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ARTICLE INFO ABSTRACT

Keywords: ThO, is a promising fuel for next-generation nuclear reactors. As a critical quantity measuring its radiation

ThO2 tolerance, the dependence of the threshold displacement energy on temperature and crystal orientation in ThO3

Threshold displacement energy is unclear and established using comprehensive molecular dynamics simulations in this work. For both Th and O

I.l\./IO]ecular dynamics primary knock-on atoms (PKAs), the thresholds, denoted as EI" and E?, respectively, are calculated using two

emperature dependence d d

Orientation dependence different interatomic potentials. Similar temperature and orientation dependence are observed, albeit with some

Coulomb interaction quantitative differences. While on average over all orientations, higher energy is required for Th PKAs than O
PKAs to displace atoms, the polar-averaged EL! is significantly lower than that for ES. Further, ET* and ES show
different crystal orientation dependence and temperature dependence. Notably, the cubic symmetry in the
fluorite structure is followed by ET%, but does not hold for ES because of the existence of two sublattices. The
much higher average E9 than EJ* and their different temperature dependence are interpreted by the distinct
recombination rates of Th and O Frenkel pairs in thermal spikes, resulting from the substantially lower migration
barriers of O vacancies and interstitials. The recombination of O vacancies and interstitials, both of which are
charged, is further enhanced by the Coulomb interaction at small Frenkel pair separations. The new findings are
discussed for their generality in fluorite-structured oxides by comparing the results in ThO, and UO,.

Introduction operation and waste management [4,5]. It is also widely used as a non-

radioactive surrogate material for UO, in research because they share

Nuclear power plays a critical role in global energy production.
Essential to nuclear energy production is nuclear fuel. Most current
nuclear reactors are light water reactors and utilize UO5, which is a well-
developed commercial fuel. With a similar crystal structure to UOj,
thoria (ThO) has been proposed as an alternative proliferation-resistant
nuclear fuel because of several advantages over UO,, including higher
abundance, higher thermal conductivity, and a lower coefficient of
thermal expansion [1,2]. Thorium and thorium-based fuels have been
utilized in combination with fissile fuels in breeder reactor systems to
enlarge the fissile material resources [3]. ThOq-based fuel has been
assessed in the pressurized heavy water reactor in CANDU (CANada
Deuterium Uranium) reactor to demonstrate its advantages in normal
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the same crystal structure and similar ionic bonding nature [6]. In both
UO; and ThO,, the thermophysical and thermomechanical properties
can be significantly influenced by the lattice defects induced by high-
energy particle irradiation, such as neutrons, fission fragments, and
ions. For instance, recent research has demonstrated a significant
reduction in thermal conductivity attributed to defect clustering and
increased defect concentration [7,8]. Understanding the primary pro-
duction, thermal diffusion, and long-term evolution of irradiation-
induced defects, termed radiation damage, is imperative for the safe
and economical utilization of oxide fuels.

The development of radiation damage and the consequent degra-
dation in fuel properties start with primary defect production, which
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refers to the type and amount of defects produced in displacement cas-
cades. When a high-energy particle is introduced into crystalline solids,
it is scattered and partially transfers its kinetic energy to primary knock-
on atoms (PKAs). When the kinetic energy passed to a PKA exceeds a
certain threshold, the PKA and its neighboring atoms will be displaced
from their lattice sites. Meanwhile, the local temperature will increase
substantially with the formation of a local thermal spike. The thermal
spike lasts for a few picoseconds (ps) until the local heat is dissipated
into the surrounding materials. Most of the displaced atoms will recover
to regular lattice during the thermal spike via relaxation of disordered
crystal structure and correlated recombination of defects of the opposite
type. The defects that survive the thermal spike, termed primary defects,
are responsible for long-term defect accumulation and property degra-
dation [9,10]. To quantify the number of primary defects resulting from
a PKA event, the threshold displacement energy, Ey, is introduced and
defined as the threshold energy transferred to a PKA that results in the
formation of one (or more) stable Frenkel pair (FP), i.e., a pair of va-
cancy and interstitial. Since its introduction, E; has been commonly used
to quantify the irradiation dose a given material has been subjected to,
using the Norgett-Robinson-Torrens (NRT) or the Kinchin-Pease (KP)
models [11,12] or widely used software such as SRIM [13].

As E, is defined upon primary defect production within a timescale of
a few ps, direct determination of E;4 using experiments is difficult. Often,
it is indirectly derived from changes in material microstructure and
properties caused by long-term defect accumulation [14,15]. The
measured results are subjected to errors caused by uncorrelated defect
recombination in the laboratory timescale. Alternatively, atomistic
calculations such as classical molecular dynamics (MD) and ab initio MD
(AIMD) have been commonly adopted to determine Eg, in the merit of
their capabilities of resolving the dynamic defect production process in
the atomic length scale and the timescale of ps. However, accurate
determination of Ej is still challenging because of its ambiguous defi-
nition. Several different definitions have been utilized in the literature
for computing Eg4, including the minimum energy to create defects at the
PKA site [16,17], the minimum energy to displace atoms beyond a cutoff
distance [18], and the minimum energy to create FPs [19-21], and these
definitions will lead to distinct results. Further, E; depends on temper-
ature and the crystal orientation along which the PKA is displaced.
Restricted by crystal symmetry, it’s relatively easier to displace an atom
along certain orientations than others. In metals, a general trend has
been established that E; is higher along high-index orientations than
along low-index ones [22-24]. The trend is less clear for ceramics
because of insufficient data [15]. While many computational works
report either polar-averaged E; over a few low-index or random orien-
tations, the experimentally measured ones based on detectable defects
may correspond to the lowest E; among all orientations, making it hard
to compare the computed and experimentally measured values.
Furthermore, temperature affects E; and its measurement in several
ways. On the one hand, increasing temperature weakens the atomic
bonds, making it easier to permanently displace atoms and leading to
decreasing E4. Previous studies in metals have suggested steadily
decreasing E; with increasing temperature [15,25]. On the other hand,
increasing temperature promotes correlated recombination during
thermal spike [19], reducing the probability of stable FP formation and
increasing E4. A recent study in TiO, using MD has shown that ES in-
creases substantially from 50 K to 750 K while EI' exhibits a weak
temperature dependence [19]. Therefore, both the orientation and
temperature dependence of E; need to be established to have a clear
understanding on primary defect production. Further, defect production
in a thermal spike is highly stochastic. Statistical significance must be
achieved to obtain reliable data for Eg.

