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We present a detailed study on Auger-electron emission from sputtered light-target atomic species
(Mg, Al, and Si) with one and two initial 2p core vacancies by low-energy (2—15 keV) noble-gas-ion bom-
bardment on elemental and Mg All alloy samples. We show that the Al atomic LMM peak shape
varies sensitively with primary energy for Ar+ but not for Ne+, Kr+, and Xe+ projectiles, that the
high-energy spectral regions of all three elements consist of many previously unresolved atomic line
structures, and that the L MM-to-LMM intensity ratio depends on both primary ion energy and in-

cidence angle. Adiabatic molecular-orbital correlation diagrams are also computed for describing the 2p
core-electron promotion. Our results clearly show the differences in contributions of symmetric and
asymmetric collisions to single and double inner-shell-electron excitation in different systems.

I. INTRODUCTION

Light-element L-shell Auger-electron emission induced
by low-keV noble-gas-ion impact on solid surfaces has
been the subject of intense studies for about two de-
cades. ' The spectra of Mg, Al, and Si are composed of
many narrow lines attributed to atomic decays in vacuum
and an underlying broad structure assigned to the deexci-
tation occurring inside the solid. The 2p inner-
electron excitation has been interpreted as due to radial
couplings of the 4f cr molecular orbital within the frame-
work of the electron promotion model. ' Some comput-
er simulation studies on the production of Al L-Auger
electrons under Ar+ ion bombardment have recently ap-
peared in literature elucidating the physical mechanism
of such interaction processes. "

Though the presence of small structures in the high-
energy spectral region of all three elements has been no-
ticed since the very early studies, relatively little attention
has been paid to their nature and to their creation mecha-
nism. ' ' Benazeth, Benazeth, and Viel' and Thomas
et al. ' revealed two distinct features and assigned them
to the atomic L MM and bulk L VV decays, respectively.
The production of double 2p vacancy in these light ele-
ments is generally attributed to the projectile-target
asymmetric collisions.

On the other side, the single 2p vacancy in the target
species can be created also in symmetric collisions. The
threshold energy for encounters between the heavier pro-
jectile and lighter-target atoms is higher than that for
those between two alike target atoms while the impact
energy for the first projectile-target (p-t) encounter is
larger than those in secondary target-target (t-t) cascade
collisions. The relative contributions of symmetric and
asymmetric encounters to the excitation events and their
depth distributions are thus not trivial at all. Under-

standing of these aspects is of fundamental importance in
studies of ion-induced Auger-electron emission.

In this paper we present a detailed systematic study on
the LMM and L MM Auger features of Mg, Al, and Si
produced by low-energy (2—15 keV) noble-gas-ion bom-
bardment. We show that the high-energy regions of their
derivative spectra are Inuch more structured than previ-
ously reported ones. A careful analysis of these spectra
taken at different incidence and detection angles indicates
that all these features are of atomic nature and that such
double inner electron promotion is caused by p-t col-
lisions. For Ar+ impact on Mg Al, alloy samples the
Mg-Al collisions are found to be the main mechanism for
Mg L excitation. The changes of the peak widths of Al
LMM features as a function of the sample composition
and the dependence of the Auger line shape on the pro-
jectile nature and on the primary energy provide further
interesting insight into the relative importance of the
symmetric and asymmetric collisions to the atomic L-
shell Auger-electron emission from the target. Adiabatic
molecular-orbital correlation diagrams are also computed
for describing the 2p core-electron excitation in different
collision systems.

II. EXPERIMENT AND CALCULATION METHODS

The experiments were conducted in an UHV chamber
with a base pressure in the mid 10 ' Torr range. Sam-
ples were mechanically polished and cleaned in situ by
ion bombardment. Good homogeneity of alloy samples
was confirmed by scanning electron microscopy measure-
ments. The surface Al concentration after prolonged
sputtering was found to be 0.80, 0.56, and 0.31 for sam-
ples with nominal composition of 0.75, 0.50, and 0.25, re-
spectively, nearly independent on the primary energy.

Noble-gas ions were produced by a differentially
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pumped Atomika A-DIDA sputter gun with an energy
between 2 and 15 keV. The ion discharge voltage was
kept below 50 V to ensure a small doubly charged ion
contamination (less than 3% for Ar+) in the primary
beam which was not mass analyzed. The ion incidence
angle could be changed by rotating the sample manipula-
tor. In addition, electrons with energy of 1.5 keV were
also used as an excitation source for comparative studies.
The gun was Axed at 40 relative to the ion beam and
operated in a constant current mode. Only a trace of car-
bon but no oxygen was found on the sample surfaces.

