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Abstract: The nanopore formation process that occurs by supplying a thermal spike to single crystal
CeO; has been simulated using a molecular dynamics method. As the initial condition, high thermal
energy was supplied to the atoms in a nano-cylinder placed at the center of a fluorite structure. A
nanopore was generated abruptly at around 0.3 ps after the irradiation, grew to its maximum size at
0.5 ps, shrank during the time to 1.0 ps, and finally equilibrated. The nanopore size increased with
increasing effective stopping power gSe (i.e., the thermal energy deposited per unit length in the
specimen), but it became saturated when gSe was 0.8 keV/nm or more. This finding will provide
useful information for precise control of the size of nanopores. Our simulation confirmed nanopore
formation found in the actual experiment, irradiation of CeO, with swift heavy ions, but could not
reproduce crystalline hillock formation just above the nanopores.

Keywords: nanopore structure; ceria; irradiation; molecular dynamics; simulation; structural analysis;
defects

1. Introduction

When oxide metals are irradiated by high-energy heavy ions, nano-sized protrusions
and pores are produced on the surface and inside the specimen, respectively. For ex-
ample, in an irradiated NiO specimen, nano-sized protrusions and cylindrically shaped
nanopores were generated simultaneously [1]. Using transmission electron microscopy
(TEM), Jensen et al. [2] observed hillocks at both ends of tracks in Yttrium Iron Garnet
(YIG) induced by high-energy -Cgp ions. They believed that the matter was emitted from
the ion track, leaving the spherical hillocks on the sample surface at the entrance and exit.
Recently, Ishikawa et al. [3] found that hemispherical protrusions and nanopores were also
generated in CeO, by high-energy ion beam irradiation. Subsequently Ishikawa et al. [4]
observed ion tracks and hillocks produced by swift heavy ions of different velocities in
Y3Fes01, by TEM. They found the dimensions of the hillocks increase as a function of
stopping power, Se. The data can be interpreted by the lifetime of the melt region pro-
duced by irradiation. lIon-irradiated CeO, was studied extensively regarding its optical
reflectivity [5] and spectroscopic characteristics [6], defects [7-10], grain size effects [11],
X-ray Photoelectron Spectroscopy (XPS) [12], and effects of irradiation temperature on final
structure [13].

Nanopore formation is an interesting phenomenon from the viewpoint of nano-order
fabrication of materials and can lead to the realization of highly functional materials such
as catalysts [14]. Therefore, it is crucial to clarify the formation mechanism of nano-sized
protrusions and cylindrically shaped nanopores. Since high-energy beam irradiation is a
non-equilibrium process and its relaxation time is very short, it is difficult to clarify such a
mechanism only by an actual experiment. Molecular dynamics (MD) simulation provides
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a useful tool for the analysis of such a process because it can calculate the trajectories of
individual atoms during a short time period.

In our previous papers, using computer-aided simulations, we studied the effects of
high-energy, heavy-ion irradiation [15-19] as a theme in the development of a new genera-
tion of nuclear fuels with a high burn-up ratio. Employing MD simulations, we evaluated
the disorder of a single crystal structure of specimens irradiated by fast particles. Our MD
simulations elaborated the structural change followed by the high-energy dissipation of a
nano-scale region in a single crystal of CeO, after irradiation [18,19]. Yablinsky et al. [20]
analyzed the structure of ion tracks and investigated thermal spikes in CeO, with energy
depositions using MD simulation. Medvedev et al. [21] developed the Monte-Carlo code
TREKIS (Time-Resolved Electron Kinetics in swift heavy-ion Irradiated Solid) which mod-
els how a penetrating swift heavy ion (SHI) excites the electron subsystems of various
solids, and the generated fast electrons spread spatially. Subsequently, the same group pro-
posed a hybrid approach that consisted of the Monte-Carlo code TREKIS and the classical
molecular dynamics code LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) for lattice atoms to simulate the formation process of a cylindrical track of about
2nm diameter in Al,Oj3 irradiated by Xe 167 MeV ions [22]. Then, Rymzhanov et al. [23]
simulated a structure in overlapping swift heavy-ion track regions in Al,O3; and found
good coincidence with observation results of irradiated Al,O3 by high resolution TEM.
Another paper by Rymzhanov et al. [24] examined swift heavy-ion irradiation of forsterite
(Mg5iO4) and the effects of the ion energy and its energy losses on the track radius were
explained, and the track formation thresholds was determined [24]. Rymzhanov et al. [25]
also clarified that different ion tracks were produced in MgO, Al,O3, and Y3Al501, (YAG)
by irradiation with Xe (176 MeV) ions, whereas no ion tracks in MgO, discontinuous dis-
torted crystalline tracks in Al,O3 and continuous amorphous tracks in YAG were detected.
Recently, Rymzhanov et al. [26] studied the irradiation process of MgO, CaF,, and Y3Al501»
(YAG) with fast ions. They found MgO and CaF, showed recovery of transient damage in
the surface region, forming a spherically shaped nano-hillock, whereas YAG showed al-
most no recovery of the transient disorder, forming an amorphous hillock. The movie they
attached as supplemental material demonstrates nano-hillock formation of CaF; irradiated
by 200 MeV Au. Some of the above same researchers teamed with Karlusi¢ et al. [27] to
research Al,O3 and MgO irradiated under grazing incidence with an I beam of 23 MeV.
In this study, they found grooves surrounded with nano-hillocks on MgO surfaces and
smoother, roll-like discontinuous structures on the surfaces of Al,Os.

