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Abstract

The interpretation of helium ion microscopy (HIM) images of crystalline metal clusters requires
microscopic understanding of the effects of He ion irradiation on the system, including energy
deposition and associated heating, as well as channeling patterns. While channeling in bulk metals
has been studied at length, there is no quantitative data for small clusters. We carry out molecular
dynamics simulations to investigate the behavior of gold nanoparticles with diameters of 5-15 nm
under 30keV He ion irradiation. We show that impacts of the ions can give rise to substantial
heating of the clusters through deposition of energy into electronic degrees of freedom, but it does
not affect channeling, as clusters cool down between consecutive impact of the ions under typical
imaging conditions. At the same time, high temperatures and small cluster sizes should give rise to
fast annealing of defects so that the system remains crystalline. Our results show that ion-
channeling occurs not only in the principal low-index, but also in the intermediate directions. The
strengths of different channels are specified, and their correlations with sputtering-yield and
damage production is discussed, along with size-dependence of these properties. The effects of
planar defects, such as stacking faults on channeling were also investigated. Finally, we discuss the
implications of our results for the analysis of HIM images of metal clusters.

Keywords: helium ion microscope, ion irradiation, sputtering-yield, channeling, gold
nanostructures

(Some figures may appear in colour only in the online journal)

1. Introduction

As compared to their bulk counterparts, nano-objects, such as
atomic clusters, and nanostructured materials possess unique
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properties related to size-quantization effects [1, 2] and high
surface-to-volume ratio. This provides vast opportunities for
tuning their optical and electronic properties for a wide range
of applications, including optoelectronics and catalysis,
through only changing the system size [3, 4].

The properties of nanomaterials can further be tailored by
beams of energetic particles, such as electrons or ions, see
[5-7] for an overview. lon irradiation and implantation, which
are routinely used nowadays in the semiconductor industry,
work particularly well in this case, as system size is com-
parable to or less than the typical ion range of ions in the

© 2019 IOP Publishing Ltd  Printed in the UK
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commercially available accelerators, so that the whole system
can easily be treated by the beam.

At the same time, low-dimensional systems, such as
clusters or sheets of graphene or transition metal dichalco-
genides do not behave as bulk materials under irradiation, as
numerous experiments and simulations indicate [§—14]. Due
to a small system size with respect to ion ranges in the
corresponding bulk material, only a part of ion energy can be
adsorbed by the target, so that the cross section for defect
production decreases with increasing ion energy. The evol-
ution of the target structure under ion irradiation can also be
different due to high forward and sideward sputtering rates,
reduction or absence of collisional cascades and longer life-
times of electronic excitations in the target.

For crystalline nanosystems, interaction of the ions with
the target will also be affected by its orientation with respect
to the incident ion beam direction, the so called channeling
effects, when ions move between the rows of atoms and
consequently peneterate much deeper and lose less energy
[15, 16]. Although this phenomenon is well-understood for
bulk systems [15-19], channeling may be different in nano-
systems, and specifically metallic clusters, due to surface
reconstructions, different annealing rates of point defects and
beam heating of small clusters with a limited heat transfer to
the environment.

An additional motivation to study channeling, that is the
effects of cluster orientation with respect to the incident beam
direction, is helium ion microscopy (HIM) [20-22], a modern
tool based on a gas field ionization source. HIM can provide
valuable information on the morphology, composition and
structure of nanoparticles, which it is critical for their efficient
application and also to address toxicological questions related
to the increased use of nanoparticles in consumer products,
medicine and nutrition [23, 24]. HIM is employed for ima-
ging as well as patterning of conductive and insulating
materials at the nano-scale [20, 25-27]. The orientation of the
crystalline targets should be accounted for in the interpreta-
tion of HIM or focused ion beam (FIB) images [28]. In
particular, channeling can increase the final image contrast by
a factor of two [29, 30] and might be used to obtain infor-
mation on the crystal orientation of the target [29, 31]. This
contrast between channeling and non-channeling conditions
can be utilized to reveal details about the atomistic structure
of the sample [32].

