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Abstract
A single crystal of SrTiO3 doped with 0.5 wt% niobium (Nb-STO) was irradiated with 200 MeV
Au32+ ions at grazing incidence to characterize the irradiation-induced hillock chains. Exactly
the same hillock chains are observed by using atomic force microscopy (AFM) and scanning
electron microscopy (SEM) to study the relation between irradiation-induced change of surface
topography and corresponding material property changes. As expected, multiple hillocks as high
as 5–6 nm are imaged by AFM observation in tapping mode. It is also found that the regions in
between the adjacent hillocks are not depressed, and in many cases they are slightly elevated.
Line-like contrasts along the ion paths are found in both AFM phase images and SEM images,
indicating the formation of continuous ion tracks in addition to multiple hillocks. Validity of
preexisting models for explaining the hillock chain formation is discussed based on the present
results. In order to obtain new insights related to the ion track formation, cross-sectional
transmission electron microscopy (TEM) observation was performed. The ion tracks in the near-
surface region are found to be relatively large, whereas buried ion tracks in the deeper region are
relatively small. The results suggest that recrystallization plays an important role in the formation
of small ion tracks in the deep region, whereas formation of large ion tracks in the near-surface
region is likely due to the absence of recrystallization. TEM images also show shape deformation
of ion tracks in the near-surface region, suggesting that material transport towards the surface is
the reason for the absence of recrystallization.

Keywords: swift heavy ion, hillocks, ion-tracks, ion irradiation, TEM, AFM, SEM

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

1. Introduction

Continuous nanometer-sized damages, called ion tracks, can
be created in ceramics, when they are irradiated with swift
heavy ions (SHIs). Since sufficiently high electronic stopping
power (Se) is the prerequisite for ion track formation, the
formation is likely to be triggered by energy deposition from
SHIs into the electronic system of the materials [1–3]. The
mechanism of ion track formation has been extensively

studied so far, since it has been one of the central topics in the
research of ion-solid interactions over recent years. The ion
track formation is often accompanied by the nanometer-sized
surface protrusions called hillocks [4–12]. In case ceramics
are irradiated with SHIs at normal incidence, a single hillock
is formed at the incident surface by each ion impact. In
contrast, when ceramics are irradiated with SHIs at grazing
incidence, multiple hillocks in a chain can be created along
the ion trajectory [13–22]. Formation of hillock chains was
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first reported on SrTiO3 (STO) [13], and later it has been
reported also on several other ceramics, such as TiO2 [18, 19],
SiO2 [20, 21] and STO doped with niobium [22]. Since the
intermittent feature of hillock chains created at the surface is
in contrast to continuous feature of ion tracks created in the
bulk, it is not straightforward to relate the mechanism of
hillock chain formation to that of ion track formation in the
bulk. Therefore, the origin of the unique feature of hillock
chains is still under debate.

In the present study, STO doped with 0.5wt% niobium
(Nb-STO) is adopted to study the mechanism of hillock
chains. Among the materials that are known to create hillock
chains, Nb-STO is an interesting material having the same
crystal structure with STO, while it has much higher electrical
conductivity than STO. For example, STO doped with
0.5wt% niobium has an electrical conductivity higher than
non-doped STO by 9 orders of magnitude [23]. High elec-
trical conductivity of Nb-STO enables us to observe the
surface morphology by scanning electron microscopy (SEM)
without additional surface treatment. Since surface coating
with conductive substances may alter the surface morph-
ology, we believe conducting Nb-STO rather than insulating
STO should be used for SEM studies. It should be pointed out
here that the Nb-doping up to 1wt% has no evident influence
on track formation according to the previous study of trans-
mission electron microscopy (TEM) and small-angle x-ray
scattering (SAXS) [24]. Moreover, our recent TEM study has
shown that the sizes of ion tracks and hillocks in Nb-STO are
similar to those in STO [25]. Therefore, Nb-STO can be a
good surrogate of STO for studying the mechanism of hillock
chain formation.

In the present study, Nb-STO is irradiated with 200 MeV
Au ions at grazing angle (0.5–1.0 degree). Atomic force
microscopy (AFM) observation of hillock chains is performed
in tapping mode. The height information allows us to observe
the irradiation-induced surface topography, whereas the phase
information is used to map corresponding material property
changes. Measurements using SEM are also performed to
obtain complementary information of a surface topography
and material property changes related to hillock chain for-
mation. The unique strategy of the present study is that
exactly the same hillock chains are observed using these
techniques. To obtain additional insight related to ion tracks
created by the irradiation at grazing incidence, cross-sectional
TEM observation was also performed.