In the present study, we used an MD method to simulate the nanopore structure
formation process in a single crystal CeO, with two free surfaces by supplying a thermal
spike. Structural analysis was done for the obtained specimens. We evaluated the number
of Frenkel pairs as a function of the thermal energy deposited per unit length in the
specimen, ¢Se, which represents the beam strength. We classified various types of oxygen
Frenkel pairs by the distance between the vacancy and the corresponding oxygen atom.

2. Simulation Method
2.1. Molecular Dynamics

Concerning the MD simulation method, we adopted the same method as our previous
work [19], except that the specimens have a free surface. Therefore, the calculation method
is only outlined as follows. The Ce and O atoms were laid out to form the fluorite structure
unit cell. Then, the unit cell was cloned 6 times each in <010> and <100> directions and
4 times in the <001> direction. The dimensions of the CeO; crystal were 3.25 nm x 3.25 nm
x 2.33 nm, whereas those of the calculation region were 3.25 nm x 3.25 nm x 3.25 nm.
There was a free space on the upper and lower sides of the CeO, crystal along the <001>
direction to mimic the free surface. Figure 1a shows the unit structure of the CeO; fluorite
structure and Figure 1b shows the whole system for calculation.
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Figure 1. (a) The unit structure of CeO, fluorite. (b) The whole system for calculation.

In order to calculate the interaction between the atoms, we used the potential type
proposed by Inaba et al. [28]. This is the Born-Mayer-Huggins potential type, which has a
function form as

z;z;e? a;+a; —ri; CiCi
¢i(ri]') = lrijj +f0(bi+bj)€xp<W> — #]6] (1)
where rij is the distance between ions i and j, z; is the effective valence of an ion i, e is
the electron charge, fo is a constant to adjust the unit, ¢; and ¢; are the parameters of the
molecular interaction term, and 4; and b; are the parameters of the repulsion term. For the
electrostatic interactions, the Ewald method was applied. The potential cut-off was 1.37 nm
for short range interaction and for the real part of the Ewald summation. The potential
parameters were determined to reproduce the lattice parameters at various temperatures
and the bulk modulus of CeO,. The fitted parameters for CeO, are presented in Table 1.

Table 1. Potential parameters for CeO, [28].

Parameters Ce %t 02
z 2.700 —1.350
4 (nm) 0.1330 0.1847
b (nm) 0.00454 0.0166
¢ J%5(nm)3mol ~0?) 0.00 1.294
fo 4.07196 4.07196

