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Self-sputtering of silver by mono- and polyatomic projectiles: A molecular
dynamics investigation
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The self-sputtering of silver under bombardment with Agm (m51,2,3) projectiles has been
investigated by molecular dynamics~MD! simulation using the many body MD/MC-Corrected
Effective Medium Potential developed by DePristo and co-workers. More specifically, the total
sputtering yield as well as the mass distribution, i.e., the distribution of monomers and clusters
within the flux of sputtered particles were calculated. For di- and triatomic projectiles, we observe
a pronounced dependence of the calculated yields on the orientation of the incoming cluster,
whereas the internuclear distance~and thus vibrational excitation of the projectile! does not seem to
play a significant role. When averaged over the impact orientation, the calculated yields per
projectile atom exhibit a distinct nonlinear enhancement when compared to the respective values
calculated for monatomic projectiles of the same impact velocity. The abundances of nascent and
final Agn clusters~identified immediately above and far away from the surface, respectively! within
the sputtered flux are found to be significantly enhanced under polyatomic projectile bombardment,
the effect increasing with increasing size of the sputtered cluster. Moreover, clusters produced under
polyatomic bombardment appear to be colder, a finding which might be of considerable interest in
the light of mass spectrometric surface analysis techniques. ©2001 American Institute of Physics.
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I. INTRODUCTION

If a solid is bombarded with keV-ions, particles are r
leased from the surface due to mostly elastic collisions
process which is usually called sputtering. An interest
question in this context relates to the effects which mi
occur if the collision cascades initiated by several project
overlap in time and space. Due to the extremely short l
time ~;1 ps! and spatial extension~several nm, see below!
of a collision cascade, such conditions can in practice o
be realized if polyatomic species, i.e., clusters compose
several atoms, are used as projectile species. In a seri
pioneering experiments, Andersen and Bay1–3 as well as
Thompson and Johar4,5 have demonstrated that the total sp
tering yield, i.e., the average number of atoms sputtered
impinging projectile, that is induced by a polyatomic proje
tile may significantly exceed the sum of the yields induc
by the constituent atoms arriving separately with the sa
impact velocity. In a fairly recent review of this work, th
observed nonlinearity of the sputtering yield was attribu
to the occurrence ofcollisional spikes—characterized by a
high density of moving atoms and therefore often a
termedthermal spikes—as opposed to a plain superpositio
of linear collision cascadeswhich are characterized by a low
density of moving atoms~i.e., where every collision involves
one moving atom and one atom at rest!.3 More recently,
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these experiments have been extended towards larger n
arity ~i.e., number of constituent atoms! and bombarding en-
ergy of the projectile clusters, where extremely high nonl
ear yield enhancements of up to a factor of several 1000
magnitude have been found.6 In addition to yield measure
ments, a number of mass spectrometric experiments h
revealed a significant influence of the projectile nuclearity
the composition of the flux of sputtered particles. These
periments, which to date have exclusively been performed
secondary ions, i.e., those particles which leave the sur
in a charged state, have provided some indication that
contribution of clusters to the total flux of sputtered partic
leaving the surface as a consequence of a projectile im
may be greatly enhanced if polyatomic instead of mon
atomic projectiles are used, the effect being the more p
nounced the larger the sputtered cluster.7–11 These findings
are of particular interest since the fundamental proces
leading to the formation of cluster ejectees during a sput
ing event are not yet fully understood.

The experimental findings of nonlinear effects induc
by polyatomic projectiles are complemented by molecu
dynamics computer~MD! simulations that have been pe
formed for various surfaces bombarded with clusters of d
ferent compositions and sizes.12–35 The size of projectile
clusters employed in these studies ranges from diatomic
cies up to clusters containing thousands of atoms. In so
cases, relatively large nonlinearities have been foun16

whereas other work discerned only slight or no nonline
yield enhancement when switching, for instance, fro
3 © 2001 American Institute of Physics
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atomic to dimer projectiles.25,35 Since most of the publishe
work has been performed for a fixed size of the imping
clusters, a systematic investigation of the role the projec
nuclearity might play with respect to nonlinear enhancem
effects is still lacking. This state of affairs is particularly tru
for the abundance pattern of sputtered clusters which
released following a polyatomic projectile impact. In th
context, it is of great interest to determine~i! if a nonlinear
enhancement of sputtering yield is generally accompanied
an increase of the cluster abundance and~ii ! in how far the
fairly unique correlation between the sputtered cluster ab
dance pattern and the sputtering yield that has been foun
atomic projectiles36–42 can be extrapolated towards pol
atomic bombardment as well. In the present work, we aim
such a systematic study by employing MD simulations
model the impact of clusters with varying nuclearity onto
solid surface. In order to avoid any chemical complexity d
turbing the collisional sputtering process and to keep
number of interaction potentials involved in the calculati
as small as possible, we investigate the self-sputtering p
nomena occurring at a single crystalline silver surface un
bombardment with Agm projectiles. Silver was chosen as
target material mainly for two reasons. First, we have u
the corresponding many-body interaction potential funct
in a number of previous simulations employing rare gas p
jectiles and found good correspondence with existing exp
mental data. Second, we wish to compare the results f
the simulation with corresponding experiments on the s
sputtering of a silver surface using Agm

1 primary ions which
are currently under way in our laboratory.

II. DESCRIPTION OF THE CALCULATION

The molecular dynamics simulation employed to follo
the elastic collision cascade initiated by the impinging p
jectile has been described in great detail earlier.41,43,44 In
short, the classical equations of motion are solved num
cally for all atoms of a model fcc crystallite which in th
present case has dimensions of 70370335 Å and contains
10 500 metal atoms distributed over 15 atomic layers. T
surface was assumed to be bulk terminated in the~111! di-
rection with no reconstruction or relaxation, and open bou
ary conditions were employed on all faces of the crystal. T
interaction among all atoms in the system was described
the MD/MC-CEM many-body potential originally designe
by DePristo and co-workers.45,46In the context of the presen
investigation, the great advantage of this potential is twofo
First, it has been demonstrated that the MD/MC-CEM p
vides a realistic description of the binding forces between
atoms both within a small gas phase cluster and withi
solid. Second, due to the fact that the repulsive~binary! part
of the potential is derived from anab initio dimer treatment,
the potential can be directly employed for sputtering cal
lations without any modification to include a sufficiently r
pulsive interaction at small internuclear separations. In
present study, we use a specific potential fit to the proper
of the silver dimer and solid silver.

