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M& 3 NN Auger emission of K excited with low-energy Ar+ and K+ projectiles

G. Zampicri and R. Baragiola
Centro Atomico Bariloche, Comision Nacional de Energy'a Atomica, 8400 Bariloche, Argentina

{Received 11 April 1985)

%'e have measured energy distributions of M2 3 WN Auger electrons of K produced during low-energy

Ar+ and K+ bombardment of K-implanted surfaces. The spectra present bandlike and atomiclike com-

ponents. %e have assigned the atomiclike peak to reflected and/or sputtered K atoms in the autoionizing

state KL3s23p 4s {P) decaying to K+. %e have not observed any evidence of excitation of autoionizing

states of Ar,

Thc Auger electron emission from a solid surface bom-
barded with noble-gas ions has been studied extensively
during the last years. ' 7 The main points of interest have
been the relative importance of different mechanisms
responsible for inner-shell excitation and the identification
of the features in the electron-energy spectra. Most of
these studies have dealt with light metals (especially Mg and
Al), and, despite some controversies still remaining, a fairly

good consensus on both points has been reached.
Studies of the Auger electron emission of the third-row

elements are more scarce. Some authors have reported
derivative spectra9 of the elements between Ti and Ge, ob-
tained by bombardment with energetic noble-gas ions
(20-200 keV). The use of these derivative spectra allows
an easy identification of the peaks, but at the cost of losing
spectroscopic details due to poor energy resolution.

In this paper we present a preliminary study of the K
Auger emission from K-implanted Be, Mg, Al, and Cu sur-
faces bombarded with low-energy (0.15 keV) Ar+ and K+
ions. When bombarding with the Ar+ projectiles, we have
also searched for the existence of autoionizing lines of Ar.

The experiments were performed under ultrahigh-vacuum
conditions ( —10 '0 Torr). The K+ beam was produced
with a thoroughly outgassed K source and focused with an
Einzel lens. Typical current densities during the K implan-
tation were on the order of tenths of a p. A/cm', but when
recording the spectra the current density was reduced to a
few nA/cm2 to preserve the composition of the sample.
The Ar+ beam was produced by an electron-bombardment-
type ion gun, and mass analyzed with a Mien filter. The
Ar+ current density was also in the range of nA/cm'.

The electron energy spectra were taken with a hemispher-
ical electrostatic energy analyzer operating at a constant pass
energy of 20 eV and an energy resolution of 0.4 eV.

We used high-purity polycrystalline samples of Be, Mg,
Al, and Cu, cleaned by sputtering with low-energy noble-gas
ions. All thc samples were implanted with 1-keV K. We
recorded spectra of electrons emitted under 1-kcV K+ bom-
bardment at different stages of the implantation; the K
Auger peak grew linearly with implantation dose until
saturation started to set in. After implantation the samples
remained clean; only Auger signals from K and the substra-
tum could be observed in spectra excited with 3-keV elec-
trons. The atomic concentrations of the contaminants (oxy-
gen and carbon) were below I'/o.

Unless otherwisc stated, our results correspond to saturat-
ed K-implanted samples. Nevertheless, one must notice
that the surface concentration of K atoms depends on the

matrix properties influencing the implantation (namely
sputtering yield, reflection coefficient, ion range distribu-
tion, diffusion, etc.), so it can be different for each sample.

I. K+ ~ K/Be, Mg, AI,Cu

Figure 1 shows spectra taken during bombardment of the
K-implanted Mg sample with K projectiles at three dif-
ferent impact energies. In the spectrum corresponding to
1-keV impact energy, the K Auger signal is clearly seen
above a background of electrons emitted by other mechan-
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FIG. 1. Electron-energy spectra taken during bombardment of

the K-implanted Mg sample with K+ projectiles of 1, 0.6, and 0.2
ke&. Counts are normalized to a beam current of 10 A. In the
1-keV-impact-energy spectrum, the lines separating the Auger struc-
ture from the secondary electrons {long-dashed line) and the atom-
iclike component from the bandlike one {short-dashed line) have
been drawn only approximately.
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isms. The Auger signal is composed of a narrow atomiclike

peak superimposed on a broad structure. Following previ-
ous work, ' we ascribe these features to K atoms with a 3p
hole decaying in vacuum (reflected and/or sputtered excited
atoms) and inside the solid, respectively. It is observed in

Fig. 1 that the shape of the spectra varies strongly with the
impact energy. At low impact energies two notable effects
occur: The Auger peak becomes stronger than the low-

energy peak of secondary electrons, and the bandlike
feature clearly predominates over the atomiclike peak.

Figure 2 sho~s spectra taken during 1-keV K+ bombard-
ment of the K-implanted Be, Al, and Cu samples. These
spectra, being similar to each other, are quite different from
those taken with the Mg sample. Only the atomiclike peak
is apparent above the background of secondary electrons,
and its intensity, relative to the background, is very small.
In addition, the general shape of these spectra does not
change with impact energy.

