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We have measured kinetic energy distributions of TanCþ
n (n ¼ 1–10) and Agþn (n ¼ 1–9) cluster ions

sputtered off Ta and Ag targets, following impact of C−
60 at 14 keV kinetic energy. A gradual increase of the

most probable kinetic energies with increased size of the emitted cluster was observed (nearly the same
velocity for all n values). This behavior is in sharp contrast to that reported for cluster emission induced by
the impact of a monoatomic projectile. Our observation is in good agreement with a mechanism based on
the new concept of a superhot moving precursor as the source of the emitted clusters.
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The emission of particles (atoms or clusters) off a
solid material due to ion bombardment (sputtering) is a
process of both fundamental and practical importance
in many fields and applications [1]. Sputtering-related
phenomena include, for example, the impact-induced
formation of periodic erosion patterns (self-organized)
at the nanoscale [2,3], enhanced sputtering of nanostruc-
tures associated with the explosive ejection of large
clusters [4], surface smoothing [5], growth of nanostruc-
tured surfaces from size-selected cluster ions [6], and
mechanisms of microscopic to mesoscopic crater forma-
tion [7,8]. The last one is also relevant for analyzing
erosion features of exposed surfaces of a spacecraft [9],
or natural astronomical objects [10], due to impact of
hypervelocity interstellar dust nanograins, and sputtering
erosion inside ion thrusters [11]. Leading applications
include nanoscale surface processing and analysis tech-
niques such as focused ion beams (FIB) and secondary ion
mass spectrometry (SIMS).
The main recent interest regarding fundamental aspects

is related with differences between the characteristics of
sputtering induced by polyatomic or cluster projectiles
as compared with that induced by atomic projectiles
[7,8,12–24]. This also reflects an increasing interest in
new cluster-surface impact phenomena in general [24].
For atomic projectiles, sputtering theory can be considered
as well established. A fairly good understanding of the
underlying mechanisms was gained, in terms of linear
collision cascades [25–28] or various thermal spike models
[27–30]. In contrast, mechanisms of particle emission
following bombardment with polyatomic ions are generally
poorly understood. Enhanced yield of sputtered atomic and
particularly cluster ions [15–18] and neutrals [19,20] under
transition from atomic to molecular (cluster) ion bombard-
ment is usually associated with a highly nonlinear cascade
regime. There is a rather small number of studies where
kinetic energy distributions (KEDs) of sputtered cluster
ions [15–18,31,32] or neutrals [19,20] were measured

under bombardment of solids by molecular (cluster) ions.
Molecular dynamics (MD) simulations provided deeper
insight into the evolution of the collisional spike, formed
under either heavy atom or cluster impact [21–23,33–37]
and resulting in clusters emission. Here we present a
direct experimental evidence for a novel sputtering phe-
nomenon which was not yet reported either experimentally
or computationally. It is based on the unique behavior
observed for KEDs of surface emitted clusters following
impact by a large polyatomic projectile (C−

60). We ration-
alize our results in terms of a novel sputtering mechanism
where an outgoing, moving precursor, is the source of the
emitted clusters.
A detailed description of the experimental setup is

available elsewhere [38]. Briefly, a beam of C−
60 negative

ions was accelerated to 14 keV and collided with an
atomically clean (sputter-annealed) polycrystalline tanta-
lum and silver targets. During measurements the C−

60 ion
beam (5–7 nA, 30 μm beam spot diameter) was rastered
over a target area of 0.5 × 0.5 mm2. Mass resolved KEDs
of sputtered ions were measured by a quadrupole mass
spectrometer equipped with a homemade on-axis retarding
field energy analyzer (RFA) with energy resolution
ΔE ¼ 0.4 eV. Incidence angle of the C−

60 ion beam was
45°. The sputtered ions were collected along the normal
into the mass spectrometer using a weak extraction poten-
tial (25 V) which provided good signal-to-noise ratio while
keeping the effect of the extraction field on the KEDs rather
small. This field effect can be related with metastability of
the outgoing species (on-flight delayed electron emission
or the less probable—at least for the case of tantalum
carbide clusters—unimolecular fragmentation) and angular
dependence of the KEDs. We have found that the extraction
field induces some shift and small distortion of the KEDs
but does not change the results meaningfully (see below for
details). Calibration of the kinetic energy axis was verified
using thermally emitted (surface ionized) Kþ ions accel-
erated towards the RFA.
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The first material to be studied was tantalum carbide.
We have found that the impact of C−

