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Molecular-dynamics simulations of electronic sputtering
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Following electronic or collisional excitation of a solid by a fast ion, an energized cylindrical region is
produced which can lead to sputtering. Here ejection from such a region is studied via molecular-dynamics
simulations using Lennard-Jones and Morse potentials. Over the full range of excitations studied the yield vs
the energy release per unit path length in the solid, which we calldE/dx, is shown to scale with the binding
energy and with the density of the material for all materials studied and at alldE/dx. This allows the
simulation results to be applied to low-temperature, condensed-gas solids and to more refractory solids over a
broad range ofdE/dx. The effect of a distribution of energies for the initial energizing events, and the effect
of a spatial distribution of such events for a givendE/dx are examined. Three regimes have been identified.
When the energy release per excitation event is greater than the escape energy, sputtering is linear indE/dx at
low dE/dx. With increasingdE/dx a spikelike regime occurs in which the yield again becomes nonlinear with
dE/dx. For fixedcylindrical radius ejection then saturates so that at very highdE/dx the yield again becomes
nearly linear withdE/dx. In this regime the size of the yield increases with the initial radial extent of the track
and is determined by the removal of energy radially by the pressure pulse and by the transport of energy from
depth to the surface. Therefore, the clear nonlinearities observed in the knock-on sputtering yields by heavy
ions require consideration of the radial extent of the cascades. For electronic sputtering yields of condensed-gas
solids, the observed nonlinearity in the sputtering yield suggests that the radial extent of the excited region
varies in a manner different from that predicted or that the energy release to the lattice is nonlinear in the
stopping power.@S0163-1829~99!02146-3#
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I. INTRODUCTION

In two recent papers1,2 ~hereafter I and II! molecular-
dynamics~MD! simulations of a cylindrically energized re
gion were carried out in order to describe the transport
energy from a track of excitations produced by a fast ion a
to test ‘‘thermal’’ spike models for sputtering. Althoug
spike models have been used for over 50 years to desc
the nonlinear aspects of sputtering,3,4 ion-beam induced
mixing,5,6 and track formation7,6 by fast ions, there have
been relatively few tests using atomistic simulations. One
our goals is to understand the applicability of spike mod
to laboratory results on the electronic sputtering of lo
temperature condensed-gas solids.8–10Such experiments pro
vide one of the few means of determining the nonradiat
electronic relaxation pathways in molecular insulators.8,9,11

The electronic sputtering of low-temperature ice is also
interest as it produces atmospheres on the moons of Jupi12

Laboratory studies of fast ions incident on low
temperature condensed-gas solids show that the yields
the molecular solids all exhibit a roughly quadratic depe
dence ondE/dx at high dE/dx. HeredE/dx is the energy
deposited per unit path length by a fast ion and is also ca
the stopping power.13 Spike models, in which the energ
transport is diffusive, also give yields quadratic indE/dx for
the cylindrical geometry appropriate to fast ions. In su
models, of course,dE/dx is the kinetic energy per unit pat
length of the moving atoms or molecules in the spike. A
PRB 600163-1829/99/60~22!/15107~10!/$15.00
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suming this value ofdE/dx is proportional to the stopping
power, the laboratory observations have been parametr
using spike models.14 This parametrization allows one t
beautifully scale data for different targets over a broad ra
of dE/dx.14 However, we found to our surprise that the yie
calculated using MD simulations for initial conditions ass
ciated with a spike isnot quadratic indE/dx for those values
of dE/dx appropriate to the nonlinear electronic sputteri
regime.15,2 Quite remarkably, the sputtering yields calculat
using MD for fixed track radius are nearly linear indE/dx at
high dE/dx even thoughthe transport processes areclearly
nonlinear. That is, above some ‘‘threshold’’ value ofdE/dx
saturation sets in unlike in the analytic spike models. W
showed that the difference in the dependence of the yield
dE/dx obtained in the MD simulations from that dependen
obtained using a spike model isnot due to a lack of therma
equilibration locally in the rapidly evolving spike, and w
showed earlier that local equilibration wasnot required in
order to obtain the quadratic dependence of the yield.14 In
addition, Jakas16 showed that the quadratic dependence
spike models in which the energy transport is diffusive
robust since it persists even when realistic thermal proper
which allow melting are used rather than the analytic mo
properties typically used.

The difference between our MD simulations and t
spike models is due to two factors. First, the energy tra
ported away from the excited cylindrical region at hig
dE/dx cannot be described diffusively but is more close
15 107 ©1999 The American Physical Society
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described by a pressure pulse at large radii and a me
small radii.1,17 Second, the presence of the surface affects
energy flow2 in a way that differs from available spik
models.18 At high dE/dx these transport processes act
produce a yield which increases nearly linearly with incre
ing dE/dx for fixed track radius. This surprising result
expanded upon here and made much more general. In d
this we show that the MD results are applicable to a bro
range of interesting materials. The results are shown to
general by considering factors that could affect the dep
dence of the yield on the stopping power in the MD calc
lations and certainly affect the relevance of the results t
range of materials.

