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Giant Metal Sputtering Yields Induced by 20–5000 keVyyyatom Gold Clusters
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Very large nonlinear effects have been found in Au1 to Au5 cluster-induced metal sputtering
yield measurements over a broad projectile energy interval from 20 keVyatom to 5 MeVyatom. The
sputtering yield maxima were found at the same total energy butnot at the same energyyatom as
expected. For Au5 a yield as high as 3000 was reached at 150 keVyatom while the Au1 yield was only
55 at the same velocity. [S0031-9007(98)06358-3]

PACS numbers: 79.20.Rf, 36.40.–c, 61.80.Lj
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More than twenty years ago it was discovered th
dimers of heavy ions bombarding solids gave rise to no
linear effects in the bombarded materials, i.e.; the effe
of the two atoms arriving together exceeded by a consi
erable amount the sum of the effects of the two constitue
atoms arriving individually [1]. Nonlinear effects were in
particular studied in sputtering. They were found to be re
lated to dense energy depositions in the target through
projectile collisional nuclear stopping powersdEydxdnucl.
In the case of Au! Au, the variation with energy of the
sputtering yield, i.e., the number of atoms expelled per i
coming projectile, displays a much more pronounced max
mum [2] than predicted by the linear cascade sputterin
theory of Sigmund [3]. Dimer (and a single trimer) ir-
radiations were performed with Se2 and Te2 [1] and Sb2,
Sb3, and Bi2 [4,5] on high-Z targets like Ag and Au. At
that time, only a rather limited amount of experimenta
results was obtained due to the lack of suitable clust
beams. Thompson [6] emphasized the transition from li
ear to spike cascade effects. A quantitative thermal spi
model [7] was proposed, as well as more qualitative sho
wave approaches [8,9]. A molecular flow model [10] aim
at explaining results for condensed noble gases at relat
temperatures substantially higher than encountered he
Molecular dynamic simulations have also been performe
but are all concerned with low energies in comparison
the present results [11,12]. A recent review [13] conclude
that for metal targets where the nuclear stopping pow
sdEydxdnucl determines the sputtering yields, much mor
extended data sets were needed. The sputtering effects
duced in insulators and semiconductors depend largely
other mechanisms [14] and are outside the scope of t
present paper.

Recently, the experimental situation changed drastica
with the possibility to accelerate cluster beams such as go
and carbon, through tandem accelerators [15,16]. Amo
other experiments these beams were used to study non
ear effects in secondary emission of ions and particular
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secondary cluster ions [17–19]. In such measurement
is not possible to discern between mechanisms leading
enhanced emission or to enhancements in the ioniza
probability of the emitted species. Apart from the larg
intrinsic interest in studying nonlinear effects over a bro
energy range to gain a better understanding of the unde
ing mechanisms, such yield data are hence also needed
the interpretation of other emission phenomena like s
ondary ion and electron yields, in particular to investiga
whether measured nonlinear effects in ion yield are simp
a part of the total yield. Here we present sputtering yie
measurements of gold targets bombarded by Aun (n ­ 1
to 5) clusters in the energy range 20 to 5000 keVyatom.

The gold cluster beams were produced by the Aram
tandem accelerator (CSNSM, Orsay) [20], whose ma
mum terminal voltage is 2 MV. The ion beams originate
from a standard sputtering ion source. The energies ran
from 20 keV to 2.8 MeV with this accelerator. Below
100 keV, beams were obtained using Aun

2 ions injected
into Aramis without any stripping gas at the terminal. Fo
these conditions the final cluster energy is equal to the
jection energy. A few experimental points above 3 Me
were obtained with a beam delivered by a liquid metal go
cluster ion source located in the high voltage terminal
the 15 MV Orion-Tandem accelerator (Institut de Physiq
Nucléaire, Orsay) [21]. The accelerated ions were selec
by magnetic deflection through a small angle before pa
ing a 3 mm diameter collimator at the entrance of the e
perimental chamber. Beam currents were measured
after this collimator with a simple Faraday cup equippe
with a secondary electron repeller. The currents were
ways larger than 50–100 pA for Au1

1, Au2
1, and Au3

1,
but 10 pA or less for Au41 and Au5

1. Electrostatic de-
flection plates were used to check if the clusters were
tact when arriving at the experimental chamber. For Au2

1,
Au3

1, and Au3
2 beams it was found that the charged fra

ment component in the beams was negligible at the n
mal operating pressure of less than5 3 1027 hPa. The
© 1998 The American Physical Society 5433
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pressure in the beam tube had to be increased by an orde
magnitude before significant fragmentation occurred. F
Au4