A cylindrical region with a diameter of 1.0 nm located at the center of the calculation
region in the <001> direction was considered as the irradiation beam trajectory. Using a MD
method, we initially relaxed the structure at the temperature of 298 K before a high thermal
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energy was applied to the cylindrical region. This temperature was set as typical ambient
temperature, or room temperature. Thermal energy is a part of the energy deposited by
the heavy-ion irradiation. The present study names this thermal energy as an effective
stopping power, and it is described as gSe. The parameter g in gSe signifies the ratio of
thermal energy transferred from stopping power to the lattice as the vibration energy. In
the MD simulation, the high thermal energy was applied to the cylindrical region by setting
the velocity of the atoms in the region to values ranging from gSe = 0.0 to 1.6 keV/nm
with 0.1 keV/nm energy bins according to the Maxwell distribution. According to the
experiment by Ishikawa et al. [3], Se = 32.0 keV/nm for 200 MeV Au ion. The maximum
value of gSe for our simulation is gSe = 1.6 keV/nm, thus the energy transfer ratio g = 0.05.
According to TREKIS, a 167 MeV Xe ion gives Se = 21, 24.9 and 25 keV/nm for MgO,
Al,O3 and YAG, respectively, and it gives a radial distribution of the excess lattice energy
density around the trajectory of the irradiated ion (see Figure 2 in reference [25]). A rough
estimation of gSe can be made from the excess lattice energy of MgO and Al,O3 as gSe = 2
keV/nm and the value of g is the same order as ours. The temperature of the region outside
the cylindrical region with a diameter of 2.0 nm was kept at 298 K by the velocity scaling
method [29]. In <010>, <001> and <100> directions, the periodic boundary condition was
considered. The simulation duration was 10,000 molecular dynamic intervals, each taking
0.3 fs, summing up to 3 ps.

2.2. Structure Analysis

A vacancy is defined as the vacant site in the CeO; fluorite structure, such that the
distance between the vacant site and the nearest atom from the site is larger than the atomic
radius of O or Ce originally set at the vacant site, 0.097 nm (for O) and 0.138 nm (for Ce).
This is what we call the “Lindemann criterion”, and it may overestimate the number of
vacancies. An oxygen Frenkel pair is defined as the pair of a vacant site and the oxygen
atom which escaped from the site. Oxygen Frenkel pairs can be classified according to the
distance between the vacant site and the oxygen atom that was originally located at the site,
such as INN (1st nearest neighbor) Frenkel pair, 2NN Frenkel pair, and so on [30]. Figure 2
shows an example of a INN Frenkel pair, and Table 2 lists the distance between the vacant
site and the oxygen atom for iINN Frenkel pairs (i=1, 2, ..., 7). We evaluated the number
of vacancies and Frenkel pairs in the irradiated specimen as a function of time and as a
function of gSe.

INN FP
o O o O O
® 6 o o
[001] ‘ ‘ ‘

v
= @)
D
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@ Cceion { ) Ovacancy

@ oon @ ointerstitial

Figure 2. An example 1NN Frenkel pair.
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Table 2. Distance between the vacant site and oxygen atom for iNN Frenkel pairs (i=1,2,...,7).

Type (NN: Nearest Neighbor) Distance (nm)
INN 0.234
2NN 0.449
3NN 0.590
4ANN 0.703
5NN 0.800
6NN 0.887
7NN 0.966

3. Results and Discussion

Structural changes of the CeO, systems after the irradiation, as viewed from <001> and
<100> directions, are shown in Figures 3 and 4 for the values of ¢Se = 0.0 and 0.8 keV/nm,
respectively. The number of ejected atoms increased with increasing gSe value.

Figure 3. Structural change of the CeO, systems viewed from (a) <001> and (b) <100> directions
after the irradiation and for ¢gSe = 0.0 keV/nm.
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Figure 4. Structural change of the CeO, systems viewed from (a) <001> and (b) <100> directions
after the irradiation and for gSe = 0.8 keV/nm.

Figure 3 indicates that the surface of the specimen showed disorder even when
gSe = 0.0 keV/nm. This means that the disorder on the surface is not generated by irradia-
tion. Therefore, we neglect the surface atoms for the structural analysis in order to clarify
the formation process of the nanopore. In this case, no defects were found in the interior of
the specimen; however, there is the possibility that defects are created at gSe = 0.0 keV /nm.
The thermal energy provides the system necessary for the creation of defects. However, the
ambient temperature is room temperature that is around 1/40 eV, which is low compared
with the defect formation energy. Therefore, the defect creation event is rare, and no defects
were found in the calculated system. We see the creation of defects among many specimens
prepared, but this is out of our scope in the present study. As can be seen from Figure 4,
a nanopore was formed in the specimen by ejection of the atoms located in the central
region. In the case of g¢Se = 0.4 keV /nm, a nanopore was also produced but its diameter
was smaller than that of ¢Se = 0.8 keV /nm.