60 on tantalum provides
an effective way for the in situ growth of a 1∶1 (Ta∶C)
stoichiometric layer [39]. Nearly complete ionization is
expected for hot neutral TanCm clusters with n ≥ 4. This is
based on similar observation for pure Tan clusters [40] and
the low ionization energies of the TanCm clusters (≤ 5.5 eV
[41]) as compared with their high stability against frag-
mentation [42]. The measurements started with the irradi-
ation of the tantalum target with C−

60 beam while following
the competitive growth and erosion kinetics of the carbidic
TaC layer (e.g. buildup of the Ta4C

þ
4 signal) until steady

state saturation is achieved. Bright field transmission
electron microscope image of the film as well as FFT
diffraction pattern revealed that the steady state film is
composed of densely packed face centered cubic TaC
nanocrystallines with 3–4 nm typical size (measured lattice
spacing 0.257 nm corresponding to the (111) plane) [39].
The steady state positive ions mass spectrum was com-
posed of groups of TanCþ

mðn ¼ 1–10Þ cluster ions, each
nearly symmetric with respect to the central n ¼ m peak.
Due to the complete coverage of the Ta substrate with
TaC crystallites, pure Taþn clusters were detectable only
up to n ¼ 3.
Figure 1(a) presents KEDs of emitted TanCþ

n ðn ¼ 1–9Þ
ions following impact of 14 keV C−

60 on the in situ grown
TaC layer. Two main features are evident: (1) the most
probable energies Emp are gradually shifted to higher values
with increase in cluster size, and (2) the distributions are
gettingbroaderwith cluster size.ApureTaþKED(triangles)
is also given for comparison and shown to be the narrowest
as compared with the TanCþ

n KEDs. The intensity of Taþ2
and Taþ3 was too low to allow their KEDs to be measured.
The apparent negative energy tail observed for the small
clusters (n ¼ 1, 2) points at some contribution of metasta-
bility (unimolecular decomposition or thermally delayed
electron emission) along the flight path. For n ≥ 3 this
contribution can be considered as negligible. The trends
observed of increasing Emp values and distributions width
with n are in sharp contrast to the behavior of KEDs
consistently reported in the literature for both neutral and
ionized clusters emission using keV atomic projectiles
[18,20,31,32,43,44]. In order to verify reproducibility of
these literature results we have measured KEDs of
Taþn (n ¼ 1–9) sputtered from clean tantalum by Csþ ions
at 14 keV [Fig. 1(b)]. The observed broad high energyKEDs
of the monomers and gradual narrowing and shift to lower
energies with n of the KEDs of the Taþn clusters, are in good
agreement with all earlier measurements using atomic
projectiles. We have measured the observed effect with a
C−
60 projectile (increase ofEmp valueswith increase of cluster

size n, as in Figs. 1(a) and Fig. 2) under different extraction
voltages (up to 100 eV) and found that this effect is actually
gettingmore pronouncedwhenwe reduce the field. Namely,
the observed phenomenon is clearly not field induced.

The gradual increase of Emp and width for the KEDs
of sputtered cluster ions under C−

60 bombardment are also
in contrast to the results reported earlier for atomic and
cluster ions sputtered by small but heavy gold cluster
projectiles [15–18]. Comparison with reported KEDs
for neutral monomer and dimer emission [19,20] will be
discussed later.
Inspection of the KEDs following the impact of C−

60 ions
(Fig. 1) shows that all clusters share a nearly common
most probable velocity (roughly the same differences
between Emp values of adjacent KEDs, especially for
n ≥ 3). Since impact conditions are well within the non-
linear spike regime [27], we assume that the source of the
emitted clusters is some kind of a superhot precursor
species (with temperature T) moving with a center-of-mass
(c.m.) velocity Vc.m.. Within our simplistic model, we view
the outgoing precursor as an ensemble of temporarily orga-
nized but weakly interacting TanCm clusters. Assuming
a Maxwellian velocity distribution for the different TanCn
groups within the precursor species (in its c.m. frame) one
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FIG. 1. (a) Measured KEDs of TanCþ
n ðn ¼ 1–10Þ cluster ions

sputtered from TaC layer by C−
60 impact. Insert shows a

representative part of the mass spectrum. (b) Kinetic energy
distributions of Taþn ðn ¼ 1–9Þ cluster ions sputtered from a
tantalum target by Csþ impact.
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can write a flux velocity distribution for the TanCn groups
dNn=dV in the laboratory frame within a small solid
angle ΔΩ,

dNn

dV
¼ AðnmÞ3=2V3 exp

�
−nmðV − Vc.m.Þ2

2kT

�
; ð1Þ

where A ¼ noΔΩ=ð2πkTÞ3=2, k is the Boltzmann constant,
no is the volume density of the TanCn groups, and m is
the mass of a TaC unit. The corresponding flux energy
distribution in the laboratory frame is given by

