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Abstract

Using the MD/MC-CEM potential we have investigated the impacts of 20 keV Ag13 cluster ions on (001) silver surfaces having one
initial crater. This one was made in the zeroth ion impact. The degree of annihilation of the initial crater was investigated as a function of
the lateral distance ri between the crater and the ion. The impact points were selected randomly inside a circular area with a radius of
75 Å centered on the crater. To reduce the total number of simulations, the circular area was divided into annuli. The initial and final
atomic positions in the impact simulations were analyzed and the degree of annihilation of the initial crater was determined. The results
indicate that for r [ 60 Å there is a net growth of the initial crater, and for distances r 2 (60,80) Å there is a small net filling of the crater.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

For anyone equipped with a good pair of binoculars and
an intuitive understanding of collision physics, it is not dif-
ficult to believe that some incomplete circular structures
embedded into the surface of the Moon constitute the
remains of craters partly destroyed by later meteorite
impacts. Although ion-induced nanoscopic craters on sol-
ids are many magnitudes smaller in size, the essential fea-
tures – such as size and shape – obey similar laws as for
the macroscopic craters (see [1] for references). Therefore
it is not surprising that also nanoscopic craters can be
partly or fully destroyed by later projectile impacts.

Irradiation experiments on dense metals show that
xenon ions with energies between 50 and 400 keV incident
on gold give rise to craters as well as destroy earlier ones –
either completely or partly – in a single step [2,3]. The prob-
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ability that a single ion was able to cause the formation of a
crater was found to be 2–5%, leading to the conclusion that
most ions annihilate craters instead of creating new ones.
With the assumption that all ions are capable of annihilat-
ing craters, Donnelly and Birtcher [3] conclude from an
analysis of transmission electron microscopy (TEM)
images that a single xenon had an annihilation cross-sec-
tion of ra = 1/(fs) � 85 nm2 for small craters with a radius
of R0s � 22 Å. Here f = 2.4 · 1015 m�2 s�1 is the ion flux
and s = 4.9 s is the lifetime of the craters present on the
area under investigation. The interpretation of this is,
according to the authors, that an ion impacting within a
distance of about 50 Å of a small crater, will annihilate this
crater. This distance corresponds to 2:3R0s.

In this study we have investigated the crater annihilation
efficiency of 20 keV Ag13 cluster ions incident on (001) Ag
surfaces displaying one initial (initial) crater with the radius
Rs � 28 Å. The present results indicate that for a lateral
crater–ion distance of r [ 60 Å � 2.1Rs there is actually
a net growth of the initial crater, and for distances
r 2 (60, 80) Å � (2.1Rs, 2.9Rs) there is a small net filling of
the crater.
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2. Computational methods

2.1. Simulation for the development of the initial crater

For the simulation of the development of the initial cra-
ter, a face-centered cubic (FCC) silver target with 72 con-
ventional unit cells in the x and y directions, and 36 cells
in the z direction, was created. This gave a total of
746,496 atoms. The lattice parameter a at 300 K and zero
pressure was used, giving the substrate dimensions
Lx = Ly � 297 Å and Lz = 148 Å. The same a was used
to create the impinging icosahedral cluster, which was ran-
domly rotated and placed at about 25 Å above the surface.
Periodic boundary conditions were used in the x and y
directions. This left two open surfaces in the z direction.
To remove one of these, the atoms in a 5 Å thick region
at the lower z boundary were kept fixed at all times. In this
way the lower surface of the target was removed, leaving
only one true surface.

At the start of the simulation, a total energy of 20 keV
(1.5 keV/atom) was given to the cluster. The momentum
vector was antiparallel to the z axis. The target was con-
structed using the lattice parameter a = 4.12 Å correspond-
ing to 300 K, but the simulation cell was not equilibrated at
this temperature before the irradiation event. Therefore the
cell had an initial temperature of 0 K. In order to model the
dissipation of heat and pressure into the medium surround-
ing the cascade, the Berendsen temperature control method
[4] was used: The atoms in a 2a thick region directly
adjacent to the layer of fixed atoms at the bottom of the
simulation cell – and the atoms at all the periodic bound-
aries – were subjected to velocity scaling. In this way the
temperature in these regions tended to 300 K.

The Corrected Effective Medium potential tailored for
molecular dynamics and Monte Carlo calculations – abbre-
viated MD/MC-CEM – was used for the calculations. See
[5–9] for the complete decsription of the CEM and MD/
MC-CEM potentials. The form used in the present calcula-
tions is based on the work by Kelchner et al. [10]. The MD/
MC-CEM potential does not rely on empirical inputs to
the same extent as the Embedded Atom Method potential
[11–15], which also is an effective medium potential. The
MD/MC-CEM potential is fitted to ab initio bulk and
experimental dimer properties, and should therefore give
a better description of e.g. surface phenomena than the
EAM potential.

In the simulations, the loss of energy due to collisions
with electrons was accounted for by using the electronic
stopping function constructed by Ziegler, Biersack and
Littmark [16]. The stopping was applied to all atoms with
an energy of 5 eV or higher.

