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Vaporlike phase of amorphous SiO2 is not a prerequisite for the core/shell ion tracks or ion shaping
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When a swift heavy ion (SHI) penetrates amorphous SiO2, a core/shell (C/S) ion track is formed, which
consists of a lower-density core and a higher-density shell. According to the conventional inelastic thermal
spike (iTS) model represented by a pair of coupled heat equations, the C/S tracks are believed to form via
“vaporization” and melting of the SiO2 induced by SHI (V-M model). However, the model does not describe
what the vaporization in confined ion-track geometry with a condensed matter density is. Here we reexamine
this hypothesis. While the total and core radii of the C/S tracks determined by small angle x-ray scattering are
in good agreement with the vaporization and melting radii calculated from the conventional iTS model under
high electronic stopping power (Se) irradiations (>10 keV/nm), the deviations between them are evident at
low-Se irradiation (3–5 keV/nm). Even though the iTS calculations exclude the vaporization of SiO2 at the
low Se, both the formation of the C/S tracks and the ion shaping of nanoparticles (NPs) are experimentally
confirmed, indicating the inconsistency with the V-M model. Molecular dynamics (MD) simulations based on the
two-temperature model, which is an atomic-level modeling extension of the conventional iTS, clarified that the
“vaporlike” phase exists at Se ∼ 5 keV/nm or higher as a nonequilibrium phase where atoms have higher kinetic
energies than the vaporization energy, but are confined at a nearly condensed matter density. Simultaneously, the
simulations indicate that the vaporization is not induced under 50-MeV Si irradiation (Se ∼ 3 keV/nm), but the
C/S tracks and the ion shaping of nanoparticles are nevertheless induced. Even though the final density variations
in the C/S tracks are very small at the low stopping power values (both in the simulations and experiments), the
MD simulations show that the ion shaping can be explained by flow of liquid metal from the NP into the transient
low-density phase of the track core during the first ∼10 ps after the ion impact. The ion shaping correlates
with the recovery process of the silica matrix after emitting a pressure wave. Thus, the vaporization is not a
prerequisite for the C/S tracks and the ion shaping.
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I. INTRODUCTION

When a swift heavy ion (SHI), i.e., a high-energy ion
whose stopping processes in materials are mostly domi-
nated by electronic interactions, penetrates certain materials, a
cylindrical modified region called an ion track is formed. The
diameter of the track is of the order of a few nanometers, while
the length can be tenths of micrometers. The mechanism of the
ion-track formation has been studied for a long time but is still
under debate. Up to now, various models have been proposed:
Coulomb explosion [1–3], inelastic thermal spike (iTS) [4–6],
exciton self-trapping [7,8], and others.

Among them, the iTS two-temperature (TT) model is
mostly applied to understand experimental results, because
less well-known nonequilibrium processes in the subfem-
tosecond and subpicosecond regions are approximated by
daily-life concepts such as heat diffusion and temperature. A
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pair of coupled heat-diffusion equations are solved:

Ce(Te )
∂Te

∂t
= ∇ · [Ke(Te )∇Te] − G(Te )(Te − Ta ) + A, (1a)

Ca (Ta )
∂Ta

∂t
= ∇ · [Ka (Ta )∇Ta] + G(Te )(Te − Ta ), (1b)

where Ci,Ki, Ti (i = e, a); G; and A denote the specific heat,
thermal conductivity, temperature of the electronic (i = e)
and atomic (i = a) subsystems; electron-lattice coupling; and
source term, respectively. Since Ca (Ta ) and Ka (Ta ) are gener-
ally inputted from experimental data measured mostly under
atmospheric pressure in practical calculations, it is not clear
whether this methodology is really applicable to the nonequi-
librium “vaporizationlike” phenomena in ion tracks, where
high pressure is expected due to a phase change in the con-
fined track geometry. In this paper, we add quotation marks to
the words like “vaporization,” because it is not sure whether a
well-defined liquid-vapor transition is possible in the nonequi-
librium confined geometry. As described later, the existence of
the “vaporlike” phase is confirmed by simulations.
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Recently the conventional iTS-TT approach has been im-
proved by the two-temperature molecular dynamics (TT-MD)
[9], where the atomic system is evolved by MD equation (2b)
while the electronic system is evolved by the heat-diffusion
equation (2a), i.e.,

Ce(Te )
∂Te

∂t
= ∇ · (Ke∇Te ) − G(Te )(Te − Ta ) + A, (2a)

mi

∂vi

∂t
= Fi (t ) + ξmivi, (2b)

where Fi(t ) is the force on an atom i from the MD interatomic
potential, and the second term of the right hand side of (2b)
comes from the electron-lattice coupling. In this paper, we
first tried to understand the experimental results from the con-
ventional iTS-TT [Eq. (1)], but inconsistencies arose. Then we
applied the TT-MD approach [Eq. (2)], as described in detail
below.