These surprising differences between the Mg substratum
and the Be, Al, and Cu substrata are very probably due to
different densities of K atoms at the surfaces of each sam-
ple. To go further with the study of this point requires a
detailed characterization of the distribution of K atoms,
which is outside the scope of this work.

Both the position and width of the atomiclike peak
depend very little on projectile energy, in the range 0.2-1
keV. The atomiclike peak in the spectra from the Al sub-
stratum has a constant full width at half maximum
(FWHM) of 0.75 eV; in the case of the Mg substratum the
FTHM decreases slightly from 0.9 eV at 1 keV to 0.6 eV at
the lowest projectile energies. The energy position of the
atomiclike peak does not change with the impact energy, but

varies with the implantation dose, shifting to low energies.
This is due to the change in the work function from that of
the "clean" substratum to that of a K surface, similar to
our previous observations' for the L2 3MM atomiclike
peaks of Mg and Al. Taking into account the work func-
tions of the sample and the spectrometer, we have estimat-
ed the energy of the emitted electrons with respect to the
vacuum level' to be 14.2 eV. %e thus assign the atomic-
like peak to reflected and/or sputtered K atoms in the au-
toionizing state" EL3s'3p'4s ( P) decaying to K+.

The dependence of the yield of the atomiclike peak on
impact energy is shown in Fig. 3 for Be, Mg, and Al sub-
strata. In the spectra of the Be and Al substrata (Fig. 2) the
subtraction of the underlying background is straightforward.
In the spectra of the Mg substratum separation of the atom-
iclike peak from the bandlike feature can only be done ap-
proximately as suggested in Fig. 1. Since the surface densi-
ty of K atoms is unknown at present, we cannot compare
absolute yields. Rather, we have normalized the yields at 1

keV impact energy to study their relative energy depen-
dences. The three curves show nearly the same slope and a
threshold impact energy for excitation somewhat lower than
200 eV. Kith the Mg substratum, which produces the
strongest Auger signal, we have observed excitation down
to 150-eV impact energy.

The similar behavior of the three curves in Fig. 3 suggests
that, in the three cases, excitation of K results from the
same mechanism. There are three kinds of collisions which
can lead to excitation of the K atoms: (i) asymmetric col-
lisions between a K atom and a substratum atom, (ii) pri-

mary symmetric collisions between a K+ projectile and an
implanted K atom, and (iii) secondary symmetric collisions
between a recoiling K atom and an implanted K atom.
Since no peak appears while bombarding the "clean" sub-
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FIG. 2. Electron energy spectra taken during 1-keV It'+ born-
bardment of the K-implanted Be, Al, and Cu samples. Counts are
normalized to a beam current of 10 A.

FIG. 3. Yield of the atomiclike peak vs the K+ projectile energy
for the Be, Mg, and Al substrata. The yields are normalized at 1

keV.
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strata, asymmetric collisions can be disregarded as the
source of excitation. The relative importance of the other
two types of collisions should vary with the concentration of
implanted K.' The spectra taken at different stages of the
K implantation show a linear increase of the peak intensity
with the implantation dose. This linear dependence indi-

cates that, at least before saturation, excitation occurs
preferentially in primary symmetric collisions between a K+

projectile and an implanted K atom. '

The excitation of inner-shell electrons in these slow col-
lisions of heavy particles is well described by the electron-
promotion model. ' In the K-K quasimolecule, the Sfo.„
molecular orbital (MO) is strongly promoted near a certain
internuclear distance R„crossing many empty MO's. It is

assumed that whenever the nuclei get closer than R„one or
both electrons in the 5fo.„MO are transferred to empty
MO's creating a 3p vacancy in one or both collision
partners. As a test of the model we can calculate the
threshold impact energy for excitation. Following calcula-
tions of potential energy curves of the Ar-Ar (Ref. 15) and
K+-Ar (Ref. 16) quasimolecules, we derived 8, —2.5ao.
With this value and a Thomas-Fermi interaction potential
we get a threshold impact energy for excitation of 120 eV,
which is in very good agreement with our experiments.

II. Ar+ K/Mg

We have also observed excitation of K during bombard-
ment of the Mg substratum with Ar+ projecti1es with ener-
gies ranging from 500 to 5 keV. At the highest impact en-
ergies the peak, though very weak, is clearly observed above
the background; it decreases with decreasing projectile ener-

gy and disappears below the noise in the data at an impact
energy —800 eV. There is evidence which suggests that in

this case excitation occurs mainly in symmetric collisions
between K recoils rather than in asymmetric Ar-K col-
lisions. First, we have also observed excitation of K with
Ne+ and Kr+ projectiles, and second, a large implantation
dose is required to detect the peak and afterwards it in-

creases faster than linearly to saturation. " A way to find
whether the Ar-K or K-K collisions are responsible for the
excitation would be to look at the threshold energy, but this
is hindered by the weakness of the signal relative to the

