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Azimuthal-angle and energy distributions of Al + ejected from Al(100) by Ar+ bombardment
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Azimuthal-angle and energy distributions of Al + ions ejected from an Al(100) surface by Ar+
bombardment have been measured and compared with corresponding measurements for Al+. Like
the Al+ angle distribution, the Al + azimuthal-angle distribution is generally quite anisotropic and
rejects the fourfold symmetry of the Al(100) surface. However, the Al + angle distribution general-
ly exhibits a much stronger azimuthal anisotropy and a much stronger sensitivity to the kinetic en-

ergy of the ejected particles than does the Al+ angle distribution. For Al + kinetic energies below
-55 eV, the intensity extrema in the Al + angle distribution occur at the same azimuthal angles as
the extrema in the Al angle distribution. However, the positions of the intensity extrema in the
Al + angle distribution shift by 45 as the kinetic energy of the Al ions increases from below 55 to
above 55 eV, while the positions of the extrema in the Al+ angle distribution are independent of en-

ergy. Preliminary molecular-dynamics simulations of the ejection process suggest possible Al +

ejection mechanisms that are in accord with the observed angle and energy distributions. These
mechanisms are consistent with the concept that Al + forms by de-excitation of 2p holes created by
energetic Al-Al collisions in the solid.

INTRODUCTION

The translational angle distributions of neutral and
singly charged ionic species ejected from ordered surfaces
by ion bombardment have been shown to be a sensitive
measure of the local geometric arrangement of surface
atoms. ' Correlations of measured neutral and ion an-
gle distributions with molecular-dynamics simulations of
the ejection process indicate that this structure sensitivity
results from the tendency for particles to preferentially
eject in directions between neighboring atoms where their
ejection path is least obstructed. ' For example, the az-
imuthal angle distributions of neutral and singly ionized
metal atoms ejected from ordered metallic surfaces typi-
cally exhibit maxima in the directions of the open spaces
between the surrounding nearest-neighbor atoms. '

Such angle distributions thereby directly reflect the local
geometric arrangement of the nearest-neighbor atoms of
the original surface. For similar reasons, azimuthal angle
distributions of singly charged atomic adsorbates ejected
from ordered substrates have been found to be sensitive
to their bonding site locations, both with respect to regis-
try with the substrate and with respect to distance above
or below the substrate surface. ' ' Recent studies
also indicate that the polar angle distribution of ejected
atomic adsorbates can be sensitive to their population in
surface, subsurface, and defect sites on ordered sub-
strates.

In this paper we present what we believe are the first
angle- and energy-resolved measurements of the azi-
muthal angle and energy distributions of doubly charged
Al ions ejected from a clean Al(100) surface by Ar+
bombardment. These measurements are compared with
corresponding measurements of the azimuthal angle and
energy distributions of ejected Al ions in order to exam-

ine how the different ionization mechanisms responsible
for emission of Al+ and Al + inAuence the angle and en-
ergy distributions of these ions.

The ionization mechanism responsible for emission of
Al + is believed to be considerably different from that re-
sponsible for emission of Al+. This is reAected, in part,
from previous measurements of the Al +-to-Al+ intensity
ratio as a function of the primary ion energy. Such mea-
surements involving polycrystalline Al foils have shown
that the yield of Al + decreases much more rapidly than
that of Al+ as the primary ion energy decreases below
—5 keV and that the onset of emission of Al + requires a
much higher primary ion energy than does the onset of
Al+ emission. The yield of Al + as a function of the pri-
mary ion energy has also been shown to correlate strong-
ly with Auger electron and x-ray emissions. ' ' These
results have been interpreted as indicating that Al ions
are probably formed by violent collisions that produce Al
2p core level vacancies which subsequently decay by
Auger deexcitation to produce the doubly charged Al +

ions. ' ' Analysis of electron correlation diagrams and
recent measurements of Auger electron emission by ion
bombardment of Al surfaces' ' indicate that for Ar+
bombardment, as used in this work, 2p vacancies are
most likely created by symmetric Al-Al collisions as op-
posed to asymmetric Ar+-Al collisions. By contrast, Al+
formation is believed to involve valence shell ionization
by a "surface effect" such as resonant tunneling of a
valence electron from the ejecting atom to an empty level
in the surface. ' The formation of Al+ is thus expected
to be much less dependent on highly energetic Al-Al col-
lisions than is the formation of Al +