The identification and classification of clusters amo
the flux of sputtered particles was done as described in d
Downloaded 30 Oct 2001 to 146.186.179.152. Redistribution subject to A
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in Refs. 41 and 47. Briefly, the trajectory integration of t
collision cascade initiated by the impinging primary partic
was terminated at a time when either the total energy of
atoms within the model crystal had fallen below zero or
preset integration time limit~mostly 3 ps! was reached. Upon
termination, the list of ejected atoms obtained for a giv
primary ion impact was examined for ‘‘nascent’’ cluster
i.e., agglomerates of two or more atoms with negative to
energy,

Etot
cluster5(

i 51

n

Ei
rel1Vi , ~1!

which were then subjected to a stability check against dis
ciation as described in detail in Refs. 41 and 47. Unsta
clusters with internal energies,

Eint5Etot
cluster1Ea ~2!

above the dissociation thresholdEd ~i.e., the lowest threshold
for unimolecular fragmentation as determined from the d
ference of atomization energiesEa of parent and fragmen
clusters; for values ofEa andEd , see Ref. 41! were inves-
tigated by further MD simulation until only stable fragmen
remained. These ‘‘final’’ clusters are of particular intere
since they represent those sputtered species that are sam
by experimental schemes detecting the particles at time
typically several microseconds after their ejection from t
surface.

The simulations were performed for Agm projectiles
with m51, 2, 3 normally incident onto a silver~111! surface.
As outlined in the introduction, nonlinear effects are iden
fied by comparing the results obtained for projectiles of d
ferent size that impinge onto the surface with the same
pact velocity ~or kinetic energy per constituent atom!.3 In
order to allow comparisons under such conditions, differ
total kinetic energies of 2, 4, and 6 keV were employed
monatomic, diatomic, and triatomic projectiles, respective
Most of the calculations were done with a set of 120 traj
tories with impact points~i.e., surface points towards whic
the center-of-mass velocity of the projectile was directe!
being uniformly distributed over the smallest irreducible s
face cell. Polyatomic cluster impacts were characterized
additional parameters describing the structure and orienta
of the projectile. For the case of diatomic species, these
the internuclear separationr, polar angleu and azimuthw as
indicated in Fig. 1. In order to examine the role of the
parameters, a number of different trajectory s

FIG. 1. Schematical view of dimer impact orientation parameters:~a! ~111!
surface view;~b! side view. Closed symbols correspond to first layer atom
open symbols depict second layer atoms.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8645J. Chem. Phys., Vol. 115, No. 18, 8 November 2001 A molecular dynamics investigation
were calculated~for one specific total kinetic impact energ
of 4 keV!, where one parameter was varied while the oth
were kept constant. Triatomic projectiles were assumed
exhibit the equilibrium structure determined by the MD/MC
CEM interaction potential~an equilateral triangle with a sid
length of 2.64 Å!. For these species, the impact orientati
was characterized by three Euler anglesu, w, andc which
are defined in Fig. 2~a!. For the specific case ofu590° ~i.e.,
where the threefold symmetry axis of the equilateral trian
is oriented parallel to the surface!, two different impact ori-
entations corresponding to the internal rotation anglesc50°
andc5180° were tested with the azimuthw fixed at an ar-
bitrary value ofw50°. In these cases, which will in the fo
lowing be referred to as ‘‘perpendicular incidence,’’ the eq
lateral triangle hits the solid either with its base or with its
pointing towards the surface@cf. Figs. 2~d! and 2~e!#. In a
second set of simulations, the polar angle was kept fixe
u50°. In these cases, which will in the following be referr
to as ‘‘planar incidence,’’ the trimer is oriented parallel to t
surface, and the azimuth anglesw andc coincide. Due to the
threefold symmetry of the projectile, the azimuth range
tween 0° and 120° is sufficient in order to cover the wh
orientational space for this polar angle orientation. T
range was sampled by arbitrarily selecting a total of six d
ferent values ofw.

In order to facilitate enough statistics to reveal the ra
idly falling size distribution of final clusters, a large set
3200 trajectories were run for the specific cases of a mo
mer impinging with an energy of 2 keV. For the dimer a
trimer projectiles, all simulations performed at impact en
gies of 4 keV~dimers! and 6 keV~trimers! were combined
for the determination of the cluster size distribution. In
attempt to ensure that the limited integration time or
limited size of the model crystal do not influence the resu
selected trajectories which resulted in very high atomic a
cluster emission yields were rerun with a larger crystal~con-
taining up to 24 000 atoms! and integrated for longer time
~up to 7 ps!.

FIG. 2. Schematical view of impact orientation parameters relevant fo
triatomic projectile:~a! definition of Euler angles;~b! azimuth angle;~c!
planar incidence;~d! and ~e! perpendicular incidence. Closed symbols co
respond to first layer atoms, open symbols depict second layer atoms.
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III. RESULTS AND DISCUSSION

In order to discern nonlinear enhancement effects
duced by the polyatomic character of the projectiles, we w
compare the results obtained for different projectiles impin
ing onto the surface with the same impact velocity. Und
these conditions, a plain superposition of linear collision c
cades initiated by the different constituent atoms of the p
jectile would result in observables which simply represe
the sum of the respective quantities determined for the c
stituents impinging independently. Every deviation from th
sum therefore constitutes a nonlinear effect, and the r
between an actually determined observable and the hy
thetical sum value will hence be called an ‘‘enhancem
factor.’’ Note that this factor does not necessarily have to
larger than unity.