To achieve this aim, a comprehensive description of the
irradiation process in HIM is required, which is the main
scope of our study. To this end, several questions arise: How
do small metal clusters behave under He irradiation for typical
ion energies (30 keV) used in HIM? Does channeling occur in
systems where surface atom reconstructions take place or that
contain extended 2D defects such as stacking faults, and if so
what are channeling and non-channeling directions, and what
is the difference? Will channeling be affected by beam-
induced heating? Are such behaviors size-dependent?

Molecular dynamics (MD) studies on gold nanoparticles
under heavy ion irradiation (such as Au ions/clusters, Ga and
Ar) have been reported [33-38], and MD simulations [39] of
He ion irradiations of silicon and tungsten crystals have been

carried out in the context of channeling contrast simulations
of HIM images. However, none of these studies have con-
sidered light ion irradiation (e.g. He ions) of gold nanoclus-
ters. At the same time, it is well known that the behavior of
the target under light ion irradiation is different from that
under heavy ion bombardment [40—44].

In the present study, we perform empirical potential MD
simulations to investigate freestanding gold nanoclusters of
different sizes under 30 keV He ion irradiation to address the
above-mentioned issues and get insights into ion-target
interaction in HIM and to provide the data required to inter-
pret the experimental HIM images. As channeling maps for
nanoclusters obviously cannot be obtained from ion depth
profile as the target dimensions are smaller than the typical
ion range, we instead derive these maps via ion energy-loss
calculations. Our results show that ion-channeling in small
systems occurs not only in the principal low-index directions,
but also in the intermediate ones. The strengths of different
channels are specified, and their correlations with sputtering-
yield and damage production are discussed. Channeling pat-
terns are correlated with the intrinsic structural symmetries
and the influence of 2D defects on the final channeling pattern
is studied. Finally the size-dependence of the results is
addressed.

2. Method

Empirical potential MD simulations using the LAMMPS
computational package [45] were performed as detailed
below.

2.1. Interatomic potentials

To describe interaction between Au atoms, we employed an
embedded-atom method (EAM) potential [46]. As the
separations between the atoms and ions can be very small in
high-energy collisions, and because ‘standard’ potentials may
not be accurate at small inter-atomic distances, the EAM
potential was splined to the Ziegler—Biersack—Littmark [47]
universal potential and test calculations were made. The
results for channeling effect studies were essentially the same,
indicating that the EAM potential is well suited for describing
ion-target atom collisions.

2.2. Electronic stopping

The slowing down process of energetic particles into matter is
traditionally separated into elastic collisions with target nuclei
and inelastic interactions with electrons, which gives rise to
electronic excitations in the target. The electronic stopping
power for light He ions with keV energies is always dominant
over nuclear stopping contribution. Nevertheless, as we show
below, the direct effects of electronic stopping on ion chan-
neling pattern is negligible for small clusters, as the ion loses
only a few percent of its kinetic energy.

At the same time, the deposited energy is converted to
heat, which may indirectly affect the behavior of clusters
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Figure 1. (a) Atomistic structure of a gold nano-cluster with a
diameter of 5 nm. High symmetry faces and incident ion angles are
shown. (b) Irreducible areas used in the ion impact simulations on
{100}, {110}, and {111} surfaces.

under irradiation and the channeling pattern. The typical time
scale for the impinging ions to go through the target is of the
order of femtosecond, while the typical time scale for elec-
tron-phonon energy exchange is in the picosecond range.
Consequently, the energy deposted by the ion through elec-
tronic stopping should not affect the propagation (i.e. direc-
tion) of that ion through the system and thus the related
channeling effects. However, the deposited energy may give
rise to heating or even melting of a small cluster, which may
influence defect annealing and, potentially, if the beam cur-
rent is high enough, the propagation of the next ion through
the system. Considering this, we we carefully analyzed pos-
sible size-dependent heating of the clusters.

2.3. Analysis of atomic configurations after ion impacts

Distortions from pristine configuration can be detected
through the calculations of the centrosymmetry parameter
[48]. In this approach, the parameter is zero for the perfect
structure and increases for higher displacements of the sub-
strate atoms. This is an appropriate tool to recognize and
analyze defects in a distorted structure in a systematic
way [49].