II. CALCULATIONS

In paper II and earlier works, the energy transport a
sputtering yields were initiated by fully exciting a cylindric
region in a solid described by molecular dynamics. The
gion is intended to represent a track of nonradiative rel
ation and energy transfer events following the passage
fast, heavy ion. These calculations were carried out for b
atomic and molecular solids in paper II, and were carried
for amorphous solids in the earlier calculations.15,19–21In the
other extreme, MD simulations have been carried out
energy transport and sputtering produced by an individ
nonradiative relaxation events or energy transfer events
domly placed in the solid. Again results have been obtai
for both atomic and molecular solids which are either cr
talline or amorphous.19,22–25For the kinetic energy densitie
studied, parametrized bydE/dx and the track radiusr cyl , it
was found that the character of the results is roughly
same for atomic and molecular solids and for crystalline a
amorphous solids.

In papers I and II Lennard-Jones~LJ! potentials were used
to construct the MD solids. Because the equations of mo
can befully scaledusing the two LJ parameters, the calc
lated yields could also be scaled to solids other than
studied. This useful result should be treated cautiously si
although the LJ potential is probably applicable to t
condensed-gas solids, it gives a very poor description
properties for most other materials. To extend our analysi
a broader range of materials, including refractory solids,
repeat the key calculations in II using a Morse potential. T
potential has three scaling parameters allowing it to bette
material properties.26,27 By choosing the Morse potential w
have a potential form which can be used to describ
broader range of materials but is still general, rather th
having a specific potential for each material. More comp
potentials are easily incorporated, but we choose a sim
form to allow us to continue to investigate the aspects
collisional energy transport and sputtering common to
number of solids.

Here the Morse potential is used for a large range of m
terial parameters. We again find that the energy trans
from the cylindrically excited region isnot diffusive, but is
more closely described by a pressure pulse, and we a
find that in thenonlinear energy transportregime (dE/dx
large! the sputtering yield vsdE/dx for fixed r cyl is linear for
all materials contrary to spike model predictions. Indeed
find the very useful result that the yield vsdE/dx canstill be
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scaledusing the parameters of the potential. This allows o
earlier results, and the new results here, to be applicabl
more refractory solids at highdE/dx. Therefore, the sputter
ing calculations apply to a broad range of materials and
cident ion energies and types. In addition, we show that
sputtered-particle energy distributions from a track of ex
tations in the nonlinear regime can exhibit a depende
close to that typically found in linear collision-cascade sp
tering, even though the conditions for the linear cascadedo
not apply. The energy dependence of the ejecta also sc
with material properties using the potential parameters.

Because the initial distribution of events can affect t
yields we consider a more realistic distributions here. In
pers I and II all of the atoms or molecules in the cylindric
track were excited in order to most closely represent
initial conditions in spike sputtering and, thereby, test ‘‘the
mal’’ spike models. Because a fast ion, in fact, create
distribution of excitation or energy transfer events along
path, we describe in this paper sputtering produced by a
tial distribution of energy release events determined by
value of dE/dx. In isolation each such event would sep
rately produce a minicascade of moving atoms.22,23,25 The
use of a spatial distribution, rather than a fully excited cyl
drical region, primarily affects the dependence of the yield
low dE/dx where the distribution is sparse. AsdE/dx in-
creases the number of events per unit path length also
creases until the excitations begin to interact, creating a
gion in which a large number of moving atoms collid
among themselves forming a cylindrical spike.14 The transi-
tion from isolated excitations to the fully excited track
calculated here for a number of track widths. This transit
is particularly relevant to the electronic sputtering of O2 and
N2. Themeasuredyields for both of these materials exhibit
striking change in dependence ondE/dx in going from low
to highdE/dx,14,28whereas the results for the assumed tra
width do not. Spikelike effects have been observed in M
simulations of self-bombardment of Au,29 where flow of liq-
uid material to the surface was shown. A viscous flow mo
was proposed to account for this, also predicting a quadr
dependence of the yield withdE/dx.29

Finally, we analyze the influence on the calculated sp
tering yield of incorporating a distribution of velocities fo
each excitation event. As in earlier work,15,19,22we have typi-
cally used a single energy per atom at eachdE/dx, which we
call a d function distribution.14,28 This was done both for
convenience and because equilibration is fast. For
knock-on event in the sputtering of a refractory material, o
nonradiative relaxation following an electronic excitatio
there is a distribution of ‘‘initial’’ energies. Because we co
tinue to be interested in testing spike models, we use a M
wellian distribution here to describe the initial energies. T
yields so calculated are compared to those for thed distribu-
tion. A Maxwellian, of course, applies when full equilibra
tion occurs locally. In paper I we showed that equilibrati
within a uniformly excited region occurred in approximate
one collision time. The equilibration is rapid in a solid b
cause an energized particle interacts simultaneously w
many neighbors. However, when the excited track is s
rounded by cold material the radial energy transport co
petes with equilibration and quasiequilibration locally c
require picoseconds.2 Since sputtering also takes picose
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TABLE I. Morse potential parameters for Ar and Cu.

D ~eV! r o ~Å! a (Å21) r cut ~Å! nor o
3 m (10226 kg!

Ar 0.0118~1! 3.82 ~1! 1.56 ~5.96! 8.52 ~2.23! 1.489 6.69~1!