2. Experiments

A single crystal of 0.5 wt% niobium-doped SrTiO3 (100)
(Nb-STO) (commercially acquired from Shinkosha Co., Ltd,
Japan) were irradiated with 200 MeV Au32+ ions at grazing
incidence at room temperature in the tandem accelerator at
JAEA-Tokai (Japan Atomic Energy Agency, Tokai Research
and Development Center). To achieve grazing incidence of
the ion beam, a sample was mounted on a sample holder
which is aligned almost parallel to the beamline. As a result,
grazing angle close to zero was achieved. The angle between

beam direction and the sample surface was estimated to be in
the range of 0.5–1.0 degree. The estimation procedure of the
irradiation angle will be explained later. The charge state
(32+) was chosen so that the charge of the incident ions is the
same as the average value of the equilibrium charge. To avoid
overlapping of individual hillock chains, the fluence was
chosen to yield 2–3 impacts per μm2.

To observe exactly the same hillock chains using AFM
and SEM, they were at first observed by AFM in the desig-
nated area prior to SEM observation. For example, the area
two millimeter distant from the edge of the sample was
observed by AFM. Several AFM images were taken with
different magnifications, so that we can identify in which area
the specific hillock chains are located. After the AFM
observation, we searched the hillock chains by SEM using the
AFM results, and SEM observation were performed for the
hillock chains that are observed by AFM.

The as-irradiated sample was observed with AFM (Asy-
lum research cypher scanning probe microscope) in tapping
mode with a spring constant in the range of 1.0–3.5 N m−1.
The phase images yield information on variations in surface
properties such as adhesive, stiffness or frictional properties.
Although it is difficult to specify which property change is
attributed to the phase shift, the phase imaging technique is a
sensitive method to map material modification caused by the
irradiation [26]. To examine the reliability of the AFM
observation, the probe tip (Olympus Micro Cantilever, Type:
OMCL AC240TS R3) used in the present AFM study was
observed by SEM (SIGMA, Carl Zeiss Microscopy, Ger-
many). The energy of the electron beam was 5 keV for the
SEM observation of the probe tip.

The as-irradiated surface was also observed by SEM. By
observing exactly the same hillocks using AFM and SEM,
irradiation-induced topological change and corresponding
property change were directly compared. The energy of the
electron beam was 3 keV for the observations of the sample.

To prepare a TEM sample, the as-irradiated sample was
coated with a protective osmium layer, and then a cross-sec-
tional TEM lamella sample was prepared by the focused ion
beam (FIB) lift-out technique using a 40 keV Ga ion beam
from the NB5000 (Hitachi High-Tech Corporation). The
lamella sample was cut perpendicular to the irradiation direc-
tion, so that cross-section of ion tracks can be observed. TEM
images were taken with the following two equipments. The
low magnification TEM images were taken with a HF3300
(Hitachi High-Tech Corporation) operated at 300 kV, and the
magnified TEM images were taken with a 2100F (JEOL Ltd)
operated at 200 kV. According to the SRIM-2010 code
[27, 28], the electronic stopping power (Se) of the 200 MeV Au
beam in Nb-STO was estimated to be 28.6 keV nm−1.

3. Results and discussion

3.1. Results of AFM and SEM observations

A height image of the AFM observation (figure 1(a)) shows
dotted contrasts aligned in the direction of irradiation,
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indicating the formation of hillock chains. Figure 1(b) shows
a height profile analyzed along the irradiation direction. It
demonstrates that many of the multiple hillocks are as high as
5–6 nm, and they are separated by the interval of around
30–50 nm. The length of the hillock chains is in the range of
about 0.5–1.0 μm. It corresponds to the incidence angle in the
range of about 0.5–1.0 degree relative to surface according to
the length-angle relationship reported in [13]. Figure 1(c)
shows the height profile analyzed perpendicular to the irra-
diation direction. It shows the height profile in between the
adjacent hillocks. The regions in between the hillocks are not
depressed, and the regions in between the hillocks are found
to be slightly elevated. Although in the previous literature the
region was assumed to be depressed based on the SEM
observation [22], the present AFM observation clearly shows
that the regions are not depressed.

