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Ionization probability of sputtered negative cluster ions: Dependence on surface work function
and emission velocity

Hubert Gnaser
Fachbereich Physik, Universita¨t Kaiserslautern, D-67663 Kaiserslautern, Germany

~Received 7 August 2000; published 9 January 2001!

The yields of negatively charged carbon cluster ions Cn
2 (2<n<21) and Cn

22 (n58 and 10! emitted from
graphite irradiated by 14.5 keV Cs1 ions were monitored during the initial stages of Cs incorporation in the
near-surface region of the specimen. The associated work-function variationsDF were determinedin situ from
the shifts of the sputtered-ions’ emission-energy spectra; the total change amounted toDF;2.7 eV. The
lowering of F induces anexponentialincrease of the ionization probabilityP2 of the sputtered cluster ions.
For Cn

2 with n<9, these variations ofP2 were monitored for several selected emission energies~from 0.5 to
15 eV!, in order to investigate a possible dependence ofP2 on the ion’s emission velocity. For C2 and C2

2

ions, such an influence of the velocity on the ionization probability was observed, whereas for larger clusters
no distinct dependence was found in the velocity range accessible (<73105 cm/s). The results indicate that a
resonant electron-transfer process may effect the ionization of the sputtered cluster species.

DOI: 10.1103/PhysRevB.63.045415 PACS number~s!: 79.20.Rf, 36.40.Wa, 34.50.Gb, 73.30.1y
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I. INTRODUCTION

The irradiation of condensed materials with energetic io
results in the ejection of particles from the topmost surfa
layers, a process commonly called sputtering.1 This sputtered
flux consists of a wide variety of different species. Qu
often, a sizeable fraction is emitted in the form of cluste
and molecules.2,3 Apart from their relevance in surface cha
acterization techniques employing mass spectrometry,4 both
as the detected species and, more currently, also as the
barding species, sputtered clusters are of potential us
tools for surface modifications,5 or for the deposition of
nanosized structures.6 In general, the processes leading to t
ejection of~large! clusters from an ion irradiated surface a
far from being completely understood~general overviews
can be found in Refs. 2, 3 and 7!. A probably even more
intriguing question concerns the possible ionization of
cluster in the sputtering event. Knowledge of the ioniz
fraction of the emitted clusters is of great importance in all
the aforementioned applications; obtaining, therefore, in
mation on the dependence of the cluster’s ionization pr
ability on various cluster- and specimen-related parame
~like the electron affinity or the ionization potential of th
cluster or the surface work function of the sample! appears
highly desirable. In previous work,8 we studied the emission
of singly and doubly negative carbon clusters in sputter
with respect to abundance distributions, energy spectra,
fragmentation processes. The distinct correlation between
abundance distributions of Cn

2 and the electron affinity val-
ues of carbon clusters9 supported strongly the notion that th
abundance distribution of stable Cn

2 is largely determined by
the electron affinityA of the respective cluster species. Bas
on this finding, an exponential scaling of the clusters’ io
ization probability withA was suspected in Ref. 8. A verifi
cation of this anticipation is difficult, however, because
the additional influence of the stability on clust
abundances.8

The formation ofatomic negative ions in sputtering ha
0163-1829/2001/63~4!/045415~7!/$15.00 63 0454
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been known for many years10,11 to be strongly enhanced in
the presence of alkali metals at the ions’ emission site. T
finding is utilized extensively to increase the detection s
sitivity of electronegative elements in secondary-ion m
spectrometry~SIMS!4 and to enhance the ion current in spu
ter negative-ion sources.12 Such an ion yield enhancemen
was observed also for some~small! molecular ions.13 This
effect is generally ascribed to a lowering of the specime
work function,F. The minimum amount of energy require
to transfer an electron from the solid to an atom at infinity
form a negative ion isF2A.14 Hence, the formation prob
ability P2 of negative secondary ions should depend on t
quantity. The work-function dependence has been verifie
several static alkali-metal adsorption experiments15–17 and,
more recently,18 also for thedynamicconditions prevailing
in many SIMS analyses~e.g., for depth profiling!; then the
Cs1 ions are implanted into the near-surface region of
solid, while the sample is concurrently eroded. This results
a transient incorporation of Cs into the near surface region
the irradiated solid and, finally, in a stationary surface co
centration of the projectile species that is accompanied b
change of the surface work function.