Emitted electrons were detected either by a hemispher-
ical energy analyzer (HEA) having a large acceptance an-
gle of 50 and situated at 70 (30 ) relative to the ion (elec-
tron) beam direction or by another hemispherical
analyzer mounted on a rotatable goniometer (GHEA)
with an acceptance angle of -2'. Both analyzers laid in
the plane determined by the incidence direction and the
surface normal and were operated in the constant pass
energy mode (100 eV for GHEA and 50 eV for HEA).
For derivative spectra recorded with HEA a peak-to-
peak modulation voltage of 1.25 V was applied.

The molecular-orbital correlation diagrams for various
symmetric and asymmetric collision systems have been
computed by using the linear combination of Gaussian-
type orbital nonlocal density approximation (LCGTO-
NLDA), a density-functional-1ike method successfully
employed in theoretical studies of many chemical and
physical processes. The details of this calculation
method have been described elsewhere.

The Kohn-Sham equations were solved by using the
Vosko-Wilk-Nusair potential and the eAects of the non-
local corrections were taken into account by employing
the Perdew and Perdew and Wang functionals for the
exchange and correlation energies, respectively. The or-
bital wave functions were expanded in basic functions of
Gaussian type. An auxiliary basis set was used to fit the
correlation and exchange energies. The details of these
basis sets for difFerent atoms are given in Table I where
we adopted the notation of Huzinaga for orbital basis

TABLE I. Basis sets used in the calculation of the correlation
diagrams.

Element

Ne
Mg
Al
Si
Ar
Ca
Mn
Ga
Zn
Ge
Kr
In

Orbital basis'

(621/41/1*)
(6 321/411*/1)
(7 321/621/1*)
(7 321/621/1*)
(7 321/621/1*)
(6 3321/5 211*/1)
(6 3321/5 221 /41+)
(63321/5 321 /41+)
(6 3321/5 211*/41+)
(6 3321/5 321*/41+)
(6 3321/5 321*/41+)
(6 3321/5 3321*/41+)

Auxiliary basis

(4,4;4,4)
(5 4 5 4)
(5 4 5 4)
(5 4 5 4)
{5,4;5,4)
(5,5',5,5)
(5,55,'5)

(5,'5,'5', 5)
(5,5;5,5)
(5,5;5,5)
(5', 5', 5', 5)
(5,5;5,5)

The ~ indicates the polarization functions and + the diffuse
functions.

and used (E„K,~d', l„l,~d) for auxiliary basis denoting
with E, (l, ) and K,~d (l,~d ) the number of s-type Gauss-
ians in the charge-density (exchange-correlation) basis
and the number of s-, p-, and d-type Gaussians con-
strained to have the exponent in these bases, respectively.
The adiabatic correlation diagrams have been performed
on the neutral systems because it was demonstrated that,
as far as the core-electron promotion is concerned, they
are practically the same as those for ion-atom systems. '

III. RESULTS AND DISCUSSIONS

In Figs. 1 and 2 we present the computed correlation
diagrams which connect the united (internuclear distance
R =0) and separated (R =~) atoms with molecular-
orbital (MO) energy levels for symmetric (Mg-Mg, Al-A1,
and Si-Si) and asymmetric (Ar-Mg, Ar-A1, Ar-Si, and
Al-Mg) collision systems, respectively. To test our
LCGTQ-NLDA method, we have first calculated the
correlation diagrams for two well-studied systems Ne-Ne
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and Ar-Si. Comparison with the results obtained with
the variable-screening model ' shows very good agree-
ment.

Since the early stage of the development of the
molecular-orbital promotion model, this kind of correla-
tion diagram has been widely used for describing the ex-
citation of inner-shell electrons in slow ion-atom col-
lisions. ' The diabatization of the adiabatic MO curves
is roughly approximated by ignoring the screening gaps
at close avoided crossings, as the thick dashed lines
drawn in Figs. 1 and 2. As two colliding atoms approach
close to each other they transiently form a quasimolecule
and the binding energies of some MO's are rapidly
lowered and become comparable to the collisional energy
broadening so that the electrons originally present in
these orbitals can be promoted into the continuum. A
simple step function of the internuclear distance is usual-
ly employed for describing the excitation probability
and will be adopted here for our qualitative discussions.