Silica, an amorphous form of SiO2, which consists of the
most abundant elements in the earth’s crust, i.e., oxygen and
silicon, is an important material in numerous technologies:
an excellent insulating material in silicon ultralarge-scale
integration (ULSI) technology, a base material for optical fiber
communication, etc. While it is perceived that irradiation with
ions, including SHIs, is a powerful technique to tailor the
shapes [10] and properties [11] of silica, the microscopic pro-
cesses under ion irradiation in this material have not yet been
fully understood in spite of its huge importance, particularly
for SHI irradiation.

Kluth et al. have resolved the morphology of the ion tracks
in silica using a combination of small angle x-ray scattering
(SAXS) and TT-MD [12,13]. Since silica is amorphous, it is
difficult to evaluate the tracks directly by transmission elec-
tron microscopy, except for very thin films [14]. They found
that ion tracks in silica feature a cylindrical core/shell (C/S)
structure, consisting of a lower-density core surrounded by a
higher-density shell. Furthermore, they reported a dynamical
consequence: If ion tracks of a hard-cylinder type could be
formed, instead of the C/S type, the SAXS signal would
disappear at high fluences. This is because the whole region
was covered by the hard-cylinder tracks and would become
homogeneous. It should be noted that SAXS is sensitive
to nanosized density fluctuation. The experiments, however,
showed that the SAXS signal did not disappear even at flu-
ences as high as 3×1014 ions/cm2, where a full coverage of
the irradiated area by the tracks of about 50 times is expected
[13]. MD simulations clarified that a new impact closer than
3 nm from the previous track centers annihilates the previous
tracks [13]. This observation indicates that C/S tracks have
never disappeared by overlapping of the tracks, but they exist
under a dynamical balance between creation and annihilation
of the C/S tracks by subsequent ion impacts.

The formation processes of the lower-density cores and
the higher-density shells were presumed as following [12]
according to the iTS-TT model represented by Eq. (1): At
the central part of an ion track, the highest energy density
is deposited. If the energy deposition is high enough, the
temperature at the central part steeply rises, exceeding both
the melting point and the boiling point. Due to the high
temperature in the center, the volume expands; i.e., the density

decreases. However, the periphery of the track, where the
energy deposition is less, undergoes the melting but not the
vaporization. The molten periphery is pressed by the “vapor-
ized” core, and a higher density is attained. Then all the parts
are quenched with an extremely high cooling rate, which is
a typical characteristic of ion irradiation. Consequently, the
core and shell parts were quenched while maintaining lower
and higher density, respectively. Hereafter, this mechanism is
called the vaporization-melting (V-M) mechanism.

A simple question arises: What kind of ion tracks are
formed if the energy deposition is reduced so that the va-
porization is inhibited? To answer this question, SAXS mea-
surements and MD simulations have been carried out at a
lower energy deposition level in this paper. With decreasing
the energy deposition, the track structures become smaller
and smaller. Consequently, we need to detect and calculate
fine structures in the subnanometer region. It should be noted
that Mota-Santiago et al. recently have proposed another
mechanism for the C/S track formation without vaporization
[15]; inhomogeneous temperature distribution along the radial
direction that generates the C/S tracks.

This simple question is important not only for the funda-
mental understanding of the ion irradiation effects on silica,
but also for the understanding of the mechanism of the ion
shaping of metal nanoparticles (NPs) in silica [16–21]. The
next section describes how important the C/S tracks are for
the understanding of ion shaping.

II. MECHANISM OF THE ION SHAPING
AND THE C/S TRACKS IN SILICA

Spherical metal NPs dispersed in silica elongate to the
same direction parallel to the ion beam under SHI irradiation
[16]. This phenomenon is called ion shaping and has received
much attention for years. Up to now, two major mechanisms
have been proposed: (i) synergy effects between ion hammer-
ing and NP melting [19], and (ii) thermal pressure via the
C/S ion tracks [20]. Counterevidence of the former model is
reported in Ref. [21]. In the latter model, the C/S tracks play
an important role for NP elongation. If the V-M mechanism
was correct, the vaporization of silica in the ion tracks would
be a prerequisite for the ion shaping. In a previous paper [22],
Amekura et al. studied the elongation efficiency of Zn NPs
in silica under various SHI irradiations. The elongation effi-
ciency was plotted against the electronic stopping power Se as
shown in Fig. 1. Simultaneously, the radii of the vaporization
and the melting regions were calculated by Eq. (1) with the
parameters shown in Table I. While both the vaporization
and the melting of silica were confirmed under 200-MeV Au
(Se = 17.7 keV/nm) and 200-MeV Xe (Se = 15.0 keV/nm),
only the melting but not the vaporization was calculated under
60-MeV Ti ion irradiation (Se = 5.9 keV/nm). However, the
NP elongation was clearly observed even under the 60-MeV
Ti irradiation, and even under 50-MeV Si irradiation (Se =
3.2 keV/nm), where Se is approximately half of that for the
60-MeV Ti ions.