The discussion will focus on five observables which a
extracted from the list of sputtered particles output from
MD simulation. For each of these, we will proceed in t
order of complexity, starting with monatomic and workin
our way towards triatomic projectiles. The most readily a
cessible observable is of course the average sputtering y
Moreover, it is mainly this quantity which has been fr
quently demonstrated experimentally to exhibit nonlinear
hancements. In the first subsection, we therefore presen
average sputtering yield obtained under atomic, diatom
and triatomic projectile bombardment. As outlined in the I
troduction, the second observable which has been sugge
to exhibit nonlinear effects is related to the occurrence
clusters within the flux of particles sputtered from the s
face. While the nascent clusters~identified immediately
above the surface! reveal most direct information about th
collisional sputtering process itself, they are mostly unsta
on a very short time scale and therefore inaccessible to
perimental detection. Final clusters~identified far away from
the surface!, on the other hand, represent the stable produ
of unimolecular fragmentation chains undergone by unsta
nascent species and are therefore tractable by experim
detection schemes. In order to determine whether clu
abundances are nonlinearly enhanced, we will in the sec
subsection therefore evaluate the size distribution of b
nascent and final clusters ejected from the surface follow
projectile impacts of different nuclearity. As a third quanti
that is in principle accessible by experiment, we then de
mine the kinetic energy distribution of sputtered monom
~atoms!. This distribution is of much interest since it ha
been suggested that the occurrence of spike effects sh
lead to a systematic deviation from the energy distribut
predicted by linear cascade theory. The last two subsect
will then be devoted to the internal energy distribution
sputtered clusters and the radial distribution of the eject
probability of surface atoms around the projectile impa
point. Both observables are inaccessible by experiment,
may reveal valuable information about the nature of the c
lisional processes leading to the sputter ejection of partic
initiated by impact of different projectiles.

A. Average sputtering yields

In order to evaluate the average sputtering yield, all sp
tered atoms identified in a particular simulation were coun

a
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~regardless of their bond state! and divided by the number o
trajectories run in this simulation. Due to the fact that p
jectile and target atoms are the same, the resulting y
value was corrected by the number of atoms contained in
projectile. The resulting total sputtering yield that was o
tained for monatomic projectile impact at 2 keV amounts
Ȳ57.0 atoms/projectile. This value is in very good agre
ment with existing literature data on the experimental va
of the self-sputtering yield of~polycrystalline! silver under
bombardment with Ag1 ions that have been measured
Almén and Bruce,48 a finding which strongly supports th
validity of the employed interaction potential.

Figure 3 depicts the total sputtering yields calculated
bombardment with Ag2 projectiles as a function of the im
pact orientation. More specifically, the yield data has be
plotted as a function of the azimuth anglew for different
values of the polar angleu. For the specific case of perpen
dicular incidence~u50°!, a solid line has been introduce
since for this case the impact azimuth is meaningless.
clearly seen that the impact orientation significantly infl
ences the sputtering action. If the collision cascades indu
by the two constituent atoms of the projectile would linea
superimpose, the yield expected under these condit
should correspond to twice the yield calculated for ato
impinging with the same impact velocity, i.e., with half th
impact energy. In order to discern nonlinear yield enhan
ments, the respective linear value~twice the atom bombard
ment yield calculated for an impact energy of 2 keV! has
been included in the figure~dotted line!. It is seen that the
largest nonlinear enhancement is found for projectiles or
tated parallel to the surface with an azimuth of appro
mately 50°. In contrast, dimers impinging perpendicular
the surface lead to a sublineardecreaseof the sputtering
yield. A calculation of a second set of trajectories w

FIG. 3. Average sputtering yield calculated for diatomic projectiles of 4 k
impinging under various different orientation angles. Solid line: perpend
lar incidence~where azimuth is meaningless!; dashed line: weighted averag
calculated according to Eq.~3!; dotted line: doubled average yield of mon
atomic projectiles impinging with the same velocity.
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slightly displaced impact points reveals that these variati
are not caused by insufficient statistics of the simulation,
rather reflect real changes in the sputtering action. In orde
examine the reason for this behavior, Fig. 4 shows the ve
cal stopping power, i.e., the energy lost by the projec
atoms as a function of depth below the surface, avera
over all trajectories of the respective simulation. Apart fro
some artificial structure induced by the cutoff of the intera
tion potential at some distance above the surface, the e
distant peaks visible in the curves correspond to the ene
loss at the discrete atomic layers within the solid. Compa
son of the two curves displayed in Fig. 4~a! reveals that a
vertically impinging dimer deposits its energy deeper with
the bulk, thus leading to less energy density at the surf
than under planar impact conditions. The reason for this
havior is illustrated in Fig. 4~b!, which shows the energy los
of both constituent atoms of the projectile separately.

It is seen that the first atom deposits its energy predo
nantly in the uppermost three atomic layers, thereby ap
ently pushing surface atoms aside and ‘‘clearing the way’’
the following second atom. Similar effects have also be
observed by Yamamuraet al.12 As a consequence, the secon
atom penetrates the first few atomic layers and deposits
energy deeper within the bulk, thus leading to a larger av
age depth of energy deposition and, hence, less sputte
action at the surface. The azimuth variations for planar in
dence can also be qualitatively understood in terms of s
ping power arguments. Forw50°, both atoms of the dime
projectile impinge into surface areas where no atom of
first monolayer but atoms of the underlying second mo
layer can be closely hit. Therefore, most of the projec
energy is lost in the second atomic layer@see Fig. 4~a!#. At
w5120°, only atoms located in the third atomic layer can
directly hit by the projectile atoms, and the projectile ener

-

FIG. 4. Energy loss of projectile atoms vs depth below the surface fo
diatomic projectile impinging with different orientation:~a! planar~w50°!
and perpendicular incidence~summed over both constituent projectile a
oms!; ~b! separate plots for constituent projectile atoms 1 and 2 for perp
dicular incidence;~c! planar incidence~w560°! ~summed over both con-
stituent projectile atoms!; ~d! planar incidence~w5120°! ~summed over both
constituent projectile atoms!. The zero of the depth scale is located at t
position of the uppermost atomic layer.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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is therefore deposited deeper within the solid, thus leadin
less sputtering action@see Fig. 4~c!#. In contrast, atw560°
both projectile atoms may directly hit surface atoms, th
leading to a preferred energy loss within the upperm
atomic layer@Fig. 4~d!#.

