With &, and ¢5,,
the intensity to be plotted at (x4 vo) 5 found by
interpolating the experimental f{fh,. ¢;,) { Fig. 3b),

It is clear that the important factor for the
mapping procedure is the knowledge of the shadow
cone shape. In the first approximation, r(f) is
caleculated wsing the Coulomb interaction between
the Z, electrons of the ion and the £, electrons of
the target atom, In this case the shadow cone
form is a simple parabola (r(/)=2Vh with
b=(Z, Z,¢*)/(E;)) and the function () is
die_y=(4b)(tan0. N1 +tan” (&, . [n the last
decades several models have taken corrections (o
the Coulomb potential into account [2]. In 1983,
Oen calculated a universal expression for the classi-
cal shadow cone formed behind an atom [7]. He
used the Moliére screened potential with a screen-
ing length o, given by the Lindhard formula
a=04685(Z3+ Z3*1712 [9]. It is then possible
to determine the shadow cone radius v as a function
of the distance [ behind the target atom. The
formulas are given below and referred to as the
Oen formulas

(M2VBH=1=0.12 +0.010? (h
where <2 =<4.5,
(M 2B =0.924— 0,182 In{x) + 0.0008x (2)

where 4.5<2= 100, with x=2Vbllu and E, the
incoming ion energy. The inversion of these formu-
las is no more possible to find out analytically the
dependence of !, from  and a numerical approach
is used in the inversion procedure. Motice that the
formulas do not contain adjustable parameters.

The shadow cone radius varies over a broad
range. It becomes large when the projectile and
target atom masses are high or the incoming 1on
kinetic energy is low. Using He™ ions as projectiles
we have, for example, large radil for scattering
from a Pt surface or using small kinetic energies.

In the complete (i, ¢) maps features of enhanced
intensity can be observed over a wide range of
angles in the complete (. §) maps. However, high
intensity cannot always be interpreted as positions
of atoms in real-space as described before, because
of the finite dimension of the shadow cone wall.
Such effects, appearing away from the high symme-
try dircctions. will be discussed below.

4. Results and discussion

In Fig. 3¢ azimuthal scans are plotted for a set
of polar angles on a 120 -aximuthal sector, He*
ions of 2000 eV are used on Cu(D01). In the angle-
resolved curves we can recognise the usual features
of an IS5 experiment: the azimuthal scan at
t,=9 shows minima along the [100] and [110]
directions for ¢, =36 and ¢,, =81 . respectively.
A shallow minimum is located at 547 pointing
along the [210] direction. Notice, however, that
glong [110] an intensity maximum is reached
around #,=20" and in the [l00] dircction this
happens around #, =16". Qualitatively this is in
accord with the expected higher incidence angle
for intensity enhancement along the closer
packed rows,

In order to corroborate the inversion procedure
described in the preceding section we will examine
in the following several systems, varying the target
atom mass, the ion kinetic energy and the surface
geometry, T{(h,, ¢ maps such as those of Fig, 3b
arc acquired on Pt{111} for He™ ion energy at
1000 and 2000 ¢¥ and on AL(111) at 500 eV,



4.1, Cuf i} )

Fig. 4a reports the ISS real-space mapping of
the Cu(00] ) surface acquired using He™ 1ons with
a kinetic energy of 2000 eV. The J{x, ¥} v.?lues are
obtained as described in Section 3. A 10 A-square
area 15 mapped around the first scatierer, 1.e. the
shadow cone “producer”. A distance range from
1.65 to 5.0 A corresponds to a varation of the
incidence polar angle ¢, from 257 to 12°. The
range below 1.65 A (or above 25 incidence angle)
was not mapped in order to aveld second laver
contributions. For each ¢, the complete azimuthal
range is measured with an azimuthal step of 1°,
On the top-right part of the image. circles are
placed at the ideal atom position around the
central scatterer.

Analysing the picture we can fix our attention
on the feature labelled A, Performing a radial cul
{ Fig. 4b) from the central scatterer, 1.e. the shadow

Het 2000 eV

Cu(001)

(a) X (A)

cone producer, along the [110] direction we have
an intensity enhancement which reaches its maxi-
mum at a projected distance o equal to 2.49 A,
This is repeated for all symmetry related {110%
directions. We assign the feature A to the ion
scattering enhancement due to the transit of the
nearest neighbour through the shadow cene of the
central scatterer. In other words A is the image of
the nearest neighbour whose ideal position is at
2,56 A, i.c. 0.07 A away from the position revealed
by IS5 mapping. Each pair of surface atoms
aligned in this direction is contributing to the
signal, Repeating the same procedure for the {1005
directions (Fig. 4b) we find maxima of intensity
such as B at 3,55 A from the centre. This corres-
ponds to the second nearest neighbour {the 1deal
distance is 3.61 A). We emphasise that the posi-
tions are determined using only the Oen formulas
without any further data treatment. The width
along the radial dircctions of the features A and