The results of Fig. 1 clearly show that the 2p electrons
in symmetric collisions can be promoted from the 4fo'
orbital (in the diabatic notation) through radial cou-
plings. The internuclear distance R';„at which the pro-
motion occurs is about 0.58+0.03 A for Mg-Mg,

0.42+0.03 A for Al-Al, and 0.37+0.03 A for Si-Si where
the errors roughly estimate the uncertainties introduced
in the diabatization process. These R';„values corre-
spond to excitation energies of 1.1+0.1, 1.7+0.2, and
2.6+0.3 keV, respectively. For asymmetric collisions,
Fig. 2 indicates that L-shell-electron promotion occurs
only in the lighter partner through 4fo molecular-orbital
curve crossings and that in collisions with Ar, R;„de-
creases with increase of the Z value. For core excitation
in Mg, the threshold energy grows from Mg-Mg to Mg-
Al, and to Mg-Ar.

In Fig. 3, we present three sets of detection-angle-
resolved and peak-height-normalized doubly core excited
L MM Auger-electron spectra obtained by 15-keV Ar+-
ion bombardment at 0; =40 from the surface normal on
Mg, Al, and Si targets. These peaks are commonly attri-
buted to autoionization transitions from an initial state
with two 2p holes and an electron added in the outer 3p
shell. ' To better discern the other small structures, in
Fig. 4 are shown the derivative spectra with 13-keV
Ar+-ion impact on Mg, Al, and Si in different experimen-
tal geometries. The bottommost curves are those for
I.5-keV electron stimulation. All the spectra are normal-
ized to the height of the main LMM peaks and features in
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FIG. 3. Angle-resolved and secondary elec-
tron background subtracted Mg, Al, and Si
main L MM Auger spectra for 15-keV Ar+
impact. The spectra have been normalized to
the same height. All the angles are relative to
the surface normal.
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the high-energy regions are magnified.
The electron impact does induce double L-shell-

electron excitation in all these light element solids.
Indeed, the I. VV Auger decay involving two valence
electrons can be clearly identified at 58.4+0.2, 82. 8+0.3,
and 105.7+0.5 eV for Mg, Al, and Si, respectively (ener-
gies are of the negative cursors and errors are the statisti-
cal uncertainties). The widths of these bulklike features,
measured as the separation between the maximum and
the minimum, range from 3. 1+0.4 eV for Mg to 3.7+0.6
eV for Al and to 5.5+1 eV for Si.

The high-energy regions of Ar+ excited spectra cf all
three elements present many structures. Some of them
have been observed in our previous studies but many oth-
ers have not been resolved. ' ' The most pronounced
peaks (labeled 2) correspond to the ones shown in Fig. 3.
All the other less intense peaks have linewidths (1.6+0.3
eV) much smaller than those of the corresponding L VV

features and their energy positions differ quite a lot from
that for electron stimulation and exhibit clear Doppler
shifts as incidence and detection angles are varied, unam-
biguously indicating that Auger decays take place in the
vacuum.

According to the MO model, a double 2p vacancy can
be produced only in asymmetric collisions since in en-
counters between two alike atoms the core vacancies will
be equally shared by the colliding partners. This has
been confirmed in our previous experiments in which we
observed a very strong dependence of Al I MM Auger
yield on the projectile nature.

The lack of a bulk feature thus suggests that the target
atoms doubly inner excited in p-t coHisions and not
directly ejected in the vacuum would most probability
transfer one of their vacancies to other target atoms in
the subsequent collisions before they could nonradiatively
deexcite in the solid. As a consequence, nearly all the
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grams and with the fact that for normal Ar+ incidence
the L MM signals can be observed only for Mg but not
for Al and Si.

The total L MM intensities for Mg, Al, and Si for
0; =45' are shown in the upper panel of Fig. 5. In the
case of Mg, we also present the results for normal in-
cidence. Before peak areas were calculated all spectra
had been corrected for the analyzer transmission factor
and background subtracted. For comparison, we also
plot the total intensity of the atomic LMM features
(lower panel of Fig. 5) obtained by subtracting the I.VV
contribution which was assumed to have the same spec-
tral shape as that for electron stimulation.

Because of their atomic nature, the LMM and L MM
intensities are nearly independent on the detection angle
8, (the effects of anisotropic emission in the laboratory
system are quite small for large analyzer acceptance an-
gle) so the measured peak area should be directly propor-
tional to the total atomic Auger yield. The results of Fig.
5 then indicate that such yields increase with the primary
ion energy E and decrease with the atomic number of
the interested element, consistent with the fact that the
excitation threshold energies E' for both asymmetric col-
lisions (with Ar) and symmetric collisions increase with
the target Z value. However, their growth rates versus
E differ considerably as can be directly inferred from the
L MM to LMM intensity ratio p, plotted in Fig. 6.