Cu 0.3593~1! 2.813~1! 1.3534~3.81! 5.25 ~1.87! 1.885 10.56~1!
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op-
onds, we find here that differences between the Maxwel
and d distributions occur at lowdE/dx, affecting the
‘‘threshold’’ dependence for a cylindrical spike but not th
yields at highdE/dx. We also find that in this ‘‘threshold
regime’’ the analytic diffusive spike models can fit the M
simulations.

III. SIMULATION DETAILS

As in previous papers, for many of the calculations c
ried out here we use a Lennard-Jones~6-12! potentialV(r )
54«@(r /s)62(r /s)12# with a cutoff radiusr cut52.5s to
describe an fcc solid. This cutoff radius includes up to fi
nearest neighbors for a densityn50.0265 Å3 ~a total of 78
neighbors!. The values«/kB5119.8 K ands53.405 Å used
in the simulations were those for solid Ar. The sample ha
binding energyU50.08 eV and a~001!-layer spacingl
50.78s. The surface binding energy isUs50.055 eV for
the ~001! surface. Because the equations of motion can
fully scaled using the two LJ parameters, results for the yi
and sputtered atom properties for other Lennard-Jones~LJ!
solids can be obtained by scaling withl andU . More details
on the LJ calculations can be found in paper I. The lo
kinetic temperature of the atoms and molecules,T(r ,t), was
calculated for a cylindrical shell of mean radiusr, as ex-
plained in paper II.

Here we also present results obtained using Morse po
tials, V(r )5D$exp@22a(r2ro)#22 exp@2a(r2ro)#%. The
minimum of the potential is located atr o , D is the well
depth, anda is related to the well width and gives the stif
ness of the potential. The largera the steeper the potential a
small distances. For an fcc lattice, the lattice parametera is
related to the density byn54a23, and the nearest-neighbo
equilibrium distance isdnn5a/A2, which is close tor o . For
specific materials there are two-body or many-body pot
tials that give a better description of the material’s prop
ties. However, here we choose to use Morse or LJ poten
that follow some simple scaling laws and are flexible enou
to give a reasonable description of a wide range of mater
In the energy range of interest the Morse potential gi
realistic collisional transport for the rare-gas soli
~RGS!.22,23 Although the Morse potential is more flexible
still cannot describe all of the principal material paramete
Therefore, in the literature there are several fits to the Mo
potential parameters, depending on the properties wh
n
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were chosen to be fit and depending on the number of nea
neighbors considered. For rare-gas solids a constraint on
parameters is given byar o'6, while for metals this is typi-
cally, ar o;2 –4. Since metals have a wider potential well,
is energetically favorable to locate many particles within t
well, at distances smaller thanr o . This means that the equi
librium densities (nro

3;2) are higher than those for RG
(nro

3;1.5).
It is important to notice that some potentials determin

by fitting the Morse parameters to experimental values
not have an energy minimum at the experimental dens
Therefore, a crystal made of atoms interacting through
potential will expand or contract if periodic boundary cond
tions ~PBC’s! are not applied. Since sputtering requires
least one free surface, theses potentials are inadequate
used the freeware programGULP ~Ref. 30! to fit the Morse
potential for Cu and for Ar to three parameters: equilibriu
density at 0 K (no), binding energy (U), and bulk modulus
at zero pressure and 0 K (B). The initial values for the fitting
of Cu were the ones giving by Girifalco and Weizer,26 with a
cutoff at 5.25 Å. For Ar we used the initial values from
Cui.22

The parameters obtained for the potentials are include
Table I . The dimensionless values are indicated in paren
ses, where distances are scaled withr o and energies are
scaled with the well depthD. The potential for Cu included
up to fourth nearest neighbors~54 atoms!, and the potential
for Ar included up to fifth nearest neighbors~78 atoms!. MD
simulations of crystallites with free boundary conditio
~FBC’s! relaxed only slightly from the crystallites simulate
using PBC.

Table II gives the fitting parameters and other informati
like elastic constants of the simulated materials,ci j . Experi-
mental values are indicated in parentheses when diffe
from the simulated values. The experimental values of
elastic constants for Ar~Ref. 31! and for Cu~Ref. 32! are
included. If only central forces are considered,c125c44.

In order to calculate the energy transport and sputter
from a cylindrically excited region of radiusr cyl , each non-
radiative de-excitation event was simulated by giving
atom a kinetic energyEexc in a random direction. Here, as i
papers I and II we calldE/dx the total kinetic energy releas
per unit length in the cylinder. Often, the symbol (dE/dx)eff
has been used for the energy release per unit path len
This is usually presumed to be proportional to the true st
eri-
TABLE II. Fitting parameters (no , U, andB) and calculated properties of simulated materials. Exp
mental values are indicated in parentheses.

no (Å23) U ~eV! B ~GPa! c11 ~GPa! c12 ~GPa! c44 ~GPa! dnn ~Å!

