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Luis Sandoval and Herbert M. Urbassek™
Fachbereich Physik und Forschungszentrum OPTIMAS, Universitdit Kaiserslautern, Erwin-Schridinger-Strafe,
D-67663 Kaiserslautern, Germany
(Received 12 January 2009; revised manuscript received 15 March 2009; published 23 April 2009)

Using molecular-dynamics simulation, we model the sputtering of a Au (111) crystallite induced by the
impact of Au;; projectiles with total energies up to 500 keV. Due to the uncertainty of the electronic stopping
of Au moving in particular at small velocities, we performed several simulations, in which the electronic
stopping parameters are systematically changed. Our results demonstrate the dominating influence of the
cut-off energy E ., below which the high-velocity electronic stopping of atoms is switched off in the simulation.
If E, is smaller than roughly one half the cohesive energy of the target, sputtering ceases after a few ps; the
spike contribution to sputtering (also called phase explosion or gas-flow contribution) is entirely quenched and

the sputtering yield is up to an order of magnitude smaller than when electronic stopping is taken into account
only at higher atom energies. Our results demonstrate the importance of a careful modeling of electronic

stopping in simulations of spike sputtering from metals.
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I. INTRODUCTION

Energetic projectiles impinging on solid targets may lead
to the sputtering of atoms and clusters from the solid
surface.!2 Basically, two mechanisms have been identified to
be responsible for the sputtering. (i) The collision cascade:
the projectile conveys its energy in a series of collisions to
target atoms; these recoil with further atoms, etc., and thus
the so-called collision cascade has been generated. Atoms
from (near to) the target surface, which recoil in the collision
cascade, may become sputtered if their energy is larger than
the cohesive energy, E..,, of the solid. This mechanism is
responsible for sputtering in many projectile-target systems
and is well understood. It is fast (of the order of 1 ps or
faster), since after this time recoil energies have become too
small to overcome the surface binding energy. (ii) The spike:
the collision cascade described above may become dense® in
the sense that moving particles collide with each other. If the
energy density in a surface volume (called the spike volume)
becomes sufficiently large—roughly of the order of the co-
hesive energy per atom or the critical temperature of the
liquid-gas phase transition—, the interatomic bonding is
weakened and a collective flow of the spike volume out of
the target may start, leading to abundant sputtering. This
mechanism has also been termed gas flow or phase explosion
mechanism. It may be operative when high energy densities
are deposited—and thus for heavy projectiles and in particu-
lar for cluster impact—and also for targets with small cohe-
sive energies (such as condensed-gas targets). In these cases,
it has been found to be operative after an early collision-
cascade phase; depending on the system, the spike may last
several ten ps or even >100 ps.

Besides colliding with other atoms (nuclear stopping),
moving atoms may also give part of their energy to target
electrons. In an often adopted scheme due to Lindhard and
Scharff* (LS) the stopping force (energy loss per path length
traveled) is taken to be proportional to the atom velocity v.
In collision-cascade theory, the effect of electronic stopping
on sputtering is easily taken into account. Since only atoms
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with a kinetic energy exceeding the cohesive energy can be
sputtered, atom trajectories are only followed down to a
minimum kinetic energy of E;,=E.,. Since collision-
cascade sputtering ceases after a few 100 fs as a rule, elec-
tronic stopping influences the sputter yields quantitatively,
but not qualitatively. In a series of papers, Jakas and
Harrison>~ analyzed this feature in more detail and showed
in particular that it is the electronic loss of target recoil atoms
rather than that of the projectile which dominates the influ-
ence of S, on the sputter yield.

The situation is more severe when considering spike sput-
tering from metals. Here, electronic stopping according to
the LS scheme would quench the entire spike contribution to
sputtering, reducing considerably the simulated sputter yields
and the achieved crater depths, leading to disagreement with
experimental data. As a consequence, in simulations of spike
sputtering, usually a lower cut-off energy, E,, is introduced,
below which S, =0. E, is typically chosen in the range of
5-10 eV.3" "1 If E,=0 is adopted, all atomic kinetic energy is
ultimately converted to electronic energy; this is clearly un-
physical.