In the literature, E; in ThO, has been determined only in a couple of
computational studies with no experimental data. Rahman et al.[26]
employed MD simulations with a 5 keV PKA energy and the Kinchin-
Pease model to determine E;. Without distinguishing the PKA type,
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they found that E; increased from 54.7 to 74.9 eV when temperature was
increased from 300 to 1500 K. Elevated temperature led to the creation
of more defects and accelerated the efficiency of defect recombination,
with a combined effect of ultimately reducing the number of residual
defects. It’s also suggested in this study that thermally-activated diffu-
sion plays a major role in defect recombination. Xiao et al. [17] utilized
AIMD method to simulate low-PKA-energy radiation at 100 K and
determined E4 based on the criterion of whether the PKA atom is dis-
placed from its original site at 1 ps. The computed E}" is in the range of
53.5t0 61.5 eV and EY in the range of 17.5 to > 100 eV for four different
orientations, [100], [110], [111], and [112], indicating a strong
dependence on crystal orientation. While these studies have provided
useful insights, the limited data obtained thus far are insufficient to
determine the polar-averaged E and EL* over all orientations and
establish their dependence on orientation and temperature.

Compared to ThO,, there have been more calculations of E4 in UOy
[16,21,27-30]. As ThO, and UO, share the same crystal structure, in-
sights obtained with UO, may be transferrable to ThOy [6]. Meis and
Chartier [27] calculated E; using static calculations with an ionic
interatomic potential for UO,. They reported a higher average E; for U,
denoted as Eg, of about 50 eV, than the average Eg of about 20 eV. A
similar trend was reported by Jiang et al. [16] using AIMD, with an
average EY of about 46.96 eV and an average E9 of about 25.56 eV based
on the data from a few low-index orientations. The threshold was
determined by whether the displaced PKA returned to its original lattice
site at 1 ps. The trend reported by Meis and Chartier and Jiang et al. is
consistent with the experimental work for UO, by Soullard and Alamo
[29,30], which reported a EJ of about 40 eV and a EJ of about 20 eV
using high-voltage electron microscopy (HVEM). In a recent MD study in
UO, at 1500 K with several interatomic potentials, Dacus et al. [21]
reported an average EY of about 60 eV, considerably lower than the
average E9, which is above 200 eV, when E; was determined using the
criterion that the defect formation probability (DFP, the probability of
forming stable FPs) exceeds 50%. In contrast, when the criterion that the
PKA atom is displaced from its original site was used, EJ was found to
fall within the range of 20-35 eV, higher than EY in the range of 10-15
eV. The contradicting data in the literature makes it unclear how E;
depends on the PKA type, i.e., whether EY is higher or lower than ES. The
temperature dependence of E; has not been established as only a single
temperature is studied in the previous AIMD and MD simulations.
Similar to the case of ThO,, only selected crystal orientations have been
studied, which is insufficient to establish the full orientation depen-
dence. Interestingly, different orientation dependence has been reported
in UO, compared with ThO,. In the AIMD work in ThO, by Xiao et al.
[171, Egh follows the order [110] < [100] < [112] < [111], while Eg
follows the order [100] < [112] < [110] < [111]. With a similar AIMD
approach used by Jiang et al. in UOy, Ef{ follows the order [100] <
[111] < [112] < [110], while Efi’ follows the order [100] < [112] <
[110] < [111]. Note that in both UO, and ThO,, E; for cation and anion
have been shown to have different orientation dependence.

In this work, comprehensive molecular dynamics simulations are
carried out to compute the threshold displacement energy in ThOs, to
establish the dependence of E; on PKA type, orientation, and tempera-
ture. The FP formation energy and defect migration barriers are also
computed to help understand the dependence of E; on PKA type. The
results show that EY is significantly affected by correlated recombina-
tion in the thermal spike, which is further promoted by the Coulomb
attraction between O vacancies and interstitials of opposite charge. A
hidden asymmetry in fluorite-structured oxides is identified for the O
sublattice, which has been ignored and must be considered for estab-
lishing the orientation dependence of ES.
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Methodology
Interatomic potentials