Experimental data also reported a~pronounced! depen-
dence of the ionization probability of sputtered atomic io
on the ions’ emission energy19–21 or emission velocity,22–24

although the respective trends were not in all cases clear
~see, e.g., Ref. 14!.

Because of the apparent lack of a generally applica
concept for the ionization mechanism of sputteredcluster
ions and the decisive influence of the surface work funct
and the ion velocity on the ionization of atomic ions, th
present paper was devised to investigate the ionization p
ability of negatively charged carbon clusters Cn (2<n
<21) sputtered from graphite as a function both of the wo
function ~WF! of the ~bombarded! surface and of the emis
sion velocity of the sputtered clusters.

For the emission of sputteredatomic ions, several distinct
ionization schemes have been proposed14,25,26 that differ in
©2001 The American Physical Society15-1
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HUBERT GNASER PHYSICAL REVIEW B 63 045415
the assumptions they are based on. Generally, they all ten
describe satisfactorily only a rather limited class of mater
and experimental conditions, while failing for others. For t
ion emission from clean metal and semiconductor surfa
where the valence electrons are important, the so-ca
electron-tunneling model was favored: here, the electro
interaction between a sputtered atom and the substrate i
localized and the ejection of an atom may involve a la
number of electrons in the valence band. This model en
sions the electronic transition as a resonant transfer pro
between a sputtered atom and the valence band. This
proach is thus equivalent to the crossing of the atomic le
of the sputtered atom with many electronic levels of t
solid.14

The affinity level «a of an atom close to the surface
shifted down and broadened. The half-widthD(z) of this
level depends on the hopping matrix element between
atomic state and a state of the solid; commonly it is assum
to vary exponentially with the atom’s distancez from the
surface27–30

D~z!5D0 exp~2gz!, ~1!

where g21 is a typical decay length (g21;1028 cm) and
D0;1 – 2 eV. This broadening is due to the finite lifetime
the electron in the affinity level, with the lifetime bein
\/2D(z). This state is filled as long as«a(z) is below the
Fermi level«F . If the sputtered species moves away fro
the surface with a constant velocityn, at a distancez5zc
from the surface the levels«a(z) and«F will cross and the
atomic level may start emptying. Because of the finite pr
ability D(zc) this may not happen immediately and the ato
therefore has a certain chance to escape with the state fi
i.e., as a negative ion. The ionization probabilityP2 is then
the probability that the electron can survive in the atom
state fromz5zc to z5`. With the assumption of a constan
normal velocitynn this results in27,30,31

P25expS 2
2D~zc!

\gnn~zc!
D . ~2!

Generally, the resonance time of the atom at the equilibr
position on the surface,\/2D0 , is much shorter than the
crossing time, 1/gnn . Assuming, furthermore, that«a(z)
varies exponentially withz,P2 can be written30,31

P2}expS 2
F2A

«0
D , ~3!

with

«05
\g

2D0
~F2A1E0!nn . ~4!

E0 denotes the value of«a below the Fermi level at the
equilibrium position of the atom (z50), i.e., «a(0)52(F
1E0).