Since the dynamics of ejection of atomic species from
solid surfaces is governed primarily by the dynamics of
momentum transfer between colliding atoms, we expect
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that any differences in the Al-Al collisional energies re-
quired to produce Al+ and Al + will produce differences
in the angle and energy distributions of ejected Al+ and
Al +. Our results show that substantial differences do in
fact exist between the angle and energy distributions of
ejected Al+ and Al + ions. Preliminary molecular-
dynamics simulations of the ejection process suggest pos-
sible ejection mechanisms that appear to be consistent
with our observed angle and energy distributions. These
mechanisms also appear to be consistent with the require-
ment of high energy Al-Al collisions in the Al + forma-
tion process.

EXPERIMENT

The angle resolved secondary ion mass spectometry
(ARSIMS) measurements were performed in a two-level
turbomolecular-pumped stainless steel UHV chamber
(base pressure = 5 X 10 ' torr) that is also equipped
with Auger electron spectroscopy (AES), low-energy elec-
tron difFraction (LEED), and thermal desorption spec-
troscopy techniques. The primary Ar+ ion beam used in
the ARSIMS measurements was generated by a Coultron
model G-2 ion gun and was mass analyzed by a Wien ve-
locity filter. All experiments were performed with 4.5-
keV Ar+ ions impinging on the sample at normal in-
cidence and with a current density of 5 X 10 Ams/cm .
The primary ion beam was collimated to a diameter of
2.4 mm by a grounded aperture located —3 cm in front
of the sample. Secondary ions emitted from the sample
surface were accepted into a Bessel box energy analyzer
through an entrance aperture located in a grounded
shield placed around the end of the energy analyzer.
After passing through the energy analyzer, the secondary
ions were subsequently mass analyzed by an Extranuclear
Laboratories quadrupole mass spectrometer and detected
using pulse counting techniques.

The azimuthal angle (P) of the detected secondary ions
could be varied from 0 to 180 degrees by rotating the
crystal about its surface normal. The azimuthal angle is
defined relative to the crystal orientation, as determined
by LEED, in Fig. 1. All reported azimuthal angle distri-

butions were obtained at a fixed polar angle of 45 degrees,
as measured from the surface normal, by measuring the
Al+ or Al + signal intensity at discrete 10-degree inter-
vals from 0 to 180 degrees. From the sample position
and aperture sizes, we estimate the angular resolution to
be -7'.

The Al(100) crystal was obtained preoriented and pre-
cut from the Monocrystals Company (99.999% purity)
and was subsequently mechanically polished using stan-
dard techniques. The crystal was mounted on a sample
holder via two stainless-steel clips. A chromel-alumel
thermocouple was attached to one mounting clip for
monitoring the sample temperature. Heating was accom-
plished by electron bombardment from behind the sam-
ple. The surface cleaning procedure consisted of many
cycles of annealing to 450 'C and ion bombardment. Sur-
face cleanliness and orientation were verified by AES and
LEED, respectively.

RESULTS AND DISCUSSION

Before describing measurements of the azimuthal angle
and energy distributions of the Al+ and Al + secondary
ions, we first show in Fig. 2, the variation of the Al +-to-
Al secondary-ion intensity ratio as a function of the pri-
mary Ar+ ion energy. The values plotted in Fig. 2 corre-
spond to 7.5-eV Al+ and 15.0-eV Al + ion intensities
averaged over azimuthal angles from /=0' to 180'. In
agreement with previous studies involving polycrystalline
Al(9), the Al +-to-Al+ intensity ratio is seen to decrease
rapidly with decreasing primary ion energy. Emission of
Al + nearly ceases altogether for primary ion energies
below -2 keV. This result suggests that emission of
Al + from Al(100) probably requires much higher col-
lisional energies than does emission of Al . This is in ac-
cord with the concept, described above, that emission of
Al + involves the formation of Al 2p core level holes by
violent Al-Al collisions whereas Al+ formation occurs by
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FIG. 1. Definition of the azimuthal orientation of the Al(100)
plane.

