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Abstract: Structural effects in nanocrystalline pyrochlore Y2Ti2O7 induced by high energy heavy ions
in a wide range of electronic stopping powers were studied by means of high-resolution transmission
electron microscopy and molecular dynamics simulation considering the grain size effect. Ion track
radii tend to saturate and even decrease at high electron stopping powers (>30 keV/nm) due to the
velocity effect. The threshold electronic energy loss to form amorphous tracks in nanoclusters and
large (>100 nm) crystals was estimated in the range 10.7–12.8 keV/nm. A strong size dependence
was observed for smaller (<50 nm) isolated nanocrystals, with smaller crystals being significantly
more sensitive to amorphous track formation.

Keywords: nanoparticles; swift heavy ions; latent tracks; transmission electron microscopy;
molecular dynamics

1. Introduction

The structural modification of materials exposed to energetic heavy ions is of both
fundamental and practical interest. Latent tracks are specific defects produced in many
solids, particularly dielectric crystals, by irradiation with swift heavy ions (SHIs) (E ≥ 1
MeV/nucleon and mass > 6 amu) due to electronic excitations. The track formation process
requires electronic energy loss (Se) over a material specific threshold level, e.g., [1–9]. Typi-
cal parameters of interest when considering a material’s tolerance to SHI irradiation are the
threshold Se (Sth), the size of any tracks that are produced and the morphology of produced
tracks. Transmission electron microscopy (TEM), being the only experimental technique
capable of directly imaging latent ion tracks, is perfectly suited to the characterization of
SHI irradiated crystals.

Nanocrystalline materials with grain size below 100 nm are known to respond dif-
ferently to SHI irradiation compared to their larger grained counterparts [10–13]. The
behaviour of nanocrystalline materials is usually ascribed to three competing effects [10,14]:
a high density of grain boundaries tends to increase radiation stability due to the availability
of defect sinks where radiation induced vacancies and interstitials can accumulate and
annihilate. Increased retention of excited phonons and electrons within the small grains
lead to higher levels of damage due to a more localized energy distribution [13]. High
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surface energies in these materials facilitate the minimization of the free energy of the
system through phase changes or grain changes in grain size. The dominant mechanism
thus dictates the relative radiation response in comparison to a coarser grained structure.

Generally, a nanocrystalline material could be considered as a different material (in
a thermo-mechanical sense) to a single crystal of the same composition due to the above-
mentioned factors. There is a gradual evolution of phonon confinement and electron
mobility with decreasing grain size, leading to lower thermal conductivity. Grain bound-
aries can, in many cases, be considered amorphous, and, in the limit of single atom grains,
the entire system becomes amorphous. With finite grain size, the system can be considered
as connected cells of pristine material, separated by thin amorphous boundaries. In the
case of isolated nanoparticles (NPs), no adjacent thermal sinks exist, leading to even greater
confinement of the energy deposited by impinging ions. Furthermore, it is well known that,
in the vicinity of a free surface, damage from SHI impacts is amplified [15,16]. The free
surface allows for expulsion of excited matter, leading to a localized density reduction as
well as the formation of surface hillocks. For amorphizable materials, both the tracks and
the hillocks remain amorphous after relaxation of the system [17]. For non-amorphizable
materials, the hillocks tend to recrystalize epitaxially using the nearby crystalline surface as
a template [16–19]. The near-surface volume below the hillock may suffer amorphization
due to local mass loss. In the case of isolated nano-sized crystals, the entire system is “near”
a free surface and a higher sensitivity to SHI induced damage should be expected.

