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Self-sputtering of solid xenon has been studied with molecular dynamics simulations as a model
system for the transition from dominantly linear to strongly nonlinear effects. The simulation covered
the projectile energy range from 20 to 750 eV. Within a relatively narrow range from 30 to 250 eV,
nonlinear features such as high collision densities in the sputtering volume, amorphization of the
crystalline structure, and an enhanced emission of low-energy atoms occur gradually.

PACS numbers: 79.20.Nc, 47.20.Ky

Erosion of solids by an ion beam leads to a variety
of phenomena. The ejection of target particles (i.e.,
sputtering) as a result of ion bombardment is caused
typically by momentum transfer to a target atom that
initiates a sequence of collisions so that some atoms in
motion eventually leave the solid [1-3]. The behavior
of such a collision cascade is critically determined by the
density of collisions between the primary particle and the
target atoms, and by the binding energy of the atoms to
the lattice site. For typical target materials as, e.g., metals,
atoms are bound to the lattice site with a binding energy
of a few eV. Sputtering of these materials by not too
heavy keV ions occurs almost exclusively due to linear
collision cascades. In a linear cascade each atom set in
motion collides with an atom at rest.

A typical nonlinear case occurs for ion bombardment
of a frozen gas. Because of the low cohesive energy,
the majority of atoms within the primary collision volume
are set in motion, and each atom is likely to collide with
other moving atoms. Such behavior has been observed
experimentally in several cases [4—8] and has also been
treated theoretically by a number of authors [9-12]. Solid
xenon is particularly appropriate for a study of linear
and nonlinear effects in sputtering. The cohesive energy
is not too small (160 meV/atom) so that sputtering by
incident xenon ions via linear collision cascades alone
is expected to be produced by experimentally accessible
energies around 50 eV. At sufficiently high primary
energies, the nonlinear behavior will be dominant.

In the linear cascade regime it is possible to describe
the evolution of the system with a linearized Boltzmann
equation [3,13]. With enhanced collision density and de-
creasing cohesive energy of the target, nonlinear effects
become increasingly important [9,13,14]. Then, the non-
linear terms in the Boltzmann equation can no longer be
neglected.
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The present work shows for the first time how it is pos-
sible to follow the sputtering process in the same system
from a strictly linear to a nonlinear behavior within a rela-
tively narrow range of primary energies with the same
method. The study has been performed by molecular dy-
namics simulations which allow us to deduce important
quantities during all stages of the sputtering process [15—
17]. Furthermore, the system has the advantage that rele-
vant experimental data are available, and it turns out that
the agreement between the calculations and the existing
data is good.

Simulations of 20, 30, 60, 100, 250, 400, and 750 eV
Xe — Xe bombardment were carried out for an angle of
incidence of 0° and 60°. The size of the sample varied
from 1536 atoms at 20 eV up to 56448 atoms at 750 eV
(cf. Table I for details). An increased number of target
atoms did not influence the results in a significant way.

The target had been equilibrated at T.q = 15 K be-
fore it was hit by the projectile. After the impact, the
energy dissipation from the target to the environment
was controlled by the coupling of side and bottom layers

TABLE 1. The yields obtained in the simulation of Xe —
Xe sputtering. E, is the projectile energy, 6 is the angle
of incidence, Y is the sputtering yield, Ng is the number of
simulated events, and N, is the number of target atoms.

Ey (eV) 0 Y Ng Na
20 0° 34 =03 300 1536
30 0° 6.2 *04 950 1536
60 0° 11.5 £ 2.1 60 2268

100 0° 31.6 £ 3.1 100 2268
250 0° 47.2 = 35 80 6760
250 60° 484 =23 100 6760
400 0° 61.2 £ 17.7 30 20800
750 0° 168.7 = 16.3 40 56448
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of the simulated sample to a Langevin heat bath of tem-
perature Teq [18]. The strength of the coupling con-
stant corresponded to the heat diffusivity of Xe at 15 K,
which equals to 480 A2/ps.