FIG. 2. Al -to-Al+ intensity ratio vs the Ar+ primary ion
energy. (See text for a description of experimental conditions. )
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a valence ionization process. In the sections that follow
we describe measurements of the azimuthal angle and en-
ergy distributions of the Al+ and Al + secondary ions
and examine how these distributions are inAuenced by
the different ionization mechanisms involved in Al+ and
Al + emission process.

s~
CO

Q) 2
Cs~
U
0)
N4~
tO

~p
~P e ~~~of

V&

l I f I l i I

2P 4P 60 80 100 120 140 160 18P

Azimuthal angle (deg)

6
(2+

]"0

j g

3- I 1
r

t
E 2

Pe &~peal I

1
'a

I i I I I I I I

20 40 60 80 100 120 140 160 180

Azimuthal angle (deg)

FIG. 3. Azimuthal angle distributions of Al+ and Al + eject-
ed from Al(100) at kinetic energies of 7.5+3 and 15.0+3 eV, re-
spectively.

Angle distributions

The azimuthal angle distributions of the Al+ and Al +

ions that ejected from the Al(100) surface with kinetic en-
ergies of 7.5+3 and 15+3 eV, respectively, are shown in
Fig. 3. The intensity variations in this figure are plotted
relative to the minimum intensity for each angle distribu-
tion. The fourfold symmetry of the Al(100) surface is
clearly reAected by the angle distribution of both ions
which exhibit intensity maxima at /=45' and 135 and
minima at / =0', 90', and 180 . Comparison of the angle
distributions with the crystal orientation, illustrated in
Fig. 1, shows that the preferred ejection angles (/=45
and 135'), for both Al+ and Al + correspond to ejection
in the directions of the open spaces between surrounding
nearest-neighbor Al atoms on the original surface. How-
ever, while the angle distributions of Al+ and Al + ex-

hibit maxima and minima at the same azimuthal angles,
the angular anisotropy of Al is seen to be considerably
greater than that for Al+. For the angular anisotropy
de6ned as the ratio of the maximum to minimum intensi-
ty for each angle distribution, the azimuthal anisotropy
of Al+ is —1.4 while that for Al + is -4.4.

The preference for Al+ to eject in the directions be-
tween surrounding nearest-neighbor atoms is in agree-
ment with previous ARSIMS measurements and with
computer simulations of metal atom ejection from or-
dered metal surfaces. ' The computer simulations
show that metal atoms preferentially eject in the direc-
tions between nearest-neighbor atoms simply because
their ejection path is least obstructed in these directions.
Ejection directly toward nearest-neighbor atoms, on the
other hand, is often blocked by strong repulsive scatter-
ing. The azimuthal angle distribution of Al+, therefore,
reAects the local geometric arrangement of the nearest-
neighbor atoms of the original surface directly through
the inAuence of scattering interactions between the eject-
ing atom and its nearest neighbors. The fourfold symme-
try of the Al angle distribution and the direct
correspondence of the angular positions of the peak max-
ima and minima of the A1 + angle distribution to that for
the Al+ angle distribution suggest that the ejection dy-
namics of Al + is also sensitive to the geometric structure
of the surface and might be inAuenced by the geometric
arrangement of nearest-neighbor surface atoms in a
manner similar to that for Al+. However, the much
stronger angular anisotropy exhibited by Al + also sug-
gests that details of the ejection mechanisms responsible
for the structure sensitive ejection dynamics of Al + are
at least somewhat different from those for Al+. Prelimi-
nary molecular dynamics simulations of the ejection pro-
cess, described below, suggest that these apparent
differences in ejection mechanisms relate directly to the
requirement of high-energy Al-Al collisions in the forma-
tion Qf Al. +

