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Abstract: The latent ion track in a-quartz is studied by molecular dynamics simulations. The latent track is created

by depositing electron energies into a cylindrical region with a radius of 3 nm. In this study, the electron stopping

power varies from 3.0 keV/nm to 12.0 keV/nm, and a continuous latent track is observed for all the simulated values

of electron stopping power except 3.0 keV/nm. The simulation results indicate that the threshold electron stopping
power for a continous latent track lies between 3.0 keV/nm and 3.7 keV/nm. In addition, the coordination defects

produced in the latent track are analyzed for all the simulation conditions, and the results show that the latent track

in a-quartz consists of an O-rich amorphous phase and Si-rich point defects. At the end of this paper, the influence of

the energy deposition model on the latent track in x-quartz is investigated. The results indicate that different energy

deposition models reveal similar latent track properties. However, the values of the threshold electron stopping power

and the ion track radius are dependent on the choice of energy deposition model.
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1 Introduction

When energetic ions penetrate a solid material, they
lose their energies through elastic collisions with target
nuclei (nuclear stopping) and inelastic collisions with tar-
get electrons (electron stopping). For swift heavy ions
with energy of MeV to GeV, the electron stopping dom-
inates the energy loss processes and the contribution of
nuclear stopping is negligible. The interactions of the in-
cident ion with the target electrons excite the electrons
in the solid materials. When the electron stopping power
((dE/dx)) of the incident ion is higher than a mate-
rial dependent value, namely the threshold electron stop-
ping power ((dE/dz).y), the electron excitations lead to
a continuous cylindrical damaged zone, namely the ion
track.

Theoretical descriptions of the latent ion track have
been made for several decades. Among all the proposed
models, the Coulomb explosion [1, 2] and the thermal
spike model [3-5] are most widely discussed. Due to a
lack of macroscopic material parameters when the lattice
atoms are strongly ionized by the projectile, sufficiently
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developed Coulomb explosion descriptions, which can
correctly reproduce experimental observations or provide
useful predictions, are still unavailable. On the other
hand, the thermal spike model has been used to suc-
cessfully describe the evolution of the experimental track
radius with electron stopping for various metals and in-
sulators [5-8]. However, due to a lack of information
on the nonequilibrium thermodynamical property of the
material, the applicability of the thermal spike concept is
sometimes heavily disputed because of the use of equilib-
rium heat transport. In this case, computer simulation
provides a direct way to gain an insight into the latent
track formation.

The molecular dynamics (MD) method has been
widely used in ion track simulations [9-18]. Most of the
published literatures on ion track simulations use the ho-
mogenous energy depositions, and the temperature pro-
files are used as a tool to define the ion track radius. The
simulation results for Ar ions indicate that the energy
transportations described by the thermal spike model
are not strictly correct [10, 11]. The temperature profiles
for the Gaussian-distributed energy deposition and the
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homogeneous deposition are the same after a few ps,
which indicates that the energy deposition profiles have
negligible effect in the MD simulations of ion track for-
mation. By using an energy deposition profile calculated
from the inelastic thermal spike model, a low-density
core—high-density shell fine structure has been observed
in various materials [12, 14, 15]. In addition, the authors
pointed out that the results were somewhat dependent
on the choice of the energy deposition model. Until now,
the dependence of the ion track radii on the electron
stopping power and the structure of the ion track in «-
quartz were well studied [12, 14, 16]. However, none of
the simulations provide insight into the defects produced
in the latent track formation in a-quartz. The goal of
this paper is to study the defects produced in the la-
tent track formation in «-quartz and the influence of the
energy deposition model on the track formation.

2 Simulation method

The simulations were performed with LAMMPS [19]
and the trajectories were visualized with VMD [20]. The
Watanabe potential for a Si-O mixed system [21, 22],
which has been shown to be well suited to study the
radiation defects in SiO, [12, 15, 23], was used to calcu-
late the atomic interactions. The potential was smoothly
joined to the universal Ziegler-Biersack-Littmark poten-
tial by the Fermi function at a close distance to avoid
unphysical interactions. The a-quartz used in the sim-
ulations was 20.9 nmx21.2 nmx9.9 nm and contained
326592 atoms. Periodic boundary conditions were used
in the three dimensions.