In order to confirm the absence of depressed region, line
profile analyses were performed for some of the hillock
chains as shown in figure 2. The figures again demonstrate
that a depressed region in between the adjacent hillocks is not
observed, and the elevated regions in between the adjacent
hillocks are often observed. Sometimes the elevation cannot
be resolved in the AFM image, since they are in the range of
the surface roughness. Nevertheless, it can be concluded that
the regions in between the adjacent hillocks are not depressed
for all cases.

It should be noted that AFM measurements may involve
systematic errors of a few nanometers due to the finite size of
probe tips [9,29–32]. If the tip diameter is comparable to the
distance between adjacent hillocks, the observation of the
elevated region in between hillocks becomes questionable. To
confirm the probe tip is sufficiently sharp, the probe tip used
in the present AFM observation was observed by SEM. As
shown in figure 3, the SEM image of the probe tip shows the
tip diameter is around 10 nm. Since the tip diameter is smaller
than the distance between consecutive hillocks by a factor of
3–5, we can conclude that the regions in between the hillocks
are never depressed.

As shown in figure 4, the phase image of AFM obser-
vation shows dot-like contrasts of multiple hillocks similar to
those observed in the height image. The image also shows
line-like contrasts parallel to the irradiation direction. As far
as we have observed, dot-like contrasts are always accom-
panied with line-like contrasts. The line-like contrasts indicate
continuous modification of materials property along the ion
path, suggesting that ion tracks are created continuously in the
near-surface region.

Similar to the AFM phase image, the SEM image
(figure 5) also exhibits both line-like features of ion tracks and
dot-like features of hillock chains. It is interesting to see that
the hillocks are observed as circles rather than elongated dots.
The direct comparison of AFM images and a SEM image is
shown in figure 6. The length of the line-like contrasts
observed in the SEM image is similar to that observed in the
AFM phase image. It should be reminded here that ion track
should be created not only in near-surface region but also in
deeper region. This means that it is likely that both SEM and
AFM can detect nearly the same modified region (i.e. only a

Figure 1. (a) AFM height image for Nb-STO irradiated with 200 MeV
Au ions at grazing incidence. The arrow indicates the irradiation
direction. The dashed vertical line indicates the line where the line
profile parallel to irradiation direction is analyzed. The solid horizontal
lines indicate the lines where the line profile perpendicular to
irradiation direction is analyzed. Numbers (1–10) are assigned for each
hillock to facilitate the comparison between figures 1(a) and (b). (b)
Height profile analyzed along the red dotted line shown in figure 1(a).
The arrow indicates the irradiation direction. The numbers (1–10)
indicated in the figure correspond to those indicated in figure 1(a). (c)
Height profiles analyzed along the solid lines shown in figure 1(a). The
relative distance (x) is the distance from the ion trajectory, where the
location of the ion trajectory corresponds to x = 0.
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near-surface part of the ion tracks). Conversely, they cannot
detect irradiation-induced modification in deeper region. Since
SEM is sensitive to not only topographic feature of the surface
but also sample properties affecting the secondary electron
yield, the interpretation of SEM images is not straightforward.
It is important to note that there is a tendency that dot-like
contrasts in the SEM image are clearly visible, when hillocks
are high. Although small hillocks having low height are
recognizable in the AFM images, some of them are not
recognizable in the SEM image. These results suggest that
SEM is less sensitive to topographic feature of the surface
than AFM.

3.2. Results of TEM observation

The low magnification TEM image (figure 7) shows that ion
tracks are created not only in the near-surface region but also
in deeper regions. The tracks in the near-surface region are

Figure 2. (a)–(c) AFM height images for Nb-STO irradiated with
200 MeV Au ions at grazing incidence. The arrows in figures 2(a)–
(c) indicate the irradiation direction. The solid horizontal lines
indicate the lines where the line profile perpendicular to irradiation
direction is analyzed. (d) Height profiles analyzed along the solid
lines shown in figures 2(a)–(c). The relative distance (x) is the
distance from the ion trajectory, where the location of the ion
trajectory corresponds to x = 0.

Figure 3. SEM image of the probe tip used for the present AFM
observations.

