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Outside a surface of sufficiently low work function, incident 10-eV He+ ions convert
to excited atoms which, in turn, eject electrons in the process of Auger deexcitation
(Penning ionization). The electron spectroscopy thus demonstrated for He+ incident on
Ni(100) with adsorbed K' is the essential equivalent of that employing incident metasta-
ble atoms. Energy and wave-function considerations governing the partition between
neutralization and deexcitation processes are discussed and evidence of the surface
sensitivity of these processes is presented.

In this paper, it is demonstrated experimentally
for the first time that a slowly moving ion inci-
dent on a metal surface of sufficiently small work
function q is resonance neutralized to an excited
atom which, in turn, is deexcited with the ejec-
tion of an Auger electron. Thus, for a category
of solid surface meeting certain energy and wave-
function specifications, this two-stage, electron-
ejection process provides an electron spectro-
scopy in which the energy distribution of elec-
trons yields directly, without deconvolution, a
transition density function approximating the
local density of electron states outside the sur-
face. Moreover, this spectroscopy, retains the
properties of large beam intensity and particle-
velocity variability characteristic of the incident
ion beam.

The present experiment bears importantly on

the questions now being discussed in the litera-
ture as to the conditions that determine when
one- or two-stage processes of electron ejection
from solid surf aces occur for either incident ions
or incident metastable atoms. ' ' In terms of
the processes depicted in Fig. 1, we ask by which
of two possible routes does either an incident ion
or an incident metastable reach the neutralized,
deexcited ground state. The possible component
processes are resonance ionization (RI), reso-
nance neutralization (RN), Auger neutralization
(AN), and Auger deexcitation (AD). The present
experiment also casts further light on the relative
surface sensitivities of ultraviolet photomission
spectroscopy (UPS) on the one hand and the neu-
tralization and deexcitation spectroscopies on the
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FIG. 1. Schematic diagram of possible electronic
transition processes for incident ions g+) or excited
atoms (X*). ne denotes n electrons in the metal; e,
a free electron.

other.
The present experiment was carried out in the

apparatus that has been used for many years in
the study of surfaces by means of ion-neutraliza-
tion spectroscopy (INS) based on the AN process
of Fig. 1.' He' ions of 10-eV kinetic energy were
used. INS and UPS (Hei, 21.2 eV) spectra, were
measured for the initially clean Ni(100) surface,
for the surface after its work function had been
reduced from 5.1 to 1.6 eV by adsorption of K'
ions, and for the K'-covered surface as it con-
tinued to adsorb gas from the background am-
bient in the apparatus. y =1.6 eV is achieved
by K' adsorption on Ni(100) at a coverage of 0.2
monolayer. '

When the Ni(100) surface was clean and y was
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5.1 eV, the energy distribution of electrons eject-
ed by the incident ion beam (curve 1 of Fig. 2)
had the form of the self-fold of an initial, local
state density and is thus characteristic of the AN

process. %hen p = 1.6 eV, the energy distribu-
tion of electrons ejected by 10-eV incident ions
is given as curve 2 of Fig. 2. This does not at
all resemble that expected if AN were constrained
to occur at the K'-covered surface (curve 3 of
Fig. 2). The higher-energy portion of curve 3
should resemble that of curve 1 shifted to higher
kinetic energy by 24'. Furthermore, for a Ni
valence-band width of approximately 9 eV, curve
3 would be 18 eV wide and extend almost to (E
-z„,) =o.

Curves 1 and 2 of Fig. 2 are plotted as curves
1 and 2 in Fig. 3 on the E -EF energy scale appro-
priate to the valence band of Ni. Here curve 1a
is unfolded, by INS data reduction, from multi-
run digital data like curve l.

After the conclusion of the K' adsorption, en-
ergy distributions of electrons ejected by inci-
dent He' ions and 21.2-eV photons were mea-
sured alternately (Figs. 3 and 4). Ion-beam re-
tardation measurements and the hv —p widths of
the photoelectron distributions agree in indicating
that p was increasing from its lowest value of 1.6
eV at a rate of 0.02 eV per minute.

Curve 2 of Fig. 3 and curves 2 and 3 of Fig. 4
each has a peak just below EF as well as two
deeper-lying orbital peaks near E -E F = —6 and
—10 eV. Because of this agreement, we conclude
that curve 2 of Fig. 3 must result from a one-
electron-ejection process that is the essential
equivalent of photoemission. The only possibility
is the two-stage EN+AD process of Fig. 1. As
is then necessary the total width of curve 2 of
Fig. 3 is close to the excitation energy of the
metastable minus y, E„'-y =19.8 —1.6=18.2 eV.