Since the double inner vacancy can be created only in
asymmetric collisions while the single-core-electron exci-
tation can result from cascade symmetric collisions as
well and the ratio of probabilities for double and single 2p
electron excitation in a given asymmetric collision is con-
stant, the strong primary energy and incidence angle

doubly excited atoms whose Auger electrons contributing
to our L MM spectra originate from collisions occurring
at the surface. For both Al and Si, the L MM intensity
reduces greatly as the incidence angle gets closer to the
surface normal, further indicating that most excitation
events take place in the primary encounters and as the
cascade develops only few collisions are still energetic
enough to produce such excitation at surface. The rela-
tively lesser attenuation of the Mg signal at normal in-
cidence (-15% of that at 8; =45') suggests, instead, a
considerable contribution from secondary asymmetric
collisions as well.

In the molecular-orbital electron promotion model, the
creation of a double core vacancy requires that the two
colliding partners reach a minimal approach distance
smaller than R';„. This also means the existence of a
minimal transferred kinetic energy E„,„,and of a critical
scattering angle 0,„«. Because of the rapid decrease of
the cross section at small impact parameters, most ob-
served excitation events occur at threshold values and the
maximum Doppler shift should be observed at an angle
0' corresponding to 0,'„«. The results of Fig. 3 show that
for a fixed primary energy and a fixed incidence angle the
Doppler shift and 0; are smallest for Mg and largest for
Si, indicating that R;„is smaller in Ar-Si than in Ar-Al
and in Ar-Mg, in agreement with the correlation dia-
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dependence of the intensity ratio between the I MM and
LMM Auger signals (Figs. 4 and 6) suggests that the p (-
collisions become increasingly important relative to the
t-t ones for atomic LMM transitions as E increases
and/or 0; changes from the surface normal to grazing.

On the other hand, it is expected that the inner excita-
tion in a given element should also depend on the col-
lision partner. Results for Al showed that Ne projectiles
do not cause double inner electron promotion while the
L MM intensity for Ar impact is about 2 orders higher
than that for Kr and 3 order higher than that for Xe.
To quantitatively evaluate this aspect for Mg in nearly
symmetric collisions, we studied the intensity variation of
the Mg L MM peak as a function of sample composition
by bombarding Mg Al& alloys. The partial overlap
with one of the Al LMM feature, however, renders data
analysis more laborious. In Fig. 7 are shown four sets of
Al atomic Auger spectra for 2-, 8-, and 14-keV Ar+ im-
pact along normal and off-normal incidence angles for
different Mg concentration.

We notice that both Al-I and Al-III peaks are gradual-
ly and rigidly shifted toward low kinetic energy as the
Mg concentration C~ is increased, presumably because
of a reduction in surface work function (4.28 eV for Al
and 3.66 eV for Mg, Ref. 35). For E =2 keV, the Mg
L MM peak appears at the low-energy side of Al-II in
the emission from alloy samples, grows in relative intensi-
ty, and finally completely overlaps with and dominates on
the Al contribution as C~ is increased. As the primary

energy is raised, the increase of the Doppler shift and
broadening renders the two peaks no longer separable.

It is important to point out that the intensity ratios be-
tween various Al peaks in Fig. 7 are independent both on
sample composition and on Ar+ primary energy, as do
those between various Mg LMM features. We used the
constant Al-II and Al-III intensity ratio for pure Al to
subtract the Al-II contribution from the total peak area.
The resulting Mg L MM intensity, normalized to the sur-
face Mg concentration C~, is plotted in Fig. 8 as a func-
tion of E~ for two different 0;. It can be seen immediate-
ly that the Mg L MM yield is about an order of magni-
tude larger in alloy than in pure Mg and is an increasing
function of the Al content, suggesting that the Al-Mg
collisions greatly prevail on the Ar-Mg ones. Further,
the slower growth rate of this intensity at the low E re-
gion for alloys than for pure Mg clearly indicates a lower
threshold energy for Al-Mg than for Ar-Mg.

The spectra of Fig. 7 show that, for E =2 keV, the
main Al atomic LMM peak is symmetric for both normal
and off-normal Ar incidence and its width remains in-
dependent on the sample composition. For E = 8 and 14
keV and 0;=0, a shoulder appears on the high-energy
side and the overall linewidth increases with C~~ in the
alloys. This shoulder is mainly due to excitation in Ar-Al
cascade collisions which are, on average, faster than
those in Al-Al ones and its absence in the spectra for
E =2 keV simply suggests that at such low E the Ar-Al
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encounters are not effective. We notice that for E )4
keV its relative intensity increases gradually because of
the increasing importance of asymmetric collisions.
Indeed, for alloys samples, the relative weights of Ar-Al
and Al-Al encounters in contributing to Al 2p excitation
are linearly and quadratically proportional to CA&, re-
spectively. Given that the threshold transferred energy,
E,'„„„is higher for Ar-Al than for Al-A1, the Doppler
shifts and broadening should be a decreasing function of
CA1