The molecular dynamics (MD) simulations are conducted using the
LAMMPS [31] package. Two empirical potentials, previously developed
by Cooper et al.[32] and Zhou et al. [33], are employed to assess un-
certainties associated with the choice of potential. Both potentials utilize
a many-body Embedded Atom Method (EAM) description [34] with
Morse [35], Buckingham[36], and Coulomb potential forms to capture
the inter-particle interaction within the system. Experimental and ab-
initio validation confirmed that these potentials reliably reproduce
thermophysical properties under high-temperature conditions
[32,33,37]. The selection of the Cooper potential is based on its
exceptional performance in predicting thermodynamic properties and
defect formation energies. In comparison, the Zhou potential, which was
recently developed following the analytical expression of the Cooper
potential with additional DFT calculations, exhibits improved perfor-
mance in predicting the phonon spectra and thermal conductivity, while
the performance on defect properties has not been assessed. This
deliberate choice aims to leverage the strengths of each potential to
avoid the dependence of the general trends on the choice of interatomic
potential. Both potentials utilize fixed, non-formal charges to simulate
the Coulomb interaction in the ThO, system. The Cooper potential
employs charge values of + 2.2208 for cations and —1.1104 for anions,
while the Zhou potential uses + 2.5116 for cations and —1.2556 for
anions. To mitigate the unrealistic forces stemming from the Bucking-
ham term at short distances, it is bridged with the Ziegler-Biersack-
Littmark (ZBL) repulsive potential [38] using a sine function with the
cutoffs at 0.5 A and 1.5 A. The sine function is selected as the bridging
function due to its smooth nature and zero first-order derivatives at both
cutoffs. The ZBL potential fully replaces the Buckingham term below 0.5
A and vanishes beyond 1.5 A. More details about bridging the ZBL po-
tential are provided in Section S1 of Supplementary Materials.

280A
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Threshold displacement energy calculation

Simulated irradiation with low PKA energies from 10 to 300 eV is
utilized to compute E4. To save computation cost, an increment of 10 eV
is used from 10-100 eV, and 50 eV from 100-300 eV, to allow for a
detailed investigation of the relatively high ES. The simulation cell
contains 10 x 10 x 10 conventional fluorite cells with 12,000 atoms.
Periodic boundary conditions are imposed in all directions. The time-
steps are either 2.5 fs or determined by using a maximum atomic
displacement of 0.1 A, whichever is smaller. This can maximize simu-
lation efficiency while preventing unrealistically large atomic
displacement when PKAs are introduced. The system is initialized at 0 K
and then equilibrated at the desired temperature with zero pressure at
the boundaries. Four temperatures, 100 K, 500 K, 1000 K, and 1500 K,
are considered to study the temperature dependence. The highest tem-
perature, 1500 K, is comparable to the upper bound of the fuel operation
temperature in nuclear reactors [5,39]. After equilibration, a PKA, either
Th or O, is selected with its velocity scaled in accordance with the
desired PKA energy and redirected to a random direction. The simula-
tion cell is then relaxed for 5 ps with the NVT ensemble. The tempera-
ture is controlled by a velocity rescaling thermostat every 100 MD steps
to remove the excess heat. Each time the system temperature is rescaled
toward the target temperature by 10 % (AT = 10%(Tcurent — Trarget)), tO
minimize the impact of thermostat on defect production. A comparison
of the rescaling approach and the often-used heat sink approach for
temperature control has been made and described in Section S5 of
Supplementary Materials. The choice of 5 ps follows the recent study in
UO, [21]. As has been pointed out in Robinson et al.[19], a short
thermal spike lifetime may overestimate E; by suppressing correlated
recombinations, while a long thermal spike time may underestimate E4
because of uncorrelated recombination. After relaxation, the system is
quenched to 0 K to determine whether stable FPs are generated by
adopting the dynamic quenching algorithm [40]. The system tempera-
ture is quenched down to 0 K within 1 ps to prevent significant changes
in the defect structures during quenching. As an example, the maximum
atomic displacement during quenching is found to be 1.2 x 10# A for Th

@ Thatom @ Th, atom
@ Oatom @ O,atom

I Vp, defect
V,, defect

Fig. 1. (@) A50 x 50 x 50 ag ThO, supercell, and schematic views of the migration paths for (b) Vg, (¢) Vo, (d) Thy, and (e) O;. The solid arrows show the atomic
displacements during diffusion. In (b), the dashed red line represents the prescribed straight path along <110>, and the solid curve traces the actual path given by
NEB. The thorium and oxygen vacancies are indicated as cyan cubes and pink cubes. The thorium and oxygen interstitials are indicated as green spheres and magenta
spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(a) Th PKA

Probability (%)

0 50 100 150 200 250 300
PKA energy (eV)
—@— Cooper: Defect formation
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(b) O PKA

0 50 100 150 200 250 300
PKA energy (eV)
-€3- Zhou: Defect formation

—l— Cooper: Defectless mixing -t3- Zhou: Defectless mixing

—&— Cooper: Unchanged

=75= Zhou: Unchanged

Fig. 2. The probabilities for defect formation, defectless displacement, and unchanged configurations as a function of PKA energy at 1500 K obtained with (a) Th
PKA and (b) O PKA for the Cooper potential (solid line) and Zhou potential (dashed line).

PKA and 0.88 A for O PKA in two simulations at 1500 K with a PKA
energy of 300 eV. For each combination of PKA energy and temperature,
2,000 independent simulations are conducted with random PKA di-
rections, to comprehensively explore the orientation dependence.

The defect characterization and visualization are accomplished using
the OVITO package [41]. The Wigner-Seitz defect analysis [42] is per-
formed to determine the numbers and positions of vacancies and in-
terstitials for both Th and O. Based on the analysis, the final
configurations are categorized into three groups:

(a) Defect formation: One or more stable Frenkel pairs (FPs) are
generated.

(b) Defectless mixing: Atoms are displaced from their original sites
but recover to other lattice sites without FP formation. The per-
fect crystal cell is recovered after the thermal spike.

(c) Unchanged: All atoms remain at their original sites after the
thermal spike with neither FPs nor mixing.