Flynn and Averback!? were the first to consider the role of
electrons in energetic-ion induced spikes. They pointed out
that in a situation of strong coupling between electrons and
target atoms, electrons can efficiently cool the collision cas-
cade. Such a situation arises if the electron mean free path is
smaller than the radius of the spike volume, and hence if
electron-phonon coupling is strong, the target is strongly dis-
ordered, and generally at high target temperatures. Finnis e?
al.'3 and Pronnecke et al.'* were among the first to introduce
an algorithm for spike quenching based on electron-phonon
coupling into a molecular-dynamics simulation; these au-
thors used a frictionlike force and a stochastic Langevin ap-
proach, respectively. Previously, Caro and Victoria!® estab-
lished a modeling approach to combine the higher-velocity
electronic-stopping description with the lower-velocity en-
ergy loss due to electron-phonon coupling.

In a recent study, Duffy and Rutherford!' investigated the
influence of the electronic stopping parameters on radiation
damage production induced by a 10 keV primary-knock-on
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atom in Fe. As a prominent result they could demonstrate
that in particular the electronic stopping of low-energy
(<10 eV) recoils affects the number of Frenkel pairs pro-
duced. Large values of electronic stopping quench atom mo-
tion and strongly reduce (by 50%) the number of defects.
The electronic stopping parameters at higher recoil energies
(>10 eV) have comparatively little effect on the number of
defects produced.

In the present paper, we wish to study the consequences
of the electronic loss law on spike sputtering. We shall con-
sider a concrete system, Au;;— Au, since here experimental
data are available, and simulations have previously been per-
formed by several groups. Our main aim will be to perform a
sensitivity study; by varying the parameters describing elec-
tronic stopping systematically, we want to show which fea-
tures of electronic stopping are particularly decisive for mod-
eling spike sputtering of metals.

II. METHOD
A. Molecular-dynamics simulation

We simulate the sputtering of a Au (111) crystal by Au,;
cluster impact at normal incidence. The total cluster energy E
is varied from 10 to 500 keV, corresponding to an energy per
atom between 0.77 and 38.5 keV/atom. The target crystallite
contains (0.336—1.5) X 10° atoms.

A many-body potential, which reproduces the melting
temperature of Au, has been employed.!®~'® As in our previ-
ous studies,!”!® we use energy-dissipating boundaries'® to
mimic heat transport out of the simulation crystallite. Only a
single simulation was performed for each bombarding en-
ergy and electronic-stopping parameter set, since fluctuations
are sufficiently small for our cluster size.?’ In fact, we cal-
culated the fluctuations in the sputter yield for 60 keV Au,s
cluster impact on Au, and found the standard deviation to be
only around 7% of the mean value.

As a criterion to decide when an atom has been sputtered,
we proceed as follows: we calculate the height of the crater
rim formed at the final simulation time (100 ps). We use this
value as a cut-off distance above which every particle is
considered sputtered. If the simulation time is long enough
(after ejection of the last particle), this procedure provides a
good estimator of the sputtering yield. Recently,”! we found
a more accurate procedure, with no additional computation
effort, which we also use to calculate the time evolution of
the sputtering yield: we use the potential cut-off radius, ry
=6.2 A, to define around each atom its interaction sphere.
All atoms which are connected (via a chain of interaction
spheres) to the bottom of the simulation crystallite, constitute
the bulk target; the remaining set of atoms are the sputtered
atoms. This classification of atoms into two distinct subsets
is efficiently implemented using the neighbor lists which are
employed anyway in the molecular-dynamics simulation.

B. Electronic stopping
1. LS scheme

Besides colliding with other atoms (nuclear stopping),
moving atoms may also give part of their energy to target
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electrons. At the atom velocities of interest here, the stopping
force (energy loss per path length traveled) is taken propor-
tional to the atom velocity v

dE
dx |4

F=- =nSy =nkv. (1)

Here S, is the electronic stopping cross section, n is the
target atom number density, and k is a constant. In an often
adopted scheme due to Lindhard and Scharff*?? (LS), this
constant is given as

1/6 2,2,

k=kis=Z," 5377,
LS =41 (Z%B + Z5/3)3/2

8mhay. (2)