dNn

dE
¼ 2AðnmÞ−1=2E exp

�
− ð ffiffiffiffi

E
p − ffiffiffiffiffi

nε
p Þ2

kT

�
; ð2Þ

where ε ¼ mV2
c.m.=2 is the kinetic energy of a TaC unit

moving with the precursor c.m. velocity Vc.m..
The calculated KEDs [Eq. (2)] are presented in Fig. 2(a)

along with the measured KEDs taken from Fig. 1(a) for
TanCþ

n ðn ¼ 3–7Þ. A good agreement is obtained (exclud-
ing part of the low energy side of the distributions) using
a uniquely best fitted pair of ε, kT parameters with the
values kT ¼ 1.25� 0.09 eV and ε ¼ 1.16� 0.06 eV
(corresponding Vc.m. ¼ 1074� 28 msec−1).
The variation of the most probable energy Emp with

cluster size n as derived from Eq. (2) is given by

EmpðnÞ ¼
n · ε
4

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4kT

n · ε

r �2

. ð3Þ

For large values of n such that n · ε ≫ 4kT one gets the
asymptotic form of EmpðnÞas

EmpðnÞ ¼ n · εþ 2kT ð4Þ

Figure 2(b) presents measured and calculated EmpðnÞ
values and dependences correspondingly, using the best
fitted ε and kT parameters. A good agreement is demon-
strated (n ¼ 1–10). The comparison between the EmpðnÞ ¼
n · ε (T ¼ 0 limit) as shown in Fig. 2(b) and the asymptotic
Eq. (4) emphasizes the importance of the thermal contri-
bution. For the sake of clarity, additional presentations of
the data in comparison with model predictions are given in
the Supplemental Material [45].
We would like now to discuss the possible nature of the

precursor state. It is assumed that the impacting C−
60

generates an extremely energy dense (superhot) nano-
volume, slightly below the surface [21,22]. There is a
buildup of an extreme high pressure within this sub-surface
impact zone, eventually pushing the topmost surface layers
outward [7]. The observed common c.m. velocity Vc.m., for
all emitted clusters, implies a correlated upward motion
as an ensemble of tightly confined species composed of
the uppermost atomic layers of the target. We describe this
collectively outward moving superhot ensemble as the

precursor state. The precise nature of the precursor, its
formation conditions and the specific stage during spike
evolution at which it is being defined, are still not clear. The
two limiting cases we consider are (1) partially detached
precursor (still subsurface or just bulging out) where the
fragments are emitted directly from the surface or (2) fully
surface-detached large cluster (up to a few nanometers
away from the surface) which fragments within a few psec
after leaving the surface. The fitted temperature value may
be somewhat too high (from the point of view of thermally
activated fragmentation dynamics) but we note that the
precursor temperature T is treated here as a translational
one. It does not necessarily imply also a vibrational
temperature of the cluster constituents of the precursor
since vibrational-translational equilibration may not yet be
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FIG. 2. Analysis of the measured TanCþ
n KEDs based on a

fit to a shifted Maxwell distribution [Eq. (2)]. (a) Measured
KEDs are given by solid and empty circles. Shifted Maxwell
distributions fitted with a single pair of parameters (ε ¼ 1.16 eV,
kT ¼ 1.25 eV) are given by the solid lines. (b) Measured and
calculated Emp values vs cluster size n. The measured values are
given by solid circles. The solid line is given by Eq. (3), the
dashed line by Eq. (4), and the dash-dotted line is Emp in the
T ¼ 0 limit.
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achieved within a possible scenario involving the ultrashort
time scale of the initial phase of the spike (≤ 1 psec).
Correlated or collective upward motion of a rather large

number of atoms of the few topmost layers just above the
core of the spike was observed in MD simulations by
several groups [21–23,32–37]. Emission of large clusters
containing up to several tens of atoms [33,46] and micro-
explosion events [34] leading to emission of clusters
containing up to ∼100 atoms were also observed. Such
moving large hot clusters may well be considered as
another precursor variant. However, to our knowledge,
the velocity correlated cluster emission effect as measured
here (shifted Maxwell KEDs for n ≥ 3) was not yet
observed in MD simulations (which are very sensitive to
the potential used [23]).
We have also carried out measurements of C−

60 impact
induced sputtering of a silver target, having a much lower
cohesive energy and considerably higher thermal conduc-
tivity as compared with tantalum carbide. As shown in
Fig. 3(a), we were able to measure KEDs of emitted Agþn
up to n ¼ 9. Mixed silver-carbon clusters were observed
only up to Ag3C

