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Chapter 4

Sputtering of hollow carbon
atoms

4.1 Introduction

We investigated the emission of Auger electrons from collisions of hydrogen-like
ions C5+, N6+ and O7+ with graphite as well as C60 (fullerene or ’Buckyball’)
covered gold surfaces. Besides the quite well understood Auger electrons emit-
ted from the projectile, an extremely high yield of Auger electrons originating
from carbon surface atoms is observed. Remarkably, the target Auger distri-
bution shows discrete (atomic) KLL lines superimposed on the broad KV V
distribution originating from bulk carbon. This indicates high sputtering yields
of highly excited carbon ions/atoms with K-shell vacancies.

4.2 Sample preparation

The Highly Oriented Pyrolitic Graphite HOPG(0001) target was prepared ex
situ by means of the standard ’scotch tape’ method. The final preparation
was done by series of grazing incidence (ψ = 5◦ − 10◦) 800 eV Ar sputter-
ing/annealing cycles. C60 monolayers on Au(111) were produced following the
recipe suggested by Tjeng et al. [61]: A large amount of C60 is deposited at
room temperature on the thoroughly sputtered Au(111). Desorption of bulk
C60 starts at 180◦C, whereas the much stronger C60-Au(111) bond only breaks
at temperatures higher than 360◦C. Thus, a monolayer coverage of the com-
plete Au(111) surface can be produced by heating the sample to 300◦C for a
few minutes. Removal of the fullerene layer is accomplished by heating up to
400◦C.
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36 CHAPTER 4. SPUTTERING OF HOLLOW CARBON ATOMS

4.3 Results

A set of high-resolution Auger spectra from N6+ collisions with HOPG is dis-
played in figure 4.1. The detection angle θ was 90◦ with respect to the beam
and the projectiles were scattered under a glancing angle ψ = 10◦. The mea-
surements were done at projectile velocities between v = 0.04 a.u. and v = 0.35
a.u., varied in steps of 0.025 a.u., corresponding to kinetic energies ranging from
0.44 keV to 42 keV. An offset proportional to the velocity has been added to
the spectra. All spectra have been normalized to an equal integral over the
projectile KLL distribution between 320 eV and 450 eV.
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Figure 4.1: Auger spectra from N6+ scattered off
HOPG plotted for different projectile velocities v.

At the lowest velocities, the broad nitrogen KLL distribution shows discrete
structures which can be attributed to Auger electron emission from projectiles
with a filled L-shell (E = 384 eV), projectiles with a highly inverted population,
i.e. only 2 electrons in the L-shell (E = 350 eV), or from projectiles with L-shell
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fillings in between these extreme cases. The relative intensity of the discrete
peaks changes with the projectile velocity v [62]. However, the most striking
feature of the spectra is the structure between 200 eV and 280 eV which we
attribute to target Auger electron emission from sputtered C atoms. The ratio
between target and projectile Auger electrons in fig. 4.1 changes dramatically
with increasing v. For v = 0.04 a.u. no target Auger emission is observed,
whereas at v = 0.35 a.u. comparable numbers of target and projectile Auger
electrons are found. A closer look at the target Auger structure at intermediate
velocities reveals discrete peaks on top of a broad background.

This finding is very remarkable, since the target Auger electrons are ex-
pected to originate from bulk graphite. The Auger line shape should then
be given by a self-convolution of the target Density Of States (DOS). Even
though the graphite DOS has three broad maxima due to the πp, σp and σs

bands, in the resulting KV V (V denoting the valence band) Auger spectrum
all structures are washed out [63] (see also fig. 4.5).
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Figure 4.2: Auger spectra from N6+ scattered off
HOPG at v = 0.15 a.u. plotted for different obser-
vation angles θ.