Since momentum transfers along crystallographic direc-
tions are expected to play an important role, a crystalline
target was modeled in order to incorporate structure ef-
fects. The atoms were arranged in an fcc lattice with a
lattice constant of 6.13 A [19]. The results were aver-
aged over (100), (110), and (111) crystal faces and over
the direction and the point of projectile impact relative to
crystal orientation. The number of events simulated for a
given energy is shown in Table I. All interactions were
modeled by the X2 potential due to Barker et al. [19],
splined with the KrC potential [20] around 1 eV. The po-
tential was cut off at 10.5 A.

In our molecular dynamics code [21] the velocity Verlet
algorithm [22] with variable time step was used to integrate
the equations of motion. The time step was adjusted to the
maximum allowed displacement, 0.04 A, per integration
step. The atoms were assumed to be sputtered after having
crossed a detector plane situated at 12 A (farther off than
the cutoff distance) above the target surface.

The impact of an energetic ion on the surface of a
sample initiates collision cascades. Depending on the
energy of the incoming projectile, the density of the
cascades varies dramatically. In Fig. 1 we show the dilute
“linear” cascades produced after a 30 eV projectile impact
and the dense system of atoms created after a 250 eV
impact. The figure shows side views of the simulated
samples at 2 ps after the projectile impact. The radius
of the atoms drawn in the figure is proportional to their
kinetic energy up to a maximum radius corresponding
to the well depth of the interaction potential Upy =
0.023 eV. Within a distance of 30 A from the point
of impact, the fraction of atoms with kinetic energy
exceeding Upo is, within this region, about 5% for 30 eV
and 50% for 250 eV. This means that collisions between
moving atoms are very likely to occur in the latter case.

A large number of collisions destroys the crystal
structure in the dense collision region. This can be
demonstrated by examining the pair correlation function
g(r) [15] and the mean square displacement

MSD(r, 1) = >
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FIG. 1. The state of Xe fcc (100) solid observed 2 ps after 30 and 250 eV Xe projectile impacts. The atoms are visualized as
spheres with a radius proportional to their kinetic energy (up to energy U,y = 0.023 eV, above which it remains constant). In
addition, the spheres are made brighter with increasing energy. The incident projectile is visible as a large, dark sphere. Both top
(XY) and side views (XZ) through all atomic planes of the crystal are shown. Only the central part is shown.
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FIG. 2. (a) The pair correlation function of an fcc (100) Xe

crystal, determined before (dashed line) and 8 ps after 30
and 250 eV Xe projectile impacts (solid line). (b) Mean
square displacement of the atoms from their initial positions,
determined 8 ps after the impacts, as a function of distance from
the place of impact. In (a) and (b) only the atoms remaining
in the solid within a 30 A radius from the place were taken into
account.

with rinpace being the ion impact point on the surface.
The plots of MSD(r,t = 8 ps) for the chosen 30 and
250 eV are shown in Fig. 2(a). The damage produced
by the 250 eV impact is much more severe and the
damaged volume much larger (about 30 A diameter) than
in the 30 eV case. In Fig. 2(b), g(r) of the bombarded
sample (within the 30 A sphere) before the ion impact
and 8 ps after the ion impact is shown. For the 30 eV
case we see that g(r) does not change considerably so
that the crystal order is conserved after the low-energy
impact. For the 250 eV case we get a very different
picture: g(r) exhibits a shape characteristic for a liquid
with no long-range order. A similar behavior of g(r)
was observed by Diaz de la Rubia et al. in simulations
of keV displacement cascades in Cu and Ni [23]. The
structural changes induced by 250 eV bombardment imply
the existence of dense collision cascades, characteristic for
a nonlinear regime.

The differences observed in the behavior of the solid
for 30 and 250 eV impacts strongly influence the ex-
perimentally attainable quantities such as the sputtering
yield and the energy spectra of ejected particles. In order
to check the validity of the calculations performed, we
have compared our results with the experimental results.
At low bombardment energies, where no experimental
data are available, the results have been compared to the
linear theory (with KrC stopping cross section) [3], as the
observed behavior of our system is dominantly linear. It
turns out that both the sputtering yields and the energy
spectra of the sputtered atoms at energies up to 60 eV
agree well with the linear theory. This is shown in Figs. 3
and 4. The lowest energy at which the sputtering yield for
Xe — Xe system is determined experimentally is 750 eV
(normal incidence) [6]. The yield of 168 atoms per impact
is in reasonable agreement with a value of 112 atoms/ions
obtained in Ref. [6]. Also, the energy spectra of the sput-
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FIG. 3. The sputtering yield obtained from the present simula-
tion (squares) and from linear collision cascade theory (dashes)
[13], given as a function of the incident energy.

tered atoms agree well with experimental measurements
[5]. As an example, we present a comparison between
a simulated and an experimental energy spectrum for
250 eV at 60° incidence in Fig. 4(c).