background of secondary electrons.
Autoionization of Ar in collisions with solids has been re-

ported only for the case of 400-keV Ar+ transmitted
through thin carbon foils. ' The excitation of Ar autoioniz-
ing states EI.3s'3p'nin'1' couM be expected, at the ener-
gies used in this work, from the similarity of the Ar-K sys-
tem to the Ne-Na system, ~here strong excitation of Ne au-
toionizing states K2s 2p nlrb'1' is observed. ' The strong
promotion of the two electrons in the 5fo. MO of the Ar-K
quasimolecule would lead to the formation of one or two
vacancies in the 3p level of Ar; reflected Ar projectiles with
two 3p vacancies could then capture two electrons to Ryd-
berg levels forming autoionizing states. ' Nevertheless, in
the range of projectile energy between 0.5 and 4 keV, we
did not observe any evidence of autoionization of Ar.

We have verified that the collision kinematics are similar
for the Ar-K and Ne-Na pairs. Thus the absence of au-
toionizing lines of Ar must be related to the electron
dynamics. There are two possibilities: (a) 3p electrons of
Ar are not promoted as predicted by the electron-promotion
model, or (b) excitation of the 3p electrons of Ar takes
place, but formation or decay of the autoionizing states is
quenched by some mechanism. The first possibility is un-

likely, since electron promotion does occur in the gas-phase
K+-Ar collisions and in the collision of two K atoms in a
solid. The second possibility is more probable, but we do
not know at present which particular aspect of the Ar-
surface interaction, absent or irrelevant in the Ne-surface
interaction, is responsible for the quenching of the autoioni-
zation of Ar.

In summary, we have presented a preliminary study of
the Auger electron spectra from collisions of Ar+ and K+
projectiles with different K-implanted surfaces. The spectra
show a peak corresponding to the Auger decay of K atoms
with a 3p hole. The shape and intensity of this peak depend
on the kind of projectile and substratum; the understanding
of this latter dependence probably requires a detailed char-
acterization of the surface and near-surface concentration of
K atoms, which has not been made in this work. We think
that a study of the shape of the Auger peak, as a function
of the concentration and depth distribution of the implanted
atoms, would enlighten the knowledge of the relative role of
the atomiclike and bandlike components and serve to test
models of the collision cascade.

'Also at Instituto Balseiro, Universidad Nacional de Cuyo, 8400
Bariloche, Argentina.

'J. F. Hennequin, J. Phys. 29, 1053 (1968).
2J. T. Grant, M. P. Hooker, R. %'. Springer, and T. %. Haas, J.

Vac. Sci. Technol. 12, 481 {1975).
C. Benazeth, N. Benazeth, and L. Viel, Surf. Sci. 78, 625 (1978).

4K. %ittmaack, Surf. Sci. 85, 69 (1979).
5R. Baragiola, Inelastic Particle-Surface Collisions, edited by E. Ta-

glauer and ~. Heiland (Springer-Verlag, Berlin, 1981).
6J. A. D. Matthew, Phys. Scr. T6, 79 (1983).
E. %'. Thomas and R. ~haley, Nucl. Instrum. Methods B2, 516

(1984).
SL. Viel, C. Benazeth, and N. Benazeth, Surf. Sci. 54, 635 (1976);

K. O. Legg, ~. A. Metz, and E. W. Thomas, J. Appl. Phys. 51,
4437 (1980).

The derivative form of the spectra, dn(E)/dF. , is obtained using
voltage modulation techniques.

'DG. Zarnpieri and R. Baragiola, Phys. Rev. 8 29, 1480 (1984).
"K. Jorgensen, N. Andersen, and J. Qstgaard Olsen, J. Phys. B 11,

3951 (1978).
' P. Viaris de Lesegno and J. F. Hennequin, Surf. Sci. 103, 257

(1981).
' Actually the dependence should be a linear function of the con-

centration of implanted K. ~e make the approximation that this
is equivalent to linearity with the implantation dose.

'4U. Fano and %. Lichten, Phys. Rev. Lett. 14, 627 (1965);
M. Barat and %. Lichten, Phys. Rev. A 6, 211 (1972).

~~J. C. Brenot, D. Dhuicq, J. P. Gauyacq, J. Pommier, V. Sidis,
M. Barat, and E. Pollack, Phys. Rev. A 11, 1245 (1975).
S. Kita, M. Izawa, and H. Inouye, J. Phys. B 16, L499 {1983).

'7Due to the weakness of the signal, we cannot prove that the
growth is quadratic, only that it is faster than linear.

'~P. Ziem, R. Baragiola, and N. Stolterfoht, in Proceedings of the In-
ternational Coqference on the Physics of X-Ray Spectra, edited by
R. D. Deslattes (U.S. GPO, Washington, 1976), p. 278.

' G. Zampieri, F. Meier, and R. Baragiola, Phys. Rev. A 29, 116
(1984).