If the calculated yield values are to be compared to
periments, the data displayed in Fig. 3 must be properly
eraged. In principle, the averaging procedure should we
the different yield values according to the statistical proba
ity of a projectile cluster approaching the surface with a p
ticular orientation which, in turn, will depend on the way th
projectile clusters are generated. Assuming a randomly
entated cluster beam, we arrive at the following express
describing the averaged sputtering yield for a diatomic p
jectile impact as

^Y&5
1

( iZi sinu i
S (

i
(

j
ȲMD~u i ,w j !sinu i D , ~3!

whereZi denotes the total number of azimuth valuesw j cal-
culated for a particular polar angleu i . The resulting average
sputtering yield is depicted in Fig. 3 as a dashed line. I
seen that this value is quite significantly above the dot
line corresponding to a linear superposition of two indep
dent collision cascades initiated by two independent ato
projectiles of 2 keV. The simulations therefore clearly ind
cate a measurable nonlinear yield enhancement of about
for a diatomic projectile impact.

An interesting parameter to investigate is the intern
clear distancer between the atoms in an impinging cluste
This quantity is particularly important in view of the fact th
any polyatomic projectile cluster generated in an experim
will inevitably contain a certain amount of vibrational exc
tation, thus leading to a statistical distribution of internucle
distances around the gas phase equilibrium value. In orde
elucidate the role of this parameter, Fig. 5~a! shows the
variation of the total sputtering yield calculated for a d
atomic projectile impinging underu5w50° as a function of
the distance between the two projectile atoms. It is appa
that, apart from variations that fall within the statistical re
evance of the data, the internuclear distance has practic
no influence on the resulting sputtering action. In order
illustrate the implication of this finding with respect to vibr
tional excitation, Fig. 5~b! shows the gas phase Ag2 dimer
interaction potential as given by the MD/MC-CEM param
etrization employed here. It is apparent that the explo
range of internuclear distances covers the complete inte
that is accessible by vibrational excitation of the impingi
dimer. Since the absolute magnitude of the vibrational
ergy is always negligible compared to the kinetic energy
troduced by the projectile, we therefore conclude that vib
tional excitation of polyatomic projectiles has no effect
the sputtering phenomena induced by such particles.

The total sputtering yield calculated for trimer proje
tiles impinging with an energy of 6 keV is exemplified fo
three selected impact orientations in Fig. 6~a!. For compari-
son, the tripled yield determined for monatomic as well
3/2 times the yield determined for diatomic projectiles of t
same impact velocity have been included as dotted lines
order to investigate the role of the azimuthal orientation, F
Downloaded 30 Oct 2001 to 146.186.179.152. Redistribution subject to A
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6~b! depicts the calculated yield as a function ofw5c for
planar incidence. It is seen that the relative variation is l
pronounced than that observed in Fig. 3, thus indicating
the influence of impact orientation may decrease with
creasing projectile cluster size. In view of the increased sy
metry of larger projectiles, this finding may appear reas
able, although much more data are needed in order to cla
this point. From the data presented in Fig. 6, it is evident t
all investigated impact orientations correspond to a nonlin
increase of the sputtering yield with respect to monatom
and diatomic projectiles. If the yield is to be averaged ov
the impact orientation, the statistical probabilities of findi
different projectile orientations must in principle again
used as weight parameters. We are, however, not awar
any straightforward way to determine these probabilit
@such as given by Eq.~2! for the diatomic case# and therefore
chose to calculate the average sputtering yield~as well as all
other averaged observables extracted from the simulati!
by simply giving each simulated orientation the same weig
The resulting average yield for trimer projectiles is includ
in Fig. 6 as a dashed line. Comparing this value to that
pected from a linear superposition of three independent
lision cascades initiated by atomic projectiles of 2 keV~dot-
ted line in Fig. 6! reveals a pronounced nonlinear yie
enhancement of 49%.

The yield enhancements deduced here can be comp
to those obtained by Shapiro and Tombrello who studied
self-sputtering of gold with mono-, di-, and triatomic go
projectiles of 100 and 200 keV/atom using MD compu
simulation.18 In this work, nonlinear enhancements of 37%

FIG. 5. Average sputtering yield induced by diatomic projectiles imping
underu5w50° vs internuclear distance between the two projectile atoms~a!
and internuclear interaction potential of a gas phase diatomic projectil
given by the MD/MC-CEM parametrization~b!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8648 J. Chem. Phys., Vol. 115, No. 18, 8 November 2001 Lindenblatt et al.
44% and of 39%–92% were found for diatomic and t
atomic projectiles, respectively. In view of the large diffe
ence in kinetic energy per atom, the relatively clo
agreement with the results presented here seems to be
prising. It should be noted, however, that the yield enhan
ments disclosed in Ref. 18 significantly underestimate
corresponding experimental data.6

B. Mass distribution

Due to the absence of atoms of any other chemical
ment except silver, the mass distribution of sputtered p
ticles must exclusively be composed of Ag atoms and An

clusters. Figure 7 shows the relative yields, i.e., the par
yields normalized to that of sputtered monomers, of seco
ary nascent and final Agn clusters which are produced und
bombardment with monatomic, diatomic, and triatomic p
jectiles of 2 keV, 4 keV, and 6 keV, respectively, as a funct
of the cluster size. In order to arrive at enough statistics,
results of all simulations performed for polyatomic proje
tiles of these particular impact energies~i.e., the calculations
for different impact orientations and internuclear distanc!
have been combined. It is seen that the distribution of
scent clusters can in all three cases be approximated
power law size dependence according to

Y~n!5Yn /Y1}n2a. ~4!

