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We measured energy distributions of electrons emitted in the interaction of Na+ with Al surfaces at incident
ion energies in the range 150–4000 eV. The data allow to correlate emission intensities with spectral signa-
tures of electron excitation processes. We find a remarkable contribution to electron emission from asymmetric
collisions between incoming ions that have survived neutralization at the surface and target atoms, leading to
Al-2p excitation via a vacancy transfer process. We observe that the total electron emission yields sharp
increases by more than an order of magnitude at impact energies above the threshold for this process.
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I. INTRODUCTION

Kinetic electron emission �KEE� in the interaction of slow
atomic particles with metal surfaces, i.e., the emission of
electrons at the expense of the kinetic energy of incoming
projectiles, has been intensely investigated,1 but still new
mechanisms are being identified or proposed.2–8

KEE can occur by excitation of solid valence electrons in
binary projectile-electron collisions in an idealized Fermi
electron gas.1 Energy and momentum conservation deter-
mine the threshold impact energy for this process. Below this
threshold, subthreshold emission can occur by electron pro-
motion in close atomic collisions.9 Electron promotion pro-
cesses are also characterized by well-defined thresholds,
which depend on the particular combination of collision part-
ners and can be experimentally determined and theoretically
estimated from molecular orbital �MO� correlation diagrams.

Other subthreshold processes2–5 have been recently inves-
tigated to understand nonvanishing electron emission ob-
served at impact energies below the threshold for electron
promotion. Research on KEE below the threshold for promo-
tion is just beginning. Experiments of singly charged ions
impacting metal surfaces at normal or near normal
incidence2–5 showed that electron emission yields decrease
exponentially with the reciprocal of projectile velocity. The-
oretical interpretations of these observations have been at-
tempted, considering either nonadiabatic one-electron excita-
tions or many-electron interactions,5 but the basic
understanding of the underlying mechanisms is still insuffi-
cient to draw definitive conclusions.

Studies of KEE are often performed under sufficiently
selective experimental conditions to isolate the effect under
consideration, or focus on individual processes revealed by
the experiments. Although this clarifies the basic physics of
each emission mechanism, it leaves open the question of the
interplay between different electron excitation and emission
phenomena, as testified by the current debate2–5,10,11 about
the competition of electron promotion and the other sub-
threshold processes. Furthermore, besides the primary exci-
tation events, it has to be considered that secondary effects,
such as bulk plasmon excitation and electronic and atomic

collision cascade, make it more difficult to establish the role
of different basic excitation mechanisms.

In this work, we deal with the complexity of the interac-
tions leading to electron emission induced by atomic par-
ticles by studying electron emission in the interaction of
150–4000 eV Na+ ions with Al surfaces. For this projectile-
target system, several emission processes are known to oc-
cur, including inner shell excitation of projectiles and target
atoms,12–14 bulk plasmon excitation,8,15 and emission below
the promotion threshold.2–5 Our goal is to clarify the role of
the observed emission mechanisms when they concur in de-
termining the behavior of electron emission yields16,17 with
incoming ion velocity. Indeed, since the measurements of
Alonso et al.,16 this question has not yet been fully eluci-
dated, and efforts in this direction have been undertaken only
recently.10,11,15 We find that electron emission is dominated
by electron-promotion processes, while the other subthresh-
old processes5 appear to be relevant only at impact energies
for which promotion is not operative. For the Na+-Al system,
electron promotion occurs either in binary collisions between
the projectile and a target atom �asymmetric collisions� and
between a fast recoil and another target atom �symmetric
collisions�. Asymmetric collisions involve either projectiles
that have been neutralized in the interaction with the
surface18 and survived ions.

A striking result of the present experiments is the finding
of a significant contribution of asymmetric collisions involv-
ing survived ions to the total electron emission yield. This
result is surprising because of high neutralization rates for
slow ions at metal surfaces. We observe that the intensity of
electron emission increases sharply by more than an order of
magnitude above a threshold impact energy of about 450 eV,
being correlated to a vacancy transfer process19,20 that pro-
duces L-shell excitation in Al atoms in asymmetric collisions
involving projectile ions, below the threshold for L-shell ex-
citation in target Al-Al symmetric collision. This result im-
plies that KEE induced by ions can be substantially different
from that induced by neutral projectiles and that surface neu-
tralization and charge-transfer processes may have a signifi-
cant role in KEE from the metal surface.
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II. EXPERIMENTS

Details of the experimental setup have been described
previously.8 Experiments were performed in an ultrahigh-
vacuum �UHV� chamber with a base pressure of 3
�10−10 Torr. Na+ ions were produced with a Kimball Phys-
ics ion gun. The ion beam current was of the order of 10−9 A
and had a Gaussian spatial distribution in both horizontal and
vertical directions, as measured with a movable Faraday cup
situated in the target position.