It depends on the atomic charges of projectile and target
atom Z; and Z,; h is Planck’s constant and a, is Bohr’s
radius. For our case of Z;=Z,=79, we obtain kg
=0.506 eV A ps. Unfortunately, it is not clear how well the
LS scheme describes electronic stopping at the velocities of
interest to us. Experimental data for Au stopping in Au seem
not to be available. From the theoretical point of view, an
alternative scheme due to Firsov?® predicts only 79% of the
LS value. Besides, so-called Z; oscillations—related to reso-
nant states which appear in the screening electron cloud
around the projectile atom—Ilead to (velocity-dependent)
systematic deviations from the general dependence predicted
by Eq. (2).222* While recent density-functional-theoretic cal-
culations allow to determine the stopping power of atoms in
a homogeneous electron liquid with considerable accuracy,?
data for the Au-Au system are not available to us.

In order to assess the influence of electronic stopping on
sputtering, we investigate the effect of different values of k.
We denote this by scaling the electronic stopping by a di-
mensionfree parameter 3, which we call the (high-velocity)
stopping coefficient:

Se1= Bkisv. (3)

Thus, B=1 is equivalent to LS stopping, while =0 de-
notes pure nuclear stopping.

Since in the present paper, the temporal aspects of stop-
ping will be relevant, it is useful to rephrase Eq. (1) as an
electronic loss power

dE E
- 2| == @
dt el T
which defines a relaxation time 7,
m 1
=——, 5
7 2 nk )

where m is the Au atom mass. For the system which we shall
simulate in this paper, a Au atom moving in Au, the LS
scheme gives values of nk; =288 amu/ps and a relaxation
time of

s= 0.34 ps. (6)

As a consequence, all atom motion will be quenched on a
time scale =1 ps due to electronic stopping. For non-LS
values of electronic stopping, it is
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r=18 (7)

2. Slow atoms

In many simulations of ion-solid interaction, it is assumed
that electronic stopping does not affect slow atoms. Often a
cut-off energy, E,, is introduced, below which stopping van-
ishes; E, is typically chosen in the range of 5-10 eV.8~!! The
following reason may be given to justify why electronic
stopping at low atomic kinetic energies may be small or neg-
ligible: At small atom velocities, atom-electron interaction is
better described by the physics of electron-phonon interac-
tion than by stopping.'>!31526-28 Recent calculations of the
electron-phonon constant in Au yield a value of g=2.5
X 10'® W/m? K.2%3 These calculations take the band struc-
ture of Au into account and predict that g is rather indepen-
dent of (electron) temperature up to 3000 K. The theoretical
value is in satisfactory agreement with the experimental
value of (2.2%0.3)X10'® W/m? K, obtained by pump-
probe reflectivity measurements by Hohlfeld et al.3'—for
discussion of further experimental data see Ref. 30. A low-
velocity relaxation time may be obtained from this value
using

aT.,
C,—*=-g(T,-T,. 8
o =8 ) (8)
For an electron temperature of 7,=0, and assuming the
specific heat of Au as C,=3nkz=2.44Xx10% J/m? K (kg is
Boltzmann’s constant) one obtains the relaxation time for the
atom temperature 7, as

C,
Teph = ? =98 ps. 9)

This value is slightly above the value of 64 ps given by
Koponen,?®?” since the recent calculations?>3 take the full
structure of the electronic density of states into account.

In order to allow for a reduction in electronic stopping at
slow atom velocities, we introduce a (small) low-velocity
electron-stopping parameter y. Thus, we describe the elec-
tronic stopping cross section as

kv, E>E,
sq= P (10)
ykLSU’ E< EC’

where the cut-off energy E, (corresponding to a cut-off ve-
locity v.=V2E,./m) separates a faster relaxation at high atom
energies from a slower relaxation at small atom energies, cf.
Fig. 1.

In view of the missing detailed knowledge of S, (see
discussion above), we treat E,, B, and 7y as parameters in the
following study. For reasons of computational convenience,
we apply electronic stopping only to atoms which are below
the initial target surface; in this way we attempt to exclude
all sputtered particles from electronic stopping. In order to
justify our simplified procedure, we recently published an
investigation, in which our algorithm was compared with the
results of a simulation, in which electronic stopping depends
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FIG. 1. (Color online) Dependence of the stopping force,

—dE/dx, of a Au atom in Au as a function of its velocity v (bottom
abscissa) and its Kinetic energy E (top abscissa). Nuclear stopping
(dashed) has been evaluated according to the ZBL potential (Ref.
37). Electronic stopping is assumed to be velocity proportional with
two different proportionality constants, for energies above and be-
low the cut-off energy E,, Eq. (10). In this plot the values B=1,
v=0.01, and E.=7.86 eV have been adopted.

on the local density,”! and hence some information on the
atomic environment is included in the description; we found
that the results of the two descriptions are in good agreement
with each other.