The discrepancy between the predictions of the linear
theory and the results of the simulation increases with
projectile energy; this can be seen in the yields presented
in Fig. 3 and in Table I, as well as in the energy
spectra presented in Fig. 4(c). However, even at high
impact energies a significant contribution from the linear
processes exists. Since this contribution comes from
atoms sputtered as a result of energetic collision cascades,
it should only be present in the flux of atoms ejected
soon after the ion impact, i.e., until approximately 2 ps in
our case (which is about the time when a dense collision
region in the sample is established, as demonstrated in
Fig. 1). In order to extract the linear contribution, a
double-detector system was established to keep track of

250eV/0°

30ev/0° | 1 b lc o 250eV/60°

differential flux (arb. units)

{

TTT TTTT

NP B peaLL raat peasty st IR UL b aat peaad et
10 10 1 10 10 1 m£ 10 1
energy (eV)

FIG. 4. The simulated energy spectra of atoms sputtered from
solid Xe by 30 and 250 eV Xe projectiles. The spectra
are shown for various incident energy and angle-of-incidence
combinations. (a) and (b) For normal incidence, the spectra
taken 2 ps after the ion impact and the total spectra are
presented. The difference between the spectrum of atoms
sputtered during the first 2 ps after the impact and the spectra
formed by all ejected atoms is darkened. The best fit of the
Thompson-Sigmund curve [13] is presented by a dashed line.
(c) the 60° incidence spectrum is compared with experimental
data of Pedrys [5].
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the time when a particle was emitted from the surface.
This has been implemented as follows: At 3 A above
the target surface, a “trigger” detector was situated; for
all atoms crossing this plane the time of crossing was
recorded. If the atom passed the second plane at 12 A,
it was assumed to be sputtered, but its emission time was
taken from the data recorded by the trigger detector.

Given this information, we could find the number of
sputtered atoms vs time of their emission for various
projectile energies. We can learn from these data that
almost 80% of all atoms sputtered with 30 eV projectiles
were emitted in the first 2 ps of the duration of the
process, compared to approximately 60% for 250 eV
bombardment, which means that a significant number of
atoms have been sputtered as a result of long-lasting,
nonlinear processes in the latter case.

The energy spectra of atoms emitted within 2 ps
after the 30 eV (or 250 eV) impact are compared to
the spectra of all sputtered particles in Figs. 4(a) and
4(b), respectively. Again, it can be seen that the atoms
emitted within the first 2 ps for both 30 and 250 eV
form energy spectra that fit the linear Thompson-Sigmund
curve [3]. The total spectrum of atoms sputtered from
30 eV bombardment shows almost no difference with the
2 ps spectra, in contrast to the 250 eV spectra where a
significant low-energy part of the spectra is built up as a
result of long-lasting nonlinear processes.

In summary, we have identified the transition from a
dominantly linear sputtering process at 30 eV and below,
up to a strongly nonlinear behavior at 250 eV and above.
With increasing primary energy, the nonlinear features
are discernable from the relative enhancement of the
total yield and from the number of particles emitted with
low energy. However, the most striking change can be
observed for the behavior of the system in the near-
impact volume, which changes from a dilute collision
cascade behavior to a dense system of energetic particles
in motion. Sputtering of xenon is an ideal case for these
types of calculations. The results may be representative
for other materials as well, since the energy losses in our
system are purely elastic.
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FIG. 1. The state of Xe fcc (100) solid observed 2 ps after 30 and 250 eV Xe projectile impacts. The atoms are visualized as
spheres with a radius proportional to their Kinetic energy (up to energy U,y = 0.023 eV, above which it remains constant). In
addition, the spheres are made brighter with increasing energy. The incident projectile is visible as a large, dark sphere. Both top
(XY) and side views (XZ) through all atomic planes of the crystal are shown. Only the central part is shown.