The energy deposited by the ion heated the target to an
average temperature of 220 K after the first 10 ps. The sim-
ulation was ended at 50 ps, when the cascade had subsided.
The system was then equilibrated to 300 K during an addi-
tional simulation time of 2 ps. After this, all sputtered
atoms were removed.
2.2. Simulation of ion–crater interaction

For the simulations of cluster ions impacting on the ini-
tial crater, the same conditions for atom fixing and cluster
position as above were used. However, the regions where
the temperature was controlled was enlarged: the thickness
of the region above the fixed layers was increased to 8a,
and the thickness of the regions at the side walls was
increased to 4a. This was done in order to ensure a very
effective dampening of the pressure wave caused by the
ion impact. In addition, the simulation time was extended
to 80 ps to make sure that the system had time to be
relaxed at 300 K for tens of picoseconds.

The impact points for the 13-atom randomly oriented
silver clusters were selected inside a circular area with the
radius 75 Å centered on the initial crater. To reduce the
total number of simulations, the circular area was divided
into annuli with thickness of d = 5 Å. The distance from
the initial crater to any annulus – the ‘‘binned’’ lateral dis-
tance – was

ri ¼ iþ 1

2

� �
d; ð1Þ

with i = 0, . . . ,14, resulting in min(ri) = 0.5d = 2.5 Å and
max(ri) = 14.5d = 72.5 Å. In order to keep the number of
simulations at a minimum, an impact probability of
p = N/A · pd2 = 0.49 was selected. Since the area of each
annulus was

A ¼ pððiþ 1Þ2 � i2Þd2 ¼ pð2iþ 1Þd2: ð2Þ

this resulted in

N ¼ pð2iþ 1Þ � i ð3Þ

ions per annulus.
Before any simulation started the substrate was shifted

in the x and y directions, such that the ion always impacted
at (x,y) = (0,0), and the initial crater was located at (rcosh,
rsinh). The ‘‘direct’’ lateral distance r 2 [0, 75] Å and the
angle h 2 [0,2p) were chosen randomly.

2.3. Analysis of crater annihilation

The initial and final positions of the atoms were ana-
lyzed for vacancy clusters. The initial configuration
always had one vacancy cluster, corresponding to the ini-
tial crater. The number of vacancies in this crater was
denoted N0. In the final configuration there were one or
two craters. The one that intersected the initial crater was
called ‘‘old’’. Any second crater was called ‘‘new’’. The
number of vacancies in the old (new) crater was denoted
M1 (M2).

The relative change in the size of the initial crater is
defined as

f � M1 � N 0

N 0

: ð4Þ
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The relative change in total crater volume is

fV �
M1 þM2

N 0

: ð5Þ

The removal fraction of the initial crater is equal to

fr �
N r

N 0

; ð6Þ

where Nr is the number of vacancies that have been
removed from the initial crater. This can be used as an intu-
itive measure of the filling-in of the initial crater, but it has
to be kept in mind that any added – new – vacancies are
not accounted for in this quantity.

The results from these calculations are obtained as a
function of the binned and direct lateral distances ri

and r, respectively, between the cluster ion and the initial
crater.
Fig. 1. Targets after a single-ion irradiation of the initial crater, for later
3. Results and discussion

3.1. The initial crater

Vacancy analysis of the initial crater showed that the
topmost circular layer of the cluster contained 289 vacan-
cies. Using a surface density of r = 2/a2, with a = 4.12 Å,
the radius of the top layer becomes Rs = 27.9 Å � 28 Å.
The depth of the crater is h = 26.8 Å. For a single linear-
size measure of the crater the weighted average (Rs + 2h)/
3 = 27.5 Å � 28 Å � Rs may be used.

3.2. Change in the size of the initial crater

The final state of targets with a initial crater irradiated
with a cluster ion is shown in Fig. 1, for several different
crater–ion distances. The initial crater has not received
al crater–ion distances of (a) r = 25 Å, (b) r = 50 Å and (c) r = 75 Å.
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much filling material. Instead a second crater intersecting
the initial one is usually formed.
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3.3. Relative change in the size of the initial crater, f

The relative change f in size of the initial crater is shown
in Fig. 2 as a function of the binned and direct lateral dis-
tance between the crater and the incident ion. The incident
ion will make the initial crater (i) smaller or (ii) larger,
resulting in f taking both negative and positive values.
20 30 40 50 60 70 80

ri, crater-ion distance (A)

0.8f V
,r

el

2.0

2.2

er
vo

lu
m

e

b

3.4. Relative change in total crater volume, fV

The relative change fV in the total crater volume is
shown in Fig. 3. An ion incident on a point far from the
initial crater will give rise to a similar crater as the initial
one, resulting in fV taking a maximum value close to 2.0.
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3.5. Removal fraction of the initial crater, fr

