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Damage production in nanoparticles under light ion irradiation
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Modifying the properties of nanoparticles by ion irradiation leads to sputtering and defect production,
possibly enhanced by the high surface-to-volume ratio of the irradiated objects. By molecular-dynamics simu-
lations, we address the size dependence of platinum nanoparticles’ response to light ion irradiation and show
that in contrast to irradiation by heavier ions the sputtering yield does not depend on the particle size. In
contrast, very high vacancy concentrations can be obtained in nanoparticles, the maximal concentration de-
pending on the particle size. The evolution of vacancy concentration and sputtering upon irradiation are
rationalized in terms of a kinetic model based on single knock-on events.
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In recent years, there have been considerable efforts to
use ion irradiation as a tool for modifying the properties of
nanoparticles. One example is that the chemical ordering of
FePt nanoparticles was enhanced using He irradiation.' Re-
cently it was also discovered that the structure and morphol-
ogy of FePt and CuAu nanoparticles can be modified using
light ion irradiation,>* namely, twinned particles turn single
crystalline under He irradiation. This effect was proposed to
arise from the easier amorphizability of alloyed particles
compared to bulk systems.’ Ion irradiation has also been
shown to provide a means to densify porous cluster-
assembled films without significantly increasing the grain
size.> Thus, irradiation is turning out to be a very promising
tool for obtaining nanoparticles in phases that are hard or
impossible to obtain by other means. It is also worth men-
tioning that sputtering processes occur in interstellar dust.®

Despite the importance of the subject, few studies have
systematically looked at the irradiation response of nanopar-
ticles. (Note that we restrict the discussion here to supported
or free particles, not particles embedded in solid matrices, for
which a lot of work has been done.”) The high surface-to-
volume ratio was shown to increase sputtering yields dra-
matically for 16—64 keV Ga and Au irradiation of Au par-
ticles of different sizes.®? For particles irradiated in vacuum
or on substrates that conduct heat poorly, evaporative sput-
tering should also be possible,! and it was also shown that
for particles in vacuum, irradiation could result in a partly
molten particle, the solid part of which underwent a struc-
tural transition while floating in vacuum.'!

In a previous work,® we studied the sputtering yield of
gold clusters under cascade-producing irradiation (25 keV
Ga ions) as a function of cluster size and showed that it could
be explained by traditional linear cascade sputtering models.
In this study, we address the question of size dependence of
sputtering under irradiation that is in the single knock-on
regime, namely, irradiation of Pt particles under 3 keV he-
lium bombardment. This is the type of irradiation that is used
to enhance chemical ordering in L1, nanoparticles such as
FePt and CuAu.

In the following, we outline the technical detail of our
simulations. The interatomic interactions were described by
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an analytic bond-order potential'? that was, at short dis-

tances, smoothly joined to a pair interaction calculated using
the Dmol package. The universal repulsive Ziegler-Biersack-
Littmark potential'®> was used for the ion-platinum interac-
tion. Inelastic energy losses due to electronic stopping were
included via a friction term in the equations of motion of all
atoms with kinetic energy higher than 5 eV.!3 For technical
reasons, the stopping was also applied somewhat outside the
nanoparticle but this amounted on average to less than ~1%
of the total stopping for the incoming ion.

For simulating impacts of helium ions on the nanopar-
ticles, the particles were placed in vacuum after relaxing
them to 0 K. Truncated octahedral particles (the ground state
for Pt because of the high-stacking fault energy) from ~400
to ~4000 atoms in size (from ~2 nm to ~5 nm in diam-
eter) were chosen as targets. The particles were randomly
rotated and bombarded with an impact parameter chosen ran-
domly inside a radius, which is given by a cylinder wrapped
around the cluster. This procedure caused some ions to miss
the target, but the fraction of missed ions was found to be
negligible. After each helium impact, the particle was cooled
back to 0 K, and the next impact was started. A single cu-
mulative run was made for each particle size and it was
assumed that the large number of irradiation events with ran-
dom impact parameters would suffice for statistical averag-
ing.

The vacancy production was obtained by searching for
free volume in the system, in the form of spheres with a
radius of 0.8 times the nearest-neighbor (NN) distance, that
is, ~2.2 A. After analyzing all vacancies a clustering algo-
rithm was used to identify and remove the largest vacancy
cluster corresponding to vacuum outside the nanoparticle.
This method provided a robust way of detecting vacancies
while handling surface roughness automatically. The va-
cancy concentration was calculated as the number of vacan-
cies per atom. The sputtering yield was also determined us-
ing a clustering algorithm.

The rapid quenching between each ion impact ignores
thermally activated defect migration, but note that for plati-
num, the vacancy migration energy is very high, around 1.5
eV.!%15 Thus vacancies are expected to be immobile during
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FIG. 1. Concentration of vacancies as a function of helium dose
for particles of 405 and 3739 atoms in size. The inset shows the
different processes taken into account in the kinetic model.

irradiation and interstitials are mostly sputtered because of
the closeby nanoparticle surfaces.