Equation~3! predicts an exponential dependence ofP2

on the electron affinity of the sputtered species and on
work function of the surface. Tendencies for the former fe
ture have been identified for atomic species.25 A work-
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function dependence ofP2 has been reported in sever
static sputtering experiments15,16 in which the surface was
covered with varying amounts of alkali metals; it was al
found under dynamic conditions when Cs was incorpora
into the near-surface region by implantation of Cs1 bom-
barding species.18 The theoretical approach also predicts, v
Eq. ~4!, an exponential dependence ofP2 on the normal
component of the emission velocity. Such a dependence
been observed experimentally in a number of cases, m
convincingly at high velocities,24 or by varyingnn through
changes of the emission angle that was monitored.32 For low
velocities, however, several data indicated that«0 ap-
proaches a constant value, independent ofnn . In other
experiments,33 the variation ofP2 with changes of the work
function was monitored for a large range of emission en
gies. AlthoughP2 scaled exponentially withDF, the slope
~i.e.,«0) was essentially independent of the emission ener
with values of«0;0.2– 0.4 eV.

According to Eq.~4! «0 should also depend onF and, for
different species, onA. For large values ofE0 @as would be
the case, e.g., for the adsorption of oxygen atoms on
surface of a transition metal, whereE0;6 eV, ~Ref. 30!# «0
would not be influenced strongly by small~1– 2 eV! changes
in F or A. By contrast, for the situation when the atom
sputtered off the element itself,E0 should be rather small. I
was, in fact, argued28 that then the affinity level of the atom
at the equilibrium position must be pegged at the Fermi le
in order to ensure approximate charge neutrality. Under th
conditions, the strict exponential dependence ofP2 on nn
may fail for ~large! variations ofF.

The experimental observation32 of a leveling off in«0 for
low velocities might be due to the fact that as themeasured
emission velocity approaches zero, the velocitynn at zc
~which is relevant for the survival of the filled state! might
still be finite. Several authors12,34 also questioned the purel
exponential dependence ofP2 on nn by noting that a varia-
tion of the numerator in the exponent of Eq.~3!, i.e.,F or A,
by 2–3 eV would produce drastic changes in the ene
distributions of sputtered ions that have never been obse
experimentally. Available data indicate, rather, that the
ergy spectra shift when, for example, the work function v
ies but their shapes remain largely unaltered.35

Based on this information for atomic ions, the prese
investigation correlated the yields of negatively charg
sputteredcluster ions with the relative WF changes of th
surface and the emission velocity of the cluster, there
checking the validity of Eqs.~3! and~4! also for~moderately
large! cluster ions. This was accomplished by monitoring t
intensities of carbon cluster ions Cn

2 (2<n<21) and Cn
22

(n58 and 10! sputtered from graphite by 14.5keV Cs1 ions.
Energy spectra were recorded for anionic cluster withn
<9. The WF variation was effected by the gradual
buildup in the near surface range of the solid during
initial stages of ion irradiation: pristine surfaces of graph
were exposed to a Cs1 primary ion beam while, at specific
fluence increments, energy distributions of negative clus
ions were recorded. Their shifts in energy indicate a variat
of the contact potential~and, thus, of the WF! between the
5-2
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IONIZATION PROBABILITY OF SPUTTERED . . . PHYSICAL REVIEW B63 045415
sample and the energy analyzer and allow thereby anin situ
determination of these relative WF changes. It has been d
onstrated recently18 that this approach provides an accura
of 0.1 eV ~see below!. This onset method of a~relative! WF
determination has also been utilized in previo
studies.33,35,36

II. EXPERIMENT

The experiments were performed in a secondary ion
croscope~Cameca IMS 4f !37 equipped with a double focus
ing mass spectrometer~electrostatic and magnetic sect
fields in series!. A 14.5 keV Cs1 primary ion beam of 1nA
beam current was used that was raster scanned, at an
dence angle of 26° relative to normal, across a nom
sample area of either~125mm!2 or ~380mm!2 that resulted in
flux densities of 431013 or 4.331012 ions/cm2 s, respec-
tively. Secondary ions were accepted from a circular a
centered within, but smaller than the bombarded region.
energy selecting slit located between both sector fields
be closed to the extent that an energy resolution ofDE/E
;1023 is obtainable. Since the secondary ions’ pass ene
is 4.5 keV, this resolution translates into an energy bandp
of a few eV. Energy distributions of secondary ions are m
sured by ramping the target potential, in steps of 0.1 or
V, around the24500 V value, while keeping the remainin
secondary beam optics unchanged. Thus, with the energ
closed, only ions with a constant total energy~the sum of the
ion’s kinetic emission energy plus the acceleration ener!
can pass the slit and, subsequently, the magnetic sector
total energy range accessible under these conditions amo
to ;20 eV, which is sufficient to investigate the narrow e
ergy spectra of cluster ions.