Figure 4. AFM phase image for Nb-STO irradiated with 200 MeV
Au ions at grazing incidence. The arrow indicates the irradiation
direction. The same area as that shown in figure 1(a) were observed.
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relatively large. The tracks in the deep region are relatively
small, and they are recognizable at least to the depth of
around 100 nm. In figure 8, several track images are displayed
in the order of the depth of the ion track. Large tracks with a
diameter of about 10 nm are located at the near-surface region
up to the depth of about 15 nm, whereas small tracks with
diameters of about 5 nm or less are found at the deeper
regions, i.e. at a depth of 25 nm and more. The results suggest
the existence of a critical depth where the track size abruptly
changes.

It is also found that the track shape evolves depending on
the depth. Figures 8(a)–(d) show that the tracks are deformed
towards the surface. The track deformation suggests that
material transport toward surface takes place, when the ion
tracks are created in the near-surface region. Figure 8(d)
demonstrates that the track deformation occurs even at the
depth of about 15 nm which is larger than the track diameter.
It is likely that the track deformation is closely related to the
formation of large ion tracks, whereas the absence of defor-
mation is related to the formation of small ion tracks. The
correlation will be discussed in the next section

3.3. Discussion

3.3.1. Mechanism of hillock chain formation. It is known that
the mechanism of ion track formation is deeply related to the
energy deposition of SHIs into the electronic system of the
target material. According to our previous TEM study [25],
continuous ion tracks are formed in STO and Nb-STO
irradiated with SHIs at large-angle incidence. The continuous
feature of the ion tracks reflects continuous energy deposition
along the ion paths. On the other hand, the present study
shows that the hillock chains exhibit intermittent features (i.e.
formation of multiple hillocks) and at the same time
continuous features (i.e. formation of a line-like modified
region). Therefore, the preexisting models to account for the

continuous ion track formation have to be altered in order to
account for the unique features of hillock chains.

So far, two models have been proposed to account for the
hillock chain formation. One of the models assumes sharply
peaked energy deposition which occurs periodically along the
ion trajectory. Since the electron density is much higher on
the TiO2 layers than on the SrO layers, peaks of electronic
energy deposition can take place repeatedly as the travelling
ion passes the TiO2 layers [13–16]. Multiple peaks of energy
deposition can explain the periodic formation of multiple
hillocks. The new insight obtained by the present results is
that the energy deposition in between the position of energy

Figure 5. SEM image of Nb-STO irradiated with 200 MeV Au ions
at grazing incidence. The arrow indicates the irradiation direction.
The same area as that shown in figure 1(a) were observed.

Figure 6. Comparison of (a)AFM height image, (b) AFM phase
image and (c) SEM image in Nb-STO irradiated with 200 MeV Au
ions at grazing incidence. The images are taken for the same hillock
chain. Red lines are eyeguides to specify the location of hillocks.
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deposition peaks should be sufficiently high to cause line-like
modification together with slight elevation of the surface. This
means that a small amount of transiently molten region has to
be continuously formed in between the adjacent hillocks.
Although the magnitude of energy deposition is largely
dependent on the trajectory of the ions, high Se sufficient to
cause slight elevation of surface with additional peaks of Se to

form multiple hillocks can be explained in the framework of
this model [16].

Another model to account for the hillock chain formation
assumes a Rayleigh instability [22]. The model is based on
the continuous energy deposition which can at least explain
the formation of line-like contrasts at the irradiated surface.
According to the Rayleigh instability theory [33], the molten

Figure 7. Low magnification image of the cross-sectional TEM measurement in Nb-STO irradiated with 200 MeV Au ions at grazing
incidence. The arrows pointing down indicate ion tracks created in the near-surface region, whereas the arrows pointing up indicate ion tracks
created in the deep region.

Figure 8. High magnification images of the cross-sectional TEM measurement in Nb-STO irradiated with 200 MeV Au ions at grazing
incidence. The images are displayed in order of depth of the ion tracks to examine the depth-dependence of the ion track size and shape.

6

Nanotechnology 33 (2022) 235303 N Ishikawa et al



region along the ion path can break up into smaller packets,
and the formation of multiple droplets can explain the
formation of multiple hillocks. The previous SEM study [22]
has suggested groove formation along the ion trajectories, and
it was the basis of supporting the Rayleigh instability
scenario. However, the present result of AFM observation
demonstrates that the line-like contrasts correspond to either
slightly elevated regions or regions having the same rough-
ness as that of the matrix. They never exhibit depressed
feature. Therefore, the validity of the Rayleigh instability
model appears to be questionable.