For each combination of PKA energy and temperature, the number of
cases in each group is divided by the total number of simulations to
obtain the corresponding probability. For example, the defect formation
probability (DFP) is computed as the total number of simulations with
defect formation (group (a)), Nyefectformation> divided by the total number

Naefectformation
Niimulation

probability (ADP) is computed as the sum of the numbers of simulations
in group (a) for defect formation and group (b) for defectless mixing,
divided by the total number of simulations because atoms must be dis-
placed to generate FPs. Following the recent study in UO, [21], here we
define E;4 by the PKA energy at which the DFP reaches 50 %. Similarly, a
threshold mixing energy, E,, can be defined by the PKA energy at which
the ADP reaches 50 %. As such, one data point for DFP and one for ADP
will be generated using all 2000 simulations for each unique combina-
tion of temperature and PKA energy, without giving an error bar for E4
or Ep,. A conservative estimate of the error bar has been carried out using
sub-groups of the total simulations (i.e., smaller Ngmyiarnons) and is
described in the Supplementary Materials. As shown in Tables S4-S7, the
error for average E4 decreases with Nimuiarion generally and is within 1 eV

of simulations, Ngmuation, @S DFP = . The atomic displacement

for Th PKAs and 14 eV for O PKA using Njnuiaion = 1000. We note that
this error only accounts for the statistical error in the MD simulations,
but not the possible inaccuracy from the interatomic potentials and the
interpolation errors in the DFP and ADP curves. In addition to the
threshold defined based on DFP, we have also quantified E; and E,,
based on the average number of FPs generated and the average number
of atoms displaced. In this case, E; (E,,) is defined by the PKA energy at
which by average 1.0 FP is generated (1.0 atom is displaced). For clarity,
E; and E, defined by these criteria are presented in Table S1 and
Table S2 in the Supplementary Materials.

Defect formation energy and migration barrier

The formation energies of Th and O FPs and the migration barriers of
Th and O vacancies and interstitials are computed, to investigate their
possible impact on threshold displacement energy. As both Th and O
vacancies and interstitials are charged, one FP is created to maintain
charge neutrality in all calculations. To minimize the Coulomb inter-
action between the vacancy and interstitial, a large cell of a 50 x 50 x 50
ag with 1,500,000 atoms is utilized, as shown in Fig. 1(a); ay is the lattice
parameter. Starting with a periodic cell with zero external pressure at 0
K, a Th FP is created by displacing a Th atom to an octahedral site (i.e.,
the center of the fluorite conventional cell) over 3 nm away at which the
FP formation energy is expected to converge, as shown by previous DFT
calculations [43] and our MD calculations (See Figure S10 in Supple-
mentary Materials). An O FP is created in the same way. The octahedral
site has been shown to be the stable interstitial configuration for both Th
and O interstitials by density functional theory (DFT) calculations [44].
This large FP separation distance, i.e., the distance between the vacancy
and interstitial forming the FP, is utilized to converge FP formation
energies over distance. The defected structure is then relaxed with the
energy and force tolerances set at 1 x 107° and 1 x 1018 eV/A. The FP
formation energy, Epp, is computed as the excess energy of the defected
cell in reference to the perfect cell, as Epp = Efi‘ztff;’a —Ettal - here Etotl

perfect; defect
[
and Ej 7.,
respectively. The same theoretical model is used for both Th and O FPs.

The migration energies of point defects are calculated using the

are the total energies of the cells with and without an FP,
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Table 1
Average threshold displacement energy E,4 in ThO,, in the unit of eV.
Ej B
Source MD MD MD AIMD MD MD AIMD
Cooper Zhou [26] [17] Cooper Zhou [17]
100 K 75.92 128.09 54.5 137.87 110.59 >
49.17
300 K 54.74
500 K 72.48 127.51 147.22 120.73
900 K 71.40
1000 66.19 121.08 171.10 156.48
K
1500 61.21 107.35 74.97 184.90 163.81
K
Table 2
Average threshold mixing energy E,, in ThO,, in the unit of eV.
T (K) ETh E}
Cooper Zhou Cooper Zhou
100 58.27 94.61 39.89 35.91
500 55.60 91.83 39.33 34.00
1000 51.44 83.54 40.03 30.40
1500 42.94 73.59 36.36 29.20

climbing image nudged elastic band (CI-NEB) method [45,46] as
implemented in the LAMMPS package. In this study, migration paths of
four different point defects are considered, including Th and O vacancies
and Th and O interstitials, denoted as Vi, Vo, Th; and Oy, respectively.
To maintain charge neutrality, each simulation cell contains an FP, with
the constituting vacancy and interstitial initially separated at a distance
over 3 nm to minimize the Coulomb attraction between them. In the
NEB calculation, diffusion paths that have been predicted in previous
calculations[44,47] are considered. Specifically, we consider 1st nearest
neighbor exchange along <110> for Vg, (Fig. 1(b)) and along <100>
for Vo (Fig. 1(c)). For Thy, the interstiticialcy mechanism as shown in
Fig. 1(d) is considered, where the octahedron interstitial Th will displace
a nearby Th atom along <100> to form a new interstitial at the nearby
octahedral site. For Oy, the interstiticialcy mechanism as shown in Fig. 1
(e) is considered, where the octahedron interstitial O will displace a

(a) Cooper
50
—@— Th PKA: Th displacement
-@- Th PKA: O displacement Jt
40 4

—#- O PKA: Th displacement A
'E}' O PKA: O displacement

Number of atomic displacement

0 50 100 150 200 250 300
PKA energy (eV)
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nearby O atom along <110> to form a new interstitial at the nearby
octahedral site. The migration barriers of the direct interstitial mecha-
nisms for Th; and O; are found unfavorably high by DFT[44], and we
have confirmed the same trend using the Cooper potential. Accordingly,
the interstitial mechanisms are not included in the results. As the
constituting vacancy and interstitial of an FP are of opposite charges, the
migration barriers are computed as a function of their separation dis-
tance. This is done by fixing one point defect (e.g., vacancy) while
moving the other (e.g., interstitial) towards the fixed one. Since the
vacancy is not represented as a real particle in the molecular dynamics
model, its actual position cannot be accurately determined for the in-
termediate images along the diffusion path. In the case of vacancy
diffusion, the vacancy position is linearly interpolated using its starting
and ending positions in each diffusion step to estimate the vacancy-
interstitial separation distance for data analysis.