Differences in the ejection dynamics of Al+ and Al
become more dramatic as their kinetic energy increases.
The azimuthal angle distributions of the Al+ and Al +

ions that ejected with kinetic energies of 35+3 and 75+3
eV, respectively, are shown in Fig. 4. Here it is seen that
while both the Al+ and Al + angle distributions still
rellect the fourfold symmetry of the Al(100) surface, the
maximum and minimum intensities of the Al+ and Al +

angle distributions no longer occur at the same angular
positions, but are shifted 45' out of phase from each oth-
er. In the case of the Al+ angle distribution, the posi-
tions of the maxima and minima remain unchanged as
the Al+ kinetic energy increases from 7.5 (Fig. 3) to 35
eV. This reAects the tendency for both 7.5- and 35-eV
Al+ ions to be channeled in the directions of the open
spaces between nearest-neighbor atoms as described
above. The anisotropy of the Al+ angle distribution is
however, seen to increase somewhat from 1.4 at 7.5 eV to
1.7 at 35 eV. Such enhancement of the angular anisotro-
py with increasing kinetic energy has been observed in
previous measurements and is predicted by molecular-
dynamics simulations. ' ' ' The molecular-dynamics
simulations show that this effect of kinetic energy results
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Kinetic energy distributions

The kinetic energy distributions of the Al+ and Al +

ions that ejected at azimuthal angles of /=0' and 45' are
shown in Fig. 5. Both Al+ energy distributions exhibit a
single maximum at approximately 7—9 eV followed by a
high energy tail that extends beyond 50 eV. The intensity
of the Al+ energy distribution for /=45' is always
greater than that for /=0 at any given energy. This
reflects the azimuthal anisotropy caused by the prefer-
ence for Al+ to eject in the directions between nearest-
neighbor atoms. The Al+ intensities at /=0 and /=45'
do, however, vary somewhat relative to each other as the
kinetic energy increases. This is seen in the upper panel
of Fig. 6 which shows a plot of the Al+ azimuthal anisot-
ropy as a function of kinetic energy. At low kinetic ener-

gy, the Al+ anisotropy increases with increasing energy.
However, as the kinetic energy increases to higher values,
the Al+ anisotropy gradually levels off, reaching a max-
imum at about —18 eV and subsequently decreases as the
energy increases above 18 eV. As described above, the
increase in the azimuthal anisotropy with increasing en-
ergy at low kinetic energies refIects the tendency for the
lower energy ions to eject relatively late in the collision
process after much of the original surface order is des-
troyed. We believe that the decrease in anisotropy with
increasing kinetic energy at the higher energies () 18 eV)
may be caused by lower scattering cross sections of the
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FIG. 4. Azimuthal angle distributions of Al+ and Al + eject-
ed from Al(100) at kinetic energies of 35+3 and 75+3 eV, re-
spectively.
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from the fact that the lower energy ions tend to eject rela-
tively late in the collision process after much of the origi-
nal surface order responsible for the preferred ejection
channels has been destroyed.

On the other hand, when the kinetic energy of the
Al + ions increases from 15 eV (Fig. 3) to 75 eV, the an-
gular positions of the maximum and minimum intensities
of the Al + ions dramatically shifts by 45'. Thus, the 75-
eV Al + ions preferentially eject in the azimuthal direc-
tions of the nearest-neighbor atoms (/=0', 90', 180') in-
stead of in the directions between neighboring atoms.
This result indicates that the ejection mechanisms that
govern the angle distribution of the 75-eV Al + ions are
fundamentally different from those that govern the angle
distribution of 15-eV Al + ions and the Al+ ions. The
fourfold symmetry of the angle distribution of the 75-eV
Al + ions does indicate, however, that the ejection dy-
namics of the 75-eV Al ions, while different from that
for the 15-eV Al + and Al+ ions, is still inAuenced by the
crystal structure.

