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Sputtering of hollow atoms from carbon surfaces
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We investigated the emission KfAuger electrons from collisions of hydrogenlike ion$'CN®*, and G
with graphite as well as fullerene covered gold surfaces. Besides the quite well understood Auger electrons
emitted from the projectile, an extremely high yield of Auger electrons originating from surface atoms is
observed. Remarkably the target Auger spectra show dis@tmio KLL lines superimposed on the broad
KVV spectra originating from bulk carbon. This indicates high-sputtering yields of highly excited carbon
ions/atoms withK-shell vacancies.

PACS numbg(s): 34.50.Dy, 34.70te, 79.20.Rf

. INTRODUCTION study on collisions of hydrogenlike Ar with SiQLehnert
et al. [21] observed radiative deexcitation of Rishell va-
The interaction of highly charged ions with solids de- cancies, which they attributed to x-ray fluorescence induced
pends strongly on the electronic properties of the surfiise by photons from radiative projectile deexcitation. A similar
a review, see Refl]). For instance, very recently we could scheme based on Auger electrons could be imagined. Com-
show that in particular the target work function influencesmon to all these studies is the fact, that only emission from
the formation of a hollow atom above the surface and itdarget atoms embedded in the surface or the bulk has been
subsequent deexcitation dynami&. Carbon surfaces are observe_d. The continuous densﬂy-of-states in the val_en(_:e or
an ideal target to study the interplay between the Sunca(:gonduct|on band gives rise to energetically broad distribu-
electronic properties and the neutralization dynamics of 410nS of targetK-shell Auger electrons. Consequently, no
slow (v<<1 a.u.) highly charged ion: Different allotropes can sharp atomic I|_nes are_ob§erved. To our _knowledge, up to
be investigated, such as graphigpt bond, diamond &p? now no _|nd|cat_|0ns for ion mduc_ed sputtering of hollow at-
bond, and fullerenes s{p2 andsp3 bonds as bulk or thin oms or ions withK-shell vacancies has been observed. On

film. The electronic properties of these carbon aIIotropesFhe contrary, it is known that by far the largest fraction of

vary between semimetallic and insulating. In this paper, Wesputtered material leaves the surface in the neutral Rate

focus on Auger electrons emitted during collisions of hydro-AIthough .for keV projectiles the sput'ter'ylelds generally n-
genlike ions with carbon surfaces. Auger emisgidr9] as crease with the charge state of the incidence (igm to the
well as x-ray emissiofil0—12 from the projectile have been order 100659{000 atom.sllnmd_ent |(§23—23),He0\+/en for im-
the subject of several studies, but emission from the targ act of A on uranium oxidg26] and T on GaAs

iy : | .
itself has been reported only for a number of collision sys- 51’ the ionic fractions of these yields are below 1% and
tems. 0.1%, respectively.

In several early experiments, the appearance of cakbon In the following we present experimental results that

Auger electrons indicated the presence of contaminants S“%ro?§i¥nlndégﬁ;;;2§ g;eﬁe;r%e :;lmcgl?xst@?é'%grst}%ﬁtgﬂp_g
as hydrocarbons on the surfdd8-16. In later studies fo- 9 9 ydrog

cussing on the formation and deexcitation of tarjethell faces.
vacancies, different mechanisms inducing the vacancy for-
mation were invoked. Schippeet al. [4] explained the tar-
get Auger emission induced by hydrogenlike nitrogen, oxy- In our paper we used hydrogenlike ion$*C N®*, and
gen, and neon in terms of a Landau-Zener-like vacancy’" extracted from theKVI electron cyclotron resonance
exchange mechanism. Very fast neutralization df*Aions  ion source operated at a potential of 8 kV. The ions were
scattered from highly oriented pyrolytic graphitelOPG decelerated by floating the complete setup onto source po-
was observed by Wineclet al. [17]. This could not be un- tential and biasing it with a voltag¥,,,s such, that the pro-
derstood by gentle overbarrier capt(il8—2Q of target va-  jectile energy equalgx V. (q being the projectile charge
lence electrons into high-projectile states alone. Additional statg. Target currents were of the order of 100 nA. During
side feeding of the AM shell from the targeK andL shell the measurements the base pressure was about 4
had to be invoked, implying the formation of targétshell ~ x 10 °mbar. The HOP@O001) target was prepareex situ
vacancies. Above the surface, side feeding could be deby means of the standard “scotch tape” method. The final
scribed by the over-barrier modgl8], whereas for close preparation was done by series of grazing incidgbée 109
collisions below the surface, e.g., the molecular-orbital300 eV Ar sputtering-annealing cyclesggdnonolayers on
model by Stolterfohet al. [9] has been applied. In a recent Au(111) were produced following the recipe suggested by
Tjenget al.[27]: A large amount of &, is deposited at room
temperature on thé&horoughly sputteredAu(111). Desorp-
*Electronic address: tschlat@kvi.nl; URL: kvip56.kvi.nl tion of bulk Gy starts at 180 °C, whereas the much stronger