The energy distributions of emitted electrons was mea-
sured by either a fixed hemispherical energy analyzer situ-
ated at 60° from the beam direction �spectra in Fig. 1�a�� or
by another hemispherical analyzer mounted on a rotatable
goniometer �Fig. 1�b��. These analyzers, lying in the inci-
dence plane, had semiacceptance angles of 25° and 1.5° and
were operated at a constant pass energy ��E=40 and 50 eV,
respectively�.

The polycrystalline Al samples �purity 99.999%� was
sputter cleaned by 6 keV Ar+ bombardment. Sample clean-
ness was assured by the absence of oxygen, carbon, and so-
dium signals in electron-induced Auger spectroscopy per-
formed right before and after the acquisition of each
spectrum and by the constancy of the energy position of
sodium Auger lines during each spectral scan.

III. RESULTS

Figure 1 reports energy distributions of electrons emitted
from an Al surface bombarded by Na+ ions at varying en-

ergy, for an incident angle �i=60° and an observation angle
�e=0° �both measured with respect to the surface normal�.
Figure 2 reports the results of measurements performed at
varying incidence angle for a fixed impact energy of 300 eV
and observation angle �e=0°. The spectra show evidence for
several kinetic emission phenomena. The structure in the
10–15 eV energy range is attributed to electron emission
from bulk plasmon decay.8,10,15,21 Figure 1�a� shows several
narrow peaks labeled I–IV in the 20–45 eV energy range.
The narrow width of these peaks ��1 eV� is typical of
atomic transitions, indicating that they result from the Auger
decay in vacuum of reflected sodium projectiles that have 2p
shell vacancies created by electron promotion in a binary
collision with Al target atoms. Attribution of the main atomic
features appearing in the spectra �reported in Table I for
completeness� has already been discussed in Ref. 18 and is
consistent with calculations.22

In the 55–70 eV energy range, we observe atomic peaks
due to Al LMM-Auger transitions in sputtered excited atoms,

FIG. 1. �Color online� Energy spectra of electrons emitted from
the Al surfaces under the impact of Na+ ions at varying incident ion
energy for fixed incidence angle �i=60°. The spectra have been
arbitrarily displaced on the vertical scale for clarity.

FIG. 2. Energy spectra as a function of �i for fixed incident ion
energy Ei=300 eV and observation angle �e=0°.

TABLE I. Sodium Auger transition lines and assignment.

Label
Experimental

energy
Expected
energies Initial state

Final
state

I 25.7 25.7a 2p53s2 2p6

II 28.5 28.9a 2p53s3p�1P� 2p6

Or

28.7a 2p4�3P�3s2 2P5

III 32.9 32.6a 2p4�1D�3s2 2p5

IV 37.0 37.2b 2p43p3s 2p5

V 41.3c 41.4a 2p4�1D�3s23p 2p53s

aFrom Ref. 9.
bZ+1 rule.
cLine V is very weak and not discernible in the present experimen-
tal conditions. It has been observed in Ref. 21.
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superimposed on a broad structure due to Al LVV-Auger
transitions of excited atoms decaying inside the solid and
involving two valence electrons.1,9,13,15 This region of the
spectrum has been acquired separately, since the statistical
quality of our spectra is limited by the short acquisition time
and the low beam currents needed to prevent significant con-
tamination of the sample by the Na beam, especially at the
thresholds for the observation for the Auger signals.

IV. DISCUSSION

A. Sodium 2p excitation

We notice that peaks II-IV are observed at impact energies
above a threshold value of about 450 eV. This observation
further supports the assignment of these peaks, given in Ref.
18 in analogy with the case Ne+ impact, to the decay of
doubly excited sodium projectiles due to simultaneous pro-
motion of two 2p electrons in binary collisions between tar-
get atoms and incoming ions which have survived neutral-
ization processes in the interaction with the surface. In fact,
the ground state configuration of a Na+ ions is the same of
Ne atoms and, therefore, collisions involving incoming ions
produce both the 2p5 and the 2p4 excited states with the
same threshold energy. On the other hand, at impact energies
lower than 450 eV, the structures due to the decay of the
singly excited 2p5 states are the only atomic features appear-
ing in the spectra. This implies that the observed structures
are due to the decay of sodium projectiles that have been
resonantly neutralized in the incoming trajectory, before the
hard collision with a target atom. In fact, the absence of
structures due to decay of doubly 2p excited states excludes
contribution to the Auger spectrum of sodium collisions in-
volving survived ions, which require a smaller closest ap-
proach distance for 2p level promotion and, therefore, a
higher threshold energy. This interpretation of the observed
Auger spectrum of sodium is further supported by calcula-
tions of MO correlation diagrams, performed for the colli-
sional systems Na-Al and Na+-Al and reported in Figs. 3 and
4, respectively. These diagrams were calculated using the
density functional theory �DFT� method in the B3LYP
formulation23,24 using the computer code GAUSSIAN 03.25 All
electron basis sets26 of double-zed �DZVP� quality for Na
and Al were used to construct the diagram point by point,
i.e., adiabatically. We notice that the results of the calcula-
tions appear to be nicely consistent with published MO dia-
grams for Ne-Al collisions.27 In a fast collision, the elec-
tronic system cannot evolve adiabatically and electronic
transitions can occur at the expense of the kinetic energy of
incoming particles at the adiabatically forbidden crossings
between MOs. The diabatic promotion path can therefore be
constructed from the adiabatic correlation diagram, as indi-
cated by the dashed lines in Figs. 3 and 4, showing the well-
known promotion of the 6� �4f�� MO correlated to the pro-
jectile’s 2p level in the separate atom limit. We observe that,
for binary collisions of neutrals Na with Al atoms, the first
forbidden crossing occurs at about 1.3 a.u., whereas the pro-
motion path in the case of Na+-Al is shifted to lower inter-
nuclear distances, consistent with our observations.