To pinpoint the origin of the C Auger electrons we exploit the Doppler-shift
of electrons emitted from the projectile when θ differs from the perpendicular
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observation angle used in fig. 4.1. In figure 4.2 Auger spectra for constant
velocity v = 0.15 a.u. measured at different observation angles are displayed.
The incidence angle ψ is always 5◦. An offset proportional to the observation
angle θ has been added to the spectra. As in fig. 4.1, projectile as well as tar-
get Auger peaks are observed. As expected, the complete N KLL distribution
Doppler-shifts to higher energies when θ is decreasing. The calculated ener-
getic positions for the peaks at 359 eV, 373 eV, and 384 eV are indicated by
the dotted lines [65] (also see Appendix 2). It is obvious, that the 384 eV peak
is becoming more pronounced for small θ, partly because the corresponding
electrons can be emitted on the outgoing part of the trajectory and still be
detected. Furthermore, the peak at 350 eV, which is known to result largely
from decay processes above the surface [64], becomes more prominent with de-
creasing θ. This is due to the fact, that the other contributions partly originate
from below surface emission processes. For very small observation angles, the
corresponding electrons suffer a strong attenuation due to the increasing path
length through the HOPG bulk [66].

The target Auger structure between 200 eV and 280 eV shows no Doppler-
shift at all. In particular, the peaks at 256 eV and 267 eV are unchanged upon
projectile velocity variation (see fig. 4.1). With decreasing observation angle,
their relative intensity with respect to the broad background increases strongly.
This indicates, that these peaks originate from the topmost layer (or above),
whereas the broad structure exhibits the typical angular distribution expected
for KV V emission processes in bulk HOPG.

As outlined before, the KV V emission is probably initiated by K-shell
vacancy transfer from the projectile to the target [67]. It is therefore a logic
test to investigate the interaction of different projectiles with the HOPG target.
The results for O7+ projectiles are displayed in figure 4.3. The detection angle
θ was 90◦ and the incidence angle ψ was 5◦. The measurements were done
at projectile velocities between v = 0.02 a.u. and v = 0.325 a.u., varied in
steps of 0.04 a.u., i.e. the experimental parameters are very similar to those
for the N6+ case (fig. 4.1). Again, the spectra consist of a distribution due to
projectile KLL Auger electrons (around 500 eV) as well as the target K Auger
electrons between 200 eV and 280 eV. Obviously, relatively much less target
Auger electrons are produced with O7+ as compared to N6+. Also the discrete
peaks superimposed on the broad KV V background are weaker.

On the other hand, the strongest effects can be expected for collision of
C5+ with HOPG. This system is difficult to study, since projectile and target
Auger electrons are expected at the same energies. However, we can avoid this
problem by using fast projectiles and separate both contributions by exploiting
the Doppler shift of the electrons emitted from the projectile.

Figure 4.4 shows results for v = 0.31 a.u. C5+ impact on HOPG scattered
under ψ = 5◦. The detection angle θ varies between 15◦ and 60◦. The difference
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Figure 4.3: Auger spectra from O7+ scattered off
HOPG plotted for different projectile velocities v.

in the ratio between target-Auger peak and projectile-Auger peak when going
from N6+ and O7+ to C5+ projectiles is dramatic. For large values of θ it is
hard to separate projectile and target Auger distributions, but for θ = 15◦ the
two structures can be clearly distinguished. Even for this small detection angle,
the integral over the target Auger distribution exceeds the one originating from
the projectile.

This is even more surprising since we know from fig. 4.2, that at small ob-
servation angles θ the relative intensity of the target KV V Auger electrons
originating from the bulk (broad structure) is strongly suppressed. Further-
more, the projectile Auger distribution clearly shows a prominent peak at 275
eV originating from the C 1s(2s22p3) configuration. For target Auger emission
following a vacancy transfer to the C K-shell this is the expected configuration.
On the other hand, it seems that the 275 eV peak is barely present in the target
Auger spectra for N6+, O7+ and C5+ (see figs. 4.1 to 4.4).
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Figure 4.4: Auger spectra from C5+ scattered off
HOPG at v = 0.31 a.u. plotted for different obser-
vation angles θ.

4.4 Discussion

As pointed out in the previous section, the target Auger electron distribution
consists of discrete peaks superimposed on a broad background. To clarify
the origin of both components, two different approaches are applicable: i) the
Auger spectra can be compared to results obtained using another excitation
mechanism, e.g. electrons; ii) a different carbon allotrope can be used as a
target, in order to provide a different electronic structure.