[010]
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Fig. 4, {ad 155 map of the Cu(001 ) surface obtained by inverting the fif,, &, map acquired using 2000 eV He™ ions, Intensity is
given in greyseale where black (white) corresponds 1o intensity minimum (maximum). On the cght side of the map, solid line circles
are placed around the true surface siom positions and the [110] and [100] directions are indicated by arrows. The map is obtained
following the procedure described in the text. The raw data are averaged exploiting the 4-fold symmetry and a smooth background
is removed. Only the region for o = 1.65 A is reported. { b} Radial cuts along the [110] and [ (0] direction indicated i {a).
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B results from the intrinsic width of the trajectory
focusing region around the shadow cone convo-
luted with the effects of atomic vibrations [1] and
the finite angular resolution of the analyser. A
quantitative evaluation of the relative importance
of these effects is beyond the aim of this work.

The map shows the presence of high intensity
features with a parabolic form. The apices of the
parabola are placed on the features labelled A, B
and equivalent points. The scattering events gener-
ating these structures are closely related to those
we associate to the features A and B. Fig. 5 helps
to understand the origin of these structures. We
start from the geometry in which the beam lies in
the plane containing the normal and the [110]
direction of the surface. Performing a polar scan
we have the maximum associated with the nearest
neighbours at the critical incidence polar angle 0,
{Fig. 5, step 1). From this position we can
decrease 8, by Afl. Doing this we put the nearest
neighbour inside the shadow cone { Fig, 5, step 2).
Consequently, the signal intensity falls towards
zero, It s suflicient to increass (or decrease) the
incidence azimuthal angle by A¢ fixing the nci-
dence polar angle, to move the shadow cone again
on top of the nearest neighbour {Fig. 5, step 3).
An angle vartation by Af and A¢ corresponds to
an increase of the radial distance (1—=2) and a
subsequent tangential movement at a fixed radial
distance (2—-13), By varying (A#, Ad) continuously,
keeping the neighbouring atoms on the shadow
cone, we obtain the parabolic curve starting from
the features A or B in Fig 4. The existence of
these parabolic curves is another argument for the
assignment of features A and B to the images of
nearest neighbours,

From the shape of these parabolic curves we
can obtain information on the scattering process

Fig. 5. Scheme depicting the mechsnism at ihe origin of the
parabolic siructures in the 155 maps (see text), Upper panel:
changes of the impact angles, A# (1—=2) and Ag {2—3), and
the correspoiding tmpact geometry changes wre shown. [n pasi-
tions | and ¥ the first atom focuses the incident 1ons on the
second one (high scattering intensity) while in position 2 the
second atom 15 hidden from the first ( low scattenng intensity).
In the lower part of the panel the 1, 2 and 3 conditions arnc
depicted in the progcted surface map.



itself. [n fact, the limiting value of A¢ for 8, going
to zero, ie. J going to infinity, is the angular
opening of the shadow cone at the nearest neigh-
bour distance behind the first scatterer. From the
azimuthal scans at very grazing incidence {Fig. 3b
and ¢ we get the FWHM of the parabola apertures
which result in 38 +1° and 30+ 17 for the features
A and B, respectively. Hence, we can deduce that
for He” ions at 2000 eV the shadow cone radius
at a distance of 2.56 A from a Cu atom for He”
ion at 2000eV is 0.83 +0.05A and at 3.61 A it s
0.93 +0.05 A [10]. These values are very close to
those predicted by the Oen formulas, These results
are summarised in Table 1.

4.2 P 111}

In the second experiment {He* scattering on
the Pt{111) surface) we studied the influence of
the close-packing together with different scattering
conditions. As a matter of fact, the heavier Pt
atoms (Zg, =29, Zp, =78} produce wider shadow
cones while the surface is closer packed than in
the Cu(001) case,

The 1SS maps of the Pt(111) surface obtained
using He™ ions with a kinetic energy of 1000 and
2000 eV are presented in Fig. 64 and b, respec-
tively. The radial distance ranges from 1.25t0 5 A,
corresponding to incidence polar angles ranging
from 43° to 16° in the first case and from 37° to
13" in the second. Even though the scaitering
conditions are different from the previous situa-
tion, we obtain very similar features. In particular,
the atomic position determined from the maxima

along [110] directions is 2.76 A at 1000 &V where
as the ideal distance is 2.77 A. From the parabolic
intensity curves starting from the nearest neigh-
bour images we find the shadow cone radius at
2.77 A to be equal to 1.20+£0.05 A. The 1SS map
of the same surface obtained at 2000 ¢V (Fig. &b}
gives nearest neighbour intensity maxima al
251 A, The shadow cone radius at 277 A is
1.01+0.05 A,