II. EXPERIMENT
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KLL peak shows discrete structures that can be attributed to
FIG. 1. KLL and KVV electron spectra from N scattered off - " . .
emission from projectiles with a filledL shell (E

HOPG. The incidence and observation angles are 10° and 90°, re- 384 eV ectil ith a hiahlv i ted lation. i

spectively. The projectile velocity varies between 0.04 and 0.35 a.u._ ev), projec |_es with a highly inverted population, 1.€.,

in steps of 0.025 a.u. only two electrons in thé& shell (E=350¢V), or from pro-
jectiles with L-shell fillings in between these extreme cases.

i The relative intensity of the discrete peaks changes with the
Ceo-Au(111) bond only breaks at temperatures higher tha'brojectile velocity.

360 °C. Thus, a monolayer covering the complete(1A) However, the most striking feature of the spectra is the

surface can be formed by heating the sample to 300° for & ,ger peak between 200 and 280 eV, which we attribute to
few minutes. Removal of the fullerene layer is accompllsheqarget Auger emission from C atoms. The ratio between tar-

by heating up to 400°C. _ _ . get and projectile Auger electrons in Fig. 1 changes dramati-
Electron spectra arising from the ion-surface mteracnonca"y with increasingv: For v=0.04a.u. no target Auger

were measured using a 180° spherical electrostatic analyz€{mission is observed, whereas &t 0.35a.u. comparable
The detector can be rotated in order to vary the electrop,mpers of target and projectile Auger electrons are found.
observation angle9 measured with respect to the incident 5 -joser look at the target Auger peaks at intermediate ve-
beam over a wide range from 0° to 140°. The energy resopities reveals discrete peaks on top of a broad background.
lution is AE/E:O'5%_%J” width at half-maximum with an g finding is very remarkable, since the target Auger elec-
acceptance of 11:210" *E(sreV), E being the energy of the  1ons are expected to originate from bulk graphite. The Au-
detectt_ed electrons. A detailed description of the setup can t{f‘er line shape should then be given by a self-convolution of
found in Ref.[28]. the target density-of-staté®0OS). Even though the graphite
DOS has three broad maxima due to thg, o, and oy

Ill. RESULTS bands, in the resultingkVV (V denoting the valence bahd
Auger peak, all structures are washed [24] (see also Fig.
A set of high-resolution Auger spectra from®Ncolli- 5).

sions with HOPG is displayed in Fig. 1. The detection angle To pinpoint the origin of the C-Auger electrons we ex-

0 was 90° with respect to the beam and the projectiles wereloit the Doppler shift of electrons emitted from the projec-
scattered under a glancing angte= 10°. The measurements tile when 6 differs from the perpendicular observation angle
were done at projectile velocities betweer 0.04 a.u. and used in Fig. 1. In Fig. 2 Auger spectra for constant velocity
v=0.34 a.u. corresponding to kinetic energies ranging fromy=0.15 a.u. measured at different observation angles are dis-
0.44 to 42 keV. An offset proportional to the velocity has played. The incidence anglg is always 5°. An offset pro-
been added to the spectra. All spectra have been normalizgmbrtional to the observation angkthas been added to the

to an equal integral over the projectilLL peak between spectra. As in Fig. 1, projectile as well as target Auger peaks
320 and 450 eV. At the lowest velocities, the broad nitrogerare observed. As expected, the compldli€LL structure
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FIG. 3. KLL andKVV electron spectra from © scattered off projectile  velocities between v=0.02a.u. and v
HOPG. The incidence and observation angles are 5° and 90°, re=0.325a.u., i.e., the experimental parameters are very simi-
spec_tively. The projectile velocity varies between 0.02 and 0.3255r to those for the R case(Fig. 1). Again, the spectra
a.u. in sets of 0.04 a.u. consist of a structure due to projectié.L Auger electrons