Results

In this Section, the results from MD simulations are presented to
elucidate how the threshold displacement energy depends on PKA type
(i.e., cation v.s. anion), temperature, and orientation.

Dependence of E4 and E,, on PKA type

The results from the simulations at 1500 K are presented here to
compare E4 of cation and anion. In Fig. 2(a) and (b), the probabilities of
having an unchanged cell, defectless mixing, and defect formation are
plotted versus the PKA energy for Th and O PKAs, respectively. Here,
data obtained with all PKA directions are included to obtain the polar-
averaged threshold energies over all crystal orientations. The results
are listed in Table 1 and Table 2. Note that E, should always be lower
than E; because displacing atoms from their original lattice sites is a
prerequisite for defect formation. For Th PKA, DFP exceeds 50% at E* =

61.21 eV at 1500 K, much lower than that for O PKA, Eg = 184.90 eV,
indicating that it’s much harder to create FPs with O PKA. In contrast,
it’s easier to cause atomic displacement, which includes both defectless
mixing and defect formation, with O PKA than with Th PKA. The cor-
responding average thresholds are EI" = 42.94 eV and ES = 36.36 eV,
respectively. Similar trends have been reported by Dacus in UO,, with
ES < EY and E9 > EY[21]. We have also recomputed E4 and Ey, in UO;

(b) Zhou

50

—&— Th PKA: Th displacement

-@- ThPKA: O displacement
40

—#- O PKA: Th displacement

'E}' O PKA: O displacement i
30 e

0 50 100 150 200 250 300
PKA energy (eV)

Fig. 3. Average numbers of Th (solid markers) and O (open markers) atoms versus PKA energy that are displaced by Th (red circles) and O (blue squares) PKAs
obtained with (a) the Cooper and (b) the Zhou potential at 1500 K. The error bar indicates one standard deviation. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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(a) Cooper
4.0

—&@— Th PKA: Th defect
-@~ ThPKA: O defect
3.0 -i— O PKA: Th defect
-B- 0 PKA: O defect

35

Number of Frenkel defects

0 50 100 150 200 250 300
PKA energy (eV)
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(b) Zhou
4.0

—&@— Th PKA: Th defect
-@- ThPKA: O defect
30/ | = O PKA: Th defect
-B- 0 PKA: O defect

35

0 50 100 150 200 250 300
PKA energy (eV)

Fig. 4. Average numbers of stable Th (solid markers) and O (open markers) FPs versus PKA energy that are produced by Th (red circles) and O (blue squares) PKAs
obtained with (a) the Cooper and (b) the Zhou potentials at 1500 K. The error bar indicates one standard deviation. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

using the Cooper potential and received an excellent agreement with
Dacus et al., as shown in Fig. S3 in the Supplementary Materials. The
similar behaviors in ThO; and UO, suggest that there is possibly a
general trend in fluorite-structured oxides that it’s easier to cause atomic
displacement but hard to form stable FPs with anion PKAs than with
cation PKAs.

The different dependence of E; and E,, on PKA type implies an
important impact of defect recovery mediated by correlated recombi-
nation, which can be elucidated by the probability of defectless mixing.
As shown in Fig. 2, the probability of defectless mixing for O PKA is
much higher than for Th PKA, implying significantly more FPs resulting
from the displaced atoms by O PKA recover via correlated recombina-
tion in thermal spike. This is consistent with a recent work in TiO,,
which shows that thermally-activated, correlated recombination in
thermal spike leads to a strong temperature dependence of ES[19].
Qualitatively, the Cooper and the Zhou potentials give the same
dependence of E; and E, on PKA type, albeit some quantitative
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differences in the exact values. In comparison, the Cooper potential
gives higher E and ES, but lower EX* and EI" than the Zhou potential at
1500 K.

The results in ThO5 from the current work and in UO» in Dacus et al.
[21] (confirmed in this work as well) indicate that the average E; for
cation is lower than for anion in fluorite oxides. The opposite trend has
been shown by Jiang et al.[16] in UO; and Xiao et al.[17] in ThO; using
AIMD simulations and by Meis et al.[27] using static simulations with a
different potential. This discrepancy may be resolved by examining
whether E; is computed based on DFP or ADP and whether correlated
recombination in thermal spike is fully taken into consideration. Ac-
cording to Table 1, Xiao et al.[17] predicted a smaller E; than Rahman
et al.[26] and this work. The discrepancy may come from multiple
reasons, including the definition of E; adopted in post-processing, the
interatomic potentials in MD, and the short simulation time in DFT. Meis
and Chartier computed the threshold displacement energy using static
calculations by displacing the PKA from its lattice site without dynamic

(b) Zhou
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Fig. 5. Survival rates of Th (solid markers) and O (open markers) FPs versus PKA energy that are produced by Th (red circles) and O (blue squares) PKAs obtained
with (a) the Cooper and (b) the Zhou potential at 1500 K. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 6. Defect formation probability at 100 K, 500 K, 1000 K, and 1500 K as a function of PKA energy for (a) Th PKA and (b) O PKA with the Cooper potential, and (c)

Th PKA and (d) O PKA with the Zhou potential.

relaxation, ignoring correlated recombination in thermal spikes. The
resulting threshold is based on ADP and corresponds to E, in this work.
In Jiang et al. and Xiao et al., the threshold displacement energy is ob-
tained with the criterion of whether the PKA is permanently displaced
from its lattice site without explicitly confirming FP formation from the
whole system. Also, as pointed out by Robinson et al. [19], the 1 ps
simulation duration may suppress correlated recombination and un-
derestimate E4. Further, due to the high computation cost, only one
AIMD simulation is carried out for each PKA energy along each orien-
tation. The lack of statistics could have affected the average E; since
primary defect production is highly stochastic. This comparison high-
lights the importance of adopting the relevant definition and a standard
calculation procedure to ensure a valid comparison of results from
different studies.