FIG. 6. Average sputtering yield induced by triatomic projectiles imping
under different orientation with respect to the surface:~a! planar, tip and
base incidence~see Fig. 2 and text!; ~b! planar incidence with varied azi
muth.
Downloaded 30 Oct 2001 to 146.186.179.152. Redistribution subject to A
ur-
e-
e

e-
r-

al
d-

-

e

-
a

This finding is well in accordance with our previous simul
tions performed for bombardment with atomic rare g
projectiles41 as well as with other MD simulations on th
self-sputtering of gold with mono- and polyatomic proje
tiles of 100 keV/atom.17 Due to the influence of fragmenta
tion, the size distribution of final clusters falls steeper w
increasing cluster size than that of the nascent clust
Again, this behavior is in good agreement with our previo
results. In principle, it is of interest to determine th
connection between the cluster size distribution and ot
quantities characterizing the sputtering process. In
cases investigated so far, it has been observed b
experimentally36–40,49–51and by MD simulation41,47,52,53that
whenever the sputtering conditions were changed such a
result in a higher average yield, the abundance of sputte
clusters was increased, thus leading to a lower apparent v
of the power law exponent. Due to the limited dynamic ran
determined by the statistics of the simulations perform
here, final clusters could only be identified up to a size
n54 for atomic,n56 for diatomic, andn59 for triatomic
projectiles. Although it is in principle possible to fit a powe
law similar to Eq.~4! to these distributions, the exponentd
delivered from such a fit will depend on the available ran
of cluster sizes which, in turn, is different for different pro
jectiles. In order to allow a more quantitative comparison,
therefore chose to plot the decay exponenta ~characterizing
the distribution ofnascentclusters! against the average spu
tering yield. The results are presented in Fig. 8 together w

FIG. 7. Relative yields of nascent and final Agn clusters sputtered from a
silver ~111! surface under bombardment with~a! monatomic;~b! diatomic;
~c! triatomic projectiles of the same velocity corresponding to a kine
impact energy of 2 keV/atom.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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similar data taken from Ref. 41. It is seen that the expone
determined here fit nicely into the earlier data, thus emp
sizing the apparent general correlation between the clu
abundance distribution and the sputtering yield. In order
illustrate the physical reason for this behavior, we rever
the statistical nature of the sputtering process. A particu
projectile impact will induce an individual sputtering yieldY
which is statistically distributed according to a probabil
distributionP(Y) that can easily be deduced from the sim
lations. The average sputtering yield is connected to this
tribution via

Ȳ5 (
Y50

`

Y•P~Y!. ~5!

It is clear that the formation and emission of a sputte
cluster containingn atoms in a particular sputtering eve
ultimately requires the emission of at leastn atoms in the
course of this event. As a necessary~but not sufficient! con-
dition for cluster emission we therefore evaluate the pr
ability w(n) that at leastn atoms are ejected as a cons
quence of a particular projectile impact as53

w~n!5 (
Y5n

`

P~Y!. ~6!

Figure 9 shows the resulting distributions for the differe
sputtering conditions employed here and in our previo
simulations.41 It is apparent that the probability to fulfill the
number requirement is larger for larger average yields.
seen in Fig. 8, on the other hand, the effect tends to satu
in the limit of high yields. This finding is also supported b
the high energy gold self sputtering simulations, where id
tical values ofa;2.3 have been found for mono-, di-, an
triatomic projectiles of 100 keV/atom, although the corr

FIG. 8. Power law exponenta describing the size distribution of nasce
clusters. The data have been plotted against the average sputtering yi
order to illustrate a general correlation between the cluster abundance
tern and the sputtering parameters~see text!. Closed symbols: monatomic
diatomic, and triatomic silver projectiles of 2 keV/atom~this work!; open
symbols: Ar projectiles~data taken from Ref. 41!; dotted line: dependence
predicted from the statistical emission probabilities according to Eq.~7! in
the text.
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sponding average sputtering yields increased greatly from
to 369, respectively.17 One can try to illuminate this satura
tion by assuming a direct linear relation betweenw(n) and
the relative yield of nascent sputtered Agn clusters~which of
course constitutes a large oversimplification since the co
lated motion ofn atoms which is necessary to form an
survive the emission as a bound cluster is completely
nored!. With this assumption, the power law exponenta is
expected to scale with the probabilityw as

a'2
ln@w~n!#2 ln@C#

ln@n#
, ~7!

where C denotes the proportionality constant in the abo
mentioned linear relation. For an arbitrarily selected value
n517, a corresponding plot of Eq.~7! has been included a
a dotted line in Fig. 8. In order to match with the actua
determined exponents, the constantC was chosen as 1024, a
variation of this value will however only shift the curve ve
tically but not alter the predicted yield dependence. It is se
that the dependence ofa on the average sputtering yield
reproduced very well. For other values ofn, the constantC
must be slightly modified, but otherwise the general tre
remains the same. Although the argument is at best se
quantitative, it is therefore apparent that particularly the o
served saturation of the power law exponent towards h
yields is completely understandable in terms of the statist
emission probability distribution.