To compare to bulk behavior, we also irradiated a bulk
(111) surface sample. These simulations were otherwise as
described above, except the system was taken periodic in the
lateral directions and temperature control was applied at the
periodic borders and at the bottom of the cell.

Helium irradiation was found to have a similar effect on
particles of all sizes. Initially, the vacancy concentration rises
quickly, as shown in Fig. 1. After reaching a maximal value
at a concentration of a few percent, it remains constant on
average, fluctuating heavily. This is because vacancy produc-
tion and recombination rates reach a balance. Still increasing
the dose leads to a decline in the number of vacancies due to
the particle getting smaller by sputtering. For the largest par-
ticle sizes such as the larger particle in Fig. 1, the decrease in
concentration is not seen because high-enough fluences can-
not be reached within a reasonable computing time. This is
also the reason why larger particle sizes could not be studied.

The sputtering yield was determined for clusters of 400-
2000 atoms from 1000 independent irradiation events for
each particle size. The obtained value of about 0.3 is consis-
tent with our previous finding.!" However, surprisingly the
yield does not vary in this size range. This is in stark contrast
to heavy ion irradiation that shows a strong dependence on
the particle size.® This is because sputtering by light ions is
mainly due to single knock-on atoms, while for heavier ions
linear cascades dominate.'® The linear cascade’s extent and
its interaction with the particle surface leads to the size de-
pendence observed for heavy ions.® Since this interaction is
missing in single knock-on sputtering, the size dependence is
absent.

Figure 2 shows the maximal vacancy concentrations ob-
tained from the simulations. For small particles the vacancy
concentration is small because vacancy clusters connected to
the surface are interpreted as surface roughness by our analy-
sis. As the particle size grows, however, the maximal con-
centration exceeds that for bulk platinum, for which a value
of 4.3% was obtained. The reason for this is that, contrary to
bulk, the interstitial component of the irradiation-induced
Frenkel pair is able to escape from the particle, causing a
supersaturation of vacancies.

To understand the sputtering and evolution of the vacancy
concentration, we construct a simple rate equation model to
follow the number of vacancies and the number of atoms in
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FIG. 2. Maximum vacancy concentration as a function of the
nanoparticle size at which it was obtained. The horizontal line
shows the result for a bulk surface.

the particle during irradiation. The inset of Fig. 1 depicts the
processes involved in the model and the main assumptions
are the following.

The particle is assumed to be spherical, the number of
omr

atoms for an fcc metal cluster thus being nalle;, where r
is the particle radius and « is the lattice constant. To separate
bulk and surface damage, surface atoms are defined to be
those with a distance of less than 4r, from the surface, where
7, 18 the atomic radius taken as half of the nearest-neighbor
distance. Because a particle’s surface roughness increases
considerably with irradiation, the choice of the depth of the
surface layer, which determines the fraction of surface at-
oms, is not obvious. Although not a critical factor in the
model, it was adjusted for best correspondence between the
model and simulations.

The incoming ions are assumed to create damage accord-
ing to the Kinchin-Pease relation.'”'® The most often used
form is Y, = KZLEd, where E is the deposited energy, E,; is the
threshold displacement energy, and « is the damage effi-
ciency usually taken to be 0.8.'8 We do not here include the
efficiency function, &(E), since at the presently relevant re-
coil energies (see below), &E)=~1.!" The above formula,
however, applies for E € [2E,,E|], where E| is the threshold
above which only electronic stopping is taken into account.
For energies lower than 2E, the Kinchin-Pease formula
gives 0 or 1, below and above E,, respectively. As the de-
posited energies in the present case are below 2E, (see be-
low), the low-energy regime applies. We make the simplest
approximation and linearize the low-energy part (E<2E,)
thus giving Y ;= %{ Note that this corresponds to the higher-
energy part with xk=1.

Further, the damage created according to the Kinchin-
Pease model is divided between surface and bulk atoms, so
that the number of Frenkel pairs created by an incoming ion
is Y,f, f being the fraction of bulk atoms. Correspondingly,
Y, (1—f) gives the number of Frenkel pairs created at the
surface, Y, containing the threshold displacement energy for
surface atoms E ;.

The deposited energy per impacting ion, E, was deter-
mined as follows. A nuclear stopping of 1.526 eV/A for 3
keV He in Pt was obtained from a SRIM (Ref. 20) calculation.
The range an ion travels through a spherical particle is, av-
eraged over the particle cross section, %r. From these, the
average deposited energy was calculated based on the num-
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ber of atoms in the particle. For 400-4000 atom particles the
average deposited energy is around 25-50 eV.

The threshold displacement energies were obtained by
simulating recoils starting from lattice sites in random direc-
tions. First an atom was selected near the center of the cell,
and a three-dimensional random direction was selected. For
each atom and direction, the recoil was simulated at an in-
creasing energy with steps of 2 eV until a stable defect was
formed. Details of the procedure are given in Ref. 21. An
average value of E;=91 eV was obtained. We also calcu-
lated the average threshold energy for sputtering using the
same procedure, but picking only the top layer atoms on a
(100) or (111) surface as the initial recoil. We obtained sur-
face threshold energies (E,) for sputtering of 63+ 3 eV for
the (100) surface and 66*+4 eV for (111) surface, i.e., an
average of 64.5 eV. We note that these average thresholds are
rather high because many recoils are directed in toward the
bulk—the minimum threshold energy for sputtering was of
course much lower, ~10 eV.