It is interesting to compare this figure with our previous result for computer simulation
of irradiation of CeO, single crystals with no free surface. The Ce sublattice was stable up



Quantum Beam Sci. 2021, 5, 32

7 of 14

to gSe = 1.5 keV/nm, and even at gSe = 2.0 keV/nm only several interstitial atoms were
found as defects (see Figure 4 in reference [19]). It can be considered that the Ce sublattice
damage is confined near the surface of the irradiated region compared with the O sublattice
damage. To elaborate the nanopore formation process, the time change of the total number
of vacancies for the various values of gSe was calculated.

Figure 5a,b show the results for ¢gSe = 0.1-0.8 and 0.8-1.6 keV/nm, respectively.
(No defect was found in the interior of the specimen at gSe = 0.0 keV/nm because of
the low temperature 298 K.) For all these gSe cases, the number of vacancies increased
abruptly up to 0.2 ps after the irradiation. It increased further and reached the maximum,
then gradually decreased until 1.5 ps and equilibrated to a constant value after that. The
equilibrated number of vacancies increased as gSe increased for the low values of gSe less
than 0.8 keV/nm and converged to a constant value around 200 when ¢gSe was larger than
0.8 keV/nm. It is noteworthy that the number of atoms in the region where vacancies
were counted is 1296. In the range of g¢Se = 0.1-0.8 keV/nm, the more thermal energy
given, the more disordered the structure. However, in the range of 0.8-1.6 keV /nm, the
additional thermal energy cannot change the structure drastically because the structure is
already disordered. If the same amount of energy is given to an ordered and a disordered
structure, the increment of entropy of the ordered structure is much larger than that of the
disordered structure.

The distributions of vacancies in the CeO, systems viewed from <001> and <100>
directions are shown in Figures 6 and 7 for the values of gSe = 0.2 and 0.8 keV/nm,
respectively. The nanopore was formed abruptly at around 0.3 ps after the irradiation and
grew to its maximum size at 0.5 ps, then it shrank during the time to 1.0 ps and finally
became equilibrated. The size of the nanopore increased as gSe increased, but it saturated
when gSe was 0.8 keV /nm or more. This finding will provide useful information for precise
control of the size of the nanopore.

300

—0.1 keV/nm —0.2 keV/nm 0.3 keV/nm —0.4 keV/nm

—0.5 keV/nm 0.6 keV/nm =——0.7 keV/nm =—=0.8 keV/nm

250

200 “f \

Total number of vacancies (count)

150
100
50
0
0 0.5 1 1.5 2 2.5 3
Time (ps)
(a)

Figure 5. Cont.
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Figure 5. Time change of the total number of vacancies for the values of (a) gSe = 0.1-0.8 keV/nm
and (b) gSe = 0.8-1.6 keV/nm.

(a)

Figure 6. Cont.
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(b)

Figure 6. Distributions of vacancies in the CeO, systems viewed from (a) <001> and (b) <100> directions for the values of
gSe=0.2keV/nm.

3.00ps

(b)

Figure 7. Distributions of vacancies in the CeO; systems viewed from (a) <001> and (b) <100>
directions for the values of gSe = 0.8 keV/nm.
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Figure 8 shows the time change of oxygen Frenkel pairs for gSe = 0.4, 0.8, 1.2, and
1.6 keV/nm. The number of oxygen Frenkel pairs could be separated into two categories,
higher gSe (0.8, 1.2 and1.6 keV /nm) and lower gSe (0.4 keV/nm). The number of oxygen
Frenkel pairs in the higher gSe category was larger than that of the lower gSe category;
however, there was no clear correlation between the Frenkel pairs and gSe in the higher
category. This behavior was similar to that for the number of vacancies and the radius of
the nanopore. It should be noted that the number of oxygen Frenkel pairs is one order of
magnitude lower than the total number of vacancies shown in Figure 5. This difference
comes from the difference of definition of vacancy and Frenkel pairs. As shown in Table 2,
the distance between the vacant site and the escaped oxygen atom should be larger than
0.234 nm. In contrast, the corresponding distances defined for the vacancy are much
smaller than that for oxygen Frenkel pairs, 0.097 nm (for O) and 0.138 nm (for Ce). The
time averaged distribution of the iINN oxygen Frenkel pairs, wherei=1,2, ..., 7, is shown
for the values of gSe = 0.4, 0.8, 1.2, and 1.6 keV/nm in Figure 9a—d, respectively. As seen
from these figures, the short-distance Frenkel pairs, INN to 4NN, were in the majority for
lower gSe (0.4 keV /nm), whereas the long-distance Frenkel pairs were found for the higher
values of ¢Se (0.8, 1.2 and1.6 keV /nm).
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Figure 8. Time change of oxygen Frenkel pairs for gSe = 0.4, 0.8, 1.2, and1.6 keV/nm.
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Figure 9. The time averaged distribution of iINN oxygen Frenkel pair, wherei=1,2, ... ,7, is shown
for the values of gSe = 0.4, 0.8, 1.2, and1.6 keV/nm in (a—d), respectively.