To clarify the different impacts of correlated recombination on EJ*
and EY, the types of displaced atoms and FPs are analyzed. In Fig. 3, the
average numbers of displaced Th and O atoms are plotted versus PKA
energy. At the beginning of each simulation, Wigner-Seitz analysis is
carried out with each atom located at the center of its own Wigner cell.
The number of displaced atoms is obtained as the number of atoms that
are not in their original Wigner cells at the end of the simulation. This
may underestimate the number of displaced atoms because some may
return to their original cells during recovery. The results obtained with
the Cooper potential are shown in Fig. 3(a) and the Zhou potential in
Fig. 3(b). Th PKAs displace both Th and O atoms, and significantly more
O atoms than Th are displaced. In contrast, O PKAs mostly displace O

atoms with negligible Th displacement. This might be related to a much
smaller mass of O than Th, making it hard to transfer kinetic energy from
O to Th. Qualitatively, similar trends are observed with both potentials.

Both Th and O FPs are produced with Th PKAs when PKA energy is
larger than 30 eV with the Cooper potential (Fig. 4(a)) and 60 eV with
the Zhou potential (Fig. 4(b)). In contrast, primarily only O FPs are
produced by O PKAs. With the same kinetic energy, Th PKAs generate
more O FPs than O PKAs; this is true for all PKA energies with the Cooper
potential (Fig. 4(a)) and for PKA energy > 100 eV with the Zhou po-
tential. The numbers of stable FPs are significantly lower than that of
displaced atoms, particularly for O FPs, indicating the importance of
correlated recombination in thermal spikes.

To quantify the impact of correlated recombination, the survival rate
is introduced and defined as the ratio of stable FPs formed over the
number of atoms displaced. Note the survival rates may be over-
estimated because the number of displaced atoms is possibly under-
estimated. As shown in Fig. 5(a) and (b), no matter produced by Th or O
PKAs, displaced Th atoms have much higher survival rates than dis-
placed O atoms. At 1500 K, the O survival rate is less than 10% for both
Th PKA and O PKA, indicating that more than 90% of displaced O atoms
recover via recombination, leaving no FPs. In comparison, the Th sur-
vival rate is approximately 30%-50%. It is important to note that the Th
survival rate computed with O PKAs may be inaccurate because O PKAs
rarely displace Th atoms. This confirms that correlated recombination
leads to a more significant recovery of displaced O atoms. Also, since O
PKAs generate O FPs almost exclusively with rare Th displacements,
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Fig. 7. Atomic displacement probability at 100 K, 500 K, 1000 K, and 1500 K as a function of PKA energy for (a) Th PKA and (b) O PKA with the Cooper potential,
and (c) Th PKA and (d) O PKA with the Zhou potential.

correlated recombination can significantly affect FP production and lead of displaced Th atoms.

to a large difference between ES, and EY, i.e., much lower EQ = 36.36 eV Also, Fig. 5 shows that O atoms displaced by Th PKAs have higher
than EQ = 184.90 eV at 1500 K. While for Th PKA, the survival rate of Th ~ survival rates than O atoms displaced by O PKAs. Similarly, displaced Th
is relatively high (>30 %), meaning a smaller difference between ET atoms by O PKAs have higher survival rates than those displaced by Th

(42.94 eV) and Ey’ (62.21 eV) because of less significant recombination PKAs. When atoms are displaced by an opposite type of PKA, both Th
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Fig. 8. Threshold displacement energy and threshold mixing energy as a function of temperature for (a) Th PKA and (b) O PKA for Cooper potential and Zhou
potential. In (c), fractions of recombined O FPs generated by 300 eV Th and O PKAs are shown versus temperature.
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Fig. 9. (a) A fluorite ThO, conventional cell showing the asymmetry of [111] and [111] for the selected O atom. Note that [111] is equivalent to [111] and [111] is
equivalent to [111]. (a) A schematic view of stereographic projection with 30 direction groups to fully consider the orientation dependence of E9.

and O FPs are generated and they co-exist. In Fig. S4 in the Supple-
mentary Materials, the probabilities of generating i) Th FPs only, ii) O
FPs only, and iii) Th + O FPs are plotted versus PKA energy. As expected,
O PKAs mostly generate O FPs only without Th FPs. With low PKA en-
ergy, Th PKAs have similar probabilities for generating Th FPs only and
Th + O FPs. While with high PKA energy, it's much more likely for Th
PKAs to generate both Th + O defects than Th FP only. We further
computed the survival rates of displaced Th and O atoms with and
without their co-existence. The results are plotted in Fig. S5 in the
Supplementary Materials. It’s shown that in the high PKA energy range,
the survival rate is higher for both Th and O FPs when they co-exist for
the Cooper potential. Therefore, the coexistence of Th and O FPs may
reduce correlated recombination.

As a summary of the above analysis, although O PKA shows a lower
threshold mixing energy than Th PKA, it features a much higher
threshold displacement energy ES because of its exclusive production of
O FPs which are subjected to significant correlated recombination.
However, the reason behind the more significant recombination of O FPs
is unclear, which will be further discussed in the Discussion section.

