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ABSTRACT

The electron emission during multicharged ion-metal surface interactions will be
discussed. The interactions lead to the emission of a significant number of electrons.
Most of these electrons have energies below 30 eV. For incident ions with innersheli
vacancies the emission of Auger elections that fill these vacancies has been found to
occur mainly below the surface.

We will present recently measured electron energy distributions which will be
used to discuss the mechanisms that lead to the emission of Auger and of low-
energy electrons.
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INTRODUCTION

The interactions of slow multicharged ions (vjo n on the order of 0.1 a.u,) with
metal surfaces is a topic of current interest (1—12). It has been found that these
interactions lead to the emission of a significant number of electrons(l). Distinction
between two electron-emission mechanisms can be made, namely, potential and
kinetic emission. The main focus of this paper will be on potential emission, which
originates in the dissipation of the potential energy of the incident ions. A study
of these mechanisms reveals information on the neutralization of the highly charged
ions at metal surfaces. Using multicharged ions with innershell vacancies leads
to the emission of Auger electrons due to transitions filling these vacancies(2,3,5-
8]. Recently it hat been shown that - in moat experiments to date - these Auger
electrons have been emitted after the ions have penetrated the surface. Only for
very grazing-inddencc ion-surface collisions has the emission of such Auger electrons
from above the surface been observed[7]. These observations are in agreement with
a neutralization model proposed in 1973 by Arifov et al.|13]. This model assumes
the neutralization of the ions by resonant capture of electrons from the conduction
band of the tacget at large ion-surface distances, leading to the formation of highly
excited "hollow" atoms. Subsequent relaxation of the "hollow" atoms above the
surface presumably takes place via a cascade of intra-atomic Auger transitions. A
typical timescale for such a relaxation is 10"l2 - 10~13 s, which was approached
in our experiments in which the above-surface emission was observed[7]. For the
collision systems studied, the above-surface Auger electron emission is limited to
about 10% of the total Auger electron emission. This is a direct consequence of the
acceleration of the incident ions by their image potentials[7,9,14,15], which imposes
an upper limit on the time the ions spend above the surface.

Due to the slow relaxation above the surface, most projectiles will approach the
surface in a highly excited state. Close to the surface, however, the screening of the
cores of these "hollow" atoms will increase rapidly, thereby decreasing the binding
energy of the excited electrons. Eventually this will lead to either capture of these
atomic electrons into unoccupied levels of the metal surface or to promotion to the
continuum. Subsequent capture of metal electrons by the ions will presumably take
place into much lower n levels by mechanisms which are yet undetermined. After
population of the lower n levels, Auger transitions filling the innershell vacancies
will occur, thereby bypassing the slow relaxation due to the atomic cascade.

In addition to these Auger transitions, kinetic mechanisms will contribute to
the total electron emission once the ions have penetrated the surface. Tiie origin
of these kinetic-emission mechanisms is not very well understood. There will be
contributions from ion-atom collisions (local) and from interactions between the ion
and the electrons in the conduction band (non local). It has been suggested that
the total number of kinetically emitted electrons is proportional to the electronic
stopping powerf 16].



In this paper we will first discuss angle-resolved electron energy spectra for three
different incident charge states of nitrogen ions on a Cu(OOl) surface. The focus will
be on the total number of emitted electrons, the contributions from potential versus
kinetic emission, and the observation of innershell Auger transitions. We will then
discuss the measured angular dependence of and possible production mechanisms
for the emission of low-energy electrons. Finally we will discuss our observations
for the variation of the total electron yield with the azimuthal angle of a Au(llO)
single crystal target.

CHARGE STATE DEPENDENCE OF ELECTRON EMISSION

Electron spectra taken for 24-keV N^+ ions, grazingly incident (10°) on a Cu(001)
surface in the (100) plane[5], are shown in Figure 1. We will first discuss the results
obtained for N3+ . From current-meaaurement9[5] we determined the total electron
yield to be approximately 7 electrons per incident ion. We ascribe this emission to

J
10*

10v

W

Ui
105

10^

10"

i
_ TARGET

i i

120 240 360

ELECTRON ENERGY (eV)

4B0 600

Figure 1. Normalized electron energy distributions for 24-keV N^+ ions incident on
Cu(001) at an angle of incidence of 10° in the (100) plane. Calculated energy regions
for KLL and LMM Auger electron emission are indicated. The experimental situation is
shown in the inset.