In the upper panels of Fig. 9 we show detection-angle-
resolved Auger spectra for Ne+, Ar+, Kr+, and Xe+ ion
impact on an Al surface at 0, =40 for various energies.
These spectra, relative to the main LMM transition in a
neutral Al atom, do not show any noticeable change in
line shape for Ne+, Kr+, and Xe+ projectiles in the ener-

gy range 3—15 keV and is very similar to that for 5-keV
Ar+ bombardment, suggesting that in these cases the Al
2p excitation is essentially produced by Al-Al symmetric
collisions. We attribute the high-energy shoulder to
emission from fast moving Al atoms. Indeed, for off-
normal incidence, many energetic Al atoms excited in the
first few symmetric collisions have scattering angles large
enough to escape from the surface without need of fur-
ther collisions.

The spectra of the same transition peak obtained by
Ar+ impact at various primary energies along 0; =6O' for
three different observation angles are presented in the
lower panels of Fig. 9. The peak shape changes greatly as

E is increased and a new Doppler structure appears at
energy 2—3 eV higher than the main one. We assign this
feature to excitation in the primary Ar-Al encounters
since the shift is very similar to that observed for the
L MM peak, certainly due to primary asymmetric col-
lisions. Further, the projectile energy at which the shoul-
der appears is greater than 4—5 keV where the Ar-Al
contribution to Al 2p excitation becomes increasingly im-
portant. The position of this Doppler component shows
clear dependence on 0, but is relatively insensitive to E~
because most of the excited atoms have a velocity corre-
sponding to the threshold value. Nevertheless, its rela-
tive intensity is strongly dependent on E and 0;, con-
sistent with the previous discussion on the L MM to
LMM intensity ratio.

We point out that a quantitative estimate of the total
asymmetric contribution to LMM Auger signals cannot
be easily obtained from the intensity of the shifted com-
ponent because Ar projectiles can excite Al atoms also in
cascade collisions. Indeed, many of the target atoms ex-
cited in this way may be ejected without a well-defined
direction, contributing only to the broadening of the
main unshifted component. On the other hand, for off-
normal incidence, symmetric collisions can also be re-
sponsible for the ejection of fast moving excited target
particles producing a large shift, as seen in Fig. 9.

To get a better and quantitative understanding of the
relative role played by the symmetric and asymmetric
collisions in core excitation, in our opinion, many
theoretical studies regarding the probability functions of
collisional excitation, vacancy transfer, and collision al
deexcitation processes should be performed and systemat-
ic computer simulation investigations should be carried
out on different collision systems with different primary
energies and different incidence angles. Such simulations
should not be confined only to Auger yield but also be ex-
tended to the (angle-resolved) electron energy spectra
since they can also provide a direct test on the spatial and
velocity distribution of the sputtered excited particles.
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FIG. 9. Angle-resolved Al main LMM Auger peak for vari-
ous projectile ions with different primary energies (a) —(c) and
for Ar impact with 2 Ep ~ 12 keV (d) —(f).

IV. CONCLUSIONS

In conclusion, we have presented a study on Auger-
electron spectra of Mg, Al, Si, and Mg Al, alloys.
Based on line-shape variation as a function of a set of ex-
perimental parameters, we showed that the relative con-
tributions from symmetric and asymmetric collisions to
core-electron excitation vary from one system to another
and depend on the specific excitation event considered.
The main results of this study can be summarized as fol-
lows.

(1) The double-core-electron excitation is produced by
projectile-target asymmetric collisions while the single-
core vacancy can be created in both asymmetric and sym-
metric encounters. The strong dependence of the L MM
Auger signal and the L MM to LMM intensity ratio on
the ion incidence angle clearly indicates that the p-t col-
lisions mainly take place at the surface or in the near-
surface region whereas the t-t ones can well develop deep
in the bulk matrix.
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(2) The threshold energy for excitation of the target
atoms in asymmetric collisions with Ar is smallest for Mg
and largest for Si and that for Mg 2p increases from Mg-
Mg to Mg-A1, and to Mg-Ar, in agreement with the pre-
diction of our calculated Mo correlation diagrams.

(3) Angle-resolved Al I.MM Auger spectra show essen-
tially no line-shape variation for Ne+, Kr+, and Xe+ im-
pact with energies of 3—15 keV indicating the predomi-
nance of the symmetric collisions. Large changes in peak
shape for Ar+-ion bombardment as a function of detec-
tion angle and of primary energy suggests a substantial

contribution of the asymmetric p-t collisions for E 5
keV.
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