The a-quartz was initially equilibrated in the isother-
mal isobaric ensemble at 300 K and zero external pres-
sure for 30 ps. A latent ion track was subsequently cre-
ated along the z direction by depositing the electron en-
ergy simultaneously to a cylindrical region with a radius
of 3 nm [13, 17, 18], and all the atoms in this region
obtained the same amount of energy, with their initial
velocities randomly distributed. The total deposited en-
ergy corresponds to the electron stopping power of the
incident ion. In this study, the electron stopping power
varied from 3.0 keV/nm to 12.0 keV/nm. The simulated
electron stopping power and the corresponding deposited
energy per atom in the deposition region are displayed
in Table 1.

When the electron energy deposition was finished,
the evolution of the sample was followed with the micro-
canonical (constant NVE) ensemble, during which the
temperature of the last 0.5 nm at the borders in the
x and y directions was controlled at 300 K by Berend-
sen method [24]. A variable time step from 0.01 ps to
0.1 ps was used. The simulations were terminated until
the temperature of the sample was below 500 K, and no

change was observed in further simulations.

The defects of the irradiated sample were identified
by the coordination number. A cutoff radius of 0.2 nm
was used for the Si-O bond, i.e. only the Si(O) atoms
that were within 0.2 nm of an O(Si) atom contribute to
the coordination number of this O(Si) atom. An atom
was identified to be a coordination defect if the coor-
dination number of silicon was not equal to 4 or the
coordination number of oxygen was not equal to 2. A
coordination defect was identified to be part of an amor-
phous region if more than half of its neighbors were also
coordination defects; otherwise it was identified to be a
point defect.

Table 1. The values of electron stopping power
(dE/dx) in the present work and the correspond-
ing energy that one atom in the energy deposition
region obtains.

dE/dz/(keV/nm) energy per atom/(eV/atom)
3.0 1.42
3.7 1.75
4.6 2.18
5.2 2.46
7.1 3.37
9.0 4.27
12.0 5.69

3 Results and discussion

3.1 The dependence of ion track radius on the
electron stopping power

Figure 1 displays the evolution of the sample in the a-
y plane within 2 ps for d£/dz=12.0 keV/nm. The radial
transportation of the energy in the latent track formation
proceeds as follows. The initially excited atoms collide
with their neighbors and after a few collisions, a frac-
tion of the energy is transported away by the neighbors.
In addition, a radial outgoing pressure wave is formed
due to the physical expansion of the excited region. A
rarefaction then occurs, associated with the density low-
ering in the center. The pressure wave slows down with
time and the lattice atoms return to the center region.
We believe that the entire scenario is a weak unsteady
shock wave phenomenon [10]. After several ps the pres-
sure wave diminishes and a stable continous amorphous
phase forms.

The ion track radius is determined by visualizing the
amorphous region in VMD as shown in Fig. 2. For
dFE/dx=3.0 keV/nm (shown in Fig. 2(a)), no obvious
amorphous region can be seen, except for a few point
defects. A continous cylindrical amorphous region, with
an unclear boundary between the amorphous phase and
the crystalline region, is observed when the electron stop-
ping power increases to 3.7 keV/nm. The amorphous
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(color online) Sample evolutions in the z-y plane with time within 2 ps for dE/dz= 12.0 keV/nm. Atoms

are colored from red to blue to represent the kinetic energies from low to high.
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region expands and the boundary becomes more clear as
the electron energy loss continues to increase. These re-
sults indicate that the minimum electron stopping power
for continous track formation ((dE/dx),) lies between
3.0 keV/nm and 3.7 keV/nm. This result is close to the
previous simulated value of 3.6 keV/nm [12].