2.4. Simulation setup

Freestanding gold nanoclusters of 5, 10 and 15 nm sizes in
diameter, containing 4501, 35325 and 118293 gold atoms
respectively, were constructed using the Wulff method, where
each cluster is terminated by the three main faces ({100},
{110} and {111}) (figure 1). The Wulff structures studied in
this work were optimized using the above-mentioned inter-
atomic potential before any channeling simulations. Given
that the potential is well tested and the results obtained using
that potential were found to be in agreement with the exper-
imental data, especially for surfaces and surface reconstruc-
tions [46], one can expect that the structures we considered

represent well the experimental clusters. The energy of He
ions was chosen to be 30 keV, the typical ion energy in HIM.

Taking an appropriate irreducible area, the impacts of
energetic He ions into the clusters were simulated. In order to
collect enough statistics, 1000 simulations per irreducible
area, for every pair of incident polar and azimuthal angles
(6y and ¢q, respectively), were performed as shown in
figure 1. An adaptive time-step method for impact simulations
has been used as implemented in LAMMPS.

3. Results and discussions

3.1. Electronic stopping and heating of the clusters

The average energy E,.,, lost by the impinging ion passing
through a spherical cluster of radius R is

Edep = %SeR’ (1)

where S, is the electronic stopping power.

Assuming that all deposited energy remains in the system
and is not carried away by the emitted energetic electrons or
sputtered atoms, the total additional kinetic energy Ej;, of the
atoms in the cluster is

1
Ekin = EEdepa (2)

where the factor 1/2 is added due to the equipartition theorem
and accounts for the potential energy degrees of freedom.

At the same time, for a cluster composed from N atoms in
thermal equilibrium

Eyin = %kB TN, 3)

where kg is the Boltzmann constant and T is the temperature
of the system.
The temperature increase AT can then be expressed as

Ar =[5 @)
3kgmp ) R?

where p is the density of the cluster material (assumed to be
the same as in bulk gold), and the scaling factor «;
0 < a < 1 was introduced to account for energy dissipation
into the environment. We stress that energy conversion from
the electronic degrees of freedom into phonons should be
very efficient in metallic systems, so that one can expect that
little energy will be dissipated into the environment through
thermal conductance and black body radiation before the
cluster reaches the thermodynamic equilibrium.

Assuming that the cluster was at room temperature
Ty = 300 K before the impact, and T = T + AT after the
impact, by using equation (4) and the data on S, provided by
SRIM [50], one can estimated T after the impact of the ion
and compare it to the melting point of Au clusters. In figure 2
the results of our calculations for typical He ion energies and
the experimental data taken from [51] are shown.

It is evident that irradiation can substantially increase
T, but for the He ion energy considered (30keV,
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Figure 2. Maximum increase in temperature of Au clusters induced by the energy deposited by a 30 keV He ion through electronic stopping
as a function of cluster radius. Experimental data on melting temperature of Au clusters [S1] is presented as well. Temperature increase was
evaluated assuming no dissipation and dissipation of 50% of heat into the environment through thermal conductance and black body

radiation.

S,=1621eVA™") and without any energy dissipation
(a = 1), even the smallest considered clusters will remain
crystalline. Moreover, high temperatures indicate that
annealing of point and extended defects will be very efficient
due to their migration and annihilation at the cluster surfaces.
At the same time, for the typical current used in HIM of about
1 pA and a pixel size of 1 x 1nm, the characteristic time
between collisions of ions with clusters of few nanometers in
diameters are of the order of tens of nanoseconds, which is at
least two orders of magnitude longer than the typical time #, ~
of cooling the clusters through heat dissipation into the sub-
strate. This time scale can be estimated based on the value of
410MW m 2K~ of thermal boundary conductance mea-
sured for Au nanoparticles in a polymer matrix [52]. Thus,
one can assume that by the time the cluster is being hit by the
next He ion, all extra energy brought in by the previous ion is
fully dissipated into the environment and most of the defects
(at least point defects) have disappeared. Taking this into
account, the effects of ion beam heating on propagation of
ions in the clusters can be neglected.