Since the results of the iTS calculations depend on the pa-
rameters used, the missing of the vaporization under 60-MeV
Ti irradiation (Se = 5.9 keV/nm) could be a false result due
to deviation of the parameters from the true values. It should
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FIG. 1. Elongation efficiency for different ion/energy combina-
tions of Zn NPs embedded in amorphous silica versus the corre-
sponding ion-track dimensions and its corresponding comparison
with the V-M model.

be noted, however, that we used the most reliable parameters
which we know: i.e., the deviation is not so large. Conse-
quently, even considering the parameter uncertainties, the va-
porization under 50-MeV Si irradiation (Se = 3.2 keV/nm) is
highly unlikely, because the Se is half of the value of 60-MeV
Ti ions. These observations indicate that the NP elongation is
induced without the vaporization under 50-MeV Si irradiation
and probably 60-MeV Ti irradiation, which is inconsistent
with the V-M model for the C/S track formation. In this paper,
we have carried out SAXS measurements and shown that the
C/S tracks are still observed even under conditions where the
vaporization is not expected, indicating an inconsistency of
the V-M model.

TABLE I. Parameters used for the inelastic thermal spike calcu-
lations in SiO2.

Electronic thermal diffusion length λ (nm) 4.0
Latent heat of fusion (J/g) 142
Latent heat of vaporization (J/g) 4715
Melting point (K) 1972
Boiling point (K) 3323
Solid state mass density (g/cm3) 2.26
Liquid state mass density (g/cm3) 2.32

III. METHODS

A. Experiments

A total of 29 samples shown in Table II and more were
evaluated with SAXS. Two types of a-SiO2 were prepared,
i.e., bulk silica of 0.5 mm thickness and a SiO2 layer of
2 μm thickness on Si wafers. The bulk samples were from
optical-grade silica glass of KU-1 type (OH >1000 ppm). The
2-μm-thick SiO2 layers were formed by thermal oxidation
of Si wafers. SHI irradiations were carried out using the
tandem accelerators at the Japan Atomic Energy Agency,
Tokai Research and Development Center (JAEA-Tokai).

Synchrotron-based SAXS measurements in transmission
mode were carried out at the SAXS/WAXS beamline of the
Australian Synchrotron with a camera length of 960 mm and
an x-ray energy of 11 keV. The scattering signal acquisition
was carried out with the x-ray beam tilted by about 10° off the
normal. Due to the high aspect ratio of the ion tracks, when
tilted by 10° off normal incidence, an anisotropic scattering
pattern is observed characterized by curved streaks [23]. An
example of two scattering images is shown in Fig. 2. The
arrows point to the curved streaks resulting from track scat-
tering. The straight lines result from inelastic scattering of the
silicon substrate supporting the thin silica films.

The high sensitivity to local electron density changes of
SAXS allows us to correlate the characteristic scattering
pattern with the corresponding morphology of the ion tracks
for each sample. The amorphous nature of a-SiO2 supports
the presence of an angular symmetry. The analyzed scattering
intensities were extracted using a selective mask of the streaks
present in the anisotropic scattering pattern accompanied by
a background subtraction of the region defined by a mask
outlined perpendicular to the streaks.

B. Simulations

MD simulations on NP elongation in silica were carried out
using the classical MD [24] code PARCAS [25–29], previously
widely used to study radiation effects including swift heavy
ions [26,30–32]. To initiate the ion track, we followed the
practice of instantaneous energy deposition according to a
profile obtained from the two-temperature iTS model [33].
This approach has been previously found to give good results
in track radii [34] as well as elongation [31]. In this approach,
all the atoms in the center of the material are given a certain
amount of kinetic energy depending on their distance to the
axis of the swift heavy ion passage. The energy deposition
takes the form of some suitable increase in the velocity of the
particles. The direction of the velocity increase can be given
at random, by random number generators, and the sizes of
the increments are calculated from the Maxwell-Boltzmann
velocity distribution.