Changes of the surface WF are detected in this arran
ment as a variation of the contact potential between
sample and the electrostatic analyzer; they result, there
in shifts of the secondary ion energy distribution. Most a
curately, these shifts are determined from the steeply ris
low-energyparts of the spectra. In order to determine W
changes, the energy slit was closed to obtain a narrow b
pass and energy spectra of C2 or Cn

2 (n<9) ions were re-
corded at incrementally increased bombardment fluence
described above. The fluences required to monitor an en
spectrum were kept much smaller~typically by more than a
factor of ten! than the individual fluence increments.

The transmission of the instrument depends on the io
emission energy. This dependence results from the var
acceptance angle that is detected for different energies.
maximum acceptance angleum decreases with increasin
emission energy. For the present experimental settingsum
reduces from;28° at the lowest energy~0.5 eV! investi-
gated in the experiments described below to;5° at the high-
est energy~15 eV!. With the possible exception of the 0.5 e
data, the measured energy values may, therefore, repre
the normal component of the emission velocitynn . Since, on
the other hand, the transmission is independent ofF, the
measured intensities at a given energy are proportional to
ionization probabilityP2 of the respective cluster ion at tha
emission energy.
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A highly oriented pyrolytic graphite was used as spe
men in the experiments; a fresh surface was produced
removing a thin layer using adhesive tape.

III. RESULTS AND DISCUSSION

Figure 1 exemplifies the effect of the gradual Cs incorp
ration on the intensities of cluster ions sputtered from
graphite sample bombarded with 14.5 keV Cs1. For several
Cn

2 cluster ions, the intensities are plotted as a function of
Cs1 fluence; for this measurement the energy slit was co
pletely open (DE;120 eV) in order to detect~almost! all
emitted ions and to obtain sufficient signals for the lar
clusters. Upon passing through a regime of almost cons
intensity ~Cs atoms are implanted into the bulk with st
little Cs at the surface!, the ionization probabilityP2 and,
therefore, the yield rise with increasing Cs content at

FIG. 1. Cn
2 cluster-ion intensities as a function of fluence f

14.5 keV Cs1 bombardment of graphite. The data correspond to
integration over the major part of the emission energy spectrum
record the data shown in the upper panel, the instrument’s trans
sion was intentionally reduced by about a factor of 100, in orde
monitor all cluster species under identical detector conditions.
5-3
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HUBERT GNASER PHYSICAL REVIEW B 63 045415
surface and approach a roughly constant value at a fluenc
;331016Cs1/cm2, while saturation and, hence, equilibriu
conditions are established only at a fluence
;831016Cs1/cm2. Very similar intensity variations were
observed for all Cn

2 and Cn
22 cluster ions studied. It should

be noted that for larger clusters (n>8) the intensity is es-
sentially constant for fluences,131016cm22, whereas for
smaller clusters the yield is enhanced in the very initial st
of ion bombardment~fluence,231015cm22). While there
is no ready explanation for these differences, it appears
the initial yield variations are more pronounced the larger
total yield enhancement~from the constant value to the fina
steady-state level!. The latter, in fact, becomes smaller wi
increasing cluster size. This observation may indicate
larger clusters are more readily ionized than smaller on
even in the absence of Cs at the surface and, hence
enhancement upon Cs incorporation is less pronounced.
will see below that the initial decrease of the intensity
small clusters is correlated with a slightincreaseof the WF;
because of their inherently higher ionization probabili
large clusters are not affected by that small increase of
WF and their intensity level stays largely constant up to
point when the Cs buildup at the surface starts toreduce
strongly the WF and enhances also the ionization probab
for larger cluster species.