Ar 0.0267 0.08 2.7 0.37~0.53! 0.22 ~0.135! 0.22 ~0.16! 3.755
Cu 0.0847 3.49 140 1.918~1.79! 1.14 ~1.26! 1.14 ~0.84! 2.556



t

r-

s
p

.

to
s
e
tia
he

n
nt
rib
o

in
li
a

D
th

at

pe
te
n

r

n

h

ng

-
la

tio

ield
he

k

s.

ust
rgy

ntial
same
ed

28
Ar

vs
e-
-

d

15 110 PRB 60E. M. BRINGA, R. E. JOHNSON, AND M. JAKAS
ping power of the material but, of course, does not have
be. Here we drop the subscript and ourdE/dx is equal to
NexcEexc/ l , whereNexc is the average number of excited pa
ticles per layer in the track of radiusr cyl . For the fully ex-
cited cylinder we can writedE/dx'npr cyl

2 Eexc. For a LJ
potentialr cyl50.8s, 2s,5s correspond toNexc52, 12, 62,
respectively.

The mean number of atoms ejected per run for a given
of energy release events is called the yield. Particles are s
tered~ejected! if they cross a plane at a distance 2r cut above
the surface. Only results for the~001! surface are shown
Earlier we showed the yield for the~111! surface is smaller
~80–70 %! but has similar features.2 The sample size and
simulation times were varied according to the size ofEexc
and r cyl as explained in previous papers.2,23 Average yields
are then calculated. The results for the yield and ejected a
properties were averaged over different random direction
the initial velocities, over the velocity distribution when th
delta distribution was not used, and over different spa
distributions of excited particles when only a fraction of t
particles were excited.

IV. EXCITATION REGIMES

A fast ion penetrating a solid creates a track of excitatio
along its path through the material. The individual eve
release energy which can lead to sputtering and are desc
by a yieldY. Here we write the number of energy transfer
nonradiative decay events per unit path length asl21, which
we assume is proportional to the incident ion’s stopp
power. These events are distributed randomly along a cy
drical region about the ion’s path through the solid with
mean spacingl and a mean radiusr cyl . For electronic exci-
tationsr cyl is usually determined by the ion velocity.28 There
are two limiting cases that have been studied using M
First, a sparse distribution, in which energy release from
individual events disperses separately~very low dE/dx). In
this limit the total yield can be written as the probability th
an event occurs close to the surface.33,22 In the other limit, a
high density of excitations, there are many excitations
monolayer so that all particles within the track are exci
and the transport of energy from the individual events can
be treated as independent8,2. In the simulationdE/dx can
increase either by increasing the energy per event,Eexc, with
fixed r cyl , or by increasingr cyl . For electronic sputtering, fo
instance, the amount of energy needed to produce
electron-hole pair in Ar isW523.6 eV. A 0.5 MeV He1 ion
going through Ar hasdE/dx521.3 eV/Å ~calculated from
TRIM98! giving a mean free path for producing an electro
hole excitationl5W/(dE/dx)51.11 Å ~2.4 excitations per
layer!. If we take the radius of the track core to be the Bo
adiabatic radius,34 then r cyl5hv/(2W)54.35 Å51.3s, so
every atom in the cylindrical region is energized, ignori
excitation transport. On the other hand a 6 MeV H1 ion
going through Ar hasdE/dx50.75 eV/Å , giving a mean
free path for producing an excitation,l531.47 Å ~1 excita-
tion every 12 layers!. The radius of the track isr cyl
514.84 Å54.3s, so the cylindrical region is sparsely ex
cited. In this case the individual events essentially re
separately. In laboratory studies of solid N2 and O2 the inci-
dent ion energy and type was varied to study the transi
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between these limiting cases. The electronic sputtering y
was found to vary from linear to very nearly quadratic in t
stopping power as mentioned earlier.14

A. Fully excited track

When every atom or molecule within the cylindrical trac
of radiusr cyl is given an excitation energyEexc, it has been
shown that the resulting yield can be written asY
}(dE/dx)n. Two regimes are found in the MD simulation
WhenEexc<U there is a steep (n>3) threshold regimethat
exhibits aspects of a spike as the atoms or molecules m
collide and gain energy to overcome the potential ene
barrier.2 When Eexc.U there is ahigh dE/dx regime with
n'1 for both crystalline2 and amorphous15 solids.Both the
threshold regime and the highdE/dx regime differed in their
dependence ondE/dx from the spike-model predictions.

We repeated these studies here using a Morse pote
that gives the same nearest-neighbor distance and the
sublimation energy for solid Ar. In addition, we have us
those Morse parameters appropriate for arefractory solid,
Cu. Because of its much larger sublimation energy, up to
eV of energy per atom had to be used for Cu, whereas in
only a few eV per atom were used. In Fig. 1 the yields
dE/dx for fixed r cyl are presented along with the earlier r
sults for an LJ solid, calculated for Ar.2 Because the equa