þ
5 with absolutely no buildup of a carbide

layer. Similarly to the TanCþ
n KEDs, the most pronounced

features of the Agþn KEDs are a gradual shift of Emp to
higher values and a corresponding broadening with
increase in cluster size n. For comparison, we have also
measured KEDs of Agþn sputtered by a monoatomic
projectile (5 keV Arþ ions). As expected, these KEDs
exhibited the opposite trend (gradual narrowing and shift to
lower energies for n ¼ 1–7). The measured Agþn KEDs in
Fig. 3(a) (C−

60 projectile) could be reasonably well fitted
with a shifted Maxwellian [Eq. (2)] using a single ε, kT
pair only for n ≥ 5 and mainly for the peak value and high
energy side of the distribution. Calculated KEDs using the
best fitted values kT ¼ 1.13� 0.10 eV and ε ¼ 0.40�
0.03 eV are given by the solid line. Emp values of measured
Agþn ðn ¼ 1–9Þ KEDs are presented in Fig. 3(b) as a
function of n (solid circles) along with the calculated
Emp values [Eq. (3)]. A rather good agreement is obtained
for n ≥ 3. However, Emp (Agþ2 ) deviates appreciably
from the common velocity line [Eq. (3)] with EmpðAgþ2 Þ=
EmpðAgþÞ ∼ 3.
A common velocity type emission was reported earlier

also for neutral In and In2 sputtered off an indium target
(Au−2 , Au−3 projectiles at 10 keV), peaking at exceptionally
low energies (0.1–0.2 eV) [19], and Ag, Ag2 sputtered
off a silver target (Cþ

60 projectile at 10–20 keV) peaking at
energies of 0.75–1.5 eV [20]. This behavior was attributed
to an adiabatic free jetlike expansion of the ejecta [20]. The
measured KEDs of the emitted Ag, Ag2 were reproduced
in MD simulations [21]. Even if one assumes that the free
jetlike interpretation is applicable, under certain conditions,
to the sputtering of small clusters (n ≤ 3) from relatively
weakly bound metals such as silver and indium, it certainly
cannot explain the emission of superhot, high (common)

velocity large clusters as observed here. Gas dynamic
acceleration and resulting velocities unification of emitted
clusters under free jet (nozzle) expansion conditions will
strongly degrade with increase of mass of the “seeded”
clusters as compared with that of the “carrier gas “(i.e.,
enhanced velocity slip effect for heavier clusters [47–49]).
Our results show no such behavior. As is clearly shown in
Figs. 2 and 3, all clusters share a common Vc.m. velocity.
However, taking into account the deviation of EmpðAgþ2 Þ
from the common velocity line [see Fig. 3(b)], it is quite
possible that under our experimental conditions there is an
additional mechanism contributing to the emission of Agþ2
which is different from the one responsible for the emission
of the larger Agþn (n ≥ 3) clusters. In the Supplemental
Material [45] we show that the possibility that this
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FIG. 3. Measured and calculated KEDs of Agþn (n ¼ 1–9)
cluster ions sputtered from a silver target by C−

60 impact.
(a) Measured KEDs are given by solid and empty circles. Shifted
Maxwell distributions [see Eq. (2)] fitted with a single pair of
parameters (ε ¼ 0.40 eV,kT ¼ 1.13 eV) are given by the solid
lines. (b) Measured and calculated Emp values vs cluster size n.
The measured values are given by solid circles. The solid line is
given by Eq. (3), the dashed line by Eq. 4, and the dash-dotted line
is Emp in the T ¼ 0 limit.
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additional mechanism can be described in terms of a free
jetlike expansion (as proposed for neutral Ag, Ag2 sput-
tered by Cþ

60 (vs Gaþ) [20]) is questionable.
In summary, based on a direct experimental observation

of the KEDs of sputtered cluster ions, we propose a new
mechanism for the sputtering of solid surfaces by a large
polyatomic projectile (C−

60). According to this mechanism,
a superhot moving precursor is the source of the emitted
clusters. The central observation that all clusters emitted
from a given target, TanCþ

n (n ¼ 1–10) from tantalum
carbide and Agþn (n ¼ 1–9) from silver, share a nearly
common most probable velocity, is in a striking contrast
to the corresponding behavior of cluster emission induced
by a monoatomic ion impact. The general nature of this
new sputtering phenomenon is demonstrated for two very
different types of target materials. We expect it to have
implications for impact cratering and erosion of surfaces
using large cluster projectiles.
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state structures. For the emission of TaC (decay to Ta8C
þ
8 )

we have obtained ΔE ¼ 10.5 eV. For the emission of a Ta
atom (decay to Ta8C

þ
9 ) we have obtained ΔE ¼ 10.6 eV.
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