The simulated ion track radii for different values of
electron stopping power are shown in Fig. 3. The ex-
perimental data and previous MD simulation results are

(b) 3.7 keV/nm

(e) 7.1 keV/nm

Final configurations of a-quartz along the z direction (track axis) for different values of electron stopping power.
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also displayed for comparison [6, 12]. As can be seen
from the figure, the ion track radius increases with in-
creasing the electron stopping power. The simulated
track radii are in overall good agreement with the ex-
perimental data and the previous simulation results, and
the small diviations result from the homogenous energy
deposition model used in the present study. In this de-
position model, the ion track radius is only dependent
on the electron stopping power, and the velocity effect,
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Fig. 3. (color online) The latent ion track radius

as a function of electron stopping power. Fig. 2.
The simulation results in this study (diamond) are
compared with the experimental data in Ref. [6]
(circles) and the previous MD simulation results
in Ref. [12] (triangles).

i.e. the damage cross section is higher at low ion velocity
than that at high ion velocity for the same value of elec-
tron stopping power [6, 25], is neglected. Therefore, the
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electron stopping power.

simulated track radius is deviated from the experimental
data when the ion track radius is affected by the incident
ion velocity greatly.

3.2 Coordination defect in the latent ion track

The coordination defects produced in the track for-
mation were analyzed for all of the simulations. Fig. 4
and Fig. 5 show the point defect number and the defect
number in the amorphous phase as a function of time
for different values of electron stopping power, respec-
tively. The results for the two lowest values of electron
stopping power (3.0 keV/nm and 3.7 keV/nm) are sep-
arately plotted in Fig. 4(a) and Fig. 5(a) for clarity. As
can be seen from Fig. 4, a similar trend for the point de-
fect number with time was observed over a wide range of
electron stopping power. Take dE/dz=12.0 keV/nm as
an example: the point defect number increases quickly
at the beginning, and reaches its peak of ~8000 at about
10 ps. Then this number decreases and becomes stable
to ~3500 after 30 ps, indicating that the simulation time
is long enough. The rise and fall of the curve correspond
to the defect producing and defect annealing processes
in the track formation, respectively, and more than half
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(color online) Evolution of the point defect number with time for different values of electron stopping power.
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(color online) Evolution of the defect number in the amorphous phase with time for different values of
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of the point defects are recombined at the end of the
simulation. For lower values of electron stopping power,
the time for both defect producing and annealing pro-
cesses is greatly shortened. Furthermore, the maxi-
mum and steady point defect number decrease with
decreasing the value of electron stopping power. For
dFE/dx=3.0 keV/nm, the steady point defect number is
less than 100.

As can be seen from Fig. 5, the evolutions of
the defect number in the amorphous phase with time
follows a similar trend as the point defects.  For
dFE/dx=3.0 keV/nm, no steady amorphous phase is ob-
served; indicating that there is no ion track at the end
of the simulation. Both the maximum and steady defect
number in the amorphous region increase with increasing
the electron stopping power. These results are consistent
with the dependence of the ion track radius on the elec-
tron stopping power, as shown in Fig. 3.

In order to have a better sense of the defects in the la-
tent track, the chemical compositions of both the point
defects and the defects in the amorphous phase at the
end of the simulations were analyzed and the results are
shown in Fig. 6. In a-quartz, the number of O atoms
is twice the number of Si atoms. If the defects are pro-
duced stoichiometricly, the number of O defects should
also be twice the number of Si defects. However, as can
be seen from Fig. 6(a), the number of O point defects
is much less than twice the number of Si point defects.
This non-stoichiometric point defect production may be
due to the different threshold displacement energies of
O and Si. On the other hand, Fig. 6(b) shows that the
amount of O in the amorphous phase is more than twice
the amount of Si. This may be related to the different
recovery schemes for O recoils and Si recoils. The pre-
vious simulations show that in amorphous silica, silicon
recoils have a higher flexibility for defect recombination
than oxygen recoils in producing a stable oxygen vacancy
[26]. These results indicate a structure with a O-rich
amorphous phase with Si-rich point defects of the latent
ion track in a-quartz.

3.3 Influence of the energy deposition model on
the latent track

In this paper, a simple homogenous energy deposition
model was used; although it is widely used in ion track
simulations, it is not physically correct as it neglects the
radial distributions of the deposited energy and the ve-
locity effect [25]. In order to investigate the influence of
the energy deposition model on the latent ion track, an
inhomogeneous energy deposition model, in which the
energy deposition is dependent on the velocity and ef-
fective charge of the incident ion, was also applied [27].
Other simulation conditions were the same as previously
described.
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Fig. 6. (color online) The number of Si and O (a)
point defects and (b) in amorphous phase for dif-
ferent values of electron stopping power.