FIG. 1. Yield forNexc512 as a function of scaleddE/dx. LJ Ar
~squares!, Morse Ar ~triangles!, and Morse Cu ~circles!. Y
}(dE/dx)1.1 ~solid line!, is included to guide the eye. Inset: Yiel
for Nexc562 as a function of scaleddE/dx for LJ Ar. d distribution
~solid squares!, Maxwellian distribution~open diamonds!. SC ther-
mal spike model is given by a solid line.Y}(dE/dx)1.1 ~dashed
line!, is also included.
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tions of motions can be completely scaled using the two
parameters, the yield vsdE/dx can also be scaled usin
those parameters. However, there are two length param
in the Morse potential, therefore, theequations of motion
cannot be simply scaled. In spite of this, we show in Fig.
that plotting Y vs the scaled stopping powe
(dE/dx)/(U/n21/3), the yields forall the simulations fall
very nearly on the same curve. This surprising result in
cates that for atomic solids the yield scales between v
different materials in a way that does not depends on
details of the potential. Therefore, the work in paper I c
apply to a broad range of solids. In addition, if our M
calculations for the sputtering of solid O2 ~paper II! are
scaled byU andn21/3, or the results for amorphous materia
are so scaled for the samer cyl , they also fall roughly within
this data set. The yields in Fig. 1 are all forr cyl52s, in-
creasingr cyl increases the yield. At highdE/dx the yield at a
fixed r cyl was shown to be nearly linear indE/dx but the
magnitude scaled roughly asr cyl

n with n;0.8 for a crystalline
sample.2

Earlier it was shown that the details of the potential do
affect cascade damage and defect production under
bombardment.35 Simulations of collision cascades in Si usin
a Tersoff potential and a Stillinger-Weber potential ga
very similar results, even though these two potentials
quite different.36 The extent of phase transitions and defe
distribution can differ for different potentials, like the size
the molten region in our simulations of thermal spikes, b
the size of the yield is not greatly modified. It has also be
shown that thereare differences in the energy transport whe
using an LJ vs a Morse potential. The steeper repulsive c
means that focused, nearest-neighbor collisions aremoreim-
portant for the LJ potential.22,2 Therefore, energy and angula
distributionsare slightly different. @Ejecta distributions for
Cu andEexc56U are given in Appendix A.# Shapiro and
Tombrello37 examined the effect in sputtering of using
many-body embedded-atom potential for Cu instead o
Morse potential. They found differencesonly in the energy
and angular distributions of the ejecta and in dimer ejecti
Therefore, use of the Morse potential in the present con
is valid. The role of changing potential parameters has a
been explored in defect creation in metals by using Cu
another Morse material witha56. The formation process
was found to be different.38 However, we find here that th
sputtering yieldsimply scales with U and n1/3. This is the
same scaling found for linear cascade sputtering50 and in
spike models. Here it applies also when the energy trans
is very nonlinear.

The threshold seen in Fig. 1 for the fully excited cylind
occurs whenEexc,U. If the d function distribution is used
an atom needs to make collisions to gain enough energ
escape, hence, a thermal effect might be expected. Howe
the dependence in Fig. 1@(dE/dx)n with n;6] also differs
from the quadratic dependence usually taken for
analytic4,3 or complete16 spike models. Thermal spike mod
els typically assume that local equilibrium occurs very ra
idly. Therefore, at every point in the energized region
atoms or molecules exhibit a Maxwellian distribution of v
locities determined by the local temperature. This assu
tion in the analytic spike models leads to a steeper dep
dence atEexc,U of the formY'To

n exp@2U/(kBTo)#, where
J
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To}dE/dx is the initial temperature of the spike,2 and n
52 for the Sigmund and Claussen~SC! model.3 To evaluate
the influence of the velocity distribution on the sputteri
yield, we compare simulations made using ad distribution,
in which all particles are given the same energy, with sim
lations in which the initial energies are chosen from a Ma
wellian distribution with the same mean energy. Earli
Johnsonet al.14 compared theanalytic spike models using
the two distributions and found a shift in the threshold an
lower yield when thed distribution was used.

The inset in Fig. 1 shows MD calculations of the yie
using initial energy distributions which are Maxwellian fo
the caseNexc562. The details are given in Appendix B. Fo
Eexc.U the yields are seen to be essentially identical
those calculated using ad distribution, although the energ
distribution of the ejecta differ slightly as described in A
pendix B. By contrast, forEexc50.5U, the Maxwellian yield
is three times larger. These results can be understood as
lows. WhenEexc!U collisions must occur to cause ejectio
when using ad distribution, but for a Maxwellian there is
always the probability an atom at the surface will have s
ficient energy to escape. Therefore, in comparing to sp
models care must be taken in the threshold regime.However,
whenEexc*2U the number of atoms escaping isnot affected
by the initial energy distributions. Therefore, the above c
culations show that the nearly linear dependence of the y
on dE/dx is not affected by changing the potentialnor is it
affected by changing the initial energy distribution implyin
it is a very general result. Unfortunately, in the thresho
regime there is no comparison between many-body po
tials and two-body potentials, like the one mentioned abov37

for large dE/dx, so results could differ for many-body po
tentials.

In comparing this regime to the SC version of the analy
spike model,3 we find that the dependence ondE/dx is
nearly the same: Fig. 1 inset. Although the analytic mod
do not treat the surface correctly, as discussed below,
comparison shows that the radial diffusive energy transp
assumption can be valid in this regime, as suggested in p
II.