Probably the most important observation in Fig. 7 is t
fact that the relative abundance of clusters among the flu
sputtered particles is significantly enhanced when chang
from monatomic to polyatomic projectiles. Moreover, it
seen that the magnitude of this enhancement increases
increasing size of the sputtered cluster, a trend which may
expected to continue towards larger clusters. The res
from the simulations appear to be in qualitative agreem
with a number of experimental investigations, where a s

in
at-

FIG. 9. Statistical probability distribution for emission of at leastn atoms in
a single projectile impact under bombardment of an Ag~111! surface with
monatomic, diatomic, and triatomic silver projectiles of 2 keV/atom~this
work!, 1 keV Ar, 1 keV Xe, and 5 keV Ar projectiles~data taken from Ref.
41!.
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nificant nonlinear enhancement of the relative abundanc
sputtered cluster ions was found for polyatomic projec
bombardment.8,11,54–64In particular, we can compare the re
sults obtained here with published experimental data on
relative abundance of clusters within the flux of second
ions sputtered from polycrystalline Ta and Nb foils und
bombardment with polyatomic gold projectiles. For t
range of final cluster sizes accessible in this work, we find
most cases a fair agreement of the relative enhancemen
tors. Comparing, for instance our data obtained for 2 ke
atom with the transitions from 6 keV Au2 to 12 keV Au2

2

and 18 keV Au3
2 projectiles observed in Ref. 58, respe

tively, we find that for cluster sizes belown54 the predic-
tions from the simulation coincide almost quantitatively w
the experimental data, whereas for larger clusters we obs
even much larger enhancements than measured. In vie
the fact that~i! the experimental data have been taken a
different kinetic impact energy per atom and~ii ! secondary
ions, i.e., those sputtered particles that leave the surface
ionic charge state, are detected in the experiment, we
sider this agreement satisfactory. It is known that the ioni
tion probability of a sputtered particle may sensitively d
pend on details like the electronic structure of the escap
particle and the surface, and therefore secondary ions ca
generally be regarded as representative for sputtered flu
Moreover, it has been demonstrated that the probability
sputtered clusters to leave the surface as an ion gene
depends on the cluster size.65 In order to disentangle the
effects of formation and ionization of sputtered clusters a
hence, generate experimental data which is better com
rable with the simulations, it is therefore necessary to m
sure the mass distribution of sputteredneutral atoms and
clusters as a function of the nuclearity of the projectile.
vestigations of this type are currently underway in our lab
ratory.

C. Kinetic energy distributions

When polyatomic projectiles are used to initiate a sp
tering process, an interesting question arises as to which
tent the nonlinear superposition of collision cascades lead
the development of collisional~sometimes incorrectly called
‘‘thermal’’ ! spikes. In a linear collision cascade, the dens
of moving particles is per definition low and, hence, eve
collision can be assumed to occur between a moving a
and an atom at rest. In a spike, on the other hand, the de
of moving particles is high, and therefore many collisio
between moving atoms occur. As a consequence, the ch
teristics of sputtered particles may change. In this cont
the kinetic energy~or emission velocity! distribution of the
sputtered particles has been suggested as a key quant
distinguish spike contributions from linear collision pr
cesses. In particular, it is generally assumed that spike
tributions manifest as additional low energy contributions
the energy spectrum of sputtered atoms.66 In order to inves-
tigate this point, Fig. 10 shows the kinetic energy distribut
of sputtered monomers which has been evaluated for m
atomic, diatomic, and triatomic projectiles of the same i
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pact velocity~corresponding to 2 keV/atom!. For compari-
son, the prevailing formula predicted by linear casca
theory,67

f ~E!}
E

~E1U0!3 ~8!

has been fitted to the data using the surface binding en
U0 and the proportionality constant as fitting parameters. I
seen that the simulated distributions can be fairly well d
scribed by Eq.~8!. Moreover, in the regime of small ene
gies, where a low energy spike contribution should in pr
ciple manifest, the simulated distribution appears to be e
overestimated by Eq.~8!. The surface binding energy value
resulting from the fit which are depicted in Fig. 10 are s
nificantly larger than the sublimation energy of silver~3.0
eV!. This finding is not unusual when comparing MD sim
lated data with the linear cascade theory prediction of
~8!.44,68 Comparing the three distributions displayed in F
10, no significant influence of the projectile nuclearity can
deduced except a slight apparent reduction ofU0 with in-
creasing projectile size accompanied by a small relative
hancement in the low energy regime below 1 eV. The m
nitude of the latter effect is less than a factor of 2 a
therefore much less pronounced than similar effects obse

FIG. 10. Kinetic energy distribution of atoms sputtered from an Ag~111!
surface under bombardment with monatomic, diatomic, and triatomic p
jectiles of 2 keV/atom. The solid line represents a fit of Eq.~8! to the data.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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in Ref. 18. In conclusion, the kinetic energy distributions
sputtered atoms seem to indicate that in the case studied
the contribution of spike effects is small.

D. Internal energy distributions

As already stated in Sec. II, nascent clusters are ide
fied among the cloud of sputtered particles immediately a
the full MD simulation is terminated. Typically, this occurs
times of picoseconds after the projectile impact, when
sputtered clusters reside at distances of nanometers abov
surface. At this point, we can determine the total inter
energy of the cluster from the positions and velocities of
constituent atoms as described in Sec. II. Figure 11 sh
the resulting average internal energy of sputtered clus
generated under monatomic, diatomic, and triatomic pro
tile bombardment. Since the dissociation thresholds of
clusters~as determined by the MD/MC-CEM potential! fall
between 1.6 and 2.5 eV,41 it is apparent that most of th
nascent clusters are unstable and will hence undergo un
lecular fragmentation while moving farther away from t
surface. It is interesting to note that in all three cases
average internal energy exhibits a linear dependence on
cluster size, a behavior which has been observed earlie
rare gas projectiles as well.41 The slope, however, change
upon the transition from monatomic to polyatomic proje
tiles, thus indicating that nascent clusters produced by p
atomic projectile impacts are ‘‘colder’’ than those produc
by monatomic projectiles. This finding is the more intere
ing in view of the fact that our previous studies employi
exclusively monatomic projectiles revealedno influence of
the projectile species~Ar or Xe! or kinetic energy~500 eV–5
keV! on the cluster size dependence of average internal
ergies. Moreover, the dependence observed here for m
atomic projectiles is almost exactly identical with that det
mined for rare gas projectiles.41 As a consequence, w
conclude that the use of polyatomic projectiles generate
distinct difference with respect to the internal energy dis

FIG. 11. Average internal energy of nascent clusters sputtered from
Ag~111! surface under bombardment with monatomic, diatomic, and
atomic projectiles of 2 keV/atom.
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bution of sputtered clusters which cannot be induced
monatomic projectiles. It is clear that such differences w
significantly influence the unimolecular fragmentation cha
undergone by such clusters on their path away from the
face and therefore translate to different fragment distri
tions which are then detected as final clusters. The data
played in Fig. 11 therefore represent a key finding wh
indicates that the use of polyatomic projectiles with varyi
nuclearity may constitute a way to influence~and ultimately
reduce! the fragmentation of sputtered molecules and cl
ters. It is evident that such a possibility will be of gre
importance for surface analytical techniques like Second
Ion or Neutral Mass Spectrometry that are based on the m
spectrometric detection of sputtered molecules.