As mentioned above, WF changes were determined f
the shifts of the emission energy distributions, with the e
ergy slit almost closed to obtain a narrow bandpass. Figu
depicts such spectra for C4

2 in normalized form, with the Cs1

fluence as parameter. A distinct shift of the onset of
spectra towardslower energies~more negative sample poten
tials! with increasing fluence is observed. The low-ener

FIG. 2. Normalized energy spectra of C4
2 ions recorded at the

Cs1 fluences indicated. The sample potential is given relative to
value of24500 V and the ion’s emission energy increases from
to right. The onset regions of these spectra were fitted with tang
to derive the values ofDF.
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portions of these spectra~and similar ones for other ion spe
cies! were fitted with tangents and the intercepts of the la
with the potential axis were used to determine the relat
changes of the work functionDF induced by the Cs buildup
Due to limitations in intensity level, complete energy spec
like the ones shown in Fig. 2 could be recorded only for Cn

2

clusters withn<9; this is a consequence of the very low flu
densities employed in these measurements that were ne
sary to keep the WF changes during the acquisition of
spectra negligibly small. Hence, for clusters up to that si
emission energy selective intensities in dependence of
work function could be derived from these measureme
For larger clusters, only energy-integrated yields were av
able ~see Fig. 1! and these were correlated with the W
values derived, at given Cs1 fluences, from the energy spec
tra of C2.

The values ofDF derived from the shifts of the energ
spectra of C4

2 are depicted in Fig. 3 as a function of the Cs1

fluence. As the present experimental approach cannot d
mine an absolute value of the work function, in those d
and corresponding ones for other ion species,DF50 was
set for the WF value derived from the energy spectrum
corded at the lowest fluence~typically between
531013cm22 and 231014cm22). This is different from the
procedure used in our work18 on atomic anions where th
roughly constant value around a fluence
;531015Cs1/cm2 ~see Fig. 3! was set asDF50. We sug-
gest that the presently employed approach might be justi
by observing that the initialincreaseof the WF could be
induced by the incorporation of Csbelow the surface due to
implantation~the mean range of a 14.5 keV Cs1 ion in pris-
tine graphite under the present impact angle amounts
about 13 nm!. In these initial stages of ion bombardment t
Cs concentration at the surface is very low; with increas

e
ft
ts

FIG. 3. The work-function variationsDF derived from the spec-
tra shown in Fig. 2 as a function of 14.5 keV Cs1 fluence.
5-4
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fluence, continuous irradiation and concurrent sample e
sion apparently lead to a situation when Cs ions reside in
on top of the outermost surface layer, effecting aloweringof
the work function. Figure 3 indicates that this reduction s
in at a fluence of;131016Cs1/cm2. In accordance with our
previous results,18 the total variation of the work function
upon reaching steady-state sputtering amounts to abou
eV.

As noted already in Fig. 1, the pronounced change of
work function effects a considerable yield enhancement
fact, a clear anticorrelation between the cluster intensi
andDF is observed by comparing the data sets in Figs. 1
3: the yield starts to rise, at a fluence
;131016Cs1/cm2, concurrently with the lowering of the
WF; saturation is again reached at about the same fluen

The correlation between the measured ion yields of4
2

cluster ions and the correspondingDF values is depicted in
Fig. 4 for seven different emission energies. The ene
scale was established by setting the WF value derived
each spectrum~i.e., the intercept of the tangent in the low
energy region with the potential axis! as zero. Over a wide
range, the intensity of C4

2 ions exhibits an exponential de
pendence onDF ~the straight lines are fits to the data in th
regime!, but for low work-function values (DF,22 eV) a
tendency to level off. The latter feature was also observed
C2