Additional insight into the different processes that
govern the ejection dynamics of Al+ and Al + at
different secondary ion energies is obtained by examining
the energy distributions of the ejected Al+ and Al + ions.
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FIG. 6. Azimuthal anisotropy of Al+ and Al + vs kinetic en-
ergy.

more energetic Al+ ions, which eftectively broadens the
size of the ejection channels between nearest-neighbor
atoms, and/or by a tendency for higher energy ions to de-
form the ejection channels.

The energy distributions of Al + (Fig. 5) exhibit a
much stronger dependence on the azimuthal angle than
those for Al+. While both Al energy distributions for
/=0 and 45' exhibit a low energy maximum near —10
eV, a second broad peak centered at -75 eV is observed
only in the /=0' energy distribution. For kinetic ener-
gies below about —30 eV, the Al + intensity at /=45 is
considerably greater than that at /=0. This refiects the
tendency for low energy Al + ions to preferentially eject
at /=45 as indicated in Fig. 3. The shift in the angular
positions of the intensity maxima and minima that occurs
in the Al + angle distribution as the kinetic energy in-
creases from 15 to 75 eV (see Figs. 3 and 4) is caused by
the broad peak centered at 75 eV in the /=0' energy dis-
tribution. Apparently as the kinetic energy increases
above roughly 30 eV, a new ejection mechanism is gradu-
ally "turned on" that selectively favors ejection at /=0',
producing the broad high-energy peak in the /=0' ener-

gy distribution and the shift in location of the intensity
extreme in the azimuthal angle distribution.

The inAuence of this high energy ejection mechanism
on the anisotropy of the Al + azimuthal angle distribu-
tion is illustrated in the lower panel of Fig. 6. Here it is
seen that as the energy increases from 0 to —15 eV, the
anisotropy remains essentially constant reAecting the pre-
ferred ejection of the low energy Al + ions at /=45'.
The anisotropy then begins to decrease as the kinetic en-
ergy increases above —15 eV until it reaches a value of
1.0, corresponding to an isotropic distribution at —55
eV. Measurements of the full angle distribution show
that as the energy increases above 15 eV, the positions of
the intensity maxima and minima remain fixed at /=45
and /=0', respectively, until the angle distribution be-
comes isotopic at —55 eV. As the kinetic energy in-
creases above 55 eV, the anisotropy increases again, but
with the maximum and minimum intensities occurring at
/=0 and /=45', respectively, as indicated in Fig. 4. It
thus appears that the high-energy mechanism that favors
ejection at /=0 first begins to influence the angle distri-
bution at roughly 15—20 eV and dominates the preferred
ejection angles for energies above —55 eV.

Also of interest is the observation that at low energies
(~15 eV), the Al + anisotropy remains essentially con-
stant instead of increasing with energy like the Al+ an-
isotropy. This indicates that unlike Al+, the kinetic en-
ergy of ejected Al + is not strongly related to the degree
of surface order at the time of ejection. We believe this is
consistent with the concept that Al + ejection requires
high-energy Al-Al collisions since such high-energy col-
lisions are most likely to occur early in the collision pro-
cess before the collisional energy is substantially dissipat-
ed and before the original surface order is significantly
destroyed. Thus, most Al + ions probably eject early in
the collision when the surface is still highly ordered re-
gardless of their kinetic energy.

Finally, we note that while the maximum in the energy
distributions of ejected Al + occurs at only —10 eV (see
Fig. 5), the minimum collisional energy (for a head on
collision) required to reduce the internuclear Al-Al dis-
tance to the value necessary to induce 2p level ionization
[about 0.65 A (Ref. 11)] is approximately 150 eV. Since
the ionization potential for the 2p electron is only about
-78 eV, ' the appearance of the maximum in the Al +

energy distributions at only 10 eV suggests that if Al +

forms by a collision induced 2p ionization process, the
mechanism responsible for ejection of these low energy
ions must involve substantial dissipation of the Al-Al col-
lisional energy following the 2p ionization process. On
the other hand, the processes responsible for the ejection
of the high energy Al + ions that preferentially eject at
/=0 apparently do not involve mechanisms for such ex-
tensive dissipation of energy following creation of the 2p
hole. This information should provide a useful test of
Al + ejection mechanisms that are proposed to account
for the angle distributions of the low- and high-energy
Al + ions. In the section that follows we examine possi-
ble Al + ejection mechanisms from analysis of molecular
dynamics simulations of the Ar -Al(100) collision pro-
cess.
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Molecular dynamics simulations