Temperature dependence of E; and E,

Following the same procedure as in Fig. 2, ADPs and DFPs are
computed at 100 K, 500 K, and 1000 K as well. For all temperatures, the
DFPs are plotted against PKA energy in Fig. 6 and ADPs in Fig. 7. The
results for average E4 are listed in Table 1 along with data from the
literature, and for average E,, in Table 2. As shown in Fig. 6(a) and (c),
the DFP curve for Th PKA shifts to the left with increasing temperature,
indicating decreasing E™ while the DFP curve for O PKA in Fig. 6(b) and
(d) shifts to the right, indicating increasing ES. Differently, the ADP
curves for both Th and O PKAs in Fig. 7 shift to the left, meaning that
both E* and ES, decrease with increasing temperature. Relatively, EJ*
(see Fig. 7(a) and (c)) has a stronger temperature dependence than E,‘,)l
(see Fig. 7(b) and (d)). The same trends are obtained with both the
Cooper and the Zhou potential. The results suggest that increasing
temperature makes it easier to displace atoms from their original sites
but not necessarily give more primary defect production.

To better show the temperature dependence, both E,, and E; are
plotted in Fig. 8 versus temperature. For Th PKA, both EI' and EI*
decrease monotonically with temperature, as shown in Fig. 8(a). The
common temperature dependence shared by EI" and EL* implies that
correlated recombination may not affect defect production with Th PKA
as significantly as with O PKA. The decrease in EI" and EI"* with
increasing temperature can be explained by weakening interatomic in-
teractions caused by increasing temperatures, similar to the case that has
been observed in metals [15,25]. Comparing the potentials, the Cooper

potential gives lower Ef* and EX* than the Zhou potential. For O PKA, ES,
shows a weaker dependence on temperature with a slight decrease,
while ES increases clearly with temperature. The Cooper and the Zhou
potential share the same trends, while the former gives higher EC and ES
than the latter. The opposite temperature dependence of E and E9 can
again be explained by correlated recombination. The temperature
dependence of E; obtained in the present work is consistent with that in
Rahman et al. [26] To elucidate this point, the fraction of recombined O
FPs generated by 300 eV Th and O PKAs are plotted versus temperature
in Fig. 8(c). Here, the recombination rate equals one minus the survival
rate shown in Fig. 5. There is a clear increase in the fraction of recom-
bined O FPs with temperature, showing temperature facilitates their
correlated recombination. Because of this, E increases with tempera-
ture, also E? is nearly constant. The increasing recombination rate with
temperature indicates that correlated recombination may be thermally
activated. As has been shown by Brutzel et al. [48], in UO, FP with a
separation distance over 7 A recombine by thermally activated diffusion
with a barrier smaller than the regular diffusion barrier.

The impact of correlated recombination on defect production by O
PKA is also indicated by the observation of an unexpected peak in the
DFP curves for O PKA shown in Fig. 6(b) and (d). At 100 K, a peak is
observed around 40-50 eV for both the Cooper and the Zhou potential.
This peak weakens at 500 K and vanishes at 1000 K and 1500 K. Such a
peak has not been reported in fluorite oxides in the literature and can be
explained by the effect of correlated recombination. It is interesting to
notice that the peak is located close to the threshold mixing energy for O
PKA, E?, 39.89 eV predicted by the Cooper and 35.91 eV by Zhou at 100
K, as shown in Table 2. As the PKA energy exceeds E, the excess energy,
which is the difference between the PKA energy and that is used to
generate atomic displacements, will be dissipated as heat to raise the
local temperature in the thermal spike. Increasing the PKA energy right
above EQ and thereby the excess energy will increase the thermal spike
temperature and enhance correlated recombination, resulting in fewer
stable FPs and a lower DFP. This effect is important at low temperatures
that are insufficient to activate significant recombination. As tempera-
ture increases, the impact of thermal spike temperature becomes less
important relatively. Accordingly, the peak weakens gradually and
vanishes at high temperatures. Compared to O PKA, this peak is not
observed for Th PKA, again implying that defect production by Th PKA is
not affected by correlated recombination as significantly as for O PKA.

Orientation dependence of Eq and E,

A detailed analysis of the orientation dependence of E; and E,, is
presented using stereographic projection considering crystal symmetry.
Both the fcc cation and the simple cubic (sc) anion sub-lattices in the
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Fig. 10. Map of threshold displacement energy E4 (top row) and threshold mixing energy E, (bottom row) obtained with the Cooper potential at 100 K, 500 K, 1000

K, and 1500 K for Th PKA. Both E; and E,, are in unit of eV.
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Fig. 11. Map of threshold displacement energy E, (top row) and threshold mixing energy E,, (bottom row) obtained with the Cooper potential at 100 K, 500 K, 1000

K, and 1500 K for O PKA. Both E; and E,, are in the unit of eV.

fluorite structure follow cubic symmetry. In cubic systems, the (100) —
(110) — (111) stereographic projection triangle is sufficient to represent
all equivalent crystal orientations. As a result, low-index orientations
such as (100), (110) and (111) are often used to study the displacement
threshold energy in UO3 and ThO,. However, a hidden asymmetry arises
from the coexistence of the fcc and sc sublattices. As illustrated in Fig. 9
(a), the selected O atom reveals an asymmetry along [111] and [111],
facing a Th atom along the former and an O atom along the latter. To
accurately account for the orientation dependence of EY, a broader
stereographic zone incorporating both the (100) — (110) — (111) and
the (100) — (110) — (117) triangles is necessary, as shown in Fig. 9(b).
This asymmetry does not exist for Th atoms. Still, the stereographic
projection shown in Fig. 9(b) is used for Th PKAs to demonstrate the
different symmetry. In the stereographic projection, all PKA directions
are divided into 30 groups. With 2000 PKAs considered for each com-
bination of PKA energy and temperature, each group contains
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approximately 67 PKAs on average. For each group, a single polar-
averaged E; and E,, are computed based on the DFP and ADP curves
using the data from PKAs within each orientation group. However, the
limited number of PKAs in each group is insufficient to estimate the
uncertainty using the method described in Section S4 of Supplementary
Materials. In comparison, the results in Tables 1 and 2 presented in the
previous subsections are averaged over PKAs in all directions, i.e.,
averaged over all orientation groups.