B. A distribution of excitations

For the results presented in Fig. 1 the energy per ev
was assumed to increase with increasingdE/dx as in a spike
model for fixed initialr cyl . However, when a track is ener
gized by an incident ion, either collisionally or by nonradi
tive decay of electronic excitations, the spatial distribution
events varies withdE/dx at low dE/dx but the mean energy
per event remains roughly constant. Therefore, we consid
distribution of excitations at lowdE/dx. If Eexc!U sputter-
ing requires collisions. WhendE/dx is small but Eexc.U
ejection can occur if the incident ion creates an event clos
the surface. This is thought to be the case in the electro
sputtering of O2 and N2 ~Ref. 14! at low dE/dx and it is the
basis for knock-on sputtering of all solids in the linear ca
cade regime. Therefore, we have carried out simulations
sputtering following the production of a spatial distributio
of events by a fast ion. In these simulations, each event
leasesEexc.U.
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Calling l the mean free path for producing excitation
the yield exhibits a simple dependence ondE/dx for
l@ l .33,22,23Writing the energy release per unit path leng
asdE/dx5Eexc/l, the average yieldY is

Y'CS l

l D S Eexc

U D5C
dE/dx

U/ l
. ~4.1!

This expression exhibits the expected linearity at very l
dE/dx and is discussed in Appendix C.C in Eq. ~4.1! de-
pends weakly on the interaction potential. Ifl is the separa-
tion between layers,C'0.28 for the~100! surface for LJ
Ar.23 Often l 5n21/3 is used, as in Fig. 1, changing the si
of C.

Whenl is small, there is a high probability that a numb
of energy transfer events occur close together producing n
linear energy transport. Therefore, one might also expect
the dependence ondE/dx in Eq. ~4.1! would change. To
simulate this, a number of atoms within the MD track we
chosen at random and energized. Average yields
1,2,5, . . . events distributed randomly in cylinders of radi
r cyl50.8s and r cyl52s were calculated in solid Ar for
Eexc51 eV using a LJ potential. These are plotted in Fig
vs the appropriatedE/dx. Also shown are the results for th
same cylinder fully excited. For lowdE/dx and Eexc@U
there is no longer a spikelike threshold, as expected. At
dE/dx the yield in Fig. 2 is described by Eq.~4.1! and is
independent of the radius of the cylinder. For fixedEexc and
fixed r cyl , the yield exhibits a slight nonlinearity withdE/dx
when the cylindrical region becomes nearly fully excite
The onset and size of this effect depends on the sizes ofEexc
and r cyl . Figure 3 shows the yield forr cyl50.8s but with
different excitation energies,Eexc50.32, 1, 2 eV (.U).The
results fall on a line, except for the lowestEexc (0.32 eV
54U) which approaches the effective escape ene
;2U.23

FIG. 2. Yield for a partially excited cylinder withEexc51 eV:
r cyl50.8s ~triangles!, andr cyl52s ~solid circles!. The linear fit is
Y50.28x, where x5(dE/dx)/(U/ l ). Results for a fully excited
cylinder with varyingEexc are also included:r cyl52s ~diamonds-
dashed line!.
,

n-
at

r

w

.

y

When a particle penetrates a solid there is, in fact, a
tribution in the number of eventsin a fixed sample lengthfor
eachl. Writing the yield calculated above for each of th
distribution of events asYI , then for a givenl21, eachYI
has a weightwI giving an average yield,Y5(wIYI . For a
fast ion with a large penetration depth,wI in the near surface
regime is determined by Poisson statistics for constantl.
That is, whenl is such that theaveragenumber of events in
our sample is 3, this implies weighted contributions from
2, 3, 4, . . . ,etc., events in the sample. This produces flu
tuations in dE/dx. Such a calculation was carried ou
earlier14 treating the energy dispersal from each event dif
sively as in a spike model. In plotting the yield versusdE/dx
in Figs. 2 and 3 the Poisson weights should be used at e
dE/dx. Since the yield for eachr cyl andEexc is nearly linear
in dE/dx, the Poisson weighting will not affect the depe
dence of the yield ondE/dx. Therefore, the results in Figs.
and 3 are directly applicable to the sputtering problem.

V. CONCLUSIONS

The surprising result that the spike model for sputterin
which has been extensively used to describe nonlinear s
tering yields at highdE/dx, in fact appears to saturate, s
the sputtering yield becomes nearly linear indE/dx at high
dE/dx,2,15 is explored further here. In this paper we focus
on testing the generality of the earlier calculations, by exa
ining a number of aspects that can affect the calculation
the sputtering yield. In these comparisons we separated
sputtering process into distinct regimes based on the lo
energy density.

We first showed that over a broad range ofdE/dx the
calculated sputtering yield follows scaling laws that are ve
insensitive to the nature of the potential. This is the ca
even for more refractory materials like Cu. Therefore,
though our motivation has been electronic sputtering, the
sults obtained in paper II and those given here can, in p
ciple, be applied to knock-on sputtering by fast ionsif

FIG. 3. Yield for partially excited cylinder withr cyl50.8s and
different excitation energies,Eexc50.32 eV ~circles!, 1 eV ~tri-
angles!, and 2 eV~squares!. The linear fit isY50.28x, wherex
5(dE/dx)/(U/ l ).
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appropriate values ofdE/dx, r cyl and the initial distribution
of atomic velocities are used. The results in Fig. 1 show t
the yield exhibits a steep ‘‘threshold’’ forEexc&2U and the
yield becomes nearly linear indE/dx at high dE/dx for
fixed r cyl . The size of the yield in the latter regime is rough
proportional tor cyl

n with2 n;0.8. This is unlike the spike
models which are quadratic indE/dx at highdE/dx where
they also become independent ofr cyl .