3.3.2. Large and deformed ion tracks in the near-surface
region. The present results mentioned above demonstrate the
importance of elucidating the relationship between multiple
hillocks and line-like modified regions namely ion tracks.
However, the characterization of the ion tracks created by the
irradiation at grazing incidence is still lacking.

At first, it is important to remind the characteristics of
hillocks and ion tracks created by irradiation at large-angle
incidence. According to the previous TEM results of Nb-STO
irradiated at 45 degree incidence [25], hillocks are formed by
the protrusion of the transiently molten region near ion path,
leading to the formation of hillocks (Dhillock = 11–13 nm) as
large as the molten region. On the other hand, relatively small
ion tracks (Dtrack = 3–4 nm) are created in the bulk, and their
formation can be explained by transient melting with
successive partial recrystallization. The previous studies of
ion track formation in non-amorphizable ceramics also show
that transient melting and successive recrystallization is the
likely origin of the formation of ion tracks that are smaller
than the transiently molten region [34–39].

It is important to note that the size of small ion tracks in
the deep region observed in the present study (Dtrack � 5 nm)
is similar to that of ion tracks observed in Nb-STO irradiated
with 200 MeV Au ions at a large-angle (45 degrees) of
incidence (Dtrack = 3–4 nm) [25]. Therefore, the recrystalliza-
tion scenario is applicable to interpret the present results. For
example, the ion tracks in the deeper region with a diameter
of D�5 nm are relatively small, and it is indicative of
transient melting and subsequent recrystallization. On the
other hand, the large tracks with a diameter of D∼10 nm are
observed in the near-surface region, and it seems that
recrystallization is absent in this case.

According to the present TEM results, large ion tracks
in the near-surface region are accompanied with a shape
deformation of tracks, whereas small ion tracks in the deep
region are not deformed. Therefore, the large ion track in the
near-surface region is likely to be related to the deformation
of the ion tracks. The ion tracks in the near-surface region
are deformed towards the surface, suggesting that the
material transport takes place towards the surface during
transient melting. Such material transport can result in
material deficiency, which hinders the molten region to
recrystallize. Therefore, relatively large ion tracks can be
explained as a consequence of transient melting and failure
of recrystallization.

3.3.3. Possible factors affecting the track formation. Here, it
is worth discussing the possible surface effects related to track
formation. One of the possible surface effects is slower
cooling rate near-surface than that in the bulk. Heat
dissipation is limited near-surface, while heat of the molten
region surrounded by cold matrix can be efficiently
dissipated. The previous molecular simulation for CaF2
irradiated with swift heavy ions has demonstrated that the
bulk part of the track is cooled fast due to a heat sink into the
surrounding matrix, while the protruded part remains liquid
for a longer time period (∼60 ps) [35]. Such slow cooling rate
is favorable for damage recovery during cooling via
recrystallization process. However, the present study shows
the contradicting result showing that tracks in the near-surface
region are larger than those in the deep region. The
contradiction has to be reconciled. Here, it should be noted
that slower cooling rate leads to longer lifetime of the melt,
resulting in longer time period for material transport.
Therefore, there seems to be two competing surface effects
related to track formation, i.e. high recrystallization efficiency
due to slow cooling rate versus significant material loss due to
material transport toward surface. The former effect is
favorable for damage recovery, while the latter effect
hinders damage recovery.

It is important to remind that conical tracks are formed
near-surface in TiO2 irradiated with swift heavy ions at
normal incidence [40]. According to the study, conical tracks
as long as 60–70 nm are formed below the surface, while
hillocks are formed at the end of the tracks. The study has
concluded that the material is removed from the conical
volume to form a surface hillock, suggesting that the material
transport toward surface during melting is important for the
formation of the conical track. In this case, the effect of
material loss is dominant rather than that of slow cooling rate
near-surface. On the other hand, the bulk part of tracks is
recovered via recrystallization in TiO2, indicating that
material loss is very small in the deep region. The results
are in line with the present result of Nb-STO irradiated with
swift heavy ions at grazing incidence, since the present result
also suggests the importance of material transport for the
formation of large tracks in the near-surface region.

