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Separation of Kinetic and Potential Electron Emission Arising from Slow Multicharged
Ion-Surface Interactions
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Characteristic variations in the total electron yield y as a function of crystal azimuthal orientation are
reported for slow N +, N +, and N + ions incident on a Au(011) single crystal. These variations allow
the direct separation of kinetic and potential electron emission, and allow, for the first time, an analysis
of the neutralization dynamics of multicharged ions interacting with a metal surface, above the kinetic
emission threshold. Electron emission resulting from below-surface Auger transitions is shown to be the
dominant potential emission mechanism.

PACS numbers: 79.20.Rf, 34.90.+q

Traditionally it has been useful to define electron emis-
sion in ion-surface interactions as kinetic electron emis-
sion (KEE) or potential electron emission (PEE), de-
pending on whether the ejected electrons are liberated by
the conversion of kinetic or potential energy of the in-
cident projectile. While KEE can occur only after the in-
cident ion has impacted the target surface, for mul-
ticharged ion projectiles PEE can already begin at rela-
tively large distances above the surface with stepwise neu-
tralization into high-lying Rydberg levels of the incident
ion, leading to the formation of a so-called "hollow" atom
[1]. The deexcitation of this "hollow" atom above the
target surface may proceed via a cascade of interatomic
and projectile-based intra-atomic Auger processes. Elec-
trons may also be emitted above the surface when high-
lying projectile Rydberg states are promoted to the con-
tinuum with decreasing distance as a result of the interac-
tion of the captured electrons with the projectile image
potential, or by the screening eAect of more tightly bound
electrons [1,2]. Recently it has been shown [3,4] that the
completion of the complex cascade of Auger processes re-
sponsible for multicharged ion neutralization above the
target surface requires time scales of the order of 10
to 10 ' s. For shorter above-surface interaction times,
it is likely that the incident projectiles will still be in a
multiexcited state when they reach and interact with the
surface. Sudden screening of the projectile core charge
by the high density of valence band electrons within the
target will result in any remaining Rydberg electrons
becoming unbound and "peeled" from the projectile at
the moment of surface penetration [1]. Subsequent elec-
tron capture in the bulk will take place into lower-lying n

states followed by rapid inner shell intra-atomic Auger
transitions [3]. While promotion, "peel-off" electron
emission, and below-surface PEE are all possible at
higher projectile velocities where the above-surface cas-
cade is incomplete, the increasing contribution from KEE
makes the experimental determination of the relative con-
tributions of these neutralization processes more diScult.

We present in this Letter measurements as well as a
modeling analysis of the total secondary electron yields,

y, for N +, N +, and N + ions incident on a Au(011)
single crystal, in the velocity range 0.25-0.55 a.u.
Characteristic variations in y are reported as a function
of the incident azimuthal angle. Variations of the ion-
induced electron emission with target azimuth angle have
been reported previously [5], as a means of orienting
monocrystalline targets. The present azimuthal varia-
tions allow us to unambiguously separate the contribution
of KEE to the total electron yield, and hence to investi-
gate, for the first time, the mechanisms responsible for
PEE in the energy region above the kinetic emission
threshold. From our analysis we conclude that the major
contribution to PE in this energy region arises from
secondary cascade processes within the target bulk, rath-
er than from above-surface neutralization processes. This
conclusion provides a new perspective from which to view
electron emission in multicharged ion-surface interac-
tions.

We have carried out a range of measurements of the
total electron yield for N +, N +, and N + ions incident
on a clean Au(011) single crystal surface. The details of
our apparatus and technique have been given elsewhere
[3]. Briefly, a beam of multicharged ions, extracted from
the Oak Ridge National Laboratory electron cyclotron
resonance (ORNL-ECR) ion source, was directed onto a
Au(011) single crystal mounted on a manipulator. The
crystal surface was prepared by cycles of sputter cleaning
and annealing, and the surface cleanliness was verified
using Auger electron spectroscopy. To obtain the total
electron yield y, the current to the crystal was measured
both with and without a positive bias voltage applied to
hold the secondary electrons. A target bias of +300 V,
giving over 95% suppression of the secondary electron
emission, was employed under normal incidence condi-
tions to obtain the incident ion Aux. The measurements
were carried out at pressures of typically 10 Pa.