1 and Au5
1 the fragment beams were too weak to b

measured.
The mass eroded from the target was measured with

quartz microbalance method [22]. After the beam curre
measurements, the Faraday cup is retracted from the be
line to let the ions hit a thick gold layer covering an os
cillating quartz. Our quartz microbalance [23] utilized
0.5 mm thick quartz crystal oscillating at 6 MHz. A de
crease of the gold thickness due to sputtering gives rise
a proportional increase of the oscillation frequency. W
ter cooling at room temperature was used during all t
measurements in order to keep the quartz temperature c
stant. The gold thickness (initially1000 6 50 nm, vapor
deposited onto the quartz oscillator surface) was alwa
much larger than the maximum range of the projectiles
gold, in order to stop the projectiles within the gold layer t
prevent the quartz crystal from being radiation damage
The sputtering yields were directly deduced from the ma
removed from the gold covering the quartz. The sensiti
quartz surface had a diameter of 8 mm although the be
diameter was limited to 3 mm by the aperture. It was ve
fied with centered gold depositions of increasing diam
ters that the frequency response of the quartz did not v
by more than 2% between diameters of 3 and 8 mm.
similar result may be deduced from the differential sens
tivity measurement made by Oliva-Florioet al. [24]. We
checked before each set of experiments that the beam s
was centered on the quartz surface. The focused beam
an elongated shape in the vertical direction ensuring th
the beam in that direction was homogeneously distribut
over the 3 mm aperture. For weak beams (Au4 and Au5) it
was necessary to focus the beam in the horizontal direct
to better than the 3 mm to obtain sufficient intensity an
the beam spot was not fully homogeneous. In these ca
yield measurements were performed with maximum bea
current centered on the target, which will give too high
yield, and with the beam displaced 1 mm to the side, whi
will give too low a yield. The two values differed by no
more than 25% and the average was used and assigne
error of half the difference. Further, no erosion was o
served with the beam electrostatically deflected away fro
the target, excluding the possibility of erosion by neutra

Figure 1(a) shows the gold sputtering yields per ato
Yyn, as a function of the energy per atom of the projectile
i.e., at the same velocity for all clusters. The error ba
take into account uncertainties in the quartz response d
to beam inhomogeneity, in the beam current measureme
and in the thickness measurement. They are not sho
explicitly for Au1 and Au2 projectiles as their size is
about the same as that of the symbols in the figure. F
atomic projectiles, the maximum yield is roughly at th
same energy as the maximum of the nuclear energy l
(calculated with theTRIM code [25] to be at,800 keV for
Au ! Au) and agrees within 10% with the gold result
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FIG. 1. (a) Gold cluster sputtering yields per atom,Yyn, for
Au1 to Au5 cluster projectiles as a function of the energy p
atom of the projectiles. The solid lines are guides for the e
to follow the energy dependence for each cluster size. (b) T
same data as above (except for Au1) shown asYyn2 and given
as a function oftotal cluster energy.

of Bay et al. [2]. Taking into account the fact that the
nuclear energy loss of bismuth into gold (calculated
above withTRIM) is higher than for gold in gold, and tha
the spike contribution is hence also larger, our results
Au1 are consistent with (but 15% lower than) the Joh
and Thompson [5] yields of gold induced by bismut
[26]. The overall tendency is that our data are a bit lo
compared to published data. The maximum sputteri
yield measured with Au51 projectiles at 150 keVyatom
is 3000 6 200, while the Au1 yield is 55 at the same
velocity. The figure thus shows the strong nonline
enhancement of the sputtering yields induced by clust
fY sAun ! Aud ¿ nYsAu ! Audg. There is no evidence
of electronic sputtering, in agreement with the results
Bay et al. [2] which extend up to 20 MeV (electronic
stopping constitutes some 15% of the total stopping
1 MeVyatom and dominates the energy deposition abo
3 MeVyatom). Figure 1(a) shows that the position of th
maximum yield shifts to lower energy per atom as th
cluster size increases, whereas in the absence of nonlin
effects all curves should fall on top of each other whe
plotted as a function of energy per atom. When the da
are plotted as a function of the total energy [Fig. 1(b
all the curves (n ­ 2 to 5) display the same maximum
at about 800 keV. Our choice of ordinates in Fig. 1(



VOLUME 80, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 15 JUNE 1998

ally

ev-

m-
too
-

ere
ip
n
c-

h
in
e-
ike
ise
ike
of

ge
ver
ts

on-
p-
ion
ter
ple

rgy
ing
nal
ed
n-

as
e
tu-
ed
rs

e
r-
n-

on
nd
l
in

by

o-
Ø,
(Yyn2, rather than normalizing the curves’ maxima) is on
indicative of an experimental trend. Since the nucle
stopping power of Aun clusters is proportional ton at
a givenvelocity (not energy) [27], our data rule out any
empirical scaling with a power ofsdEydxdnucl such as
suggested in Ref. [6]. This result will be a crucial test fo
any theory of the cluster energy deposition mechanism,
clearly points to a spike mechanism.