In an attempt to develop a deeper understanding of the
events underlying the observed Al + angle and energy
distributions, we have conducted preliminary classical
molecular dynamics simulations of the Ar+-Al(100) col-
lision process. The computational procedures used are
the same as those described in a previous publica-
tions' ' and will not be reviewed in detail here. The
calculations were performed for 4-keV Ar+ ions imping-
ing at normal incidence onto the (100) surface plane of a
model Al microcrystallite. The microcrystallite consisted
of three atomic Al layers containing 88 atoms per layer.
The interaction potential of the system was described by
a sum of pair potentials between all atoms. The function-
al form of the pair potentials and the potential parame-
ters are the same as those described in a previous publica-
tion. 22

Although the calculations do not account for ioniza-
tion, we tested for possible Al + ejection mechanisms by
selectively focusing on those mechanisms that involved
symmetric Al-Al collisions of sufficient energy to form 2p
core level vacancies () 150 eV). In this preliminary
study, calculations were conducted for 100 Ar+ impact
points selected at random within an irreducible symmetry
zone located near the center of the (100) crystal surface.
For these 100 Ar+ impacts only seven Al atoms were
ejected by mechanisms involving Al-Al collisions of
sufficient energy to create a 2p core hole. While this
number is insufficient for predicting angle and energy dis-
tributions, it is of interest that all seven Al particles were
ejected by only two very similar mechanisms which ap-
pear to account for the observed Al + angle and energy
distributions shown in Figs. 3, 4, and 5.

These mechanisms are illustrated schematically in Fig.
7. In both mechanisms (a and b in Fig. 7), the incident
Ar+ ion collides with target atom 1 at such a point that
target atom 1 is driven towards atom 2 in the second lay-
er. A collision between atoms 1 and 2 then deAects atom
1 so it travels beneath the plane of the surface Al layer
and between parallel rows of surface Al atoms that run in
the /=45 direction. At this point, atom 1 is effectively
channeled more or less along the / =45' azimuthal direc-
tion by the parallel rows of surface atoms and typically
has a kinetic energy of 200—300 eV. Eventually, atom 1

encounters another second layer atom, atom 3. The ener-
gy of this collision is sufticient to form a 2p hole in either
atom 1 or atom 3. Assuming a 2p hole forms in atom 1,
two mechanisms can lead to ejection of Al + depending
on the geometry of the atom-1 —atom-3 collision.

In the first mechanism (mechanism a in Fig. 7) which
accounted for six of the seven ejected Al atoms, atom 1 is
deflected upward after colliding with atom 3 and collides
with the surface atom 4. Atom 4 is then ejected on aver-
age in approximately the 45 azimuthal direction. The
energy involved in the collision between atoms 1 and 4 is
very low compared to that required for direct promotion
of a 2p electron from atom 4 to the vacuum level and
atom 4 typically ejects with a kinetic energy of only a few
eV. We suggest, however, that since atom 1 contains a 2p
hole as a result of its collision with atom 3, a resonant

y=45
y=O

O 0 0 0 0
0 $40

(8)

FIG. 7. Schematic of Al + ejection mechanisms predicted by
molecular dynamics simulations, open circles represent surface
Al atoms; crosshatched circles represent Al atoms in the second
layer.