In Fig. 1(a), we present our measurements of the total
electron yield as a function of the crystal azimuthal angle
for 30 keV N +, N +, and N + ions at 20 incidence.
The total electron yield can be seen to exhibit charac-
teristic azimuthal variations. The amplitude of these
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variations in Fig. 1(a) is seen to be independent of the in-
cident ion charge state. Similar measurements of the az-
imuthal variations in the total electron yield for 80 keV
N + and N + are shown in Fig. 1(b) for the same in-

cidence conditions. It can be seen that the amplitude of
the variations has increased with incident ion kinetic en-

ergy.
Recent semiempirical theories [6] of low-energy KEE

are based on the observation that the total electron yield
and the mean inelastic (or electronic) stopping power of
the projectile follow the same dependence on the incident
ion kinetic energy. The degree of electronic stopping in

turn depends on the electron density sampled along the
projectile ion trajectory in the target bulk. Since the
electron density is maximum at lattice sites, and since for
a single crystal the mean distance of c1osest approach in a
collision between an incident ion and a target surface
atom will vary with crystal orientation, variations in the
electronic stopping and hence the total electron yield are
expected as a function of crystal azimuthal angle.

We have used the MARLOWE Monte Carlo simulation
code [7] to calculate the energy loss of the incident pro-
jectiles on traversing a target of finite thickness. In the
MARLOWE code, the trajectory of each projectile ion is

followed collision by collision as it interacts with the
atoms of the target. Each collision is assumed to consist
of an elastic and inelastic part. The elastic part is de-
scribed by classical scattering theory using the Moliere
approximation to the Thomas-Fermi potential with the
screening length proposed by Firsov [Sl. The inelastic
part consists of a local inelastic energy loss Q, corre-
sponding to electron excitation or ionization, which

occurs at the apsis of the encounter and is given by

O.O45~Z '"
Q(s, E) = '

2
exp[ —03R(s,E)/a~z], (I)
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where s is the impact parameter in the collision, E is the
kinetic energy of the projectile, a &2 is the screening length
in the Moliere potential, R is the apsis of the trajectory,
and K is a parameter whose value is determined using the
theory of Lindhard, ScharA', and Schiott [9] at high ener-
gies where R(s,E) =s. This form of the local inelastic
energy loss was chosen to reAect approximately the elec-
tron density around the target atoms. The electronic
stopping associated with Eq. (1) is

+s
5, =2m sg(s, E)ds,
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FIG. l. (a) Total electron yield y as a function of crystal az-

imuthal angle p for 30 keV N +, N +, and N + ions incident at
20' on Au(011). The absolute yields for Ns+ and N6+ have

been normalized to correspond to the straight line fits of Fig. 2

at the appropriate azimuth angle (6' to the [100] direction).
The average local inelastic energy loss calculated using the
MARLowE trajectory code for 5000 30 keV N ions at 20 on

traversing a 40 A slab is shown as a dashed line. 0 corre-
sponds to the [100] direction. The diff'erence in yield between
N + and N + shown in (a) is seen to be essentially azimuthally
invariant. The straight line drawn through the diA'erence points
represents the average over all azimuths, equal to 3. 1 ~ 0.4. (b)
Total electron yield y as a function of crystal azimuthal angle p
for 80 keV N5+ and N + ions incident at 20' on Au(011). The
absolute yields for N + and N + have been normalized to cor-
respond to the straight line fits of Fig. 2 at the appropriate az-
imuth angle. 0' corresponds to the [100] direction.

where 5, is the maximum value of the impact parameter
determined by the lattice dimensions of the target.