(around 500 eY as well as the targeK Auger electrons
Doppler shifts to higher energies wheris decreasing. The between 200 and 280 eV. Obviously, relatively much less
calculated energetic positions for the peaks at 359, 372, an@rget Auger electrons are produced with"@s compared to
384 eV are indicated by the dotted lines. It is obvious, thatN®". Also the discrete peaks superimposed on the broad
the 384 eV peak is becoming relatively more intense forKVV background are weaker.
small 6, partly because the corresponding electrons can be On the other hand, the strongest effects can be expected
emitted on the outgoing part of the trajectory and still befor collision of C°* with HOPG. This system is difficult to
detected. Furthermore, tiabove-surface emissippeak at  study, since projectile and target Auger electrons are ex-
350 eV becomes more prominent with decreaginghis is  pected at the same energies. However, we can avoid this
due to the fact, that the other contributions partly originateproblem by using fast projectiles and separate both contribu-
from below surface emission processes. For very small ohtions by exploiting the Doppler shift of the electrons emitted
servation angles, the corresponding electrons suffer a strorfgpm the projectile.
attenuation due to the increasing pathlength through the Figure 4 shows results for=0.31a.u. C" impact on
HOPG bulk. HOPG scattered undef=5°. The detection anglé varies

The target Auger distribution between 200 and 280 eVbetween 15° and 60°. The difference of the ratio between
shows no Doppler shift at all. In particular, the discrete structarget-Auger peak and projectile-Auger peak when going
tures at 256 and 267 eV are unchanged upon projectile védrom O’" and N* projectiles to € is dramatic. For large
locity variation. With decreasing observation angle, theirvalues ofé it is hard to separate projectile and target Auger
relative intensity with respect to the broad background in-distributions, but ford=15° the two structures can be clearly
creases strongly. This indicates, that the discrete peaks origiistinguished. Even for this small detection angle, the inte-
nate from the topmost layer or above, whereas the broadral over the target Auger distribution exceeds the one origi-
structure exhibits the typical angular distribution expectednating from the projectile. This is even more surprising since
for KVV emission processes in bulk HOPG. we know from Fig. 2, that at small angles the relative inten-

As outlined before, th&VV emission is probably initiated sity of the targetKVV Auger electrons originating from the
by K-shell vacancy transfer from the projectile to the target.bulk (broad structurgis strongly supressed. Furthermore, the
It is therefore a logic test to investigate the interaction ofprojectile Auger distribution clearly shows a prominent peak
different projectiles with the HOPG target. The results forat 276 eV originating from the CsPs?2p® configuration.
O’* projectiles are displayed in Fig. 3. The detection arfyle For target Auger emission following a vacancy transfer to
was 90° with respect to the beam and the projectiles weréhe CK shell, this is the expected configuration. On the other
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allotrope can be used as a target, in order to provide a dif-
ferent electronic structure.

Figure Fa) displays an electron spectrum obtained by im-
pact of 825 eV electrons on HOPG. The elastic scattering
peak can be found slightly below 825 eV. About 25 eV be-
low 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 fea-
ture around 260 eV: The ®VV Auger electrons from the
bulk HOPG are superimposed on a strong background of
inelastically scattered electrons. The background substracted
C KVV peak obtained fnm a 3 keV electron impact induced
electron spectrum is shown in Fig() (open symbols It is
compared to the background substracted C Auger peak from
8 keV N°* scattered off HOPG. The difference spectrum of
both distributiongFig. 5(c)] should give an idea of the elec-
tron spectrum due to above surface target Auger emission.
By and large it can be described by three peaks centered at
about 255.5, 267, and 274.5 eV. The exact energetic position
of the C Auger lines are compiled together with projectile C
KLL Auger data from Ref{6] in Table I. It is obvious that
the energetically highest peak at 275 eV, which is due to
KLL emission from a $2s?2p3, has not been observed in
the C projectileKLL-Auger spectra of the earlier study on Si,
W, and Ni. The appearance of the 275 eV peak here fits
perfectly into theK-shell vacancy transfer picture: i-shell
electron is removed from a ground-state atom within the sur-
face, and the resulting C atom wittsas?2p® configuration

electron and 8 keV R impact on HOPG. For the electron impact 1S SPuttered from the surface.

measurements, the incidence anglds 20° and the observation
angled equals 70°. In(c) the difference spectrum of the data(ln

is displayed.