Figure 7 shows the sample evolution in the z-y plane
for the inhomogeneous energy deposition model with
dE/dx=2.5 keV/nm. Seen from the figure, only a small
region of atoms in the center is initially of high kinetic
energy. However, the pressure wave phenomenon men-
tioned above was also observed, and an O-rich amor-
phous region and a Si-rich defect structure were found.
These results indicate that the latent ion track features
in a-quartz are independent of the choice of energy de-
position model.

The values of (dE/dx)y, for different energy deposi-
tion models were explored. For the homogenous energy
deposition model applied above, the deposition radius
was changed to 2.5 nm and 2 nm to explore the influ-
ence of the energy deposition radius on the (dE/dz)qy,.
The simulation results show that the value of (dE/dz)q,
decreases with decreasing the energy deposition radius.
The (dE/dz),y, lies between 2.0 keV/nm and 2.5 keV /nm
when the deposition radius is 2.5 nm, and the (dFE/dx),
lies between 1.5 keV/nm and 2.0 keV/nm when the de-
position radius changes to 2.0 nm. This is attributed to
the same amount of total deposited energy in the sample.
For the same value of electron stopping power, a larger
energy deposition radius results in a larger energy dep-
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(color online) Sample evolutions in the z-y plane with time within 2 ps for the inhomogeneous energy

deposition model with dF/dz=2.5 keV/nm. Atoms are colored from red to blue to represent the kinetic energies

from low to high.

osition region, and correspondingly, the kinetic energy
that each atom obtains decreases and fewer atoms have
enough energy for melting.

The (dE/dx), for the inhomogeneous energy depo-
sition model lies between 1.5 keV/nm and 2.0 keV /nm,
which is similar to that for the homogenous energy de-
position model with a deposition radius of 2.0 nm. How-
ever, for the same irradiation condition, different values
of ion track radius may be obtained from these two mod-
els. For the homogenous deposition model, the deposi-
tion region and the kinetic energy that one atom obtains
are only dependent on the electron stopping power. So
any ion with the same value of electron stopping power
would induce the same ion track radius. On the other
hand, for the inhomogeneous energy deposition model,
the energy deposition is influenced by the type and ve-
locity of the incident ion. As a result, different ions with
the same electron stopping power may lead to different
ion track radii.

From the above discussions, it seems that the inho-
mogeneous energy deposition model is more suitable to
describe the ion track formation. However, the deposi-
tion formula was used to describe the energy deposited
into the electron subsystem from the incident ion, and
the efficiency of the energy deposition from the electron
subsystem to the lattice subsystem is still unclear. On
one hand, part of the energy would be lost during the
electron-phonon coupling process. On the other hand,
according to the equipartition of the energy, half of the
kinetic energy would be immediately converted into the
potential energy, so twice of the kinetic energy should be
deposited. Considering these uncertainties, we chose to

report the energy deposition model in our simulations,
which is simple enough and also reveals proper features
of the latent track in a-quartz.

4 Conclusion

In this paper, the ion track formation in x-quartz was
investigated by molecular dynamics simulations. The ion
track was created by simultaneously depositing the elec-
tron energies into a cylindrical region with a radius
of 3 nm, and the simulation results indicate that the
(dE/dx), lies between 3.0 keV/nm and 3.7 keV/nm.
Higher values of electron stopping power induce larger
ion track radius. The dependence of the ion track radius
on the electron stopping power is in good agreement with
previous publications. In addition, the coordination de-
fects produced in the ion track were analyzed. The re-
sults show that the ion track in &-quartz consists of an
O-rich amorphous region and Si-rich point defects.

The dependence of the track formation on the en-
ergy deposition model was also explored. Similar fea-
tures were observed for two different energy deposition
models. However, the threshold electron stopping power
and the ion track radius are different for different en-
ergy deposition methods. For the homogenous energy
deposition model, (dE/dx),, increases with increasing
the energy deposition radius. The value of (dE/dx),, for
the inhomogeneous energy deposition model is similar to
that for the homogenous energy deposition model with
a deposition radius of 2.0 nm. More theoretical efforts
need to be done to define a more physical meaningful
energy deposition model.
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