The NPs, whose elongation was to be studied, were chosen
to be Au and Zn NPs. A sphere of 12 nm in diameter of
fcc bulk gold was cut and compressed by 2%, following
the procedure introduced in [35]. The compression was done
because if two atoms are placed very near each other prior
to the simulation, the immediate repulsion between them will
be enormous. A cavity with the size and form of the original
gold or zinc sphere was cut into a matrix of amorphous silicon
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TABLE II. Samples evaluated by SAXS measurements: Ion irradiation conditions; the stopping power values at the surface of the samples
are listed. The results of the SAXS measurements were described in the observation columns.

Sample code Ion and energy Se@surf (keV/nm) Sn@surf (keV/nm) Substrate Fluence (ions/cm2) Observation

VS-53 200-MeV Au 17.7 0.142 0.5-mm 1 × 1011 Clear C/S pattern
VS-01 200-MeV Xe 15.0 0.051 SiO2 1 × 1011 Clear C/S pattern
VS-49 60-MeV Ti 5.9 0.011 1 × 1011 No identified signal
VS-51 1 × 1012 C/S pattern
VS-45 50-MeV Si 3.2 0.004 1 × 1011 No identified signal
VS-47 1 × 1012 ?
VS-61 8-MeV Si 3.2 0.017 1.5 × 1012 No identified signal
VS-41 140-MeV Si 2.2 0.001 1 × 1011 No identified signal
VS-42 1 × 1012 Possibly C/S pattern
VS-63 1.7-MeV Si 1.6 0.055 1.5 × 1012 No identified signal

TF-31 60-MeV Ti 5.9 0.011 2-μm SiO2/Si 1 × 1011 No identified signal
TF-32 3 × 1011 Weak C/S signal
TF-33 1 × 1012 C/S pattern
TF-34 3 × 1012 C/S pattern
TF-01 50-MeV Si 3.2 0.004 1 × 1011 No identified signal
TF-02 3 × 1011 No identified signal
TF-03 1 × 1012 No identified signal
TF-04 3 × 1012 Possibly C/S pattern
TF-05 1 × 1013 C/S pattern
TF-06 3 × 1013 C/S pattern
TF-07 1 × 1014 C/S pattern
TF-17 8-MeV Si 3.2 0.017 1 × 1011 No identified signal
TF-18 3 × 1011 No identified signal
TF-19 1 × 1012 No identified signal
TF-20 3 × 1012 No identified signal
TF-21 1 × 1013 Extremely weak signal
TF-22 3 × 1013 Weak C/S signal
TF-15 1.7-MeV Si 1.6 0.055 1 × 1013 No identified signal
TF-16 3 × 1013 No identified signal

dioxide (a-SiO2), into which the compressed metal NP was
then placed. This system was kept under pressure control at
300 K, allowing the whole structure to reach equilibrium.
During this time, the compressed sphere expanded into the
cavity, simultaneously interacting with the a-SiO2 structure
around it and establishing natural distances between all atoms
in the system.

The interatomic potentials for the Au-SiO2 system were
the same as in Ref. [31]; i.e., an embedded-atom-method-like
potential was used for Au [36,37], and the Watanabe-Samela
potential for SiO2 [38,39]. For the system with Zn NPs,

FIG. 2. SAXS scattering images of ion tracks in two silica sam-
ples. The arrows point to the curved streaks resulting from track
scattering.

we used the Tersoff-like Munetoh potential for SiO2 [40]
combined with the Tersoff-like Zn potential from [41]. To
systematically examine how the amount of incoming energy
affects the elongation when everything else remains the same,
for the Au NP cases, the energy deposition in the surrounding
SiO2 was modified by linear scaling from the profile used
in [31]. For both Au and Zn NP cases, we also simulated
SHI irradiation events for the 50-MeV Si, 60-MeV Ti, and
200-MeV Xe projectile ions, which had been included in the
experiments described above. The two initial state situations
for the simulations of Au and Zn differed only in the initial
structures of the material from which the metal sphere was
cut and then compressed.

In the analysis of the data, we examined the dependence
of the elongation effect on the energy deposited by the SHI.
The time for all simulations was 100 ps; there was no need to
choose a longer simulation time, since the simulated systems
do not change significantly during the latter half of the sim-
ulation. We also investigated the density distribution of the
SiO2 above and below the NPs, in and around the formed
ion track. These density variations proved to be of key impor-
tance for the mechanism behind the observed elongation. The
simulation cell was divided into cylindrical shells of width
1 nm, and the radial distribution of the density was analyzed
by comparing the values for the different shells.
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FIG. 3. Integrated SAXS intensities along the scattering vector
qr of amorphous silica samples irradiated with different ion/energy/
fluence combinations. Circles show the experimental results and the
solid lines represent the numerical fit considering a C/S model. The
data are offset for clarity.