Y-Ti-O based pyrochlores are considered as candidate nuclear materials and thus a
thorough understanding of their radiation tolerance is required [9,20–30]. Tracks have been
observed in SHI irradiated Y2Ti2O7 nanoparticles in oxide dispersion strengthened (ODS)
steels [9,26,30,31] as well as in isolated NPs [32]. The threshold ionizing energy loss for track
formation in oxide nanoparticles in EP450 steel was in the range Sth~7.4–9.7 keV/nm [9].
The first results on isolated Y2Ti2O7 NPs were reported in [32], and focused on the morphol-
ogy of latent tracks induced by high-energy xenon ions at non-overlapping ion fluences in
the range of specific ionization energy losses Se from 2 keV/nm to 23 keV/nm. It was found
that diameters of tracks in particles embedded in a metallic matrix are systematically lower
than those observed at the same electronic stopping powers in isolated NPs. The threshold
energy losses for the formation of surface features and continuous amorphous tracks were
estimated as ~3.5 keV/nm and ~8 keV/nm, respectively, but without consideration of the
grain size variation. In this work, we continue our investigation by widening the range of
specific ionization energy losses of high energy Kr, Xe and Bi ions in Y2Ti2O7. And paying
particular attention the effect of grain/particle size on the threshold energy loss required for
track formation. Structural high-resolution TEM (HRTEM) examination is complemented
by numerical, molecular dynamic (MD) simulation of the ion track formation processes.

2. Materials and Methods
2.1. Experimental

Nanopowder Y2Ti2O7 (ρ = 4.86 g/cm3) with grains sized from 10 to 100 nm (based on
typical particle sizes observed during TEM analysis) was synthesized by the co-precipitation
method [33,34] and 0.3 mol aqueous solutions were prepared by mixing Y(NO3)3·6H2O
(yttrium(III) nitrate hexahydrate, 99.99%), TiCl4 (titanium(IV) chloride, 99.9%) and distilled
water. Yttrium(III) nitrate hexahydrate and titanium(IV) chloride were purchased from
Lanhit (https://www.lanhit.ru, accessed on 2 October 2023) and Promchimperm (http://
www.en.promchim.com, accessed on 2 October 2023) companies, respectively. Ammonium
hydroxide NH4OH (~25%) was used to maintain a pH of 8. Complete precipitation of
lanthanide hydroxides typically occurs when the pH is maintained between 7 and 9. The
resulting mixture was stirred for 20 min and evaporated at 100 ◦C. The dry product was
annealed at 350 ◦C and heated to 800 ◦C at a rate of 5 ◦C/min and maintained for 1 h.

TEM specimens were prepared by mixing ~0.02 g of Y2Ti2O7 with 10 mL of 70%
alcohol followed by sonication in a Bandelin ultrasonic bath for 15 min at 35 kHz. The
mixture was then centrifuged in an MPW-352 centrifuge for 5–10 min to separate large
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particles. A drop of liquid was placed on a TEM grid and evaporated in a dry atmosphere
for subsequent irradiation with 107 MeV Kr, 148 MeV Xe and 670 MeV Bi ions at room
temperature at the U-400 and IC-100 FLNR JINR cyclotrons to a fluence of 5 × 1011 cm−2

(accuracy of fluence measurement about 10%) resulting in isolated (non-overlapping) ion
tracks. The energy range of incident ions was extended using aluminium degraders with
thicknesses from 8 to 36.4 µm. Uniform ion distribution (to within 10%) over the irradiated
sample surface was achieved by scanning in the horizontal and vertical directions. To
prevent sample heating, the average ion fluences were less than 108 cm−2 s−1. Ionization
energy losses Se were calculated by means of the SRIM-2011 program.

TEM examination was carried out at the Centre for High-Resolution Transmission
Electron Microscopy, Nelson Mandela University, Port Elizabeth, South Africa, and at the
Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia using a JEOL ARM200F
(Tokyo, Japan) and FEI Talos™ F200i S/TEM (Waltham, MA, USA), respectively. Both
instruments were operated at 200 kV. Track diameters were measured based on the contrast
from dark-field (DF) TEM images. A total of 50 to 100 tracks were measured for each
ion energy.

2.2. Simulations

The TREKIS Monte Carlo code [35], which is an event-by-event model based on
the asymptotic trajectory algorithm, was applied to describe the evolution of the excited
electron ensemble in tracks of swift heavy ions in Y2Ti2O7. The scattering cross sections
used in the model account for the collective response of the electronic and the atomic
systems of the target in the framework of the dynamic structure factor formalism. The
details of the model were rigorously described in [36]. The output of the code is the spatio-
temporal distributions of the energies and densities of electrons, holes in the valence band
and various atomic shells, as well as the energy transferred into the atomic system of the
target [36,37]. The latter was used for determination of the velocities of atoms in coaxial
cylindrical layers around the SHI trajectories. These velocity distributions were used as
initial conditions to simulate the lattice response to ion passage by means of the molecular
dynamics code LAMMPS [38]. Interatomic interaction in Y2Ti2O7 was modelled with a
Buckingham-type potential plus Coulomb forces with parametrization taken from [39]. The
results of the simulations were visualized with OVITO software [40].