3.2. Sputtering of target atoms

Due to their very geometry, nanostructured materials are more
sensitive to ion irradiation, as sideward and forward sputter-
ing is possible. To this end, although collisions of light
energetic He ions with bulk metals composed from heavy
atoms such as Au can barely sputter any atoms from the
surface and the total sputtering yield is low, for clusters there
might be a relatively high sputtering yield depending on the
impact point and ion incident angle, which we estimated for
freestanding systems.

Ion energy-loss and sputtering yield as functions of
incident angle for different incident ion beam directions are
shown in figure 3. The correlation between the sputtering

— [00T)
— [0TT)
— [T17)

[077]

Energy loss (eV)

(b)

1.0

(7]

0.5

Sputtering-yield

0-00"'6'"12”'178” 24 30

Incident polar angle (Degree)

Figure 3. (a) Ion energy-loss as a function of incident beam tilt angle
for three different starting directions. The inset shows the view on
the crystal surface corresponding to the minima observed for the
green curve. (b) Sputtering yield as functions of incident polar angle
for different ion beam directions. The insets present views along the
two remaining starting directions [001] and [0T T]. Incident
azimuthal angles are fixed, as shown on the right-hand side.

yield and ion energy loss is evident: the larger the energy-
loss, the higher the sputtering yield, which reflects the con-
servation of the lost energy for each direction. The minima in
the curves correspond to different channeling directions. For
the green curve in figure 3 with a starting direction of [1 1 1]
these are with increasing tilt angle the [354] direction at
11.54° and the [1 3 2] direction at 22.21°. The corresponding
views from the beam on the structure are shown as insets in
figure 3(b). While the same applies to the other two presented
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Figure 4. A comparison between ion energy-loss with and without

account for the electronic stopping for [1 1 1] direction.

cases the curves are flatter as the rotation is performed in the
(100) plane which is strong planar channeling configuration.

In order to assess the direct effects of the electronic
stopping on the channeling pattern, we also carried out cal-
culations including electronic stopping power S, as frictional
force with the values matching the experiments (TRIM). It
naturally gave rise to higher energy loss (about 3% of the
initial total energy), yet the channeling pattern is almost the
same, as evident from figure 4. The reason becomes clearer,
when one looks at the Lindhards critical channeling angle ¥

[53]:
o= 27,Z,€* , 5)
\/ Ed

where Z, and Z, are the charges of the projectile and target
atom nuclei, E is the energy of the incident ion, and d is the
distance between the atoms in the channel. The values of ¥
before and after the ion loses about 3% of the initial total
energy, as detailed in the table 1. This means that the critical
channeling angles for [100], [110] and [111] directions
change by only 0.03°, 0.05° and 0.03° respectively after the
energy loss. Therefore, excluding electronic stopping does not
affect channeling patterns.

The analysis of the MD data indicates that the majority of
He ions go through the gold clusters without any noticeable
deviation from their incident direction, showing an overall
linear relation between incident and exit ion angles (see
figure 5). However, from the plots in figure 5 one can also
observe the ion beam steering into nearby low index channels.
Looking at the data for the polar angles in the (1 12) plane
(green curve) one can see that for polar incident angles from
6° to 15° the exit angle is always around 12° (all angles
relative to the [1T 1] towards [110] the in the (1 12) plane).
The reason for this behavior is the steering of the incoming
ion beam into the nearby channel along the [3 5 4] direction.
The total width of this channel can be estimated from
figure 3(a) and matches well with the width of the plateau
observed in figure 5.

30keV He ions do not have enough momentum to
generate significant collision cascades near the surface lead-
ing to cluster emission, so sputtering in general occurs

w
(o]

L[ — [00T]
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—_
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o

Figure 5. Ion exit versus incident polar angles for a 5 nm Au cluster.
Incident azimuthal angles are fixed as following: Black: [001]
towards [01 1] around [100], Red: [01 1] towards [010] around

[100], and Green: [1 T 1] towards [110] around [T 12].

Table 1. The critical channeling angles for He ion into a 5 nm gold
target. Based on the Lindhard equation.

Directions  [100] [110] [111]
30 keV 404 523 267
29 keV 407 528 270

monatomically. The average sputtering-yield we obtain in our
calculations is naturally higher than the one obtained
experimentally or numerically for surfaces of bulk Au due to
forward and sideward sputtering. The reason for this is that
also forward sputtering from the bottom and sides of the
nanocrystal contributes to total sputter yield. This is evident
from the distribution of sputtered atoms for the upper and
lower half of the cluster (see figure 6).