Another possible surface effect contributing to track
formation is the enhancement of energy deposition due to
imperfection of crystal lattice. According to the previous
study [41], the track size increases with the density of pre-
existing defects in STO, suggesting that the energy deposition
to the lattice system increases by the decrease in the electronic
and atomic thermal conductivities and increase in electron–
phonon coupling. Since the presence of surface may also
contribute to the increase in energy deposition in the similar
manner to that of pre-existing defects, such surface effects
should be also taken into account.

On the other hand, the track formation in the region far
from the surface (in the deep region) can be simply
interpreted by the transient melting followed by partial
recrystallization. The efficiency of recrystallization in the
bulk can be dependent on various material factors, such as
ionic bonding character [42, 43], the diffusion velocity of
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anion atoms [37], simplicity of lattice structure [34] and
viscosity [34]. Since the present study shows formation of
relatively small ion tracks in the bulk, high recrystallization
efficiency is suggested for Nb-STO. It should be mentioned
here that the relationship between recrystallization efficiency
and material factors mentioned above should be further
studied in future for wide range of materials. The validity of
the relationship should be examined within a limited
experimental condition that material transport is negligibly
small, since the material transport can significantly affect the
track formation as demonstrated in the present study.

3.3.4. Relation between depth-dependence of Se and that of
track size. It is worth noting here that the depth-dependence
of Se should be taken into account when analyzing the depth-
dependence of the track size. Based on the result of SRIM
calculation, the depth-dependence of Se is plotted in figure 9.
According to [17], the track size in STO decreases with
decreasing Se, and the threshold Se of track formation is
around 10 keV nm−1 for low-velocity ions (<2 MeV u−1

ions). As mentioned earlier, it has been reported that the track
size in STO irradiated with SHIs (e.g. 2.0 GeV U ions) is
similar to that in Nb-STO irradiated with the same ions.
Therefore, it is reasonable to assume that the threshold Se for
track formation in Nb-STO is the same as that in STO. Based
on this assumption, the threshold Se (10 keV nm−1)
corresponds to the depth of 66 and 133 nm for the
incidence angle of 0.5 and 1.0 degree, respectively, in the
present grazing incidence condition. As demonstrated in
figure 7, clear ion tracks are observable up to the depth of
around 100 nm, where Se is high enough to form ion tracks
for the irradiation at 1.0 degree incidence. Therefore, the
formation of observable ion tracks up to about 100 nm depth

can be explained on the basis of Se-dependence of ion track
size [17]. On the other hand, an abrupt change in track size
observed in the depth range of 15–25 nm (i.e. figures 8(a)–(d)
versus figure 8(e)) cannot be explained by the Se-dependence
of track size. It is attributable to the failure of recrystallization
due to material deficiency as discussed above.

Finally, it is also important to point out that the material
transport towards the surface observed in the present TEM
results may be related to hillock chain formation. Unfortu-
nately, hillocks were not observable by the present TEM
observation. There is a possibility that hillocks are not
contained in the very thin TEM sample used in the present
study. Another possibility is that surface coating using
osmium may be hindering the TEM observation of hillocks.
Alternative materials such as carbon may be a better option
for protective coating materials to achieve the observation of
hillocks.

4. Conclusions

Hillock chains created on the surface of a single crystal of Nb-
STO irradiated with 200 MeV Au32+ ions at grazing inci-
dence are characterized by AFM and SEM. Exactly the same
hillock chains are observed by these complementary techni-
ques. As expected, multiple hillocks as high as around 5–6
nm are imaged by AFM. It is also found that the regions in
between the adjacent hillocks are not depressed, and they are
slightly elevated in many cases. AFM phase images and SEM
images demonstrate the formation of line-like contrasts along
the ion paths, suggesting the formation of continuous ion
tracks even for the grazing incidence condition. The present
results can be interpreted in the framework of the preexisting
model assuming periodically peaked energy deposition, while
the model assuming Rayleigh instability comes into question.

Cross-sectional TEM observation shows that the ion
tracks in the near-surface region are relatively large and are
deformed towards the surface, whereas ion tracks in the
deeper regions are relatively small and are not deformed. The
results suggest that recrystallization plays an important role in
the formation of small ion tracks in the deeper regions. On the
other hand, the formation of large and deformed ion tracks in
the near-surface region is likely due to the failure of recrys-
tallization which is closely related to material transport
towards the surface during transient melting.
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