The removal fraction fr of the initial crater is shown in
Fig. 4. An ion incident on a point far from the initial crater
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Fig. 2. Relative change in the size of the initial crater, as a function of the
(a) binned and (b) direct lateral distance between the crater and the cluster
ion. The broken line is a guide for the eye. The vertical lines mark integer
multiples of the radius Rs of the initial crater. The data are from 68
simulations. Single data points have been given an uncertainty of 10%.
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Fig. 3. Relative change in the total crater volume, as a function of the (a)
binned and (b) direct lateral distance between the crater and the cluster
ion. Other details are identical to those in Fig. 2.
will not be able to fill it substantially, resulting in fr

approaching 0.0. The estimate by Donnelly and Birtcher
for 50–400 keV xenon ions incident on gold is also dis-
played. In this case the critical radius 2:3R0s (mentioned in
Section 1) for annihilation has first been converted to the
dimensionless quantity 2.3 and then to the (dimensional)
value 2.3Rs. Please note the different crater radii R0s and Rs.
3.6. Summary of findings

The results in Figs. 2 and 3 show that a cluster ion inci-
dent very close to the initial crater will not annihilate it, but
instead make it somewhat larger. However, it should be
kept in mind that ‘‘larger’’ does not necessarily mean a cra-
ter with larger radius or depth, but simply a crater (the ini-
tial one) with added vacancies at the bottom, on the sides,
or in a surface cluster connected to it. The increase in vol-
ume of the initial crater is largest when the lateral distance
between the cluster ion and the initial crater is about twice
the radius of the latter one, i.e. for r � 2Rs � 55 Å.

When the distance is increased, the new crater becomes
disconnected from the old one, which now receive filling
material through the crater formation process initiated
by the incident ion. As the distance is increased, the
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Fig. 4. Removal fraction of the initial crater, as a function of the (a)
binned and (b) direct lateral distance between the crater and the cluster
ion. The caption ‘Donnelly et al.’ refers to [3]. It should be noted that the
scale of the y axis is different from those of the other figures. Other details
are identical to those in Fig. 2.
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interaction between the initial crater and the ion becomes
weaker, resulting in decreased filling, and f approaching
0.0 for r � 2.7Rs � 75 Å. At the same time, the surface
topography changes from two connected crater-like forms
into two separate craters, which results in fV � 2.0, see
Fig. 3.

The intuitive measure for crater annihilation, fr, plotted
in Fig. 4, suggests that about 30% of the vacancies in the
initial crater are destroyed when a cluster ion impacts at
distances r 2 (0,65) Å. The annihilation fraction then
decreases to about 10% at a distance of about 75 Å. For
larger distances, the value fr must naturally approach 0.0.
These results show some agreement with the estimate of
Donnelly and Birtcher [3], who found that ions impacting
at a lateral distance smaller than 2.3 times the crater radius
would annihilate the initial crater, which had a radius of
about R0s ¼ 22 Å. This converts to fr = 1 for r 2 ð0; 2:3R0sÞ
and fr = 0 for r > 2:3R0s, with unknown and possibly large
uncertainties. The important quantity in the comparison is
the critical distance rc at which the annihilation ratio drops
from nonzero to close to zero. The present results give
rc � 70 Å � 2.5Rs. Despite the differences in target materi-
als and ion species and energies, the present results and that
by Donnelly and Birtcher are in good agreement concern-
ing rc.

The main discrepancy between the present results and
those of Donnelly and Birtcher [3] is the amount of filling
or annihilation of the craters, despite the similar crater
radii. The main reason for this is most likely the different
ion types – atom versus cluster – and energies. The
20 keV Ag13 ions do not penetrate very deep into the Ag
target. Instead they cause the excavation of a hemispherical
region right at the surface. The displaced material is either
ejected or deposited at the crater rim. In any case, there is
not much molten material able to flow around and smooth
out any neighboring crater. Similar effects occur when
meteorites hit pre-existing craters on e.g. the Moon, since
also in this case the ‘‘ion’’ (the meteorite) consists of many
units common to both the projectile and the target. On the
other hand, the 50–400 keV Xe ions have a range of 100–
510 Å according to MDRANGE calculations [17], which
is much larger than the radius R0s ¼ 22 Å of the correspond-
ing (small) craters. The displaced hot target material below
the surface has nowhere else to go but upwards to the sur-
face. It is conceivable this material fills up the ion track and
possibly spill up onto the surface. Seen from the initial
direction of the ion the crater may seem partly or fully
annihilated.

More results, with improved statistical significance and
details of the annihilation and expansion of the initial cra-
ter will be published elsewhere.

4. Conclusions

Molecular dynamics simulations of Ag13 clusters inci-
dent on a Ag(001) surface at normal incidence show that
initial craters (with a radius of about Rs � 28 Å) are made
larger when the lateral distance r from the ion to the crater
is �2Rs or smaller. For distances up to �2.7Rs, the initial
crater is partly annihilated, with the degree of annihilation
decreasing in magnitude with increasing distance.

The molecular dynamics calculations presented in this
article have been carried out in the CSC’s computating
environment. CSC is the Finnish IT center for science
and is owned by the Ministry of Education.
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