The supercells used in the bulk MD simulations were 35.7 × 35.7 × 10.2 nm3

(~1.1 million atoms) for Ar, Kr and Xe ions and 40.8 × 40.8 × 10.2 nm3 (~1.4 million
atoms) for Bi. Periodic boundary conditions were applied along all axes. The supercell
borders (0.5 nm in thickness) in the X and Y directions were cooled by the Berendsen
thermostat to 300 K with a characteristic time of 0.1 ps [41]. Nanoparticles of 20 and
35 nm in diameter were obtained by extraction of spherical clusters from the cubic supercell.
Boundary conditions were also periodic and were 5 nm apart from the cluster edges in all
directions. The 0.5 nm borders of the nanoparticles in the X and Y directions were cooled
by the Berendsen thermostat to 300 K to imitate contact with other particles in a powder
specimen. Ion trajectory was set parallel to the Z axis. Track evolution was simulated up to
150 ps, when the temperature in the bulk dropped below 400 K and no further structural
changes were expected. MD time step was 0.001 ps.

3. Results and Discussion
3.1. TEM Examination

Tracks were observed by TEM in specimens irradiated with 670 MeV Bi, 148 MeV Xe
and 107 MeV Kr ions with all used aluminium degraders except 36.4µm (Se~4.0 ± 1.5 keV/nm)
for Bi and 16 µm for Xe (Se~1.3 ± 0.7 keV/nm). Figure 1 shows typical bright-field (BF)
TEM images. Amorphous cylindrical zones along the ion trajectory were considered as
tracks. There were two types of particles: polycrystalline particles composed of fused
nanocrystals and isolated nanocrystals. Clearly, polycrystalline specimens consist of inter-
connected nano-sized grains which presents the opportunity to investigate the radiation
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response of the material due to the “effective” particle size. Results were divided into
two groups: isolated single nanocrystals typically less than 50 nm across (Figure 1b) and
large crystals often forming part of polycrystalline agglomerations (Figure 1a). Amorphous
tracks are clearly visible due to their lack of diffraction contrast and thus uniform intensity
while crystalline grains appear either bright or dark depending on the crystal orientation
relative to the electron beam.
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Figure 1. BF TEM images of nc-Y2Ti2O7 irradiated with Kr ions at Se ≈ 15,8 keV/nm: (a) clusters of
nanoparticles; (b) isolated nanoparticles.

With decreasing electronic energy loss, tracks are more efficiently produced in small,
isolated crystals and in the border (thinner) regions of larger grains than in the interior (thick
part) of larger grains, as shown in Figures 2 and 3. The high-resolution image in Figure 2b
clearly shows the lack of lattice fringes inside the track cores. Some random amorphous
contrast variation is superimposed on the crystal due to the underlying amorphous carbon
support film. Lattice fringes are still visible in the crystal, however. Figure 2c shows a
dark-field image of the grain in Figure 2b taken with one of the strong lattice reflections.
The bright contrast within the grain shows a crystalline region while the amorphous tracks
remain dark. Hillock formation at the surface of a crystal leads to a zone of heavily damaged
material below the hillock from where matter was expelled [15–19]. For small particles, this
“near-surface” volume where damage is exaggerated may approach the entire thickness of
the particle. This also explains the presence of amorphous tracks near the edges of larger
particles near the free surface.

TEM analysis of the irradiated crystals reveals some general features of track-associated
radiation defects in nanosized yttrium titanate which are typical for other nanocrystalline
dielectrics (see, for instance [22,31]) irradiated with SHIs. The smaller the size of the crystals
and/or the thinner the crystals or their parts (located usually close to the crystal edge), the
easier the incident ions produce tracks (Figures 2–4).
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Figure 2. TEM images of nc-Y2Ti2O7 irradiated with Bi ions at Se ≈ 7.5 keV/nm: (a) BF TEM image
of clusters of nanoparticles showing amorphous tracks only at the edges, (b) BF TEM and (c) DF TEM
images of isolated nanoparticles with amorphous tracks in the interior. Red arrows show defects at
the cluster boundaries.