Sigmund and Claussen assumed the sputtering yield
be a sum of the established linear collision cascade yi
[3] and a contribution from a thermal spike surface evap
ration [7]. The calculated linear yield (which contains n
free parameters) fits existing yield data for Au on Au ver
well at energies far above and below the maximum of t
nuclear stopping power [2,13]. The thermal spike in the
model is assumed to be cylindrical and perpendicular
the surface in the version of the theory that we apply he
The only free parameter is the initial spike radiusr0. Sig-
mund and Claussen tookkr2

0l to be of the order of the mean
square lateral straggling of the collision cascade. Takin
constant cylindrical track widthkr2

0 l ­ 240 Å2, Sigmund
and Claussen obtained rather good agreement with the
perimental values of Ref. [5]. All the experimental point
of Ref. [5] were obtained at energies well below the max
mum of the nuclear energy loss, where the sputtering yie
are still relatively small in comparison to those obtaine
in the present work. Using energy independent values
kr2

0 l we cannot obtain a similar agreement with the resu
of Fig. 1, mainly because the theory leads to a maximum
the same energyyatom for all clusters. The basic concep
of an evaporation spike model is, however, attractive a
we note that formally the results of Ref. [7] could be use
with r0 as a parameter increasing with both cluster si
and energy. So reversing the procedure we deduced
ues ofkr2

0 l1y2 from each experimental yield value (Fig. 2)
There is an overall tendency forkr2

0 l1y2 to increase with

FIG. 2. Deduced values of the initial width of the cylindrica
track, kr2

0 l1y2, as a function of the total cluster energy. Fo
comparison, the radius of a Au5 cluster is less than 3 Å.
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energy, as expected [7], and the values appear physic
reasonable, keeping in mind the relation betweenr0 and
the lateral straggling of the cascade. We have tried s
eral power law variations ofkr2

0l1y2 with energy. A linear
increase with energy, which could be justified by assu
ing an energy-independent shape of the spikes leads to
fast a vanishing of the thermal spike contribution with in
creasing energy. Other attempts using power laws w
also in vain and we can conclude only that the relationsh
betweenkr2

0l1y2 and the energy is somewhere in betwee
a constant value and a linear variation. For a fixed velo
ity kr2

0 l1y2 is found to increase with cluster size. Althoug
intuitively reasonable this possibility was not mentioned
Ref. [7]. The impressive data alignments of Fig. 1(b) r
main unaccounted for. To have a complete thermal-sp
theory of nonlinear sputtering yields we need a prec
model for the relation between lateral straggling and sp
radius as well as a calculation of lateral straggling
cluster-induced cascades as a function of energy.

Gold clusters have been found to induce very lar
sputtering yields from gold targets exceeding those e
observed before from a metal target. Nonlinear effec
amounting to a factor of 10 have been observed. The n
linearity is not given as a simple power of the nuclear sto
ping power. One can further speculate on the observat
of saturation for such nonlinear effects when larger-clus
irradiations become possible at these energies. A sim
extrapolation from Fig. 1(b) indicates that a,800 keV en-
ergy Aun cluster should have a sputtering yield of,100n2,
meaning that a part increasing withn2 of its energy would
be consumed just to overcome the surface-binding ene
(3.78 eV). For sputtering as clusters, the surface-bind
energy is smaller but nearly compensated by their inter
kinetic energy. The kinetic energy of the atoms sputter
through the linear cascade is a further 2.8% of the total e
ergy [28]. Then, a 800 keV cluster having a size ofn ­ 45
would consume 100% of its energy for sputtering. But,
a matter of fact, only a small fraction of the total projectil
energy might be available for sputtering. Therefore, sa
ration of the nonlinear effect should be actively pursu
through performing experiments with still larger cluste
than Au5.

In addition to very large nonlinear effects, we hav
found experimentally that the maximum in the sputte
ing yield moves to lower velocities as the cluster size i
creases. The dependence on total energy (rather than
the energy per atom) of the sputtering yield is the seco
main finding of this work. It indicates that the therma
spike theory of cluster sputtering needs to be amended
order to accommodate results obtained with irradiation
heavy clusters over a broad energy range.

*Permanent address: Niels Bohr Institute, Ørsted Lab
ratory, Universitetsparken 5, DK-2100 Copenhagen
Denmark.
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