Figure 1(a) shows the local inelastic energy loss, calcu-
lated using MARLOWE, on traversing a slab of thickness
40 A averaged over 5000 incident ion trajectories for 30
keV N atoms incident at 20 on a Au(001) single crystal
as a function of crystal azimuthal orientation. The thick-
ness of the target layer was chosen to be of the same or-
der as the inelastic mean free path for low-energy elec-
trons, but the results presented here do not depend criti-
cally on the slab thickness chosen. It can be seen that the
local inelastic energy loss exhibits azimuthal variations
very similar to those observed experimentally in the total
electron yield. We therefore attribute the azimuthally
varying component of the total electron emission to KEE.
The nonlocal inelastic energy loss, representing collective
excitation loss mechanisms, was also calculated, but is ex-
pected to make only a minor contribution to the secon-
dary electron yield due to the low conversion efticiency of
plasmon oscillations to free electrons in the present veloc-
ity regime.
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FIG. 2. Total electron yield y as a function of incident ion

velocity for N5+ and N6+ ions incident at 20 on Au(011) for a

fixed crystal azimuth. Solid lines are least-squares fits to data
points.

We can obtain the contribution to the total electron
yield due to the initial ion charge state by subtracting the
spectra for N + and N + incident ions. This contribu-
tion, shown in Fig. l(a) for 30 keV incidence energy, is
found to be essentially azimuthally invariant, and, furth-
ermore, to have the same magnitude for both 30 and 80
keV incident ions. We have checked the velocity in-
dependence of this charge-state-dependent component by
measuring the total electron yield as a function of in-
cident ion velocity for N + and N + ions under the same
incidence conditions. As can be seen in Fig. 2, the addi-
tional emission for N + as compared to N + is indepen-
dent of projectile velocity within our present velocity
range. The invariance of this component with incident
ion velocity indicates that it is not due to enhanced KEE
in the topmost layers of the target due to the initial ion
charge. On this basis, we are able to separate the KEE
from the total electron yield and to attribute the charge-
state-dependent but velocity-independent component to
PEE. A similar velocity-independent component has re-
cently been deduced by Kurz et al. [10], using a tech-
nique based on the analysis of electron emission statistics
[I l] at much lower incident ion energies, where KEE is a
minor component of the total electron yield.

The separation of the PEE component from the KEE
allows us for the first time to investigate the neutraliza-
tion of multicharged ions in a velocity region where KEE
is the majority contributor to the total electron yield. As
pointed out above, the following mechanisms may con-
tribute to the PEE component: (i) above-surface PEE
(i.e. , cascade), (ii) above-surface electron promotion to
the continuum, (iii) peel olT due to sudden screening on
surface impact, and (iv) subsurface PEE. To obtain a
quantitative estimate of the contribution of both the
above-surface Auger cascade and the promotion to the
continuum to the total electron yield, we have used the

classical over-the-barrier model. The model simulations,
the details of which have been presented elsewhere [I],
give an estimate for emission into 4x sr of —1.2 electrons
per ion for the above surface PEE, and —0.17 electron
per ion for promotion to the continuum, at the lower limit
of the velocity range of the present experiment. The cor-
responding contributions at the upper velocity limit are
—0.6 and —0.04 electron per ion, respectively. These es-
timates represent an upper limit to the expected contribu-
tions, and are likely to significantly overestimate the actu-
al electron yield. In addition, it can be seen that the con-
tributions from both above-surface PEE and promotion to
the continuum exhibit a significant dependence on the in-

cident ion velocity. This is in contrast to the observed ve-

locity independence of the PEE component. It would ap-
pear, therefore, that electrons arising from above-surface
PEE and above-surface promotion to the continuum
comprise only a minor part of the charge-state-dependent
emission in the present energy range.

In order to determine the possible contribution from
peel-of electrons, we have used the over-the-barrier mod-

el to estimate the populations of those projectile levels
which become unbound at the moment of surface impact.
It is expected that for incident N +, levels with n ~ 3
remain bound below the surface [3]. We have, therefore,
summed the population for levels n ~ 4, which for N + is

found to be -7.5 electrons and remains essentially con-
stant within our present energy range. For incident N +,
the same analysis yields a summed population for n ~ 4
of —6.3 electrons, which again remains constant in the
present energy range. The formation of a negative ion in

front of the surface deduced from the above level popula-
tions has been noted previously [12]. The observed veloc-

ity behavior of the PEE component in the present case
may therefore be consistent with the peel-of mechanism.
However, since the outer level populations for N + in-