B. Emission intensities

Mechanisms for kinetic electron emission have been re-
cently studied2–5 by plotting the electron emission yields as a
function of 1/v, the inverse of the velocity of incoming pro-
jectiles. Figure 5 depicts the intensity of electron emission,

FIG. 3. Adiabatic MO correlation diagrams for the selected or-
bitals of Na-Al as calculated by the DFT method. The levels for the
separated-atom limit are indicated on the right-hand side of the
diagram. The dashed-dotted heavy curve shows the promotion of
diabatic levels into continuum. The adiabatic levels are labeled in
the MO notation. The lowest orbital of a given symmetry is num-
bered 1, and numbering continues in ascending order up to higher
energies.

FIG. 4. Same as Fig. 3 but for Na+-Al.
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INa, vs 1 /v together with the intensities of the main sodium
atomic peaks, Na-I and Na-IV, of the Al-LMM structure �af-
ter background subtraction� and of the plasmon decay fea-
ture. The intensity of electron emission from plasmon decay
is obtained using different methods of data analysis reported
in previous works by us and other authors.10,28,29

We remark on two noticeable aspects of Fig. 5: �i� all the
curves increase significantly for 1 /v lower than a threshold
value of about 35 a.u., closely corresponding to 450 eV im-
pact energy; �ii� at higher velocities, the total electron yields,
the plasmon decay, and the Al-Auger intensities follow a
similar trend but different from that of the structures due to
projectile excitation. The correlation between the intensity of
electron emission from plasmon decay and from Al-Auger,
including their threshold behavior, and the total electron
emission yield is consistent with previous results obtained
for noble gas ions10,15 �see the behavior of the electron emis-
sion yields �Ne for Neon ion impact,16,17 reported in Fig. 5
for comparison�, indicating that fast Auger electrons are ef-
ficiently scattered inside the solids, initiating electronic col-
lision cascades that produce plasmons and secondary elec-
trons. This implies that electron promotion leading to the
excitation of Al target atoms plays the dominant role in ki-
netic electron emission from Al surfaces. In particular, we
observe that the threshold energy for the observation of the
Al-Auger signal is lower than the threshold energy for exci-
tation in target Al-Al symmetric collisions13 and is very simi-
lar to the threshold for the observation of Na II-IV peaks.
This suggests that the L-shell vacancy in the target Al atoms
can be created also in asymmetric collisions with the lighter
Na projectiles. A plausible mechanism is that one of the
L-shell vacancies present in the Na 2p4 can be transferred to
the Al collision partner via a two electron autoexcitation
mechanism, similar to that observed in the case of Ne+-Al

and other systems.19,20 In this process, an external electron of
Na fills a 2p-Na vacancy, while a 2p-Al electron is promoted
in the 2p-Na vacancy, going from the Na+2p43s2 �or
Na+2p43s3p� +Al2p63s23p configuration to the Na2p63s
+Al+2p53s23p configuration. The correlation diagram of Fig.
4 shows that the process is energetically possible in the re-
ceding path over a wide range of internuclear distances.