IV. EXPERIMENTAL RESULTS

Small angle x-ray scattering

Figure 3 shows the one-dimensional scattering intensities
(circles) as a function of the scattering vector qr , which
contains the information about the radial density distribution
in the tracks. In this work, the best fit to the extracted data for
all samples was obtained assuming a cylindrical C/S geometry
[13]. The scattering amplitude for this model can be expressed
as

f (q ) = 2πLρs

qr

[
RT J1(qrRT ) −

(
1 − ρc

ρs

)
RcJ1(qrRc )

]
,

(3)

where L corresponds to the ion-track length; ρc and ρs are the
density change (scattering contrast) with respect to the bulk

material of the core and shell region, respectively. The term
RT corresponds to the total ion-track radius (RT =Rc+Ts)
and J1 is the first-order Bessel function. The resulting in-
tegrated scattering intensity can be expressed considering a
narrow Gaussian distribution of the track dimensions:

I (qr ) ∝
∫

1√
2πσ

exp

[
− (ri − Ri )2

2σ 2

]
|f (qr )|2dri . (4)

The distribution is considered around the track core radii
(ri = rc) with a mean value Rc, while the distribution of
the shell thickness (ts) is fixed by scaling the distribution in
rc to Ts/Rc. The size distribution for the track dimensions
arises from small deviations of the tracks from monodisperse
cylinders due to variations in electronic stopping power. With
our SAXS setup, we measure approximately 107 tracks such
that the results provide an average over this number of tracks.
However, given that all tracks are generated from identical
ions, the radial density in the tracks can be expected to only
vary minimally between tracks. The fits to the model are
shown as solid lines in Fig. 3 and show excellent agreement
with the data. The fitted values are listed in Table III. Fittings
with the hard-cylinder model were also attempted but unsuc-
cessful.

The extracted scattering patterns of all samples clearly re-
semble that of a C/S structure. The negative values of the den-
sity ratio, ρs/ρc, imply that an underdense core surrounded by
an overdense shell compared to unirradiated material or vice
versa is present. The former has been confirmed previously
by [12]. In the case of samples irradiated with ion/energy
combinations corresponding to Se values near the threshold of
ion-track formation (∼2 keV/nm [11]), the local minima and
maxima are shifted towards higher qr values, a clear signal of
scattering objects of smaller dimensions. The observed SAXS
scattering intensity depends on the number and volume of the
scattering objects, as well as their corresponding scattering
contrast or local density change; hence, in the low electronic
stopping power regime, the corresponding ion tracks show
a lower scattering intensity due to their smaller size and
possibly smaller density change. Thus, a higher fluence (or
number of tracks) to successfully observe the scattering signal
of the tracks in amorphous silica samples irradiated with low
Se is required, where the fluence required varies from one to
even two orders of magnitude above the values commonly
considered for higher-energy cases.

TABLE III. Ion irradiation parameters including electronic energy loss Se, as calculated by SRIM2008, fitted parameters from SAXS
measurements: Rc (inner core radius), Ts (shell thickness), and RT (total ion-track radius). Also calculated is the total area in percent covered
by ion tracks and the overlap area with respect to the track covered area.

Sample Ion and Fluence Se RT Rc Ts Polydispersity Density change Covered Overlap
code energy (MeV) (×1012 cm−2) (keV/nm) (nm) (nm) (nm) (nm) ratio (ρc/ρs ) area (%) (%)

VS-53 200 Au 0.1 17.7 5.1 ± 0.2 2.0 ± 0.3 3.1 ± 0.2 0.3 ± 0.2 –2.5 ± 0.6 7.8 4.1
VS-01 200 Xe 0.1 15 4.3 ± 0.2 1.5 ± 0.1 2.8 ± 0.3 2.4 ± 0.1 −3.0 ± 0.7 5.6 2.9
TF-32 60 Ti 0.3 5.9 1.3 ± 0.4 0.3 ± 0.1 1.0 ± 0.4 0.2 ± 0.2 −5.5 ± 4.5 1.6 0.8
TF-33 60 Ti 1.0 5.9 2.0 ± 0.2 0.5 ± 0.1 1.5 ± 0.1 0.2 ± 0.1 −5.2 ± 1.1 11.8 6.4
TF-04 50 Si 3.0 3.2 1.5 ± 0.1 0.2 ± 0.1 1.3 ± 0.1 0.1 ± 0.1 −15.8 ± 1.4 19.1 10.9
TF-05 50 Si 10.0 3.2 1.8 ± 0.2 0.2 ± 0.1 1.6 ± 0.2 0.2 ± 0.2 −4.5 ± 1.0 63.8 59.4
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FIG. 4. Illustration of elongation in a Au NP irradiated with 200-MeV Xe ions. The figure illustrates how around 2 ps, an underdense track
forms along the ion path, into which material from the molten metal nanoparticle then flows on timescales exceeding 10 ps.