mainly kinetic emission because the potential energy of the incident projectiles is
only roughly 40 eV. AR shown in Figure 1, the electron emission peaks at very low
electron energies and falls off exponentially towards higher energies. For N l+ ions
the total electron yield increases to about 8 electrons per incident ion, an increase
whieh is presumably due to the increase of the potential energy to roughly 170 eV
per ion. This increase is mainly associated with the emission of electrons with en-
ergies less than 30 eV. Part of this increase is caused by the LMM emission from
the moving projectiles. For N6+ ions a strong increase of the total electron yield
to approximately 13 electrons per incident ion is observed. This increase reflects
the strong increase of the potential energy to more than 800 eV per ion. The main
part of this increase is again associated with the emission of electrons with energies
up to about 30 eV. However, an increase of the emission of elections with much
higher energies is also observed (see Figure 1). The most, characteristic features of
this spectrum at around 360 eV and 50 eV are due to KLL and LMM Auger elec-
tron eminaion from the moving projectiles, respectively. For the incidence conditions
used, the Auger electrons have been mainly emitted from below the surface(7]. The
broad component, starting at very low energies and extending up to the KLL ener-
gies, is due to KLL electrons having lost part of their initial energy due to inelastic
scattering in the solid.
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Figure 2. Polar plot of the measured angular dependence of the total electron yield,
in which the yield is reflected by the distance to the origin. The measurements were made
for 60-keV and 100-keV N 6 + ions incident at 20° on Cu(001) in the (100) plane.



EMISSION OF LOW-ENERGY ELECTRONS

The measured angular dependence of the total electron yield[17] is shown as a
polar plot in Figure 2. The results were obtained for 60-keV and 100-keV No+ ions
incident at 20° on a Cu(001) surface in the (100) plane. The electron emission takea
place in all directions with an enhancement for those forward angles (see 100-keV
measurements) which are not tooclose to the surface. Also, the higher-energy ion's
give rise to more electron emission which is mainly due to an increase of kinetic
emission. To obtain more detailed information about the emission mechanisms, we
measured the electron spectra for different observation angles[17]. The results are
shown in Figure 3. At least two components with significantly different angular
dependences can be distinguished.

The first component, with a maximum intensity at energies below 10 eV, peaks
for emission angles close to the surface normal and falls off in intensity for emission
close to the surface. We ascribe the main part of this component to the emission of
electrons from below the surface, because inelastic scattering of the electrons below
the surface would result in an angular distribution similar to that observed. Details
about the production mechanisms for such low=energy electrons are not very well
understood.
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Figure 3. Normalized electron energy distributions for 100-keV NG+ ions incident on
Cu(001) at 20° in the (100) plane. The results for 6 different observation angles are shown
with offsets increasing in steps of 0.1 electrons/(ion>sr-eV). The experimental situation is
shown in the inset.
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The intensity of the second component, with » maximum intensity at energies
of about 20 eV, increases lor forward observation angles. Our experimental obser-
vations indicate that these electrons are emitted when the ions are very close to
the surface[17], There are several mechanisms which can lead to the emission of
these 20-eV electrons. One possible mechanism is the promotion of the Rydberg
electrons, which make up the "hollow" atoms, to the continuum due to the screening
of the positive charge of the ionic cores when the projectiles approach the surface.
One would expect the maximum of such an energy distribution to occur at energies
close to the corresponding electron energy of the incident ions (4 eV). The measured
energy distributions, however, peak at much higher electron energies. Therefore it
is much more likely that such a mechanism contributes mainly to the lower-energy
component. Another possible mechanism that might explain the emission of these
20-eV electrons is a binary encounter at the surface between the high-Z incident ion
and an electron of the conduction band. This would result in a forwardly peaked
energy distribution of electrons[18]. The initial momentum distribution of the elec-
trons of the conduction band would lead to a broad energy distribution of emitted
electrons, such M is observed experimentally (see Figure 3). One would alto expect
a significant dependence of the energy distribution on the ion velocity, a dependence
which was confirmed experimentally117],

AZIMUTH AL DEPENDENCE OF TOTAL ELECTRON YIELD

The measured dependence of the total electron yield on the azimuthal target
orientation is shown in Figure 4a for Nq + ions incident on a Au(110) single crystal
target. The incidence angle, as well as the ion energy, were kept the same for the
three measurements. All three measurements show modulations of the total electron
yields, the minima corresponding to ion directions along the low index planes. For
such incidence directions, the ions interact less strongly with the target atoms and
penetrate deeper into the solid thereby decreasing the emission of low-energy elec-
trons. The magnitude of the modulations is virtually independent of the incident
charge state as illustrated by the difference spectra between N6+ and N s + and be-
tween N5+ and N2+ (Figure 4a). These observations suggest that potential emission,
which corresponds to at least part of the difference spectra, does not take place sig-
nificantly below the surface. In addition, no significant velocity dependence of the
differential yields was observed, which cannot be explained within the framework of
the slow above-surface relaxation of "hollow" atoms. Therefore we conclude that
potential emission takes place verj' close to the surface by a very fast process with
a rale on the order of 1OIS s~\ that is altogether different from the above-surface
relaxation.
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Figure 4. a) Measured total electron yield as a function of the azimuthal orientation
angle for 30-keV N4+ ioni incident on a Au(110) crystal at an angle of incidence of 20°.
Differential yields are indicated by dashed lines.
b) Calculated average electronic energy loss per ion for 60-keV N ions incident at 20° on
a slab of Au(110) of thickness 80 a.u. The results were obtained using the MARLOWE
simulation for 1000 incident ions.