Figure 4.5a displays an electron spectrum obtained by impact of 825 eV
electrons on HOPG. The elastic scattering peak can be found slightly below 825
eV. About 25 eV below the elastic peak a second maximum is observed which
can be attributed to electron energy loss due to excitation of a bulk plasmon.
We are mainly interested in the weaker feature around 260 eV: The C KV V
Auger electrons from the bulk HOPG are superimposed on a strong background
of inelastically scattered electrons. The background substracted C KV V peak
obtained from a 3 keV electron impact induced electron spectrum is shown
in fig. 4.5b (open symbols). It is compared to the background substracted C-
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Figure 4.5: a) Raw electron spectrum from 825 eV elec-
tron impact on HOPG (ψ = 20◦, θ = 70◦). b) Back-
ground substracted C Auger peak from 3 keV electron
and 8 keV N6+ impact on HOPG. In c) the difference
spectrum of the data in b) is displayed.

Auger peak from 8 keV N6+ scattered off HOPG. The difference spectrum of
both distributions (fig. 4.5c) should give an idea of the electron spectrum due
to above surface target Auger emission. By and large it can be described by
three peaks centered at about 256 eV, 267 eV and 275 eV. The exact energetic
position of the C Auger lines are compiled together with projectile C KLL
Auger data from [68] in Appendix 2. The energetically highest peak at 275
eV, which is due to KLL emission from a C 1s(2s22p3) configuration, has
not been observed in the C projectile KLL Auger spectra of the earlier study
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on Si, W and Ni [68]. The appearance of the 275 eV peak here fits perfectly
into the K-shell vacancy transfer picture: A K-shell electron is removed from a
ground state atom within the surface, and the resulting C atom with 1s(2s22p3)
configuration is sputtered from the surface.
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Figure 4.6: C Auger electron distribution of the θ = 20◦

spectrum from fig. 4.2. (N6+ scattering off HOPG.)
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Figure 4.7: Target Auger electron spectra from N6+

scattered off HOPG (ψ = 5◦, θ = 90◦) and a monolayer
C60 film on Au(111) (ψ = 5◦, θ = 50◦) at v = 0.13 a.u.

As mentioned earlier, the electrons emitted from bulk HOPG, i.e. the C
KV V fraction, are suppressed for small observation angles θ. Figure 4.6 shows
a zoom into the region of interest of the θ = 20◦ spectrum from fig. 4.2. The
spectrum also mainly consists of three peaks centered at 256 eV, 267 eV and
275 eV. The peak ratios and the background differ from fig. 4.5c because of the
persistence of a small fraction of KV V electrons originating from the bulk.
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However, at about the same energies three C Auger peaks are also found in
the (Doppler-shifted) projectile C KLL spectra (fig. 4.4). This similarity seems
to indicate, that the discrete components of the target Auger distribution are
due to the decay of hollow atoms above the surface moving at low velocity
(negligible Doppler-shift).

In that case, the discrete components should not depend on the target elec-
tronic structure, i.e. the same results are expected for interaction of hydrogen-
like ions with different carbon allotropes. In figure 4.7 target Auger spectra
for v = 0.13 a.u. N6+ impact on HOPG and C60 covered Au(111) are shown.
Obviously both spectra are basically identical. In particular, the locations of
the discrete peaks are the same.

Due to the strong velocity dependence of the C KLL Auger yield, apparent
from figs. 4.1, 4.2 a C K-shell ionization due to KLL electrons from the pro-
jectile can be ruled out as a dominant process: for such secondary processes,
only a weak velocity dependence is expected [69].

Thus, for collisions of hydrogen-like ions with carbon targets a certain class
of trajectories exists, in which a K-shell vacancy is transferred from the pro-
jectile to a surface atom which is sputtered from the surface - probably in the
same collision process. Such a process is only possible under three conditions:
(A) The interaction time between projectiles and surface is short in order to
sustain K-shell vacancies until the collision occurs. (B) The collision energy has
to be high enough to allow direct sputtering of surface atoms. (C) A vacancy
transfer has to be possible.