E. Lateral emission distribution

In order to gain more insight into the processes lead
to particle ejection from the bombarded surface, it is of
terest to investigate the spatial distribution of lattice si
around the projectile impact point from which the sputter
atoms originate. In particular, we are interested if this dis
bution changes with the nuclearity of the projectile. F
monatomic and diatomic projectiles, respectively, more th
90% of the sputtered atoms stem from the uppermost ato
layer of the solid. For triatomic projectiles, this value is r
duced to 81%, but still the large majority of sputtered ato
originates from the very surface. We therefore determine
sputtering probability of surface atoms as a function of th
original lateral distance from the projectile impact point.
order to evaluate this distribution, the surface area of
model crystal is subdivided into 18 circular ring elements
a width corresponding to the nearest neighbor distance in
~111! plane which are centered around the impact point.
every calculated trajectory~i.e., projectile impact!, the num-
ber of surface atoms ejected from each ring element is ev

an
-

FIG. 12. Radial sputtering probability of surface atoms~i.e., atoms of the
uppermost atomic layer! vs lateral distance of their original lattice locatio
from the impact point. The three displayed curves correspond to bomb
ment with monatomic, diatomic, and triatomic projectiles impinging w
the same velocity corresponding to an impact energy of 2 keV/atom.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ated and normalized to the total number of lattice sites wh
fall within this element. In this procedure, only atoms fro
the uppermost atomic layer are counted regardless of t
bonding state after ejection~sputtered monomers or part o
an emitted cluster!. The individual emission probabilities o
each ring element are then averaged over all calculated
jectories of a simulation. Figure 12 shows the resulting rad
distributions of the sputtering probability as a function of t
distance from the impact point for monatomic, diatomic, a
triatomic projectiles of the same impact velocity~corre-
sponding to a kinetic energy of 2 keV per atom!. It is seen
that all three distributions start with a very low emissi
probability close to the impact point and peak at a rad
distance of about 5 Å~corresponding to about two neare
neighbor distances!. This behavior is very similar to that de
termined in Ref. 30 for polyatomic cluster bombardment
surfaces covered with organic molecules. As demonstra
therein, it reflects the fact that close to the impact po
where the energy density deposited by the projectile is h
most of the momentum is pointed towards the volume of
solid and therefore cannot induce sputtering action. At la
distances, on the other hand, the emission probability n
rally vanishes since the energy density deposited in the
lision cascade becomes too low to induce sputtering. In
estingly, the three distributions of Fig. 12 look practica
identical when normalized to their respective maxima. T
means that the absolute values of the emission probabil
scale with the average sputtering yields when changing f
one projectile to another, but otherwise the radial distribut
remains practically unchanged. Using an arbitrary criter
of, for instance, a minimum emission probability of 3%, w
can estimate an effective emission diameter of the collis
cascade to be roughly 3 nm. Table I shows the resul
surface area from which sputtered particles originate toge
with the maximum sputtering probability and the avera
sputtering yield. It is seen that the emission area roug
scales with the maximum emission probability, whereas b
quantities do not fully scale with the sputtering yield. Th
must be due to the fact that the fraction of second la
particles increases with increasing nuclearity of the proj
tile.

IV. CONCLUSION

Molecular dynamics have been employed to model
self sputtering phenomena occurring at a single crystal si
surface under bombardment with monatomic, diatomic a
triatomic silver projectiles. For polyatomic projectiles, w

TABLE I. Average sputtering yield, maximum value of the radial sputter
probability distribution, and effective surface area from which sputte
atoms are emitted vs projectile nuclearity at a bombarding energy
keV/atom. For further explanation of the displayed quantities, see text.

Projectile
nuclearity

Average sputtering
yield

Maximum sputtering
probability

Effective emission
area

1 7 7% 450 Å2

2 17 15% 1020 Å2

3 31 22% 1390 Å2
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observe a nonlinear enhancement of the sputtering yield
projectile atom with respect to monatomic projectiles of t
same impact velocity. At first sight, the relatively small ma
nitude of this enhancement~19% for di- and 49% for tri-
atomic projectiles! appears to be surprising in view of th
large effects disclosed in Refs. 1, 6, 69, where enhancem
factors up to 2.8 and 10.4 were measured for the transi
from mono- to diatomic and from di- to triatomic projectile
of various elements bombarding silver, gold, and platin
surfaces, respectively. One must, however, keep in mind
the data published in these references have been obtain
a largely different range of impact energies~several 10 keV
or even several 100 keV per atom! than employed here
Since the enhancement factors were in all cases foun
decrease with decreasing impact energy per atom, it wo
be of great interest to compare our results with low ene
experimental data which are unfortunately still lacking.