2 and C2 ~for which it is most distinct! but it was not found
for larger cluster ions. This is exemplified in Fig. 5, whic
shows the C8

2 intensity as a function ofDF for several dif-
ferent emission energies: For all energies, the yield increa
exponentially withDF. Another important observation with
respect to Figs. 4 and 5 is related to the absence of a~pro-

FIG. 4. Intensities of C4
2 cluster ions sputtered from graphite v

the work function changeDF. The parameter is the ions’ emissio
energy.
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nounced! emission-energy dependence ofP2: the slopes of
the exponential scaling that correspond to«0 in Eq. ~3!, ex-
hibit little ~if any significant! variation with the emission
velocity for Cn

2 cluster ions withn>8. As mentioned above
for clusters withn.9, only energy-integrated data could b
recorded as a function ofDF. These data are depicted in Fi
6. Again, an exponential scaling of the intensity withDF is
found but, in agreement with the results for C8

2 ~Fig. 5! and
C9

2, no indication of a saturation towards low work-functio
values.

FIG. 5. Intensities of C8
2 cluster ions sputtered from graphite v

the work function changeDF. The parameter is the ions’ emissio
energy.

FIG. 6. Emission energy integrated intensities of severaln
2

cluster ions sputtered from graphite vs the work function cha
DF.
5-5
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HUBERT GNASER PHYSICAL REVIEW B 63 045415
The exponential dependence of the ionization probab
on F ~see Figs. 4–6! provides the possibility to determin
the parameter«0 @cf. Eq. ~3!# for negative Cn

2 cluster ions
produced in sputtering. It appears that for clusters for wh
only energy-integrated yield data were recorded (n.9), «0
falls roughly in the range from 0.7 to 0.9. Whereas«0 could
not be derived with sufficient accuracy for the doub
charged C8

22 ion because of the low intensity, the value f
C10

22 is identical to that~0.71 eV! of the singly charged C10
2

ion. For those clusters for which energy-selective yields w
determined, the values of«0 derived from the respective ex
ponential fits~see Figs. 4 and 5! at different energies can b
depicted as a function of the cluster’s emission veloc
These results are compiled in Fig. 7. The velocity valu
were computed from the measured emission energies
cluster masses; as mentioned in Sec. I and in the wor
other authors,30,32 theseapparentvelocities might be differ-
ent from the ones the clusters have close to the surface~i.e.,
at z5zc) and which are relevant for the ionization proce
Figure 7 indicates that only for C2

2 and C2 is a distinct
dependence of«0 on the velocity found; for the larger cluste
ions, the values of«0 appear to be roughly constant and th
exhibit no clear trends with respect to the velocity. It
noted, however, that the range of emission velocities is v
small, which is due to the low emission energies of lar
clusters: higher energies would lead invariably to rapid fr
mentation of the cluster. These essentially constant value
«0 are reminiscent of corresponding data32 that also reported
a leveling off for«0 at low velocities.

While this limited velocity range restricts severely th
possibility to test the validity of Eq.~4!, the dependence o
«0 on F may also mask the influence ofnn . For C2

2 and C2

a more extended range of velocities is accessible experim
tally. For these anions the dependence of C2

2 and C2 on n

FIG. 7. Values of«0 @see Eq.~3!# derived from the linear least
squares fits in Figs. 4 and 5~and corresponding data for other clu
ter species! vs the emission velocity of the respective cluster.
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appears to follow the general form«05a1bnn , an expres-
sion proposed in previous work34 to explain the absence o
strong changes in measured energy spectra due to
changes~see Sec. I!. A definite conclusion as to the validity
of such a correlation would require, however, a determi
tion of «0 for still higher velocities.