The peak just below E„ in curve 2 (Fig. 3) and in
curves 3 and 4 (Fig. 4) arises from the Ni d band.
Note the agreement between curves 1a and 2
(Fig. 3). Thus metastables obtained by RN of
10-eV ions produce a d-band peak for Ni with ad-
sorbed K', whereas 0.066-eV metastables in-
cident on CO-covered Pd(111) eject no measurable
electron current from the Pd d band [Figs. 2(b),
and 2(c) of Ref. 4]. The reasons for this are (1)
that the faster metastables from ions are deex-
cited closer to the surface and thus higher on the
exponentially decaying tail of the d-band wave
function outside the surface, and (2) that many of
the incident metastables are Auger deexcited on
interaction with CO orbitals that project about
two atomic diameters from the Pd surface, where-
as the K' orbital above EF at the Ni surface is
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Fyo. 2. Photographically reproduced plots of electron energy distributions ejected by 10-eV He ions (full lines
Curve 1, clean surface; curve 2, K+-covered surface. Curve 8, distribution for the hypothetical case of Auger
neutralization at the surface with q =1.6 eV.
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FIQ. 3. Energy distributions of electrons ejected by incident 10-eV He+ from the clean surface (curve 1) and
from K+-covered surfaces (curves 2 and 3). Surface work functions for curves 1, 2, and 3 were 5.1, 1.6, and
2.1 eV, respectively. Curves 2 and 3 were taken 2 and 27 min. , respectively, after conclusion of K" absorption.
Curve la is unfolded from curve 1.

not involved in the AD process. No attempt is
made to interpret the two deeper-lying orbitals.
Note, however, that they move toward EF with
increasing q such that their ionization energies
(E„, E) are inva-, riant.

The most spectacular effect of the continued
adsorption of background gas after the conclu-
sion of the K' exposure is the eventual disap-
pearance of the d-band peak in the electron en-
ergy distribution for incident ions (curve 3, Fig.
3). Note that no such disappearance of the d-band
peak occurs in the photoemission spectrum of
curve 3 of Fig. 4 despite the fact that it was taken
later than curve 3 of Fig. 3 (see captions). The
surface adsorption that accounts for the 0.02-eV/
min rise in p has after 27 minutes obliterated
almost all of the wave-function amplitude outside
the solid due to the substrate d band and this fact

is not, and cannot be, evident in the photoemis-
sion distribution.

It is now possible to state more precisely than
has been possible heretofore the conditions that
determine for metals whether one- or two-stage
electronic transition processes occur for incident
ions or metastable atoms. The two governing
circumstances are (1) the energy levels near the
surface of the excited states in the incoming atom
relative to the Fermi level and (2) the relative
transition probabilities of possibly competing re-
sonance tunneling and Auger processes as de-
termined by wave-function magnitude. In this
discussion E„'-E,', the difference between the
effective neutralization energy of the ion and the
effective excitation energy of the metastable near
the surface, is the effective ionization energy of
the metastable there. Let R be the total range of
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atom-solid separation within which resonance tun-
neling or Auger processes can occur. The vari-
ous possibilities will be stated in symmetrical
form for incoming helium ions and metastables:

(1) AN (AD) is the only process possible for in-
cident ions (metastables) if E„' -Z„' is less (great-
er) than y throughout R.

(2) If E„' E„' is gre-ater (less) than p through-
out R for incident ions (metastables) the possible
processes are partitioned between AN (AD) and
RN+AD (RI+AN). The partition is governed by
the relative transition probabilities, as deter-
mined by wave-function overlap, of the compet-
ing Auger and precursor resonance tunneling
processes. CO adsorbed on Pd(111) (Ref. 4) af-
fords an example of a partition favoring a mea-
surable component of AD for incoming metasta-
bles. . Here the projection of the CO molecule

Flo. 4. Energy distributions of photoelectrons ejected
by 21.2-eV light from the clean surface (curve 1) and
two K+-covered surfaces (curves 2 and 3). p=5.1, 1.9,
and 2.3 eV for curves 1, 2, and 3, respectively. Curves
2 and 3 were taken 19 and 37 min, respectively, after
conclusion of K+ absorption.

from the Pd(ill) surface provides at the posi-
tion of the metastable the requisite wave-function
magnitude of filled states below EF relative to
that of unfilled states above EF. The relatively
low probability of RI is in agreement with the
relative inability of AD to detect the substrate
d band. An example of the predominance of the
two-stage process BR+AD for incoming ions
(E„' E„'-)y) is afforded by the present work and
of RI+AN for incoming metastables (E„' -E„'(p)
by the clean Pd(111) results. In this latter case
the kinetic-energy distribution of ejected elec-
trons has the form of a folded, initial-state, tran-
sition density. Unfolding by the INS data-reduc-
tion procedure of a smooth digital curve fitted to
the data of Fig. 1(b) of Conrad etal. ' yields an
initial-state transition density that shows a peak
in the range of the Pd d band observed by photo-
emission.

(3) If E„' F.„'=y-in R, it is possible to vary
the partition between one- and two-stage pro-
cesses by varying the incident-atom velocity as
is discussed for incident ions in Ref. 5.
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