transition can occur that shifts the 2p vacancy from atom
1 to atom 4 during the atoms 1-4 collision. Atom 4 can
then ionize above the surface by Auger deexcitation to
form Al +. Alternatively, atom 4 can be doubly ionized
by direct Auger deexcitation of the 2p vacancy in atom 1

during the collision. In either case, this mechanism is
consistent with the concept that the Al + ions that pref-
erentially eject at /=45 require violent Al-Al collisions
and yet eject with relatively low kinetic energies (a few
eV). This ejection mechanism also accounts for the large
angular anisotropy of the low energy Al + ions on the
basis of two principle factors: the erst results from the
channeling of atom 1 in the /=45' direction. This causes
the momentum transferred from atom 1 to the ejecting
atom 4 to also preferentially be directed in the /=45'
direction, thus causing atom 4 to preferentially eject in
the /=45 direction. In addition, the location of the
nearest-neighbor surface atoms surrounding the ejecting
atom 4 will also tend to channel the ejecting atom in the
/=45' direction. We suggest that these effects of direct-
ed momentum transfer and channeling can combine to
produce the much stronger azimuthal anisotropy ob-
served for the low energy Al + ions relative to that for
the Al+ ions.

In the second mechanism that leads to possible ejection'
of Al (mechanism b, Fig. 7) atom 1 is scattered upward
in roughly the 0' azimuthal direction after colliding with
atom 3. Atom 1 then travels between surface atoms 4
and 5 before ejecting. The kinetic energy of the ejecting
atom in this mechanism is relatively large ( —60 eV) since
ejection occurs directly following the energetic atom-
1 —atom-3 collision responsible for the 2p core-hole for-
mation rather than after a less energetic collision, as oc-
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curred in the first mechanism (mechanism a). This mech-
anism favors ejection in the /=0 direction because of
the tendency for the ejecting atom to be channeled be-
tween atoms 4 and 5. Particularly note that the position
of atom 4 effectively blocks ejection of high energy Al +

ions in the /=45' direction. This mechanism thus ap-
pears to be consistent with the observation that the high-
energy Al + ions exhibit intensity maxima in the /=0,
90, and 180' directions. Although definitive
identification of the mechanisms responsible for the ob-
served angle and energy distributions of ejected Al + will
require further investigation, we believe it is significant
that the mechanisms described here appear to account
for the preferred ejection angles observed for both low-
and high-energy Al + ions and are also consistent with
the formation Al + by creation of 2p vacancies through
energetic Al-Al collisions.

CONCLUSIONS

The azimuthal angle and energy distributions of Al +

ions ejected from an Al(100) surface by Ar+ bombard-
ment have been measured and compared with the corre-
sponding measurements for Al+. Like the Al+ angle dis-
tribution, the Al + angle distribution is generally quite
anisotropic and reAects the fourfold symmetry of the
Al(100) surface. However, the Al azimuthal angle dis-
tribution generally exhibits a much stronger anisotropy
and has a much stronger dependence on the kinetic ener-
gy of the ejected ions than does the Al+ azimuthal angle
distribution. The low-energy Al ions ( & 30 eV) exhibit
an azimuthal angle distribution with intensity maxima
and minima in the same directions as the Al+ ions (at
/=45' and 135 ) but with a much greater anisotropy. As
the kinetic energy of the Al + ions increases above —15

eV, however, the anisotropy of the Al + angle distribu-
tion begins to decrease due to a new Al + ejection mecha-
nism that favors ejection of high-energy Al + ions in the
/=0', 90', and 180 directions. The influence of the
mechanism favoring ejection at /=0', 90', and 180' in-
creases with increasing kinetic energy and dominates the
preferred ejection angles of those Al + ions that eject
with kinetic energies above 55 eV. The preferred ejection
angles of Al + therefore change from /=45 and 135 for
kinetic energies below -55 eV to /=0', 90, and 180' for
Al + kinetic energies above 55 eV. The azimuthal angle
distribution for the 55-eV Al + ions is essentially isotro-
pic. The occurrence of the mechanism that favors ejec-
tion of the high-energy Al + ions at /=0, 90', and 180' is
also reflected by the appearance of a broad peak centered
at -75 eV in the energy distribution of the Al + ions
that ejected at /=0'. Preliminary molecular-dynamics
simulations of the ejection process suggested possible
ejection mechanisms that could account for the observed
angle and energy distributions of the ejected Al + ions.
The ejection mechanisms found to be consistent with the
observed angle and energy distributions are in accord
with the concept that Al + ejection requires violent Al-
Al collisions of sufhcient energy to produce Al 2p core
holes.
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