A. Projectile-surface interaction times

The first condition is necessary for the occurrence of target Auger electron emis-
sion in general and deserves a thorough discussion. According to the classical
over-the-barrier model a current of electrons starts to flow from the solid to
the projectile as soon as the saddle point of their joint potential is energetically
lower than the surface work function. Capture sets in at a critical distance z0

(see eq. (2.4)) with the work function φ = 4.7 eV [70] and the projectile charge
state q. For q = 5, 6 and 7 (the hydrogen-like projectiles C5+, N6+ and O7+)
the respective distances are z0 = 18.8, 20.5, and 22.0 atomic units.

Below a distance z0 the projectile is neutralized by electron capture from
the surface valence band into Rydberg states. Subsequent Auger transitions
then fill the L-shell. Thomaschewski et al. [71] found that the key parameter
for the above-surface L-shell filling of N6+ in front of an Au(111) surface is the
perpendicular component of the velocity. At closer distances two-center LV V
processes take over, in which both involved electrons stem from the surface
valence band. For this class of trajectories it has been shown by Limburg et
al. [62] that the neutralization and subsequent de-excitation of hydrogen-like
ions in front of various surfaces strongly depends on the frequency of close
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collisions between projectile and surface atoms, i.e. on the parallel projectile
velocity. The transition rates for the L Auger processes themselves are velocity
independent and depend weakly on the number of L-shell electrons already
present. For an LV V Auger process into the L-shell of an N-ion for instance,
the transition rate is ≈ 1 · 1015 s−1 for electron densities comparable to the
graphite case (rs = 1.5 a.u.) [72]. This is only one order of magnitude faster
than typical KLL-Auger transition times which lie in the 1014-1013 s−1 range
and therefore KLL decay sets in as soon as two electrons are present in the
L-shell, at a time when the projectile is still above the surface. The corres-
ponding peak in the electron spectra for N6+ impact is due to a 1s(2s2 1S) 2S
configuration and can be found at 350 eV (fig. 4.1). The fact that this peak
is only present for very low collision velocities already indicates, that a second
velocity dependent L-shell filling process is active. Most probably for closer
distances the L-shell is filled quasi resonantly in a Landau-Zener type electron
transfer during close binary collisions [67]. The frequency of such collisions
scales with the projectile velocity v. With increasing projectile velocity, the
fast direct filling of the projectile L-shell becomes more important and KLL
emission from more completely filled L-shell systems sets in. From fig. 4.1 it is
obvious, that for N6+ scattering from HOPG even for low v emission from the
filled L-shell takes place and the low energy peak never becomes as prominent
as observed in collisions with metal and semiconductor targets. Above v = 0.1
a.u. it even completely vanishes. From this we conclude, that projectile KLL
Auger emission at higher v takes place at or below the surface.

Therefore for v > 0.1 a.u. condition A) is clearly fulfilled. At lower v only
a fraction of K-shell vacancies survives, giving rise to a drop in target Auger
emission. In conclusion, the presence of the low energy projectile KLL peak
might serve as a fingerprint for a situation in which no or little target Auger
emission is expected.

B. Surface penetration and sputtering

To answer the second question, namely from which velocity on the projectiles
penetrate the surface and/or sputter C atoms, we performed simulations based
on the Binary Collision Approximation (BCA) using the MARLOWE code and
time ordered cascades [37, 38]. Sputter yields as well as the surface reflectivity
for scattering of N from HOPG (ψ = 10◦ and v = 0.02−0.3 a.u.) can be found
in figure 4.8.

A strong threshold effect is visible for both quantities: At about 0.05 a.u.
the projectiles start to penetrate the surface and the sputtering yield increases
dramatically. To compare this directly to the experimental data, we extracted
the target K Auger to projectile KLL Auger ratios as a function of v for N6+

and O7+ projectiles (fig. 4.10).
Both data sets show an increase with v. In the case of N6+ the ratio rises
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Figure 4.8: Sputtering yield (solid circles) and reflec-
tivity (open circles) of a HOPG surface upon N impact
as a function of the projectile velocity v (ψ = 10◦).
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Figure 4.9: Sputtering yield (solid circles) and reflec-
tivity (open circles) of a HOPG surface upon O impact
as a function of the projectile velocity v (ψ = 5◦).

strongly around v = 0.05 a.u., as expected from the simulation as well as from
the experimentally observed survival probability of the K-shell vacancy, i.e.
the absence of a high energy peak in the projectile KLL Auger distribution
for small projectile velocities. From this data it is unclear, which one is the
limiting factor for target Auger emission. The O7+ data in figure 4.10 have
been measured with an incidence angle ψ = 5◦, i.e. in a less destructive mode.