III. RESULTS
A. Influence of high-velocity stopping coefficient

Figure 2 assembles various data on the influence of the
stopping power parameter B on the sputter behavior. We
present the data for 500 keV impact energy as an exemplary
case; data for lower impact energies will be summarized in
Sec. III D, Fig. 8, below. In the simulations shown here, only
the high-velocity stopping coefficient 8 has been varied; the
cut-off energy was chosen as E.=7.86 eV and below this
energy the stopping completely vanishes, y=0. Figure 2(a)
shows how the sputter yield decreases with increasing 3. For
small B= 1, the decrease is roughly linear, and it is

Y= (1-0.54p)Y,, (11)

where Yy denotes the sputter yield with inclusion of elec-
tronic stopping and Y|, is the sputter yield without electronic
stopping. The initial slope 1/2 describes the data quite well
up to B=1, where the sputter yield of Y,=41 000 has de-
creased to 20 000. For larger electronic stopping, the yield
levels off.

Figure 2(b) shows the total energy given to the electronic
system, Eg . A considerable fraction, 50% of the impact
energy for the LS value of B=1, is given to the electronic
system. Figure 2(c) displays the time evolution of the energy
dissipated into the electronic system. It shows that electronic
stopping is active only in the first ps after projectile impact;
after =1 ps, no further energy is delivered into the elec-
tronic system. This is a consequence of the cut-off E, ap-
plied: after 1 ps all Au atoms have slowed down below this
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FIG. 2. (Color online) Characteristics of sputtering induced by 500 keV Au,; clusters on Au as a function of the high-velocity
electronic-stopping coefficient B. Below the cut-off E,=7.86 eV, electronic stopping vanishes, y=0. (a) Sputter yield. (b) Energy dissipated
into the electronic system, Egg. (c) Time dependence of energy dissipation. (d) Temporal evolution of sputter yield for three cases: no
electronic stopping (8=0), LS stopping (B8=1), and LS stopping holding down to zero energy (E.=0 eV).

energy and electronic stopping is not operative any longer.

In Fig. 2(d), we show the time evolution of the sputtering
yield. Evidently, the sputter process takes several tens of ps
until the majority of material has been ejected. However,
within the first one or two ps, i.e., during the time in which
electronic stopping is active, only a negligible amount of
material is ejected. Thus it is understandable that electronic
stopping influences the magnitude but not the temporal evo-
Iution of the sputter yield. Note that emission is retarded
somewhat in the case of LS stopping with respect to the case
of zero stopping. We attribute this to fluctuations in the en-
ergy deposition process rather than to the inclusion of elec-
tronic stopping, since S operates in the first ps only.

Due to this strong temporal separation of electronic en-
ergy loss and sputter events, we may hypothesize that the
main effect of electronic energy loss on sputtering is the
reduction in the energy available for sputtering. Denoting the
sputter yield at impact energy E with inclusion of electronic
stopping as Y4(E), and the sputter yield with Sy=0 as Y,
consequently, we may write this hypothesis as

Y4(E) = Yo(E - Egig,) - (12)

That is, only the energy given to the atomic system, E
—E;, 1s important for sputtering. Figure 3 tests this model
by plotting the simulated sputter yields [Fig. 2(a)] vs E
—Eg and compares these results with available data'® for
vanishing electronic stopping. All data nicely line up on a
single curve, giving evidence in favor of the hypothesis, Eq.