At high dE/dx the MD calculations show that the energ
transport is nonlinear, producing a pressure pulse, a m
and a crater.2,17 However, this is, surprisingly,not exempli-
fied by a strong nonlinear dependence of the sputtering y
on dE/dx when thespike radius is fixed. That is, the steeply
increasing yield with increasingdE/dx at lowerdE/dx ap-
parently cannot be sustained. Energy is removed by the
dial pressure pulse and by rapid transport of energy to
surface~paper II!. This is consistent with the recent results
Nordlundet al.,39 where there is collective movement of a
oms toward the surface for ion bombardment of Cu. At lo
dE/dx, the ejecta was shown in paper II to exhibit spikeli
properties. Using the simpled distribution of excitation en-
ergies and fixedr cyl , the threshold dependence in Fig. 1
roughly,Y}@(dE/dx)6#. This dependence occurs whenEexc
is below the effective escape energy;2U, whereas the
threshold dependence in the analytic spike models occu
lower Eexc(!U). Since the spike models assumed local th
modynamic equilibrium, we also used a Maxwellian dist
bution of initial excitation energies with the average ene
equal toEexc. Whereas the Maxwellian and thed distribu-
tion give the same yields at highdE/dx, the dependence in
the MD threshold regime is modified. In fact, the calculat
dependence is reproduced by analytic spike models suc
that by Sigmund and Claussen.3 This model also gives the
correct size of the yield, although the energy transport to
surface is not included nor is the surface disruption.

In spike models, the cylindrical region associated with
ion’s track is typically assumed to be excited uniform
along its length at eachdE/dx. However, at lowdE/dx
excitations or momentum transfer events produced by a
ion are, generally, sparsely distributed. Therefore, a m
realistic description of the cylindrically energized region
low dE/dx for many relevant energy-deposition distributio
is obtained by using a fixed meanEexc and increasing the
density of events with increasing14 dE/dx. Such a distribu-
tion of energizing events was examined here. Our results
the yield at lowdE/dx were shown to evolve smoothly ont
the highdE/dx regimefor thosetrack radii suggested to be
appropriate to electronic sputtering of low-temperature2
and N2. Therefore, the observed nonlinearities in the yield14,9

must be due to the conversion of deposited energy
atomic motion or to a variabler cyl . At the ion energies ap
propriate to the O2 and N2 sputtering data the size of th
track of initial excitations in fact decreases2 with dE/dx.
However, if at highdE/dx the effectiver cyl at the time of the
nonradiative decay processesincreaseswith dE/dx due to
excited-state transport~e.g., r cyl}dE/dx), the nearly qua-
dratic dependence ofY on dE/dx observed experimentally
can be reproduced.

The results here and in paper II indicate that there
three distinct energy density regimes for sputtering of ato
t
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solids by a fast ion: lowdE/dx where the yield is linear in
dE/dx due to the sparse distribution of energetic even
intermediatedE/dx where the yield can be steeply varyin
and spikelike; and highdE/dx where the yield saturates an
again becomes nearly linear due to the formation of a m
and the removal of energy by the pressure pulse. The rela
importance of these regimes depends on the size ofr cyl . For
cases shown in Fig. 2 (r cyl<2s), the low- and high-energy
regimes roughly merge, giving a nearly linear yield over
dE/dx studied. For much largerr cyl , appropriate for colli-
sion cascade sputtering by heavy ions,3 the three regimes are
distinct.

The laboratory measurements for electronic sputtering
condensed-gas solids14,9 and for knock-on sputtering of re
fractory materials40–42 show clear linear to nonlinear trans
tions in the yield in going from low to highdE/dx. In elec-
tronic sputtering, the nonlinearities could be due to t
conversion of the deposited energy into atomic motion f
lowing the ion production of a track of excitations.2 How-
ever, this cannot be the case for knock-on sputtering. It
been pointed out that the size of the excited region chan
with the energy of the projectile in both the electron
regime43–45 and in the nuclear regime.46–48 This is particu-
larly important for knock-on sputtering due to clust
bombardment.41,42 Therefore, the radial distributions in th
deposited energy in both electronic and knock-on sputte
must be treated carefully to determine the local energy d
sity and, thereby, the appropriate sputtering regime.
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APPENDIX A: SPIKE SPUTTERING OF Cu

Energy, angle, radial, and depth distributions like those
paper I for Ar are shown in Fig. 4 for sputtering of Cu usin
Eexc56U in the cylindrical spike geometry and calculate
with Morse potentials. All distributions are normalized to
and the angleu is measured with respect to the surface n
mal. The distributions look similar to the ones in Fig. 15
paper II for solid Ar having a cascadelike behavior in t
energy distribution but with an angular distribution closer
cos2 u.