3.3. Channeling of ions

Channeling effects in bulk materials can be assessed from
range of the ions in the target [18, 19]. However, this ion-
range approach cannot be used for finite systems, the
dimensions of which are smaller than the typical ion range.
Therefore we used the ions energy loss, instead of its range,
as the criterion. In our simulations, we first kept the azimuthal
angle fixed, while the incident polar angle changes from —20°
to 20° (figure 7).

In figures 7(a) and (b) nearby low index channeling
directions are marked.

3.3.1. Energy loss.  For ions with only a small deviation from
the directions discussed in figure 7, the ions impinging along
the (110) direction show the lowest ion energy dissipation
followed by ions along the (001) and (111) ones.
Correspondingly, the lowest damage production and also
the lowest sputtering yield in this direction can be expected.
One of the conclusions that can be drawn from energy-loss
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Figure 6. Left: (a) relative sputter yield for the sputtered particles into the upper (red) and lower (blue) hemisphere for a 5 nm gold cluster.

(The polar angle is measured in the (1 12) plane and increases from [1 1 1] towards [110].) (b) Typical ion (black lines) and atom (red)
trajectories: depending on channeling conditions, cascades can develop upward or downward.
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(112)

(a) (c)

[770]
90¢ g

(T72)

[=2]
o

w
o

Energy loss (eV)

0% 0

2020 0 2020 0
Incident polar angle (Degree)

20

Figure 7. lon energy-loss of a 30 keV He ion in a 5 nm gold cluster
for a range from —20° to 20° polar angle around the (a) [001]

direction tilted towards [1 1 1], (b) [T T 1] direction towards [T 10]
and (c) [1 10] around tilted towards [T 11]. Incident azimuthal angles
are fixed as following: (a) [001] towards [T T 1], (b): [T T T] towards
[110], and (c): [110] towards [T T1].

patterns is that ion-channeling in clusters occurs not only in
the principal low-index, but at a smaller level also in other
directions in between, which is in agreement with the reports
based on ion-range approaches for bulk materials [19].

3.3.2. Channeling maps. In the next step, both polar ©
and azimuthal ¢ angles were changed around selected low
index directions, (0° < © < 30° and (0° < ¢ < 130°)
respectively. Considering the finite sizes of nanostructures,
simulating higher polar angles would result in changes of the
energy loss due to the geometry of the particle, as the ions at
high polar angles would go through a smaller amount of
matter. However, simulation of the entire azimuthal angles is
doable but not necessary, as the map repeats itself after some
points and one can exploit the intrinsic symmetries of the
crystal as shown below. In order to get universal patterns,
which are independent of the absolute ion energy-loss, the
probability of losing energy at a given direction was

calculated and visualized in figure 8 which shows parts of
the complete fcc channeling map centered around [001],
[110] and [TTT].

The channeling map around [001], presented in
figure 8(a) has a mirror-image symmetry where the axis
of symmetry locates at 45° of the [110] direction. This
symmetrical behavior comes from the fcc {001} planes with
an atomic arrangement of four-fold rotational symmetry and a
mirror-image symmetry between each of the two high-
symmetry rotational axes. The high-symmetry rotational
angles are 0°/360°, 90°, 180° and 270°, and the mirror-
image symmetric counterparts are 45°, 135°, 225° and 315°.
The channeling map around [1 10] shows a wide channel at
an azimuthal angle of 90° (parallel to the (001) plane),
covering around 10 azimuthal degrees. The channeling map
around the [11 1] direction shows a wide transparent region
around 20°-25° polar angles. Notice that the wide bluish area
is not one continuous channel along a particular fixed polar
angle, but results from planar channel into the (11 1) plane.

The {111} planes are the ABC stacked hexagonal layers
with the six-fold rotational symmetry. Taking the BC stacking
layers into account, the rotational symmetry becomes three-
fold, with symmetrical axes at 0°/360°, 120° and 240°,
figures 8(e), (f). There are also three mirror-image symmetries
between each two rotational symmetrical axes, at azimuthal
angles 60°, 180° and 300°.