In order to understand the modulations, we have performed calculations of the
electronic energy loss of the ions in a slab of thickness 80 a.u. The ion trajecto-
ries were simulated using the MARLOWE code[19]. Preliminary calculated results
for local energy losses|20] arising from ion-atom collisions are shown in Figure 4b.
The calculations reproduce the major features of the experimental measurements.
Non-local energy losses due to the interactions between the impinging ions and the
electrons of the conduction band were also shown to result in similar modulations.
The qualitative agreement indicates that the kinetic part of the total electron yield
is directly proportional to the electronic stopping power (see also [16]}. An addi-
tional effect, whose inclusion most likely will also contribute to the modulations, is
the explicit accounting for the inelastic mean free path of the emitted electrons, a
refinement which will be included in future modeling studies of electron emission.

CONCLUSIONS

Previously it has been shown that the emission of Auger electrons filling the
innershell vacancies of multicharged ions interacting with metal surfaces is mainly
taking place from below the surface. The emission of the low-energy electrons,
which constitute the dominant part of the electron spectra, is not very well un-
derstood. Possible mechanisms leading to the emission of low-energy electrons are
directly related to the neutralization of the multicharged ions. In this paper we have
presented electron spectra and total-electron-yield measurements that shed some
light on the mechanisms leading to the emission of these low-energy electrons. It
has been suggested that the neutralization of the ions takes place very close to the
surface on a very fast timescale of the order of 10 l s s"1.

ACKNOWLEDGEMENTS

This work was supported by the Offices of Basic Energy Sciences and Fusion
Energy, U.S. DOE, under contract No. DE-AC05-84OR21400 with Martin Mari-
etta Energy Systems, Inc., and the Joint Institute for Heavy Ion Research through
Contract No. DE-FG05-97ER40361 with the University of Tennessee.

REFERENCES

[1] M. Delaunay, M. Fehringer, R. Geller, D. Hitz, P. Varga, and H. Winter. Phys.
Rev. B, 35:4232, 1987.

{2] H.J. Andra.. Proceedings of the NATO Summcrschool on Atomic Physics of



Highly Charged Ions, ed. R. Marrus (Plenum, 1989).

|3] L. Folkerts and R. Motgenstern. Europhysics Letters, 13:377, 1990.

14] J. P, Briand, L. de Billy, P, Charles, S. Essabaa, P. Briand, R. Geller, J. P.
Desclaux, S. Bliman, and G. Rietori, Phys. Rev. Lett., 65(2):159, 1990.

|5j P. A. Zeijlmans van Emmichoven, C. C. Havener, and F. W. Meyer. Phys. Rev.
A, 43(3):1405, 1991.

(6] P. A. Zeijlmans van Emmichoven, C. C. Havener, F. W. Meyer, and D. M.
Zehner. ///MB, 56/57:136, 1991.

(7] F. W. Meyer, S. H. Overbury, C. C. Havener, P. A. Zeijlmans van Emmichoven,
and D, M. Zehner. Phys. Rev. Letters, 67:723, 1991.

J8J F. W. Meyer, S. H. Overbury, C. C. Havener, P. A. Zeijlmans van Emmichoven,
J. Burgddrfer, and D. M. Zehner. Phys. Rev, A, 44:7214, 1991.

[9] J. Burgdorter, P. Lerner, and F. W. Meyer. Fhya. Rev. A, 44:5674, 1991.

(10] M. Schule, C. L. Cocke, S. Hagmann, M. Stockli, and H. Schmidt-Bocking.
Phys, Rev. A, 44:1653, 1991.

[11] J. N. Bardsley and B. M. Penetrante. Comm.At.Mol.Phys., 27:43, 1991.

[12] H. Winter. Suppt. Z. Phys. D, 21:129, 1991.

[13] U. A. Arifov, L. M. Kishinevskii, E. S. Mukhamadiev, and E. S. Parilis. Sov.
Phys. Tech. Phys., 18:118, 1973.

[14] H. Winter. Etxroph. Lett, 18:207, 1992.

[15] H. Winter, these proceedings.

[16] R. A. Baragiola, E. V. Alonso, and A. O. Florio. Phys. Rev. B, 19(1):121,1979.

[17] P. A. Zeijlmans van Emmichoven, C. C. Havener, I. G. Hughes, D. M. Zehner,
and F. W. Meyer, to be published.

D. R. Schultz and R. E. Olson. J. Phys. P: At. Moi Opt. Phys., 24:3409, 1991.

[19] M. T. Robinson. Phys. Rev. B, 40(16):10717, 1989.

[20] O. S. Oen and M. T. Robinson. NIM, 132:647, 1976.