APPENDIX B: MAXWELLIAN VS DELTA
DISTRIBUTIONS

In paper II we described the properties of the ejecta us
the d distribution. In this appendix we show how thes
change when a Maxwellian distribution is used as in a t
thermal spike. Two scenarios were studied in detail. One
the threshold regime,Eexc50.5U, and the other in the high
energy regime,Eexc54U. More than 80 initially different
distributions had to be considered for the Maxwellian ex
tation, in order for the average for particles in, for examp
the surface layer to be represented by a smooth Maxwell
The Gaussian distributions in each direction were genera
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using the Box-Muller method.49 A large radius,r cyl55s,
with 62 excited particles per layer was chosen to impro
statistics. Table III shows the main parameters of the sim
lation.

Energy, radial, depth, and angular distributions of t
ejecta forEexc54U, in the high-energy regime, are seen
Fig. 5. All distributions are normalized to unity, with th
angle measured from the normal to the surface. The res
are almost the same for bothd and Maxwellian distributions,
since quasiequilibration takes a fraction of a ps. The ene
distribution for the Maxwellian case has a slightly longer t
due to particles in the tail of the initial energy distributio
that escaped immediately after excitation. A Thompson d
tribution is included for comparison.50 The other distribu-
tions are the same within the uncertainties of the simulat
A cos2u distribution is also included for comparison togeth
with the MD angular distributions.

Energy, radial, depth, and angular distributions forEexc
50.5U, in the low-energy regime, are seen in Fig. 6. For

FIG. 4. Energy, angular, depth, and radial distributions
ejected particles for Cu in the nonlinear energy transport reg
Eexc56U andNexc512. The energy distribution includes a Thom
son distribution, 2UEexc/(Eexc1U)3 ~dashed line!, and the angular
distribution includes a cos2u distribution ~dashed line!.

TABLE III. Parameters used in the simulation of Maxwellia
distribution, for differentEexc. Sample size~fcc cells, and number
of atoms!, time after excitation at which the simulation was ende
tend, and yields for Maxwellian distribution andd distribution.

Eexc/U 0.5 0.8 4
Eexc ~eV! 0.04 0.064 0.32
dE/dx ~eV/Å! 0.92 1.47 7.3
Size ~cells! 22322310 22322310 27327316
Size ~atoms! 19,360 19,360 46,659
tend ~ps! 20 20 50
YM 1.160.2 11.561.0 292615
Y 0.3260.12 8.561.5 280615
e
-

e

lts

y
l

-

n.
r

e

‘‘ d ’’ excitation the atoms require collisional energy transf
before they have enough energy to overcome the pote
energy barrier. Only 9% of the ejected atoms have final
ergies aboveEexc. When the initial distribution is Maxwell-
ian, the particles in the tail of the initial energy distributio
can readily escape, the yield goes up, and 25% of the eje
atoms have final energies aboveEexc. The energy distribu-
tion shows this shift. From the radial distribution ford exci-
tation, only particles well inside the cylinder that do not lo
energy by collision with cold particles escape. On the ot
hand, for Maxwellian excitation particles at the border of t

f
e

,

FIG. 5. Energy, radial, depth, and angular distributions
Eexc54U and r cyl55s. Initial Maxwellian distribution~full line!,
and initial d distribution ~dotted line!. The energy distribution in-
cludes a Thompson distribution~dashed line!, and the angular dis-
tribution includes a cos2u distribution ~dashed line!.

FIG. 6. Same as Fig. 5 forEexc50.5U.
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excited cylinder can still escape or are energetic enoug
collisionally eject initially cold particles. Only particles from
the first layer are ejected for thed excitation case, while
2.5% of the ejecta come from the second layer for the M
wellian excitation at this lowEexc.

It is important to notice that even atEexc50.5U the sur-
face is highly disrupted, and a quasifluid volume is creat
Several atoms migrate to the surface were they remain
stable adatoms. There is a late ‘‘thermal’’ yield~atoms de-
tected after 10 ps! that accounts for roughly 10% of the tot
yield. For instance, after two loosely attached atoms col
on top of the surface, one can go back to the solid while
other escapes. The effective binding energy can be m
smaller than the initial surface binding energy.

APPENDIX C: INDIVIDUAL EXCITATIONS

When only one particle is energized in a sample of thi
nessNmaxl, whereNmax is the number of layers,YN(Eexc) is
ys

m.
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the average yield produced by an energy releaseEexc, in a
random direction in layerN. The spatially averaged yield i
Y5(Nf NYN , where f N is the probability of producing an
excitation in layerN. If f N is a constant andYN.Nmax

'0, MD

calculations have shown that(NYN has a dependence o
Eexc like that for a linear cascade:(NYN'CEexc/U.33,22The
parameterC depends weakly on the interaction potential,C
'0.28 for LJ Ar.23

To calculate the yield at lowdE/dx for comparison to
experiment we usel, the mean free path for producing ex
citation events. For constantf N , f N5 l /l ~or in an amor-
phous solid or for a random crystal orientation usel /l with
l 5n21/3), giving an average yield,Y5( l /l)(NYN . Calling
dE/dx5Eexc/l, the energy release per unit path leng
which we presume is proportional to the tabulated stopp
power, we obtain Eq.~4.1!. The yield is often written asY
5Dz/l ~or Dx/l), where Dz is a sputter depth (Dz/ l
5(NYN'CEexc/U).8
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