As mentioned earlier, the electrons emitted from bulk
HOPG, i.e., the CKVV fraction, are suppressed for small
observation angle8. Figure 6 shows a zoom into the region
of interest of theg=20° spectrum from Fig. 2. The spectrum

hand, it seems that the 276 eV peak is barely present in th@lso mainly consists of three peaks centered at 255.5, 267,

target Auger spectra for®, N®", and O™ (see Figs. 1-%

IV. DISCUSSION

and 275 eV. The peak ratios and the background differ from
Fig. 5(c) because of the persistence of a small fraction of
KVV electrons originating from the bulk.

However, at about the same energies three C Auger peaks

As pointed out in the previous section, the target Augerare also found in théDoppler shiftedl projectile C KLL
electron spectra consist of discrete peaks superimposed orspectra(Fig. 4). This similarity seems to indicate, that the
broad background. To clarify the origin of both componentsdiscrete components of the target Auger distribution are due

two different approaches are straightforwafi: the Auger

to the decay of hollow atoms above the surface moving at

spectra can be compared to results obtained using anothlew velocity (without Doppler shift.

excitation mechanism, e.g., electrofig) a different carbon

In that case, the discrete components should not depend

TABLE I. Energetic positions of carbdfLL peaks measured for’Cimpact on HOPG and other targets
[Si(100, W, and N{110 taken from a compilation of Limburgt al. [6]] and calculated positions for
different final configurations starting from an initia$l 2312 configuration{30] (O: not present®: uncleaj.

Conf. Calc. HOPG %100 W Ni(110
A 1s(2s? 15)%s 248 () 248+ 2 250+ 2 245+ 2
B 1s(2s2pP)%P 256 255.5 2562 () ()
C 1s(2s2p 'P)%P 261 O [ ) ® [ )
D 1s(2s2p? 3P)2P 262 @) () ® [ )
E 1s(2s2p? D)?D 265 267 26%2 264+2 264+2
F 1s(2s2p? 1S)2S 271 @) ) @) @)
G 1s25?2p® 274 275 O @) O
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- 0.08 L e e e projectile as soon as the saddle point of their joint potential is
= - energetically lower than the surface work funct[d®]. Cap-

S 006 - ture sets in at a critical distanéq~ (1/2W)+/8g+ 2 with the

g r work function W (Wyope=4.7 eV [31]) and the projectile
8 004 - charge statey. For q=5,6,7 (the hydrogenlike projectiles
2 I C%", N®*, and O") the respective distances a@Re=18.8,

@ 0.02 20.5, and 22.0 a.u.

E 0.00 NP Below a distancdz; the projectile is neutralized by elec-

! — tron capture from the surface valence band into Rydber
200 220 240 260 280 800 states. pSubsequent Auger transitions then fill rheshgll. ’
electron energy (eV) Thomaschewsket al. [32] found that the key parameter for
the above-surfacd -shell filling of N®" in front of an
FIG. 6. C Auger distribution of theg=20° spectrum from  Ay(111) surface is the perpendicular component of the ve-
Fig. 2. locity. At closer distances, two-centéVV processes take
over, in which both involved electrons stem from the surface
on the target electronic structure, i.e., the same results akglence band. For this class of trajectories it has been shown
expected for interaction of hydrogenlike ions with different by Limburget al.[33] that the neutralization and subsequent
carbon allotropes. In Fig. 7 target Auger spectra for deexcitation of hydrogenlike ions in front of various surfaces
=0.13a.u. N* impact on HOPG and & covered Al1l)  strongly depends on the frequency of close collisions be-
are shown. Obviously both spectra are basically identical. Inween projectile and surface atoms, i.e., on the parallel pro-
particular, the locations of the discrete peaks are the samejectile velocity. The transition rates for thie-Auger pro-

Due to the strong velocity dependence of th&@uger  cesses themselves are velocity independent and depend
yield apparent from Figs. 1 @2 a CK-shell ionization due  weakly on the number of-shell electrons already present.
to KLL electrons from the projectile can be ruled out as aFor anLVV-Auger process into the-shell of an N ion for
dominant process: for such secondary processes, only a wegtstance the transition rate is1x 10'°s™* for electron den-
velocity dependence is expectgzll]. sities comparable to the graphite casg=(1.5a.u.)[34].