Limited thermal transport out of isolated small particles may result in higher tran-
siently attained temperatures after ion passage. This, together with surface related damage
contributing a relatively large fraction of the total track damage in small particles, results in
amorphous tracks forming in small, isolated particles, even at low electronic energy losses,
where the observed structural defects in larger particles can no longer be considered as
continuous amorphous tracks. Defects in larger particles are still visible in TEM due to the
associated strain field of the defected region, as seen in the interior of the large grain in
Figure 4a. These features are better described as discontinuous lines of defected crystal.
High-resolution imaging shows that these defected regions remain crystalline in nature
(Figure 4b). In this specific case, the crystal in question is about 35 nm by 45 nm in lateral
dimensions and probably a similar thickness, which makes it a similar size to the one in
Figure 2b. Both crystals were irradiated with ions of similar Se, although of different atomic
species, yet the crystal in Figure 2b exhibits amorphous tracks as opposed to the crystalline
tracks in Figure 4b. Presumably, the latter was impacted by ions with energies at the lower
end of the range shown in Table 1 (and noting that the range of possible Se is larger than
the mean deviation quoted). The general trend of the data is quite clear. At any given
ion energy (and corresponding Se), on average, smaller particles exhibit larger tracks and
smaller particles also (on average) tend to exhibit amorphous tracks at lower Se than larger
ones. Energy deposition during ion passage is a stochastic process and specific energy
loss may vary significantly at different positions along the ion trajectory. Smooth energy
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loss plots are a product of averaging many impacts and significant deviations from these
averages are possible. Another trend that is clear from the data is that the border regions
of particles (which are generally thinner in projection than near the middle of the particle)
exhibit larger tracks and quite often show amorphous tracks at Se in the range where tracks
near the centre are crystalline, as highlighted with circles in Figure 4a. Amorphous tracks
in the interior of a small particle are highlighted by the red square. The results of TEM
observation are summarized in Table 1 and presented in Figures 5 and 6 as plots of ion
track radii versus electronic energy losses for nanoclusters/large particles and isolated
nanocrystals <50 nm in diameter. The “size” of discontinuous, strained crystalline tracks is
not well defined and thus we restricted our analysis to amorphous tracks. When no amor-
phous tracks were detected, n/d is reported in the table. Tracks on the edge of particles,
that are typically larger than tracks in the interior, were also excluded.

Crystals 2023, 13, x FOR PEER REVIEW  6 of 15 
 

 

 

Figure 3. BF TEM  images of nc‐Y2Ti2O7  irradiated with Xe  ions at Se ≈ 3.9 keV/nm: (a) clusters of 

nanoparticles, (b) isolated nanoparticle with an amorphous track in the interior. Red arrows show 

small defects at the cluster boundaries. 

 

Figure 4. TEM images of nc‐Y2Ti2O7 irradiated with Xe ions at Se ≈ 7.9 keV/nm: (a) DF TEM; (b) HR 

TEM. Red circles show amorphous defects at the edges of crystals, and the red square shows amor‐

phous tracks in the interior of a small particle. 

Limited thermal transport out of isolated small particles may result in higher transi‐

ently attained temperatures after ion passage. This, together with surface related damage 

contributing a relatively large fraction of the total track damage in small particles, results 

in amorphous tracks  forming  in small,  isolated particles, even at  low electronic energy 

losses,  where  the  observed  structural  defects  in  larger  particles  can  no  longer  be 

Figure 3. BF TEM images of nc-Y2Ti2O7 irradiated with Xe ions at Se ≈ 3.9 keV/nm: (a) clusters of
nanoparticles, (b) isolated nanoparticle with an amorphous track in the interior. Red arrows show
small defects at the cluster boundaries.

For isolated small nanoparticles, Table 1 shows that no amorphous tracks were de-
tected when irradiated with Bi at Se = 4.0 ± 1.5 keV/nm but at 7.5 ± 1.3 keV/nm, tracks were
detected. Similarly, for Xe irradiation, tracks were not detected at Se = 1.3 ± 0.7 keV/nm
but were at 3.9 ± 1.2 keV/nm. For Kr irradiation, tracks were detected at the lowest Se of
5.8 ± 1.3 keV/nm.