The simulations reveal that the abundance of both
scent and final clusters within the sputtered flux is enhan
when polyatomic instead of monatomic projectiles of t
same impact velocity are used. Our data suggest that
effect is the more pronounced the larger the sputtered clu
The magnitude of the enhancement appears to be larger
switching from atomic to diatomic projectiles than upo
switching from diatomic to triatomic projectiles. This findin
is the more interesting, as we find a pronounced nonlin
enhancement of the total sputtering yield when using
atomic instead of diatomic projectiles. The power law exp
nent characterizing the size distribution of nascent clus
increases with increasing sputtering yield, but this incre
seems to saturate towards high yields. It is shown that
saturation can be understood in terms of the statistics of
sputtering process. Comparing our simulations to availa
experimental data, we find that the magnitude of the
hancement observed in the simulations is in almost quan
tive agreement with similar experimental data reported
secondary ion mass spectra of refractory metal surfaces.
indicates that at least part of the enhancement of secon
cluster ions and complex ionic species which has freque
been observed experimentally must be due to enhanced
mation of the clusters in the course of the sputtering eve

From the radial distribution of the sputtering probabili
around the projectile impact point, we find that the enhan
ment in sputtering yield is accompanied by an increase of
effective emission area at the surface. The sputtering p
ability of surface atoms is increased with increasing proj
tile nuclearity, but otherwise the distribution seems to rem
unchanged. Moreover, the kinetic energy distributions
sputtered atoms determined for different projectiles do
show distinct differences. According to the prevailing vie
these observations would indicate that—for the impact
ergy range explored here—the nonlinear enhancemen
sputtering yields and cluster abundances is not accompa
by a prominent collisional spike character of the collisi
cascade. We do, on the other hand, find characteristic di
ences of the internal energy distributions of sputtered nas
clusters which indicate that clusters produced under po
atomic projectile impacts are colder than those produced
monatomic projectiles. This result is the more interest
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since our previous simulations revealed that this distribut
cannot be influenced by either the nature or the kinetic
ergy of the projectile as long as monatomic projectiles
used. It is therefore evident that the nature of the collis
cascade leading to sputter ejection of particles must cha
upon the transition from monatomic to polyatomic proje
tiles. We therefore suggest that the internal energy distr
tion of sputtered clusters may be even more indicative
collisional spike contributions than the kinetic energy dis
bution of sputtered atoms. A visual inspection of some of
simulated trajectories reveals that at least those events
ducing high yields and, hence, large sputtered clusters u
triatomic projectile bombardment clearly show the long d
ration and high density of moving atoms which is—b
definition—characteristic for a spike.
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32R. Žaric, B. Pearson, K. D. Krantzman, and B. J. Garrison, Int. J. M
Spectrom. Ion Processes174, 155 ~1998!.

33Z. Insepov and I. Yamada, Nucl. Instrum. Methods Phys. Res. B112, 16
~1996!.

34Z. Insepov and I. Yamada, Nucl. Instrum. Methods Phys. Res. B99, 248
~1995!.

35K. Johannessen, Nucl. Instrum. Methods Phys. Res. B73, 481 ~1993!.
36S. R. Coon, W. F. Calaway, and M. J. Pellin, Nucl. Instrum. Methods Ph

Res. B90, 518 ~1994!.
37Z. Ma, S. R. Coon, W. F. Calaway, M. J. Pellin, D. M. Gruen, and E

Nagy-Felsobuki, J. Vac. Sci. Technol.A 12, 2425~1994!.
38S. R. Coon, W. F. Calaway, M. J. Pellin, and J. M. White, Surf. Sci.298,

161 ~1993!.
39S. R. Coon, W. F. Calaway, J. W. Burnett, M. J. Pellin, D. M. Gruen, D.

Spiegel, and J. M. White, Surf. Sci.259, 275 ~1991!.
40A. Wucher and M. Wahl,Secondary Ion Mass Spectrometry (SIMS X,

edited by A. Benninghoven, B. Hagenhoff, and H. W. Werner~Wiley, New
York, 1997!, p. 64.

41A. Wucher and B. J. Garrison, J. Chem. Phys.105, 5999~1996!.
42A. Wucher and M. Wahl, Nucl. Instrum. Methods Phys. Res. B115, 581

~1996!.
43D. E. Harrison, Jr., P. W. Kelly, B. J. Garrison, and N. Winograd, Surf. S

76, 311 ~1978!.
44B. J. Garrison, N. Winograd, D. M. Deaven, C. T. Riemann, D. Y. Lo,

A. Tombrello, D. E. Harrison, Jr., and M. H. Shapiro, Phys. Rev. B37,
7197 ~1988!.

45C. L. Kelchner, D. M. Halstead, L. S. Perkins, N. M. Wallace, and A.
DePristo, Surf. Sci.310, 425 ~1994!.

46T. J. Raeker and A. E. DePristo, Int. Rev. Phys. Chem.10, 1 ~1991!.
47A. Wucher and B. J. Garrison, Phys. Rev. B46, 4855~1992!.
48O. Almén and G. Bruce, Nucl. Instrum. Methods11, 279 ~1961!.
49M. Wahl and A. Wucher, Nucl. Instrum. Methods Phys. Res. B94, 36

~1994!.
50C. E. Young, D. R. Spiegel, M. J. Pellin, W. F. Calaway, S. R. Coon, J.

Burnett, D. M. Gruen, A. M. Davis, and R. N. Clayton,Resonance Ion-
ization Spectroscopy 1990, edited by J. E. Parks and N. Omenetto~Insti-
tute of Physics, Bristol, 1991!, p. 435.

51C. Staudt, R. Heinrich, and A. Wucher, Nucl. Instrum. Methods Phys. R
B 164-165, 677 ~2000!.

52T. J. Colla, H. M. Urbassek, A. Wucher, C. Staudt, R. Heinrich, B.
Garrison, C. Dandachi, and G. Betz, Nucl. Instrum. Methods Phys. Re
143, 284 ~1998!.

53A. Wucher, Nucl. Instrum. Methods Phys. Res. B83, 79 ~1993!.
54A. Brunelle, S. Della-Negra, J. Depauw, D. Jacquet, Y. Le Beyec,

Pautrat, K. Baudin, and H. H. Andersen, Phys. Rev. A63, 022902~2001!.
55K. Baudin, A. Brunelle, S. Della-Negra, J. Depauw, and Y. Le Bey

Secondary Ion Mass Spectrometry (SIMS XI), edited by G. Gillen, R.
Lareau, J. Bennett, and F. Stevie~Wiley, New York, 1998!, p. 597.

56K. Boussofiane-Baudin, G. Bolbach, A. Brunelle, S. Della-Negra,
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