As stated earlier the origins of these channeling maps
correspond to the three low index directions in the fcc system
namely, [001], [110] and [1 1 1], respectively. Given that the
incident polar angles are varied between 0° and 30° around
each principal direction, none of these maps contains the
neighboring principal directions. For instance: in the first
channeling map where [001] is the origin, the [011]
coordinate would be at (45°, 45°) = (polar, azimuthal) and
[TT1] would be at (55°, 0°). Therefore all the channeling
directions in these maps (bluish regions) are high-index
directions between the principal ones. This clearly confirms
the occurrence of ion channeling for nanostructured materials,
not only in the principal directions, but also in the
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Figure 8. Channeling maps centered around the [001] (a), [1 10] (c), and [1 1 1] (e) directions. The colors show the probability of losing
energy by the ion. Red color corresponds to a high, deep blue to a low energy deposition. Correspondingly, the probability for the ion to
channel is higher in the dark areas. (b), (d), (f) Atomic configurations illustrating the rotational symmetry and a mirror-image symmetry

between each of the two high-symmetry rotational axes.

intermediate ones. This result is in agreement with reports on
bulk materials. It also reflects the rather small amount of
reconstructions of the surfaces in our simulations. From the
results presented in figures 7 and 8 the well known result that
the most transparent directions for fcc are in decreasing order
the (011) directions followed by (001) and (111). This is not
only visible in the small energy loss that ions experience in
these directions but also from the width of the channels as can
easily be seen by comparing figures 7(b) with (b).

This maps allow a qualitative interpretation of the
strength and width of channeling directions through the color
coding. In an experiment one can scan a small subset of polar
and azimuthal angles (approx. £20°) to obtain a subset of the
presented channeling map. In a second step this can be
uniquely identified in the pre-calculated map and the direction
of the nanoparticle is determined [29, 31].

3.4. Effects of stacking faults

In order to address the general effects of defects on chan-
neling, we considered stacking faults, as (i) they had lower
energy and were much more stable than grain boundaries;
(ii) had a well-defined structure, while many grain boundary
structures are possible. Point and line defects like dislocations
are unlikely in such small metal clusters due to a high
mobility of vacancies and interstitials. Indeed our MD
simulations of defects in 5nm Au nanoclusters showed a
higher stability of stacking faults, compared to other types of
defects which easily can diffuse to the particle surface and
annihilate there. To address the effects of stacking faults on
channeling maps, He irradiation of 5nm Au clusters con-
taining intrinsic and extrinsic stacking faults, perpendicular to
the (11 1) plane, were simulated. The results are presented in
figure 9. It is evident that planar defects give rise to partial
blockage of the channels, yet the channeling/non-channeling

140+ Intrinsic
120+

1001

20¢ ~—— Defective
— Pristine

Extrinsic

Energy loss (eV)

18 21 24 27 30

o 3 6 9 12 15
Incident polar angle (Degree)

Figure 9. Channeling of He ions in gold nanoclusters with intrinsic
and extrinsic faults. The faults are in the [111] plane, perpendicular
to ion irradiation (for © = 0) direction. From plots it is evident that
for an incident direction parallel to [T T T] the selected stacking faults
naturally do not have any effect on channeling. They do however,
give rise to partial blockage of the channels at other angles. The
polar angle is changed for a fixed azimuthal angle from [111]
towards [110] around [T 12].
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Figure 10. Energy loss at different temperatures. Overall weak effect
of temperature on channeling maps is evident. The ion beam
direction is along [001] into a cluster with 5 nm diameter. Incident

azimuthal angle is fixed ([001] towards [T T 1]).

directions are preserved. This indicates that the intrinsic
symmetries are not fully broken. On the other hand, the sig-
natures of stacking faults can be identified in the channeling
maps through the comparison of the maps of pristine and
defective clusters. As expected the additional atoms in the
center of the channel lead to an increase of the energy loss in
the middle of the channel. For the selected geometry, pre-
sented in figure 9, this happens for directions other than (111)
as is evident from the plots. In the presented case an addi-
tional dechanneling peak occurs in the middle of the [354]
and the [132] directions. In the past dechanneling due to
stacking faults has been observed in the HIM for channeling
along the [1 10] direction induced by a local change from fcc
to hep stacking for 2 ML Ag on Pt(111) [32].