Finally, it may be worthwhile to consider the behavior
P2 for large changes ofF. It was seen in Fig. 4~and from
related data for C2

2 and C2) that for a reduction of the WF by
less than about 2 eV, the yields deviate from the exponen
variation withDF and exhibit a tendency to saturate. In fa
for a given value ofA, the ionization probabilityP2 is then
expected to approach a constant value forF;A. Hence, for
a given cluster, a constant value ofP2 should occur forF
,A. As the WF of pristine graphite isF;5 eV,38 and the
steady-state value in the experiment amounts toFss
;2.5 eV, the latter condition should be fulfilled for clust
species withA>;2.5 eV. Whereas the electron affinity o
carbon atoms is 1.262 eV,39 the A values of carbon cluster
are much higher. Figure 8 compiles corresponding data
tained experimentally by means of photoelectr
spectroscopy.9 Apparently, most of the cluster species inve
tigated here~with the exception of C3 and C10) have an elec-
tron affinity distinctly greater than the above given limit. O
the other hand, the higher the electron affinity of a clus
the stronger the influence a variation ofF has on the mag-
nitude of«0 , see Eq.~4!. In this case, the change ofF in the
numerator of the exponent in Eq.~3! might be balanced in
part by a related change of the denominator. Inspection

FIG. 8. The electron affinityA of Cn cluster as a function of
cluster sizen. These data were derived from experiments us
photoelectron spectroscopy~Ref. 9!. The results indicate that sma
clusters (n<9) form predominantly chains, whereas for larger clu
ters, rings are the dominant structure.
5-6
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IONIZATION PROBABILITY OF SPUTTERED . . . PHYSICAL REVIEW B63 045415
Fig. 8 indicates that such an effect could be important
most Cn clusters up ton59.

The validity of Eq.~2!, and as a consequence of Eq.~3!,
refers generally to the case that the affinity level of the
parting species,«a , varies rapidly withz and crosses«F at
the crossing distancezc with a large slope. Typically, this
would be the case for species with a small electron affinityA;
in the present paper, this would apply to C atoms, withA
51.26 eV. By contrast, for small values ofnn and a constan
~or almost constant! «a , the ionization probability can be
written as14,27,40

P2.H0
16

2

p
expS 2

pu«F2«au
\gnn

D for H «F,«a

«F.«a
. ~5!

With «F5F and «a5A, the upper part of Eq.~5! is, apart
from the constants in the exponent, equivalent to Eq.~3! and
produces the exponential variation ofP2 with the work
function. The lower part, on the other hand, causesP2 to
approach~gradually! a constant value. This transition is mo
rapid the larger the magnitude of the constant in the ex
nent. Differences in the value of«0 ~see Fig. 7! may there-
fore result in differences in that transition for various clus
ions. It might be necessary to access a wider range of
changes to clarify this question.
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IV. CONCLUSION

In summary, the present study demonstrates an expo
tial scaling of the ionization probabilityP2 of sputtered
negative Cn cluster ions with the work function of the sur
face. The DF shifts were monitoredin situ during the
gradual Cs incorporation in the initial transients of sputter
towards equilibrium bombardment conditions. These d
provide, therefore, evidence that the same ionization mec
nism ~i.e., a resonant electron-transfer process as envisa
in the electron-tunneling model! is operative both foratomic
and forcluster ions: close to the surface, the affinity level o
the nascent cluster is below the highest occupied state o
sample and is filled; with the cluster departing from the s
face, at a given distance these levels cross and the clus
affinity level would start emptying. Due to the finite transf
probability, this may not happen immediately and, if the v
locity is high enough, the cluster may escape with the fil
level as a negative ion. A distinct dependence ofP2 on the
emission velocity as predicted by such models was obse
only for the smallest species (C2

2 and C2). At least, in part,
this might be due to the very low apparent emission velo
ties of the larger cluster ions and the rather limited range
velocities accessible. For small cluster ionsP2 tends to ap-
proach saturation for the lowest work-function values,
agreement with the general predictions of resonant cha
transfer processes.
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