(12). In order to be more quantitative, we draw a linear fit
line of the form

E-Ey

Yo(E)=a . E>Eth (13)

through the data, where U=3.79 eV is the cohesive energy
of Au. Our fit values a=0.246 and E;,=26.6 keV are quite
similar to the results found in Ref. 18, (¢=0.246 and Ej
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FIG. 3. (Color online) Dependence of sputter yield on the en-
ergy remaining in the atomic system, E—Eg . Data from simula-
tions at various impact energies E without electronic losses (8=0)
(Ref. 18) and data of E=500 keV impacts, Fig. 2(a), with various
high-velocity electronic-stopping coefficients 8 are combined. The
dotted line gives an analytical fit, Eq. (13), to the data.
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FIG. 4. (Color online) Cross-sectional view through the target Au crystallite at various times after 500 keV Au;z impact (Ref. 21).
Electronic stopping parameters: S=1, E.=7.86 eV, and y=0. In the online version, colors denote local temperature: dark blue: 0 K, cyan:
100 K, green: 1000 K, yellow: 3000 K, orange: 10 000 K, red: above 10 000 K. Times from left to right are 0.25, 1, 10, and 50 ps.

=24.1 keV), if the results given there are linearized. In sum-
mary, it is observed that in agreement with Eq. (12), the
sputter yields Yz are well described using the predictions for
Yy, evaluated at the energy E—Eg;.

Figure 4 exemplifies in the form of atomistic snapshots
the processes leading to sputtering for the case of 500 keV
Au;y impact studied here (B=1). At early times, t=1 ps,
only few atoms are sputtered; these originate in the so-called
collision-cascade phase of sputtering! and are emitted indi-
vidually due to the recoil momentum obtained in the colli-
sion with an energetic atom. At 10 ps, when the sputter pro-
cess has reached its full activity [cf. Fig. 2(d)], Au atoms are
emitted collectively from the so-called spike**3>3 volume;
their emission is due to the high energy density delivered in
this volume which leads to a phase explosion (gas flow) out
of this volume, giving rise to abundant ejection yields. These
snapshots thus display the mechanism behind the temporal
evolution of the sputter yield displayed in Fig. 2(d).

B. Influence of cut-off energy E,

Figure 5 shows the influence of the cut-off energy E. on
sputtering. Here the LS value of the high-velocity electronic
stopping B=1 was chosen. Again subthreshold recoils do not
suffer electronic losses, y=0.

The effect of a small value of E, on the sputter yield [Fig.
5(a)] is even more drastic than that of changing the electronic
stopping B. In particular, when E. is below 1.5 eV
(v,<12 A/ps), the sputter yield drops to below 2300 atoms.
This corresponds to a reduction by 88% from the higher
cut-off energy E.=7.86 eV, and of more than 94% to the
case when no electronic stopping is included. However, de-

E. (eV)
0.31 1.26 2.83 5.03 7.86 0 0.31

creasing E. below 1.5 eV does not influence the sputter
yields any more; as we shall show in the snapshots of Fig. 6
below, this is due to the fact that sputtering is then predomi-
nantly due to collision-cascade events, for which the atom
motion below the cohesive energy is of little importance.

The dissipated energies [Fig. 5(b)] monotonously increase
with lowering E.. We plot these data vs v, rather than E,, in
order to demonstrate the apparent linear dependence of Eg;
on v.. When E_ =0, i.e., all moving atoms suffer electronic
stopping, E4;,,=480 keV; i.e., only 4% of the impact energy
remains in atomic motion; this is the energy of atoms which
have left the target. The transition toward this extreme case is
obviously quite soft; setting the cut-off at £.=0.31 eV—in a
thermalized atom ensemble, this corresponds to a tempera-
ture of above 2000 K—the losses still amount to >85%.

Figure 5(c) demonstrates a clear influence of E, on the
time structure of the energy dissipated into the electronic
system; note that the high-velocity stopping coefficient 3
showed no such influence [Fig. 3(c)]. While the dissipation
ceases at around 0.5 ps for the highest value studied
(E.=7.86 eV), dissipation proceeds until 5 ps, and even be-
yond, for the two smallest values of the cut-off energy (0.31
and 0 eV). Since this time is well in the spike sputter phase,
we have to expect that not only the collision-cascade phase
of sputtering, but also the spike phase is affected by these
small values of the cut-off energy. Indeed, as was shown in
Fig. 2(d), sputtering ceases quickly for E.=0 eV; the colli-
sion spike which was visible in the snapshots of Fig. 4 is
quickly quenched such that the gas-flow mechanism of sput-
tering cannot become operative.