crease only by one electron compared to N +, the peel-off
mechanism is not able to account for the large PEE yield
increase of —3.5 ~ 0.4 ejion observed for N + in com-

parison to N +. (This error is calculated from the stan-
dard deviation of the mean for the straight line fits in Fig.
2.) It would appear, therefore, that while peel-oII' elec-
trons may contribute, they are not responsible for the ma-

jor part of PEE. A similar conclusion has recently been

reached by Kurz et al. [10]. One implication of this

analysis is that only a minor fraction of the peel-off elec-
trons are backscattered from the surface. We are unable
to offer an a priori estimate of the contribution of peel-of
electrons to the observed electron yield, due to the un-

known fate of these electrons. Whether such electrons
are promoted to the continuum or are captured into the
metal conduction band is not known. The term "peel-off"
simply refers to the Rydberg electrons becoming unbound

from the projectile.
By this process of elimination we are left with the con-

clusion that below-surface PEE is the major contribution
to the velocity-independent yield in the present case. We
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can consider the below-surface PEE to be composed of
two distinct contributions, which we shall call direct PEE
and indirect PEE. Direct PEE consists of Auger elec-
trons which escape from the surface without undergoing
inelastic collisions within the bulk. Such electrons will be
detected at the corresponding Auger transition energies.
Indirect PEE consists of those Auger electrons which do
undergo inelastic collisions, together with any secondary
electrons which they generate within the bulk and which
are able to escape into vacuum.

Since only levels with n ~ 3 are expected to be bound
within the bulk [3], direct PEE is comprised essentially of
KLL and LMM Auger transitions. This projectile-based
electron emission would be expected to decrease with in-

creasing projectile perpendicular velocity, as the ion

penetrates further into the target material and the elec-
tron escape probability decreases. This expected trend in

the velocity dependence of KLL and LMM Auger elec-
trons has been previously reported [13] for 24 keV N +

ions incident on Cu(100). In addition, from our earlier
analysis [3], the number of KLL and LMM electrons ob-
served at their original transition energies appears
insufticient to account for the magnitude of the PEE com-
ponent.

In contrast to direct PEE, the total number of low-

energy secondary electrons produced by indirect PEE is

expected to be much less projectile velocity dependent
due to their significantly longer inelastic mean free paths
and resulting higher probabilities for escape from larger
depths. In addition, a 3-4 e/ion increase of indirect PEE
for N +, compared to N +, is to be expected due to an
increase in secondary processes involving the high-energy
KLL Auger electron emitted below the surface. Such a
yield di]I'erence has been previously observed [13] for
N + and N + ions incident on Cu(100). Also, in con-
trast to the strong incidence angle dependence found for
the projectile K Auger electron emission, only a very
weak dependence was found for the N +-N + yield
diA'erence, consistent with the above picture for indirect
subsurface PEE. The experimental evidence is therefore
consistent with the conclusion that the major contribution
to PEE above the KE threshold arises from below-surface
PEE, due to secondary cascade processes initiated by
Auger transitions occurring within the target bulk. We
would like to point out that by inclusion of subsurface in-
direct PEE processes, it is not necessary for us to invoke
the "ultimate" autoionization and Auger neutralization
processes proposed by Kurz et al. [10] to explain the
velocity-independent components of their measured elec-
tron yields. Consequently, a reassessment of present
models for the filling of electronic states prior to the
inner-shell vacancy-related fast Auger electron emission,
as suggested by Kurz, would not appear to be required in

the projectile energy range considered in the present ex-
periments.

In summary, we present in this paper measurements of

the total electron yields for N +, N +, and N + ions in-
cident on a Au(011) single crystal in the velocity range
0.25-0.55 a.u. The total electron yield is seen to consist
of two distinct components, an azimuthally varying
velocity-dependent component, and an azimuthally in-
variant velocity-independent component. Using the MAR-

LOWE trajectory code we are able to unambiguously attri-
bute these components to KEE and PEE, respectively,
and to investigate, for the first time, the mechanisms re-
sponsible for PEE in the energy region above the kinetic
emission threshold. From our analysis we conclude that
the major contribution to PE in this energy region arises
from "indirect PEE" due to secondary cascade processes
within the target bulk.
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