Thus, for collisions of hydrogenlike ions with carbon tar- This is only one order of magnitude faster than typi€aL-
gets, a certain class of trajectories exists, in whidk-shell  Auger transition times that lie in the ¥8-10"*s™* range and
vacancy is transferred from the projectile to a surface atonthereforeKLL decay sets in as soon as two electrons are
that is sputtered from the surface—probably in the same colpresent in thel shell, at a time when the projectile is still
lision process. Such a process is only possible under threghove the surface. The corresponding peak in the electron
conditions:(A) The interaction time between projectiles and spectra for §* impact is due to a 42s? 2S configuration
surface is short in order to sustdfashell vacancies until the and can be found at 350 elig. 1). The fact that this peak
collision occurs.(B) The collision energy has to be high s only present for very low-collision velocities already indi-
enough to allow direct sputtering of surface atorf®) A cates, that a second velocity dependeshell filling process
vacancy transfer has to be possible. is active. Most probably for closer distances, thehell is
filled quasiresonantly in a Landau-Zener type electron trans-
fer during close binary collisiongt]. The frequency of such
_ o collisions scales with the projectile velocity With increas-

The first condition is necessary for the occurence of targejng projectile velocity, the fast direct filling of the projectile
Auger electron emission in general and deserves a thorough shell becomes more important amd.L emission from
discussion. According to the classical over-the-barrier modegre completely filled.-shell systems sets in. From Fig. 1 it
a current of electrons starts to flow from the solid to thejs gbvious, that for & scattering from HOPG, even for low

v emission from the filled_ shell, takes place and the low-
T energy peak never becomes as prominent as observed in col-

A. Projectile-surface interaction times

-
[}

— T T T T T

-*é’ T o Au(111) +IMLG,,  ° 1 lisions with metal and semiconductor targééd. Above v

S 15 « HOPG ?6 1 =0.1a.u. it even completely vanishes. From this we con-
o T ] clude, that projectil&KLL-Auger emission at higher takes

S 12F & § place at or below the surface.

= . % ] Therefore forv>0.1 a.u. conditiorfA) is clearly fulfilled.

2 9r IR s aal % Ny At lower v, only a fraction ofK-shell vacancies survives,
é’ 6 '.*,f':.-’.""" o, W giving rise to a drop in target Auger emission. In conclusion,

the presence of the low-energy projectiféL peak might
serve as a fingerprint for a situation in which no or little
electron energy (eV) target Auger emission is expected.

200 220 240 260 280 300

FIG. 7. Target Auger spectra from®Nscattered off HOPG and
a monolayer & film on Au(11l) at v=0.13a.u. The incidence
angley is 5° and the detection angtds 90° and 50° for the HOPG To answer the second question, namely, from which ve-
and the G, target, respectively. locity on the projectiles penetrate the surface and/or sputter

B. Surface penetration and sputtering

042901-5



T. SCHLATHOLTER et al. PHYSICAL REVIEW A 62 042901

6 o remggr———————————————— 1.0 6 oo ——————=3 1.0
= - = ERIN
5~ - 5 IgII
o = X R -~ 08 S Ty —408
I 3 == -
= 4 g = Jog 2 24T T 2
g) oL = =53 é ; . L II Remexs 0.6 s
= E S % O c i ] B
—04 © = I K -
£ 2f * - S 1= 3oL 04 ©
2 - R P~ 571 ;= 1.8
o o1r - 102 o[ = ~02
- o= b L :‘!: E
0 -, S NP BRI R R 0.0 0 . — 0.0
oo 005 010 0315 020 025 0.30 000 005 010 015 020 025 030
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~ FIG. 8. Sputtering yieldsolid circleg and reflectivity (open FIG. 10. Sputtering yieldsolid circle3 and reflectivity (open
cwc_les)_of a HQPG surface upon N impact as a fu_nctlon of the gircles of a HOPG surface upon oxygen impagt<£5°) as a func-
projectile velocityv. The geometry is chosen as in Fig. 1. tion of the projectile velocity. The geometry is chosen as in Fig.

3.
C atoms, we performed simulations based on the binary col-

lision approximation using the1ARLOWE code and time- e v :

) g. 9, no threshold is visible at all. In particular target Auger
ordered ca_sc_ade{§5,3@. Sputter yields as well as the sur- emission is observed well below the=0.1a.u. thrgesholdg
?%eorzefl(e)c;wty for scga)ttefrmg dof NFfr0n81 HOPG/10%v On the other hand, the appearance of the low-energy peak in
=0.02-0.3a.u.) can be found in Fig. 8. . the projectileKLL-Auger distribution E=465eV) in Fig. 3