Figure 6 shows snapshots which prove this view. Evi-
dently, at the two earliest times, t=0.1 and 0.4 ps, the sys-

E. (eV)
2.83 5.03 7.86

Yield
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(@) Vo (Aps) (b)

0 5 10 15 20 25 30 0 5 10

15 20 25 30
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0.1 1 10 100
time (ps)

0.001 0.01

FIG. 5. (Color online) Analogous to Fig. 2. Here the cut-off velocity v, below which electronic stopping vanishes, y=0, has been varied,
while the high-velocity electronic-stopping coefficient S is fixed at S=1.
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FIG. 6. (Color online) Perspective view of the target Au crystallite, cut through the center of the cluster impact point, at various times ¢
after 500 keV Au;; impact. Electronic stopping parameters: S=1, E,. as indicated, y=0. Color code as in Fig. 4. Top row: E.=0 eV, middle
row: E.=1.26 eV, bottom row: E.=7.86 eV. Columns from left to right are at times of 0.1, 0.4, 1.0, and 10 ps.

tems develop quite similarly for the three cut-off energies
displayed. The small deviations visible are due to fluctua-
tions in the energy deposition in the collision cascade phase
of projectile slowing down. However, already at 1 ps, it be-
comes clear that energy is still contained in the spike volume
for the high cut-off energy, while energy has been dissipated
out of this volume for the two smaller cut-off energies; how-
ever, the expansion of the spike volume toward the surface,
which has been necessitated by the high thermoelastic pres-
sure induced by the high energy density delivered in this
volume, and the concomitant beginning sputtering are visible
in all three cases. At 10 ps, however, the consequences of the

strong spike quenching for £.=0 and 1.26 eV become clear:
while emission is still active from the spike volume (in the
snapshot still energy gradients are visible, which are con-
nected to pressure gradients driving the expansion), the spike
has been quenched for the case of £.=0 eV and emission
has terminated; the case of E.=1.26 eV is intermediate.

C. Influence of low-velocity stopping coefficient y

Figure 7 shows the effect of including a small electron
stopping 7y below the cut-off energy of £.=7.86 eV; in this
series of simulations, the value of the high-velocity stopping
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FIG. 7. (Color online) Analogous to Figs. 2 and 5. Here the low-velocity electronic-stopping coefficient vy has been varied, while the
high-velocity electronic-stopping coefficient 8=1 and the cut-off energy E.=7.86 eV are fixed.
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FIG. 8. (Color online) Dependence of the sputter yield per pro-
jectile atom, Y/N, on the impact energies per atom, E/N for various
electronic stopping parameters. Data for S.;=0 neglect all electronic
stopping (Ref. 18). Data for a given value of the cut-off energy E,
assume LS stopping (B8=1) above that energy, and vanishing stop-
ping (y=0) below it. The data denoted by B=1 assumes E.
=7.86 eV (y=0) and refers to the simulation results plotted in Fig.
4. The same values of E,. and B=1 apply to the data denoted by
y=0.033; in addition, low-velocity stopping has been included with
this value of 7.

coefficient has been kept constant at 8=1. Figure 7(a) dem-
onstrates a definite, albeit small, influence on the sputter
yield. We see that, even though the effect is operative over a
time scale of several tens of ps, over which sputtering occurs,
the overall effect is moderate; the sputter yield decreases
from 18500 to around 11300 at the most, a 39% effect. The
influence of the low-velocity stopping coefficient on the
sputter yield is monotonic with the exception of the simula-
tion for y=0.027; here a fluctuation in the emission process
(ejection of a large cluster) influenced the sputter yield. The
effect of y on the dissipated energy is, however, quite mono-
tonic; besides the 50% of the impact energy which are dissi-
pated to the electronic system within the first ps due to high-
velocity stopping (cf. Fig. 2), low-velocity stopping removes
a further amount of up to 30% of the impact energy out of
the atomic system. Figure 7(c) proves that the dissipation
process is not yet over at the end of the simulation time (100
ps) but will continue, until all atomic energy (with the ex-
ception of that of sputtered particles) has been dissipated.
However, this will happen long after sputtering has ceased
and is hence of no influence here.