For larger particles/clusters, we find that amorphous tracks were observed for Bi irra-
diation with Se = 16.7 ± 1.1 keV/nm but not for Se = 11.8 ± 1.1 keV/nm. For Xe, amorphous
tracks were seen for Se = 12.1 ± 1.7 keV/nm but not for Se = 7.9 ± 1.5 keV/nm and for Kr,
amorphous tracks were seen at Se = 11.7 ± 1.1 keV/nm but not at Se = 9.6 ± 1.1 keV/nm.

In all cases, the quoted uncertainty in Se is purely due to the energy dispersion induced
by the Al degrader; initial ion bean energy dispersion was not considered. Furthermore,
the quoted uncertainty is not the maximum deviation from the mean value but rather
the mean of the absolute differences between the individual datapoints and the quoted
mean. This means there may be ions with considerably higher energy (and lower) in the
actual experiment and thus increased uncertainty in the real electronic energy loss for any
observed track. For nuclear energy losses (Sn), only the mean value is quoted as Sn is
typically only a small fraction of Se for SHI irradiation. Obviously, this statement does
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not hold for ions passing through thick degraders and losing most of their kinetic energy.
There is a synergistic effect of Sn and Se resulting in a higher than expected sensitivity to
ion track formation when significant Sn is involved [42,43]. This effect further increases the
uncertainty in total energy loss for any given ion track observed and makes identification of
precise Sth through observation of individual tracks impossible. From the data in Table 1 it
is obvious that smaller isolated particles are, on average, more sensitive to track formation,
but there is also a large spread in the actual particle sizes in which tracks were measured.
We divided them into two bins of “isolated nanocrystals less than 50 nm in diameter” and
“clusters of nanoparticles (more than 50 nm and agglomerated)” in order to demonstrate
this increased sensitivity and concluded that, for smaller isolated particles <50 nm and
>10 nm in diameter, Sth is between 3.9 ± 1.2 keV/nm and 1.3 ± 0.7 keV/nm. No amorphous
tracks were observed for 4.0 ± 1.5 keV/nm but it should be emphasized that particle sizes
varied significantly, and very small, isolated particles were quite rare, resulting in a high
probability that sufficiently small particles were not sampled for this irradiation. For larger
particles, tracks were observed at Se = 11.7 ± 1.1 keV/nm but not at 11.8 ± 1.1 keV/nm,
indicating that the threshold should be within the interval 10.7–12.8 keV/nm, as highlighted
in Figure 5.
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HR TEM. Red circles show amorphous defects at the edges of crystals, and the red square shows
amorphous tracks in the interior of a small particle.

Table 1. Ion irradiation parameters and track radii in nc-Y2Ti2O7.

Ion, Energy Degrader
Thickness, µm Se, keV/nm Sn, keV/nm Track Radius in Clusters of

Nanoparticles, rb, nm

Track Radius in
Isolated Particles,

rp, nm

Bi, 670 MeV

No 39.5 0.11 4.6 ± 0.5 4.5 ± 0.6
13 35.4 ± 1.2 0.18 5.2 ± 0.4 5.4 ± 0.5

17.4 32.3 ± 1.3 0.23 5.4 ± 0.5 5.1 ± 0.5
21.5 27.3 ± 1.5 0.35 5.2 ± 0.4 5.4 ± 0.7
25.4 21.7 ± 1.3 0.50 4.0 ± 0.5 4.2 ± 0.5
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Table 1. Cont.