For Ne+ ions, �Ne significantly levels off at low velocities
due to potential electron emission, masking kinetic electron
emission mechanisms. This does not occur for sodium pro-
jectiles, which do not carry sufficient potential energy, and
therefore allows studying the evolution of kinetic electron
emission in the investigated energy range. At impact veloci-
ties below the Al-LMM threshold, the intensity of peak I
decreases, showing a similar threshold. On the other hand,
the total electron emission yield �Na does not show any defi-
nite threshold, approaching an exponentially decreasing
trend with 1/v, consistent with recent experimental
observations.2–5 This implies the existence also of emission
below the promotion threshold. The competition between the
two processes is clarified by the measurements made as a
function of incidence angle. For discussion of the angular
measurements, it is important to specify that Figs. 1 and 2
show a broad feature underlying peak I and extending up to
about 6–7 eV around this peak. Evaluation of the intensity
of this structure appears to be strongly dependent on the
subtraction of the background spectrum. Nevertheless, we
find30 that the intensity of this structure and peak I have
similar dependence on projectile energy, suggesting that they
originate in the same excitation mechanisms. Furthermore,
the ratio between the intensities of the two structure results is
independent of the electron emission angle �e,

30 allowing us
to rule out Auger decay inside the bulk of excited Na atoms
as a possible assignment for the broad feature, since in this
case this ratio should increase as �cos �e�−1. A similar struc-
ture was observed also in the case of a Neon projectile,12

tentatively attributed to an Auger deexcitation process in-
volving an electron from the solid. More likely, as discussed
in Ref. 14, the broad feature results from atomic decay closer
to the surface, where distance-dependent shift and broaden-
ing of atomic energy levels due to the atom-surface interac-
tion may influence the spectrum produced by the Auger de-
cay of Na atoms excited in the 2p53s2 state, resulting in the
observation of this structure. On the other hand, peak I re-
sults from excited atoms scattered at larger angles and there-
fore decaying farther away from the surface. On rough
surfaces,14 the observation of peak I is therefore favored
when the impact direction is moved away from the �macro-
scopic� surface normal, consistent with the observations re-
ported in this work and previously.14

The results of the angular measurements shown in Fig. 6
indicate that the intensity of electron emission is similar to
the intensity of the Auger features observed in the spectra,
leading to the conclusion that at 300 eV the emission is
dominated by electronic excitations resulting from binary
atomic collisions, similar to those that are clearly signaled by
the observed Na Auger spectrum.

V. CONCLUDING REMARKS

Our experiments give a detailed account for the mecha-
nisms of kinetic electron emission from Al surfaces, estab-

FIG. 5. �Color online� Intensities of electron emission for Na+

ions vs v−1, the inverse of the velocity of incoming ions. INa is the
area of the spectra revealed for �i=60°. IBP is the area of the
plasmon feature. IAl-LMM, II, and IIV are the areas of the Al-Auger
peak and of the main sodium peaks I and IV, respectively, reported
after background subtraction. For comparison is reported �Ne, the
yield of electron emission induced by Ne+ for �i=60°.
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lishing the role of each emission process observed in the
spectra of emitted electrons. The results show the contribu-
tion to KEE from Al surfaces under Na+ impact given by a
vacancy-transfer process that produces Al-2p excitation in
asymmetric collisions involving survived ions. We would
like to point out some consequences of our findings that may
be important for future investigations:

�i� KEE can be significantly influenced by the actual
charge state of incoming particles at the moment of collision
and that KEE induced by singly charged ions may be sub-
stantially different from that induced by neutrals. Studies of
KEE have been recently reported in the case of Neon impact

on Al surfaces6,11 using neutral projectiles to exclude contri-
bution from potential electron emission18 arising in the case
of ion impact. The results of our work can be easily extended
to the case of neon impact. In fact, in this case, formation of
projectile triply excited states correlated to Al 2p excitation
have been reported for ion impact but not for neutrals.11,12,20

�ii� Charge-transfer processes, when present, need to be
accounted for in the discussion of the intensity of electron
emission. Furthermore, the Al atoms excited by these pro-
cesses can be sputtered from the solid and their Auger decay
can occur in vacuum, as testified by the observation of nar-
row Al-LMM Auger lines. Therefore, our experiments show
evidence that these charge-transfer processes can also have a
significant effect in the formation of sputtered ion species, a
longstanding issue in secondary ion mass spectroscopy
�SIMS�.31

�iii� The complex interplay between different excitation
mechanisms in most cases cannot be neglected. Theoretical
calculations have neglected the role of electron promotion,
even in cases where it should be efficient, such as in experi-
ments of Na+ bombardment of Ru surfaces contaminated by
different amounts of adsorbed sodium atoms.4,5 In contrast,
in experiments of Ne+ bombardment of metal surfaces con-
taminated by adsorbed sodium atoms, projectiles, and target
autoionization lines were observed since the very initial
stages of adsorption.32 In particular, sodium excitation is due
to a vacancy-sharing process and to electron promotion in
symmetric collisions between Na target atoms at low and
high coverage, respectively. Therefore, depending on the
amount of adsorbed Na, we expect a significant contribution
of electron promotion also in the case of Na+ bombardment
of Ru surfaces modified by Na adsorbates.4,5
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