To assess if overlap effects become important at higher
irradiation fluences F , we follow the same overlap model
(d = 1 − exp[−πR2

T F ]) as in [12]. The values for the per-
centage of area covered with tracks as well as the percentage
of track overlap with respect to the covered area are listed in
Table III. The overlap is small except for the highest fluence.
However, for the samples irradiated with 60-MeV Ti and
50-MeV Si ions, the shapes of the scattering curves are almost
independent of the fluence (i.e., only the intensity changes),
indicating no intertrack scattering (structure factor) becomes
important at these fluences; i.e., the tracks can be viewed as
independent scattering objects. When track overlap becomes
important, a change in the shape of the scattering curves
becomes apparent [13]. The absence of a structure factor is
also consistent with the stochastic distribution of the tracks
during the irradiation process.

The total radii and the core radii of tracks determined
from SAXS analysis are compared with those of transiently
vaporized or molten regions of tracks determined from the iTS
calculations as shown in Fig. 1. While the iTS calculations
reproduce well the radii determined by SAXS for high-Se

irradiations (>10 keV/nm), the calculations underestimate
the radii for low-Se irradiations (3–5 keV/nm).

It should be noted again that while we have evaluated 29
different conditions of irradiations as shown in Table II, we
have always observed the C/S structures of tracks unless the
signals from the tracks are too weak to be fitted. No hard-
cylinder structures of tracks have been observed.

V. ATOMISTIC SIMULATIONS

The results from MD simulations for Au NPs are illustrated
in Figs. 4–6. The results show that, as expected from previous
works [31], for high-energy ions such as 200-MeV Xe, the
elongation proceeds by flow of molten metal into the under-
dense track core (Fig. 4).

To derive a conclusion on possible transient phase states
right after the impact, we analyzed the pair correlation func-
tion g(r) for the atoms within the hot region of the tracks
formed by 50-MeV Si and 200-MeV Xe ion impacts. In
Fig. 5(a), we show the comparison of pair correlation func-
tions for SiO2 structure before and after 5 ps from the impact
by Si and Xe ions, respectively. We see that in all three
cases, the first peak is strongly pronounced, while the second
peak, indicating amorphous structure of the pristine structure,
becomes less prominent with increase of the ion energy.

To obtain a point of comparison for whether or not this
situation corresponds to a liquid or highly pressurized vapor
phase of SiO2, we performed additional equilibrium simula-

FIG. 5. Pair correlation functions, g(r), for SiO2 structure: (a)
within the cylinder of the radius 1 nm before the impact and
right after 50-MeV Si and 200-MeV Xe ions deposited energy to
the lattice; (b) after a SiO2 cell was equilibrated at zero pressure
(except for 20 000 K) and the corresponding temperature shown in
the legend. g(r) is normalized by the number of atoms found on
average in each spherical shell rdr according to the actual density
of the simulation cell. The highest peak at 10 000 K indicates the
presence of small clusters in the vapor phase, which disappear at even
higher temperature of 20 000 K. The peaks of the quartz structure are
shown intentionally equal, as they are used to guide the eye for the
coordination peak in crystalline SiO2.
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tions for SiO2 for underdense molten and vaporized phases. In
these simulations, an initial quartz cell with 1350 atoms was
shock-heated to 15 000 K; then it was allowed to evolve under
pressure and temperature control to different target tempera-
tures. Each case was run until the pair correlation function was
stabilized. These results are shown in Fig. 5(b). In all cases up
to 10 000 K, we observe a clear first-nearest-neighbor peak,
showing that the SiO dimers are quite stable and exist even
in the vapor phase (at least in this interatomic potential and
the MD timescale of about 100 ps). At 3000 K, the pressure
was relaxed at the density of 1.9 g/cm3 and the results show
a clear second-nearest-neighbor peak, which indicates that at
this temperature, the SiO2 is in a liquid (molten) phase. At the
temperatures of 5000 and 10 000 K, the first-nearest-neighbor
peak is strong, but the second-nearest-neighbor peak is not
distinct anymore (there is no dip after it), indicating that this
phase can be considered a vaporlike phase. In the 20 000 K
case (intentionally created with a fixed simulation cell size
to have the same density as the 10 000 K case), finally the
first-nearest-neighbor peak is weaker, and there is no feature
at all around the second-nearest-neighbor peak.