Ion, Energy Degrader
Thickness, µm Se, keV/nm Sn, keV/nm Track Radius in Clusters of

Nanoparticles, rb, nm

Track Radius in
Isolated Particles,

rp, nm

Bi, 670 MeV

28 16.7 ± 1.1 0.69 3.1 ± 0.6 3.0 ± 0.4
31 11.8 ± 1.1 0.98 n/d 2.3 ± 0.3

33.8 7.5 ± 1.3 1.50 n/d 1.5 ± 0.5
36.4 4.0 ± 1.5 3.20 n/d n/d

Xe, 148 MeV

No 23.2 0.12 4.5 ± 0.7 3.8 ± 0.5
8 14.8 ± 1.5 0.30 3.8 ± 0.6 3.9 ± 0.5

9.6 12.1 ± 1.7 0.38 3.1 ± 0.6 3.5 ± 0.4
11.7 7.9 ± 1.5 0.57 n/d 2.4 ± 0.4
14 3.9 ± 1.2 1.10 n/d 0.8 ± 0.4
16 1.3 ± 0.7 2.48 n/d n/d

Kr, 107 MeV

No 15.8 0.05 3.1 ± 0.6 2.5 ± 0.4
8 11.7 ± 1.1 0.14 2.5 ± 0.3 2.6 ± 0.4

9.6 9.6 ± 1.1 0.17 n/d 1.9 ± 0.4
11.7 5.8 ± 1.3 0.29 n/d 1.3 ± 0.4

n/d—not detected.
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large crystals.

It should be noted that, for 4 keV and 10 keV/nm, crystalline defects could be observed
in clusters and large crystals and some amorphous defects could be found at the edges of
larger crystals. At the lowest Se, amorphous defects were detected only in particles below
~30 nm in diameter (see, for instance, Figures 3b and 4b).

To date, there are almost no published data on tracks in yttrium titanate except [22]
and [32]. In [22], tracks were studied in polycrystalline Y2Ti2O7 irradiated with 2.2 GeV
197Au ions (Se = 35.7 ± 0.9 keV/nm) by XRD. Assuming that every ion produces an
amorphous track and calculating the amorphous fraction as a function of ion fluence,
the average track diameter was estimated as 4.6 ± 0.4 nm. This value is lower than
that obtained for large and interconnected grains in this work at similar energy loss
(d = 10.4 ± 0.8 nm). Strictly speaking, such direct comparison is not valid as different
techniques with different limitations and sensitivities were used to examine the samples
(TEM here and XRD in [22]) and the discrepancy might be related to non-uniformity of the
track diameter along its length. A larger diameter near the surface (see Figure 4) would be
dominant in TEM but much less obvious in XRD, where track uniformity is assumed.
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Our results show that amorphous track formation in titanate pyrochlore is depen-
dent on the size of target particles: the smaller the particle, the more sensitive it is to
track formation (isolated nanoparticles > nanoclusters > polycrystals). As follows from
Figures 5 and 6, track radii tend to saturate and even decrease at high electron stopping
powers. The “saturation” and decrease of the track size is the consequence of the effect
of the ion velocity [44]. Track size is roughly an interplay of two factors: ion Se and the
efficiency of energy transfer to the lattice. For low-velocity ions (below the Bragg peak) the
ion Se increases with velocity. On the other hand, the efficiency of energy transfer decreases
with velocity. This stems from the spectrum of generated electrons: the higher the velocity
of an ion, the higher the maximum energies of the delta electrons produced by it. Faster
electrons bring more energy out of the ion track, resulting in lower energy transfer to the
lattice and thus a lower temperature inside it (lower efficiency of energy transfer). At low
velocities the Se factor dominates, but at some energies the second factor becomes more
important, leading to the saturation and eventual decrease of the track size.

3.2. MD Simulations of SHIs in Bulk and Nanosized Y2Ti2O7

Figure 7 shows an MD supercell of Y2Ti2O7 containing a 156 MeV Xe ion track, which
manifests as an amorphous cylindrical region surrounded by a crystalline shell (Figure 7a).
Analysis of the damage in the sublattices shows that amorphization occurred in the metal
(Figure 7b) and oxygen (Figure 7c) sublattices, whereas a distorted shell developed mainly
on the O sublattice. The diameter of the amorphous core is ~7.7 nm and the thickness of
the shell ~1.2 nm (total diameter is ~10.1 nm).

Annular bright-field (ABF) STEM images simulated from MD (Figure 7a) with 25 mrad
convergence angle and detector collection angles of 0–5 mrad, 5–10 mrad, 10–15 mrad and
15–25 mrad, respectively, are shown in Figure 7d–g. The amorphous core is obvious on all
simulated micrographs while the shell is not readily visible, even when using ABF STEM,
which is sensitive to light atoms such as oxygen. Since the amorphous core is easily visible
in TEM, we consider the amorphous region to be the effective track for the remainder of
this paper.