D. Dependence on impact energy

In addition to the simulations with 500 keV impact en-
ergy, we performed a number of simulations with 60 keV and
a few with 10 keV impact energy. We collect these results in
Fig. 8. The data at lower impact energy show the same sys-
tematic dependence on the electronic-stopping parameters as
the 500 keV results discussed up to now. The strong influ-
ence of B and the dominant role of E.. show up clearly in this
presentation, while the role of y is minor.

However, this plot allows to observe that the influence of
the electronic-stopping parameters diminishes with decreas-
ing bombarding energy. As a consequence the slope of the
curves in the double-logarithmic plot, Fig. 8,—i.e., the local

PHYSICAL REVIEW B 79, 144115 (2009)

A
1000
£
>
100
10 {
‘ Experimental -4
1 10 100
E/N (keV)

FIG. 9. (Color online) Synopsis of sputter yields per projectile
atom, Y/N, obtained for Au;s impact into Au for various impact
energies per atom, E/N. Experimental data taken from Ref. 34. All
other data obtained by simulation. Data by Samela et al. (Ref. 35)
have been obtained using the CEM potential (Ref. 38) and for elec-
tronic stopping described by the parameters y=0, =1, and E,
=5 eV. Data for S,;=0 by Zimmermann ef al. (Ref. 18) have been
obtained by the Colla (Refs. 16—18) potential. All other data are
results of the simulations presented here using the Colla potential,
and including high-velocity stopping (8 as indicated) above a cut-
off energy of £,.=7.86 eV, and no low-velocity stopping, y=0.

power-law behavior, Y« E"—Aflattens. In the restricted range
of simulations presented, the slope changes from m
=1.0...1.1 for no stopping or LS stopping, over m
=0.9...1.0 for y=0.033 and E.=2.83 or 5.03 eV to m=0.5
for E.=0. Note that the simple analytical sputter-yield law,
Eq. (13), predicts sputtering to cease at E=E;=26.6 keV,
i.e., at E/N=1.8 keV; our smaller impact energy is already
in the vicinity of this energy. Here the spike contribution to
sputtering becomes small and mainly collision cascades con-
tribute to sputtering; this latter process is fast (<1 ps), and
hence electronic stopping has less time to suck energy out of
the atomic system. This explains why the influence of the
electronic-stopping parameters becomes smaller at low ener-
gies.

We conclude that an increased value of 8>0 reduces the
yield, but does not change the slope. This makes sense since
the high-velocity stopping B only acts in the first ps, when
there is still no (or only negligible) sputtering. The yield
reduction itself is monotonic in B and can be read off Fig.
2(a). However, low-velocity stopping y>0 does change the
slope—this means it influences more the 500 keV data than
the 60 keV data. An even more pronounced effect is seen for
small values of E,, which strongly reduces the slope. In sum-
mary, as soon as electronic losses happen during the spike
phase, the linearity in Y(E) is lost.

E. Comparison to experimental data

Sputtering of Au by Au;; impact has been measured at
impact energies between 1-2 MeV,* i.e., only slightly above
the impact energies of our simulations. Besides these data,
three sets of simulation data are included in Fig. 9. The data
by Samela et al.>> are presumably the best data available;
they assume LS electronic stopping (8=1) above a cut-off
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energy E.=5 eV, and y=0 otherwise. The simulation lasted
100 ps; the dynamics of the sputtered material was continued
beyond 2 us, in order to take fragmentation and back depo-
sition of sputtered clusters on the surface into account. The
interatomic potential employed in that study is known to
describe solid Au and also small Au clusters well; the only
disadvantage is the rather high melting temperature (30%
higher than experiment) predicted by this potential. Since the
sputter yield in the spike regime is known to depend sensi-
tively on the melting temperature of the potential,'” this in-
troduces a possible source of error of roughly 30% to these
data. Furthermore we included the simulation results by Zim-
mermann et al.'® with 8=0 and the present simulation results
with B=1. The deviation between the present simulation re-
sults and those of Samela et al. are due to (i) the different
interatomic potential employed; this feature demonstrates the
influence of the interatomic interaction potential on spike
sputtering; (ii) the different simulation time (estimated to af-
fect the result by 30%).