3.5. Effects of temperature

Finally, we studied the effects of finite temperatures on
channeling. The velocities of atoms in the cluster were
equilibrated to match the desired temperature, then MD
simulation of He ion impacts were carried out using the same
setup as for zero temperature simulations. The results are
presented in figure 10.

It is evident that temperature has an overall weak effect
on channeling, as the channeling/non-channeling directions
remain the same. Nevertheless, temperature does change
the channel widths, which is an intuitive result: the higher
the temperature, the more the atoms vibrate increasing the
chances for an impinging-ion/target-atom collision, resulting
in narrower channels. This can be seen from the plots in
figure 10 in which the width of the [001] channel is reduced
from nearly ¥, , = 6° to roughly ¥, , = 3.5°.

3.6. Size-dependent properties

As system size is an important factor for nanostructured
materials, we also investigated size dependence of the studied
properties. For this purpose, 30keV He irradiation of gold

[
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Figure 11. Energy loss of 30 keV He ions in Au clusters with
diameters of 5, 10, and 15 nm. Energy loss is normalized by cluster
diameter. The ion beam direction is parallel to [01 1]. The incident
azimuthal angle is fixed ([0T T] towards [010]).

nanoclusters with larger diameters of 10and 15nm were
simulated and compared to the results for the smaller target.

3.6.1. lon energy-loss. Figure 11 presents the calculated
energy loss of 30keV He ions impinging the {110} surface
for all the clusters we studied. The energy loss was
normalized according to the total length the ion travels, that
is cluster diameter. It is evident that Au nanoclusters of
different sizes show a similar ion energy loss pattern,
revealing that these patterns originate from the intrinsic
symmetries of the corresponding crystalline configurations
and they share common channeling/non-channeling
directions. However, a more careful look reveals that by
comparing the largest cluster with the smallest cluster one can
see that some of the fine structure is lost for the bigger cluster.
This finite size effect is related to the fact that very small high
Miller index channels become too narrow for transmission
with increasing channel length.

3.6.2. Sputtering yield. As the cluster size increases, its
surface-to-volume ratio drops, thus a lower sputtering-yield is
expected. Our results fulfill this expectation, as is evident
from figure 12 where the sputter yield for two different cluster
sizes is presented. Nevertheless the dependence of the sputter
yield on the incident angle is size-independent. It was
reported earlier [54] that for Pt cluster with sizes of 2-5 nm
under 3keV He ion irradiation the sputter yield does not
depend on the cluster size, but our results show a size-
dependent sputtering yield for 5-10 nm size ranges, which is
associated with an order of magnitude higher ion energy. For
the used energy of 30 keV the collision cascade significantly
exceeds the size of the nanoparticle and size depend forward
sputtering becomes an effective process.

3.6.3. Channeling maps. A channeling map for a 10 nm
cluster is presented in figure 13, where zero angles correspond
to the ion beam direction perpendicular to the {100}
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Figure 12. A comparison between the sputter yield from clusters
with sizes of 5 and 10 nm. The irradiation geometry covers 30° polar
angle measured from [01 1] towards [010] around [100].
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Figure 13. Channeling map around [001] for a gold cluster with a
diameter of 10 nm. The colors show the probability of losing energy
by the ion.

direction. It is similar to those obtained for the small cluster,
figure 8(a). As evident from our simulations, channeling maps
and sputtering patterns of Au clusters are independent of the
system sizes and show a universal behavior. Therefore, one
can expect that the overall patterns of bigger clusters are the
same. As already observed in figures 11 and 12 the larger
cluster size leads to a loss of fine structure, which is expected
from simple transparency arguments. For the very small
cluster some high Miller index channels will result in
anomalous high transmission yields and low energy losses
due to their finite length.