Comparing Figs. 5(a) and 5(b), we conclude that 50-MeV
Si ions deposit energy into a track sufficient to achieve melting
of SiO2 structure under high pressure (the second peak is
still clear). The pair correlation function obtained for the

atoms in the track of the 200-MeV Xe ion is much closer
in shape to the curve obtained for 10 000 K temperature
in the thermally equilibrated SiO2, which corresponds to a
“vapor” phase at zero pressure. In particular, the Xe ion pair
correlation function does not go to zero after the first-nearest-
neighbor peak and has a second-nearest-neighbor peak, which
would be clearly distinguished, similar to the reference 10 000
and 20 000 K vapor pair correlation functions. Hence, we
conclude that the high-energy Xe ions indeed are able to
vaporize SiO2. These hot atoms with the average energy of
∼1.5 eV/atom (corresponding to ∼12 000 K), cause a rapid
expansion outwards from the track center, generating pressure
waves, which are eventually responsible for the formation of
a C/S structure. The energy of atoms in the 50-MeV Si ion
track is lower (only ∼0.5 eV/atom). The corresponding pair
correlation function is similar in shape to the molten phase at
3000 K [see Fig. 5(b)]; i.e., there is no vaporlike phase formed.
However, also in this case, the thermal expansion within the
track is able to generate weaker pressure waves, transiently
reducing the density within the track, which is sufficient to
cause a slow flow of metal atoms, i.e., the ion shaping.

The new time-dependent analysis of the ion shaping
(Fig. 6) shows that the elongation timescale (red curve)
matches essentially perfectly the timescale of when the track
core density is underdense and changing (green and blue

FIG. 6. Illustration of the time dependence of the track formation and elongation in a Au NP in SiO2 irradiated with (a) 200-MeV Xe ions,
(b) 60-MeV Ti ions, and (c) 50-MeV Si ions. The red line and right-hand axis show the change of the Au nanoparticle aspect ratio with time,
while the left-hand axis and green line show the density in the innermost 1-nm cylindrical shell around the ion path in SiO2, and the blue line
the density in the second 1-nm shell. Part (d) shows how the radial density profile was modified during the track evolution after a 50-MeV Si
ion. The profiles are shown for different times between 0 and 99 ps.
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curves). When the track core density stabilizes around 40
ps, the aspect ratio of the major to minor diameters of the
nanoparticle also stops changing (the elongation stops). What
is very noteworthy is that the same observation holds also
for 60-MeV Ti and 50-MeV Si ions [Figs. 6(b) and 6(c)].
Although the ion-shaping effect is smaller and hence the
statistical fluctuations larger, in these cases the timescale
of the aspect ratio change also clearly correlates with the
transient density changes in the track core. In both cases,
the change in track core density and elongation stops at about
20 ps. The 50-MeV Si case is particularly interesting, since the
final relative density change is very small at all separations
(of the order of 1%, Fig. 6(d)], while there still is a clear
elongation of about 3%. The results for Zn NPs [Fig. 7) show
a clearly stronger elongation than in Au, which is expected
since the melting point of Zn is much lower than that in
Au. Also in these cases, the correlation between the transient
underdensification and elongation timescale is very clear.

Figure 8 compares the final relative density in the inner-
most 1-nm cylindrical shell with the elongation as a function
of stopping power. As shown in Table III, the stopping power
Se of 200-MeV Au ion in SiO2 is 17.7 keV/nm, which is out
of the scale of Fig. 8. Instead, the results for the runs with
200-MeV Au ions with stopping power scaled linearly down

FIG. 7. Illustration of the time dependence of the track formation
and elongation in a Zn NP in SiO2 irradiated with (a) 60-MeV Ti
ions and (b) 50-MeV Si ions. The red line and right-hand axis show
the change of the Zn nanoparticle aspect ratio with time, while the
left-hand axis and green line show the density in the innermost 1-nm
cylindrical shell around the ion path in SiO2, and the blue line the
density in second 1-nm shell.

FIG. 8. Final relative density in the track core (open symbols)
and Au NP elongation (closed symbols) as a function of stopping
power. The results show that even when the final density change is
less than 1%, the clusters can elongate by several percent. The error
bars are one sigma errors of the average.

are shown. (Note that since the shape of the energy deposition
profile is different for the 200-MeV Au, 50-MeV Si, and
60-MeV Ti ions, a perfect correlation with the same stopping
power is not expected.) Consistent with the discussion above,
one can clearly observe an ion-shaping elongation effect, even
when the final density change in the track core is very small.

We ran additional simulations of multiple impacts of the
50-MeV Si ions on a Au NP (12 nm in diameter) embedded
in a-SiO2 to investigate the evolution of elongation of NP
at higher fluences. At the end of each simulation, the Au
NP, which undergoes a fast heating and quenching during
the SHI impact, freezes its final shape in a metastable amor-
phous phase. We replace this shape with a crystal of the
same shape and the same number of atoms as the actual NP.
This procedure is motivated by recrystallization of Au NPs
observed experimentally, where the time interval between two
subsequent ion impacts onto a single NP can easily extend
to a few seconds. As we showed in [31], the frozen SiO2

structure around the Au NP prevents significant relaxation of
the shape, while the amorphous phase has been fully replaced
by a polycrystalline structure in a microsecond time interval.