A strong threshold effect is visible for both quantities: At .. ~qec with the vanishing of the target Auger peak thus
about 0.05 a.u., the projectiles start to penetrate the surfaGgqicating that the survival of this-shell vacancy is the lim-
a’?d the sputtering yleld_ increases dramatically. To compar ing factor for target Auger emission. Apparently even for
this directly to the gxpenmental data, we e'xtracted thesﬂargeR'/elocities lower than the threshold from Fig. 10, imperfec-
K'g\”g?r to pro;_?ctnel_(LL ratios as a function 0§ for N tions of the surface may still give rise to some surface pen-
an h project esgﬁg. 9)'_ , Rt etration and sputtering. However, the fact that the sputtering
H Both data sets show an increase within the case of is less effective than for the®™ case manifests itself in the
the ratio rises strongly around=0.05a.u., as expected from g|a1ively weak discrete peaks within the target Auger distri-

the simulation as well as from the experimentally observed, :iqn (which we assign t&LL-Auger emission from sput-
survival probability of theK-shell vacancy, i.e., the absence (5oq carboh

of a high-energy peak in the projectild_L-Auger distribu-
tion. From this data it is unclear, which one is the limiting
factor for target Auger emission.

The O’ data in Fig. 9 have been measured with an inci- From Fig. 9 it is also obvious, that the relative target
dence angley=5°, i.e., in a less destructive mode. The re-Auger yield is significantly higher for & than for O*. Part
sults of the simulation of sputtering yield and reflectivity for of the reason is the larger for the N°* data, therefore Fig.
O impinging on HOPG can be found in Fig. 10. Sputtering9 also contains an N data point measured under the same
and penetration set in at=0.1a.u., which is much higher scattering geometry as the’Odata (#=5°). Therelative

than in the N case. However, in th&-Auger ratios from  values ab =0.15a.u. are 0.215 (N) and 0.085 (O"), i.e.,
at this velocity with oxygen projectiles 60% less target Au-

C. K-shell vacancy transfer

0.6 —T 11— 0.6 ger electrons are observed.
~os [ e N* y=10° o O, y=5° ] 055 The reason has to lie in the projectile dependence of the
4 t 61 o o | 3 vacancy-exchange mechanism. In the past, a variety of inner-
Xoa} X N7, y=5 o ® e Ho4¥ shell vacancy exchange mechanisms have been proposed and
=03 i e *"° ° ] 03> used succesfully. We applied the model of Schippetral.
< L o | i = [4] which assumes Landau-Zener-like vacancy exchange in
§0.2 - b x 402 § close binary collisions. However, in Rdi4] collisions of
Soq b ° e o o O °© 1610 N6, O'*, and N&" (v~0.4a.u.) with RtL10) were studied,
= { o { where vacancy transfer between projecKlshell and target
0.000 O 0'1 L 0'2 S 0'3 —-1 0.0 N shells is dominating. The level crossings occur at internu-

clear distances between 0.5 and 1 a.u., which can easily be
reached at such high velocities. In our paper thi€ ghell is

FIG. 9. TargetkVV to projectileKLL ratios versus for N involved and vacancy transfer from the projectleshell or
(left axis, full circles,#=10°) and G* (right axis, open circles, L sShell takes place at even smaller internuclear distances. In
#—=5°) scattered off HOPG. The data are taken from Figs. 1 and Particular, in the low-projectile velocity regime, these dis-
and have been background substracted. The additional data poif@nces can hardly be reached and the resulting vacancy ex-

(x) atv =0.15 a.u. belongs to the®N but has been measured under change probabilities are negligible. Only for the symmetric
the same geometry as the Qy=5°). case 6a C projectile at highy, considerable exchange prob-

velocity (a.u.)
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ability from the projectileL shell to the targeK shell is  sions. These Auger electrons partly originate from bulk or
obtained. Atv =0.3 a.u. on averag5 C atoms are sputtered surface carboriKVV-Auger electrons A second fraction of

by each projectile, i.e., several close collisions take placethe carborK-Auger electrons exhibits distinct peaks, which
each with a considerable vacancy exchange probability. Thisan be identified as being due to atoricL transitions. We
could lead to an increased vacancy transfer probabilitypresented strong indications that these takKjdt electrons
which could explain the experimental results obtained withare fingerprints of a yet undiscovered process, namely, sput-
C>" projectiles, but not the © and N°* case. The reason for tering of hollow atoms from the surface.

the nonapplicability of the Landau-Zener approach from Ref.

[4] might lie in the semi-metallic structure of the HOPG, ACKNOWLEDGMENTS

which gives rise to a screening that differs from the metal
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