Recombination effects were taken into account by assum-
ing that an athermal/ballistic interstitial (from a Frenkel pair
created in the bulk) going through the particle has on average
nge=r/(2r,) possible sites to recombine with a vacancy. At

NyacVrec

a single site, the recombination probability is Pg.= Vo
where n,,. is the number of vacancies. V. is the recombi-
nation volume of a vacancy assumed to be a sphere of radius
TI'ee=k,r5. The total recombination probability thus becomes
Pr=1-(1-Pg,)"sit. In addition, we assume that a fraction
fe of recoiled surface atoms contribute to vacancy recombi-
nation. This factor also emulates the effect of recombination
induced by subthreshold recoils.

Using these assumptions, the following kinetic equations
can be written as

ngaC ( dnat ) nvac
di’li df( R) dl”ll- at ”atVat
~Yas(1 = AfoPr,
dn
E ==Y f(1-Pp) = Yu(1 -1 = foPp). (1)

Above, n; is the number of impacting ions. Introducing the
equations term by term, the first term in the first equation
gives the number of bulk vacancies created per impacting
ion. The value from the Kinchin-Pease relation is modified
by the probability Py that an interstitial will recombine with
an already existing vacancy before leaving the particle. The
second term gives the loss of vacancies due to the shrinking
of the particle, given by the disappearing volume/impacting
ion multiplied with the vacancy concentration. The last term
is the contribution of recoiled surface atoms to vacancy re-
combination. The second equation gives the number of sput-
tered bulk and surface atoms, the latter modified by the frac-
tion fg.

After the assumptions listed above the model contains two
free parameters, the radius of the recombination volume and
the fraction of surface recoils contributing to vacancy recom-
bination. The former was adjusted to r,..=1.55r,=2.15 Ato
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FIG. 3. Number of vacancies and atoms as a function of helium
fluence for particles of different sizes. The smooth thin lines show
the results from the analytical model.

get correspondence to the simulation results. This is in quite
a good agreement with Ref. 22, where a value of
1.84r,=1.4 A was obtained for diamond, a material very
different from platinum. For the fraction of surface recoils
contributing to vacancy recombination we got fg=0.1, which
is a very reasonable result.

The results of the simulations and the model are com-
pared in Fig. 3 that shows the number of atoms and vacancy
concentration in each particle size as a function of helium
fluence. Figure 2 shows the maximum concentrations at sizes
at which 90% of ¢y is reached, as the concentration in the
larger particles rises very slowly after this. The model tends
to somewhat overestimate the fluence at which the maximum
vacancy content is reached. The decrease in the number of
atoms is predicted quite well, although at least at higher flu-
ences sputtering is slightly underestimated. This may be
partly due to the model ignoring changes in surface rough-
ness and contributes to the overestimation of the fluence
needed to obtain the maximal vacancy concentration. How-
ever, given the simplicity of the model, the overall corre-
spondence is quite good. The qualitative features of damage
accumulation are also very well reproduced, allowing an un-
derstanding of the contributing processes.

Our results show that at these sizes, the maximum va-
cancy concentration is an increasing function of the particle
size. To explore the limits of vacancy concentration obtain-
able with irradiation, we also ran simulations, where instead
of simulating the incoming helium ion explicitly, an energy
of 100 eV was given directly to a random cluster atom in a
random direction. For the ~5 nm, 3739 atom particles, con-
centrations as high as ~10% were obtained. While this does
not directly correspond to realistic irradiation conditions, it
gives an idea of what kind of concentrations may be possible
to be achieved with other irradiation parameters. The simu-
lations without the explicit helium were also used to confirm
the rising trend in vacancy concentration with the particle
size.

In conclusion, we have applied a simple rate equation
model to simulations of 3 keV He irradiation of Pt nanopar-
ticles. The model fits the nanoparticles’ response very rea-
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sonably and provides an intuitive picture of the single
knock-on processes occurring during irradiation, allowing
for estimating similar behavior in other materials. We find
that in contrast to heavier ions,? the sputtering yield does not
depend on the particle size, the reason being the nature of
single knock-on vs linear cascade sputtering. In contrast,
very high vacancy concentrations can be obtained in nano-
particles, and the maximal concentration depends on the par-
ticle size. This is to be contrasted with the thermodynamic
equilibrium concentration that is lower in nanoparticles than
bulk.?®* A supersaturation of vacancies has in fact been pro-
posed to be a significant factor in increasing the susceptibil-
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ity to amorphization of alloyed nanoparticles in Ref. 3,
where it was shown that FePt and CuAu nanoparticles amor-
phize although the bulk alloys do not.
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