4. Discussions and conclusions

While analytic solutions exist for high energy channeling into
bulk samples [53] (i.e. where the dimension along the beam
direction is much larger than the range of the penetrating ions)
they cannot be applied without further changes to low energy
channeling into nano-objects. The reasons are mainly that (I)
some of the assumptions and simplifications are not valid at
low energies and that (II) it is required to evaluate

backscattering yields and dechanneling probabilities. Both of
these quantities cannot easily be measured in a FIB or HIM.
However, it has been shown that channeling and blocking
related effects are not only observable, but can also be used to
obtain quantitative information on the sample structure
[29, 31, 32]. In view of current efforts to develop new
transmission based imaging modes in the HIM [55, 56] it is
necessary to investigate the behavior of nano-scale structures.
Special attention should be given to the obtainable signals as
well as the stability of the nanostructures. However, for very
small sample dimensions along the beam direction the fol-
lowing questions have to be answered:

(i) Does the transmitted sufficient
information?

(i) Will the unavoidable damage hinder the collection of
sufficiently high signal to noise ratio?

(iii) Which imaging modes are feasible?

signal  carry

The presented simulations clearly show that besides classical
bright field/dark field imaging more sophisticated imaging
modes are possible. The first two points from the above list
have already been answered positively in experiments on
large membranes. With respect to the last point, so far only
channeling has been demonstrated in transmission mode
imaging of thin membranes but not for nanoparticles. From
our simulations, it becomes clear that not only can channeling
be observed for small gold clusters down to 5 nm diameter,
but the clusters can also survive the irradiation with a highly
FIB. The induced energy can easily be dissipated away from
the nanoparticle and only sputtering will limit the possible
exposure. However, direct knock-on related sputtering is
weak for helium in the investigated energy range [57]. Our
simulations also show that the directional dependency of the
ion energy loss can be used for obtaining information on the
internal structure of nanoparticles. In the light of the recent
development of imaging modes that rely on the high-speed
blanking of the primary ion beam to obtain time-of-flight
spectra [58, 59] ion energy loss spectroscopy becomes also
possible. It is appropriate at this point to draw attention to the
fact that our calculations ignore the effects of the anisotropy
of the electron density on the electronic stopping. In a first
approximation one can assume that, as long as the cross
sections for electronic stopping of the individual atoms do not
strongly overlap, the energy loss related to electronic stopping
qualitatively behaves in a similar way as the nuclear stopping.
This argument is similar to what has been used to understand
the channeling related changes in x-ray emission from metals
and organic-crystals [60, 61]. In practice the qualitative
change in the total ion energy loss will behave like the ion
energy loss related to nuclear stopping alone and the above
results can be utilized to understand the internal structure of
the nanoparticles. In the past attempts have been made to
include electronic stopping in MD calculations [62] using the
Oen-Robinson [63] inelastic energy loss function. While this
is a possible approach it does not result in qualitatively new
insights, and goes beyond the current more fundamental work
presented here.
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In the last part of the work we also looked at the effect of
stable planar defects inside the nanoparticles. The found
changes in the directional dependence of the ion energy loss if
a stacking fault is placed inside the channel is not different
from what is known from RBS/channeling [16, 64]. How-
ever, HIM has demonstrated that it is able to pick up the
associated minute changes of the atomic positions in chan-
neling [32]. Provided a sensitive enough detector can be made
available in the HIM we expect the method to be able to
reveal stacking faults as well as surface reconstructions in
transmission mode.

To sum up, we performed MD simulations of 30 keV He
ion impacts onto Au clusters with diameters of 5-15 nm. We
showed that impacts of the ions can give rise to substantial
heating of the clusters through deposition of energy into
electronic degrees of freedom, but it does not affect chan-
neling, as the clusters cool down between consecutive impact
of the ions under typical imaging conditions. At the same
time, high temperatures and small sizes should give rise to
fast annealing of defects so that the system remains crystal-
line. Our results show that ion-channeling occurs not only in
the principal low-index, but also in the intermediate direc-
tions. The strengths of different channels are specified, and
their correlations with sputtering-yield and damage produc-
tion is discussed. The effects of stacking faults on channeling
were also addressed. Furthermore, the size-dependence of
these properties was studied, and a universal behavior was
found. Overall, our results make it possible to understand the
behavior of Au clusters under irradiation in HIM and facilitate
the interpretation of HIM images with account for structural
changes, energy deposition and associated heating, as well as
channeling effects.
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