We also include the simulation data obtained with E.=0,
assuming the high-velocity LS stopping to be valid down to
vanishing atomic kinetic energies; as demonstrated above,
this gives only the collision cascade contribution to sputter-
ing but quenches the spike contribution. Clearly these data
underestimate strongly the experimental sputter yields. We
hence conclude that the experimental sputter data contain a
strong and even dominant contribution of spike sputtering.
This comparison thus gives evidence that it is unrealistic to
assume LS stopping to hold down to zero atom energies.

IV. CONCLUSIONS

We investigated the effect of electronic stopping on the
sputtering from metallic targets in the spike regime. As a
concrete example, we studied the sputtering of Au induced
by Auy; clusters with energies of 500 keV and below. We
conclude from our results that the exact nature of the
electron-atom coupling for low-energy (<10 eV, say) atom
motion in solids appears not to be clearly resolved. While a
velocity-proportional frictionlike stopping force is always as-
sumed, the exact value of the proportionality factor is being
debated. As a rule, it is assumed that at small atom energies,
this proportionality factor is considerably smaller than at
high energies. We performed model simulations to quantify
the effect of various electronic loss laws on the sputter yield.

In many, if not all, simulational studies, electronic stop-
ping is included only for atom energies above a cut-off en-
ergy E., where E, is chosen in the range of 5-10 eV. In this
case, electronic stopping only affects the early collision-
cascade phase and the spike which is responsible for the
majority of sputtering is not affected. Even though the yield
reduction due to the inclusion of electronic stopping may be
sizable (up to 50%), the effect of the electronic stopping can
be understood in a simple model: The sputter yield induced
by an impact with energy E, in which the energy Eg is
dissipated to the electronic system, is identical to that with an
energy E—E ., when electronic stopping is ignored.

The effects of electronic stopping become more pro-
nounced, when the cut-off energy E. is lowered. If E, is
smaller than roughly one half the cohesive energy of the
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target, the spike is effectively quenched and does not con-
tribute to sputtering any longer. Still, the collision-cascade
phase—a few ps after impact—contributes to sputtering; the
yield is only on the order of 10% or less of the sputter yield
without electronic stopping. Then, more than 90% of the
impact energy are given to the electronic system of the tar-
get.

It has been debated whether low-velocity atom stopping is
governed by the same stopping law as at higher energies. In
particular, optical experiments give evidence for an electron-
atom relaxation time which may be two orders of magnitude
smaller than the relaxation time governing ion slowing
down. We show that due to the long time scales over which
sputtering proceeds even such a small electron-atom cou-
pling may lead to energy dissipation in the order of 30% and
a comparable decrease of the sputter yield.

Our results demonstrate that a careful modeling of the
electronic stopping is crucial for obtaining a detailed quanti-
tative understanding of spike sputtering. Even the qualitative
nature of the sputtering process changes, i.e., spikes may be
entirely quenched if slow atoms suffer a strong electronic
energy loss. A detailed modeling will require to include the
space and time dependent temperature of the electronic sys-
tem. In the present paper, as in most other simulations, elec-
trons are modeled only as a heat sink. When a finite electron
temperature is taken into account, the electron-atom friction
will be reduced. The small stopping coefficient y adopted in
our study may be viewed as a simple-minded modeling ap-
proach to incorporate in an effective way such a reduced
friction coefficient.

We note that the electron-phonon coupling will depend on
the (thermodynamic) local state of material; it may be differ-
ent in the gas, liquid, and crystalline phases. In more detail it
will depend on the local temperature and density. We note
that Wucher et al.’ have implemented a numerical scheme
to solve the coupled electron and atom dynamics in ion bom-
barded solids. We note two major results of that work: (i) the
computational algorithm is extremely slow, and at the
present time not yet suited to treat the spike sputtering phe-
nomena as in the present work (due to the longer space and
time scales occurring here); (ii) several of the important ma-
terials parameters describing the electron-atom coupling
(such as the electron-phonon coupling and the electron mean
free path) are not available in their full dependence on atom
and electron temperature, atom density, and local atomic dis-
order.

Experimental data appear to be modeled reasonably well
using the conventional coupling scheme, i.e., switching elec-
tronic stopping entirely off below a cut-off energy. In par-
ticular, this agreement gives evidence that it is unrealistic to
assume electronic stopping to be operative with the same
high stopping constant as for higher energies. A drop of the
stopping constant by 2 orders of magnitude is consistent with
the experimental data.
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