In order to determine the threshold energy loss for track formation in bulk Y2Ti2O7,
a series of MC+MD simulations were performed for ions of various masses and energies
(low-velocity ions). The plot of calculated track radii vs. ion electronic energy loss is
shown in Figure 8 together with the data from Figure 5. Ion tracks are not observed
for Se ≤ 7.7 keV/nm (data point of Ar ion) while the lowest calculated track size was
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obtained for Se = 8.6 keV/nm. This allows us to estimate the threshold of track formation of
7.7 ≤ Sth < 8.6 keV/nm in bulk samples, which is below that estimated from Table 1.
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Figure 9 shows the results of simulation of Ar ion impacts in 20 nm spherical free-
standing nanocrystals at 5.4 and 7.7 keV/nm forming tracks of hourglass shape. These
tracks have the smallest diameter (~2 nm for 5.4 keV/nm and 4 nm for 7.7 keV/nm) in the
middle part of the nanocluster expanding in the sub-surface regions. At 4 keV/nm energy
loss, there appears only a distortion of the near-surface regions of ~3–4 nm depth. The
presence of a free surface allows for expulsion of molten/disordered matter, resulting in a
deficiency of material in the subsurface layers. The atoms in near-surface layers also have
higher energies compared to the bulk, resulting in a lower threshold energy (or temperature)
required to produce disorder. Due to these factors, and similarly to the situation in thin
films [36], isolated nanoparticles demonstrate higher sensitivity to SHI irradiation, showing
a lower track formation threshold [37].
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Figure 9. MD snapshots of (a) 50 MeV Ar, (b) 10 MeV Ar and (c) 10 MeV Si ions in 20 nm spherical
nanoclusters of Y2Ti2O7. Projections of 2 nm slices are shown. (a’,b’,c’) are corresponding perspective
views with atoms coloured according to their displacements from the initial positions.

The calculation of SHI track formation in a larger (35 nm) spherical nanocluster is
illustrated in Figure 10. An ion impact at Se = 5.4 keV/nm leads to slight damage of the
surface region (3–4 nm depth). The remaining volume is basically undamaged, apart from
a small lattice distortion visible as a slight colour change in Figure 10b. This allows us
to conclude that the track morphology and energy loss threshold for track formation are
strongly dependent on the size of the particles.
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Figure 10.  (a) MD snapshot of 10 MeV Ar (5.4 keV/nm)  in 35 nm spherical nanocluster of YTiO. 

Projection of 2 nm slices are shown. (b) Is corresponding view with atoms coloured according to 

their displacements from their initial positions. 
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Figure 10. (a) MD snapshot of 10 MeV Ar (5.4 keV/nm) in 35 nm spherical nanocluster of YTiO.
Projection of 2 nm slices are shown. (b) Is corresponding view with atoms coloured according to their
displacements from their initial positions.

4. Conclusions

Two types of particles were considered: isolated nanocrystals (<50 nm in diameter) and
larger crystals typically forming part of polycrystalline conglomerates and usually above
100 nm in size. TEM data allow us to conclude that the particle size affects the size and
nature of SHI-induced defects. Isolated nanoparticles were found to be the most sensitive
to the SHI irradiation, with increasing susceptibility to track formation with decreasing size.
The threshold electronic energy loss for the formation of amorphous tracks was estimated
as 2.7–5.1 keV/nm for isolated nanocrystals below 50 nm in diameter. A value between
10.7 and 12.8 keV/nm was estimated for larger nanocrystals forming part of agglomerates.
This value is slightly higher than reported for particles in a steel matrix [9] but still within
the limits of uncertainty and should approach that of bulk Y2Ti2O7. Crystalline defects
in nanoclusters are produced at 4 keV/nm < Se < 10 keV/nm. MD results highlight the
influence of the free surface on the local track diameter. The two quoted Sth intervals for
the two classes of particles studied should not be considered as precise values. Indeed, it
would be impossible to quote a fixed value for a distribution of particle sizes since, clearly,
Sth is particle size dependent. Still, more work is needed to understand how Sth varies
with particle size and such future investigations would require a much narrower particle
size distribution.
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