The results of the simulation of sputtering yield and reflectivity for O im-
pinging on HOPG can be found in figure 4.9. Sputtering and penetration set
in at v = 0.1 a.u. which is much higher than in the N6+ case. However, in
the K Auger ratios from fig. 4.10 no threshold is visible at all. In particular
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target Auger emission is observed well below the v = 0.1 a.u. threshold. On
the other hand, the appearance of the low energy peak (E = 465 eV) in the
projectile KLL Auger distribution in fig. 4.3 coincides with the vanishing of
the target Auger peak thus indicating that the survival of the K-shell vacancy
is the limiting factor for target Auger emission. Apparently, even for veloci-
ties lower than the threshold from fig. 4.9 imperfections of the surface may
still give rise to some surface penetration and sputtering. However, the fact
that the sputtering is less effective than for the N6+ case manifests itself in the
relatively weak discrete peaks within the target Auger distribution (which we
assign to KLL Auger emission from sputtered carbon).

C. K-shell vacancy transfer

From figure 4.10 it is also obvious, that the (total) relative target Auger yield
is significantly higher for N6+ than for O7+. Part of the reason is the larger ψ
for the N6+ data, therefore fig. 4.10 also contains an N6+ data point measured
under the same scattering geometry as the O7+ data (ψ = 5◦). The relative
values at v = 0.15 a.u. are 0.215 (N6+) and 0.085 (O7+) i.e. at this velocity
with oxygen projectiles 60% less target Auger electrons are observed.
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Figure 4.10: Target KV V to projectile KLL ratios ver-
sus v for N6+ (left axis, full circles, ψ = 10◦) and O7+

(right axis, open circles, ψ = 5◦) scattered off HOPG.
The data are taken from figs. 4.1 and 4.3 and have been
background substracted. The additional data point (x)
at v = 0.15 a.u. belongs to the N6+ but has been mea-
sured under the same geometry as the O7+ (ψ = 5◦).

The reason has to lie in the projectile dependence of the vacancy exchange
mechanism. In the past, a variety of inner-shell vacancy exchange mechanisms
have been proposed and used successfully. We applied the model of Schippers



4.5. SUMMARY 47

et al. [67] which assumes Landau-Zener like vacancy exchange in close binary
collisions. However, in that work collisions of N6+, O7+ and Ne9+ (v ≈ 0.4 a.u.)
with Pt(110) were studied, where vacancy transfer between projectile K-shell
and target N -shells is dominating. The level crossings occur at internuclear
distances between 0.5 a.u. and 1 a.u., which can easily be reached at such high
velocities. In our study the C K-shell is involved and vacancy transfer from the
projectile K-shell or L-shell takes place at even smaller internuclear distances.
In particular in the low projectile velocity regime these distances can hardly be
reached and the resulting vacancy exchange probabilities are negligible. Only
for the symmetric case of a C projectile at high v, considerable exchange proba-
bility from the projectile L-shell to the target K-shell is obtained. At v = 0.3
a.u. on average 5 C atoms are sputtered by each projectile, i.e. several close
collisions take place, each with a considerable vacancy exchange probability.
This could lead to an increased vacancy transfer probability, which could ex-
plain the experimental results obtained with C5+ projectiles, but not the O7+

and N6+ case. The reason for the non-applicability of the Landau-Zener ap-
proach from Schippers et al. [67] might lie in the semi-metallic structure of the
HOPG which gives rise to a screening which differs from the metal case.

4.5 Summary

The interaction of slow (v < 0.4 a.u.) hydrogen-like ions with carbon surfaces
leads to strong target K Auger emission. These Auger electrons partly originate
from bulk or surface carbon (KV V Auger electrons). A second fraction of the
carbon K Auger electrons exhibits distinct peaks, which can be identified as
being due to atomic KLL transitions. Such strong target Auger emission has
not been observed yet. We presented strong indications that the target KLL
electrons are fingerprints of a yet undiscovered process, namely sputtering of
hollow atoms from the surface.
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