In Fig. 9, we show the evolution of the aspect ratio of a
spherical Au NP. The horizontal axis shows the subsequent
number of ion impacts and the vertical axis is the aspect ratio
of the NP. The snapshots of the NP after the first, fourth, and
tenth impacts are shown for illustration purposes. Each image
contains a circle outlining the shape of the original NP for
reference. We clearly see that the elongation after the first
impact is barely visible; however, after the tenth impact, it
becomes well visible and prominent. It is also noteworthy that
elongation occurs after every impact, which shows that the
elongation is not a random event but occurs consistently.

VI. DISCUSSION

Figure 1 shows that the C/S track formation could be
relatively well explained by the iTS-TT model and purely
electronic energy loss at high-Se regions, but not at the
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FIG. 9. Evolution of the aspect ratio of a 12-nm Au NP embed-
ded into a-SiO2 after subsequent impacts of Si ions with the energy
of 50-MeV. The snapshots illustrate the evolution of the nanoparticle:
barely visible elongation after the first impact becomes prominent
after the tenth.

low-Se region. Cooperation with other effects could possibly
be expected to vaporize the track cores in the low-Se region.
Toulemonde et al. explained the track formation in silica under
low-energy (0.5–15 MeV) heavy Au ion irradiation, where the
track formation is not explained by Se only, but the synergy of
Se and Sn [42]. However, this is not our case. While the Sn/Se

ratio was 0.31–4.5 for the cases of Toulemonde et al. [42]
because of the low energy (<15 MeV) and the heavy Au ions,
the Sn/Se was 1.9×10−3 for 60-MeV Ti ions and 1.3×10−3

for 50-MeV Si ions, i.e., much lower for our cases. Even if
the synergy effect is involved in our case, the contribution is
negligible. Consequently, the C/S track formation at low-Se

irradiation cannot be explained by the synergy effect.
This conclusion is supported by the MD simulations, which

do not include any recoils caused by nuclear stopping power
at all, yet show both a track formation effect and ion shaping.
They show instead that the track formation can be explained
by the transient heating leading to flow of molten material
into the track core. The time-dependent analysis done in this
work shows that the molten metal flow correlates perfectly
with the timescale when the track core is underdense and
evolving. Since the transient track density can be much lower
than the final one, it is possible to get an ion-shaping effect
even when the final C/S density difference is very small.
Moreover, the MD simulations for 50-MeV Si ions show
[Figs. 6(c), 6(d), and 7(b)] that the density change in the track
core is never more than 5% of the normal density. This is

not consistent with a vaporization model, where one expects
densities going down by 100%. A detailed analysis of pair
correlation functions in the MD confirmed that the 50-MeV
Si–induced tracks do not reach a vaporlike state. Thus the MD
simulations also show that vaporization is not a prerequisite
for the C/S track formation or the nanoparticle elongation.

VII. SUMMARY

One of the promising candidate mechanisms for the ion
shaping of NPs is the thermal pressure model with elongation
via underdense cores of the C/S tracks [20]. The cores and
shells of the C/S tracks were once believed to be formed by the
vaporization and melting of SiO2, respectively (V-M model).
To reexamine this model, ion tracks of SiO2 formed by low-
Se irradiations, i.e., 60-MeV Ti (5.9 keV/nm) and 50-MeV
Si (3.2 keV/nm), were evaluated by SAXS and compared
with high-Se irradiations (>10 keV/nm). Under the low-Se

irradiations of both 60-MeV Ti and 50-MeV Si, the formation
of C/S tracks and the ion shaping of Zn nanoparticles were
experimentally confirmed. The TT-MD simulations indicate
from the pair distribution analysis that at least 50-MeV Si
irradiation induces the melting transition, but not the vaporiza-
tion. Even then, the simulations simultaneously reproduce the
formation of C/S tracks and the ion shaping of NPs without the
vaporization. Therefore, the V-M model is excluded. The C/S
tracks are formed in SiO2 without vaporization, probably due
to the inhomogeneous radial temperature profile in a molten
track [15]. The ion shaping of NPs is induced through mass
transport via underdense cores of the tracks, in correlation
with the recovery process of the silica matrix after emitting
a pressure wave.

Therefore, the ion shaping of NPs is a phenomenon which
includes the pressure effects and cannot be described by the
conventional iTS model, i.e., a pair of coupled heat-diffusion
equations which do not include the pressure effects.
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