In the case of CeO,, the displacement threshold energy for O is 20-30 eV, much smaller
than that for Ce 50-60 eV [30]. Therefore, oxygen-induced defects are a sensitive indicator
for the ion irradiation process. Oxygen Frenkel pairs are important because the aggregation
of multiple oxygen Frenkel pairs acts as a source of dislocation loops [31]. The dislocation
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loops create a high-strain energy region, which becomes an initial point of crack formation
and propagation in the irradiated specimen.

As can be seen from Figure 4, no hemispherical protrusion was observed on the
surfaces; only disordered atoms were seen. In our simulation, the outside of the CeO,
is a free space, thus cooling by adiabatic extension could not occur. As Schattat et al. [1]
pointed out, cooling by adiabatic extension is critical to obtain the hemispherical protrusion,
especially for crystallizing as in the CeO, case. We considered that the protrusion was
in a vapor-like state initially and then was cooled significantly by adiabatic expansion
into a hemispherical-shaped crystal (see Figures 2 and 5 in reference [3]). This process
is significant and resembles the cluster formation process in the cluster-beam deposition
method; the cylindrical region (the nanopore) acts similar to a nozzle in the cluster-beam
deposition apparatus [32,33].

The animation of the formation process of the nano-hillock of CaF, presented by
Rymzhanov et al. [26] suggests that a strong Coulomb interaction plays an important
role in forming the nano-hillock structure with single crystalline form. Karlus$i¢ et al. [27]
simulated the formation process of the nano-hillock of MgO and Al,O3 with two different
charge states, equilibrium charge state Z,5 = +8.47 and fixed charge state Z,5 = +6. They
showed that the nano-hillock was formed for the equilibrium charge state, whereas a very
small nano-hillock (Al,O3) or no nano-hillock (MgO) was formed for the fixed charge
state. This finding also supports the importance of the strong Coulomb interaction. For the
present case of CeOy, the equilibrium charge state of Ce is Z,r = +2.7 and the fixed charge
state is Zeﬁc = +4, indicating a weak Coulomb interaction. In addition, it should be noted
that hillock formation experiment/simulation for the system with a free surface was done
with 23 MeV lion giving Se= 8.53 keV/nm (MgO) and 9.1 keV/nm (Al,O3), estimated by
the SRIM code [27], whereas the irradiation experiment/simulation for the bulk system
was done with 167 MeV Xe ion giving Se= 21 keV/nm (MgO), 24.9 keV /nm (Al,O3) [25].
This leads to another possible mechanism for nano-hillock formation: moderately strong
beam irradiation to a strong Coulomb interaction system with a free surface.

4. Conclusions

Using the MD method, we simulated the nanopore formation process by applying a
thermal spike to single crystal CeO,. The nanopore was formed abruptly at around 0.3 ps
after the irradiation and grew to its maximum size at 0.5 ps. Then, it shrank in the time to
1.0 ps and was finally equilibrated. The nanopore size increased with increasing effective
stopping power gSe (i.e., the thermal energy deposited per unit length in the specimen),
but it saturated when gSe was 0.8 keV/nm or more. This finding will provide useful
information for precise control of the size of the nanopores. We classified oxygen Frenkel
pairs into seven types using the distance between the vacant site and the corresponding
oxygen atom. Irrespective of the value of gSe, the number of interstitial ions became
the maximum immediately after irradiation. Subsequently, interstitial ions occupied the
vacancies to lower the system energy. When gSe was low, the vast majority of Frenkel pairs
were the short-distance type and when gSe was high, both short-distance and long-distance
types of Frenkel pairs were produced.

The present study has clarified the essence feature of the nanopore formation process
by irradiation; however, there are several issues that should be addressed in further
investigations: (i) the MD simulation box is small compared with the radius of cylindrical
hole. (ii) The length to width ratio of the track deviates from that of actual experiment. (iii)
Several MD simulations per Se are required to confirm quantitative information.
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