Comparing the maps obtained at the two ener-
gics we notice that at the higher energy the shadow
con¢ parabola aperture behind the nearest neigh-
bour is narrower leaving channels open for
eventual next nearest neighbour scattering. In fact,
we notice a wider high intensity region along the
[L12]-like directions in the 2000 eV map compared
to the 1000 eV one, Culs of the ISS map of Fig. 6b
along the [211] and [112] directions are shown in
Fig. 7. For distances from the centre larger than
3 A there is an intensity increase which reaches its
maximum at 4.47 and 4.68 A, respectively. The
next nearest neighbour (ideal distance 4.8 A)
images are then represented by these broad struc-
tures. The estimated nearest neighbours distance
is systematically smaller in the real space maps.
The reason for such an error comes from the fact
that the model adopted in the present work is a
binary collision model [2] in which the collision
event is drastically simplified. All the possible
inelastic effects, such as collective excitations in
the solid induced by the incoming ions, are not
considered. These effects are related to the inter-
action of the charge of the projectile with the
electrons of the sample. They become important

Table |

Surface Experimental nn Theoretical Experimental shadow Theoretical shadow
155 max. position (A} nn distance {A)] cone radius { A} cone radius (A}

Ali11)

He™ 50 e¥ 264 286 1.27 +0.05 1.12

Pec 1l

He™ 10K eV 274 21 1.20+0.05 1.0

Peglll)

He™ 2000 eV 2.51 77 1.01 +0.05 1.1

Cufaol)

He* 2000 ¢V 140 L5 0B+ 0.05 0,82

Cufdol)

He™ 2000 ¢V 155 36l 0,93 4 0.05 (93
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Fig. 6. Greyscale 155 maps of the Poll]) surfece obtained
using He™ 1ons at 1000 eV fa) and 2000 ¢V (b). The raw data
are averaged exploiting the 3-fold symmetey and a smooth back-
ground is removed. Only the region for &=1.25 A for (a) and
d= 1.0 A for (bpis reponted. Solid line circles arg placed around
the surface atom positions.

at higher projectile kinetic energies [2]. If we
consider that the incoming ions lose part of their
energy approaching to the sample surface. the
actual shadow cone will be larger and the resulting
ncarest neighbour distance will be systematically
under-estimated. Then, it is expected that the error
increase with the kinetic energy of the ions and
with the number of electrons of the target atoms.
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Fig. 7. Radial cuts of the PL(11}} map {(He' 2000V ) along
the [211] and [112] directions. The vertical ticks are placed 1in
correspondence to the maxima,

Differences in the curves for distances lower
than 3 A are due to the second layer contributions
which are appearing along the [211] direction.

4.3 Alf 1)

The Al{111) surface, finally, represents another
limiting case because of the light atomic mass. We
show in Fig. 8 the 1SS mapping obtained using
500 eV He" ions. The map closely resembles those
obtained for Pt{111) concerning symmetry and
shape of the main features. The maximum of the
1SS signal is located at 2.64 A from the centre.
The shadow cone radius at the nearest neighbour
distance (2.86 A) is 1.27 £0.05 A,

5. Conclusions

A new method of mapping and analysing the
angle-resolved IS5 data is presented. We make use
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Fig. 8. Greyscale 185 map of the AlL111) surface obiainad
using He ™ ions at 500 eV, The raw data are averapad exploiting
the 3-fold symmetry and a smooth background is removed.
Only the region for 4= 1.0 A is reported. Solid line circles are
Maced around the surface atom positions.

of the universal shadow cone expression given by
0.5. Oen to associale to each ion impact direction
a (x, y) position on the surface map. The maps
obtained for different fee metal surfaces give quite
precisely the neighbour atom positions up to 4 A,
Various fine features can be directly associated
with the shape of the shadow cone. Studying these
shadow cone images it 15 possible to extract infor-
mation on the scattering process itself in terms of
the shadow cone radius at known distances,

The accuracy of the described mapping method
compares very well with the one of photoelectron
holography and related methods developed in the
past years [11-19]. In addition, 1588 is a wvery
surface sensitive spectroscopy. This makes our
method very useful for studies concerning, e.g.,
the topmost layer reconstruction, surface alloying
and thin film growth. Further improvements can
be obtained by adapting existent ion-trajectory
caleulation codes in order to simulate the scattering
patterns for complex surfaces where both. recon-
struction and more than one chemical element
is present.
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