In Figs. 10 and 11, E4 and E,, obtained with the Cooper potential at
different temperatures are mapped into different orientation groups for
Th and O PKAs, respectively. The corresponding results obtained with
the Zhou potential are presented in Figs. S6 and S7 in the Supplementary
Materials. Albeit the stochastic uncertainty caused by the relatively
small number of PKAs in each group, clear orientation dependence can
be observed. For Th, the (100) — (110) — (111) and the (100) — (110) —

(111) triangles mirror each other, showing that the cubic symmetry is
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Table 3
Frenkel defect formation energies and the ratio of E,, and E4 over Epp obtained in
this work and from the literature, in the unit of eV.
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Table 4
NEB-calculated migration energy (eV) of point defects in ThO, in comparison
with previous DFT research.

E} ENV/ER  EJ/ER B En /B Ej/Ep
Cooper 14.27 4.08 5.32 5.08 5.32 27.14
potential
Zhou 20.89 4.53 6.13 4.95 6.13 22.34
potential
DFT 12.57[49] 4.03[49]
15.59[44] 5.09[44]
16.72[50] 6.83[50]
13.71[51] 4.98(51]
MD 17.50[52] 5.80[52]
U0, 11.2[53] 3.3[53]
9.1-10.9 2.4-2.6
[54] [54]
3.83[55]
4.2[56]

Vrn Thy Vo O
Cooper 4.67 3.71 0.53 1.57
Zhou 5.65 1.99 0.41 1.01
Reference of 5.63 (DFT 4.15 (DFT 0.537(MD|[63]) 1.17 (DFT[44])
ThO, [44]) [44]) 0.81 (DFT[44]) 0.13-1.04 (DFT
6.67 (DFT 1.97-3.36 (DFT  [47])
[601) [641) 0.92 (DFT[62])
4.47 (DFT 2.16-3.34 (DFT
[611) [651)
7.04 (DFT 1.27 (DFT[61])
[62]) 0.78 (DFT[62])
Reference of 4.8 (DFT 3.7 (DFT 1.34-2.46(DFT 0.69-1.35(MD
U0, [53]) [53D) [641) [661)
3.8(MD 2.1-3.1(MD  0.34-0.44(MD
[66]) [661) [66]1)

preserved. Compared to the AIMD results in Xiao et al., which has (110)
< (100) < (111) for ET", (100) seems to have the lowest EX". The highest
EM and E* are found not located at low-index orientations. It is needed
to have a full orientation study. Again we note that there are no statistics
in the AIMD study and the results are subject to large stochastic un-
certainty. With increasing temperature, EX* decreases in all orientation
groups, and so does EL, probably due to weakening atomic bonding.

For O PKA, a clear asymmetry can be seen by comparing the (100) —
(110) — (111) with the (100) — (110) — (111) triangle. For both EJ and
E9, lower values are obtained in the (100) — (110) — (111) triangle than
in the (100) — (110) — (111) triangle, indicating that it is easier to cause
atomic displacement and defect production with O PKAs displaced to-
wards 1st O neighbors along the [111] direction (see Fig. 9(a)). This
asymmetry weakens but is still visible at 1500 K, particularly for E2, as
shown in Fig. 11. For E?, the orientation dependence is much weaker at
1500 K than at 100 K. This may be caused by enhanced correlated
recombination at 1500 K. The recombination does not have a strong
orientation dependence, with a trend to make E; isotropic.

While by average E9 > EI" at all temperatures, it is interesting to
notice that at low temperatures, the minimum E9 (~26.4 eV in Fig. 10
(a)) is actually below the minimum EJ" (~30.42 eV in Fig. 11(a)). In
experiments where E; is based only on detectable defects, the measured
Eq is likely the lower bound rather than the average. Moreover, the high-
energy irradiation (keV to MeV) generates a higher number of O defects
than Th defects, which agrees with Fig. 4. Our result also suggests the KP
model, which estimates E; based on the number of defects results on
lower E9 then EI" when PKA energy is higher than 200 eV. Therefore,
likely a lower E9 will be measured than EX* in such experiments, as has
been done in UO5[30].

Discussions

In the Results section, it has been shown that O FPs are subjected to
more significant correlated recombination in thermal spike than Th FPs.
However, the reason behind this is unclear. In this section, defect for-
mation energies and migration barriers are computed to understand the
reason and elucidate which factor governs recombination in the thermal
spike. An effect of the Coulomb interaction between charged defects on
both the formation energy and migration barrier of point defects, as well
as on correlated recombination, is identified. Some limitations of the
present study are discussed as well.

Frenkel pair formation energies and point defect migration barriers

To avoid Coulomb interaction between periodic cells, charge
neutrality needs to be maintained in MD simulations. A single type of
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point defects, e.g., V,, or Vo, cannot form independently while adhering
to charge neutrality, rather, they form in the form of Schottky defects or
Frenkel pairs (FPs). Here, we focus on the FP formation energies because
they are more relevant to primary defect production. The results are
listed in Table 3, along with the data from the literature. The results
obtained with the Cooper potential agree well with previous DFT cal-
culations by Jiang et al. on both E}}, 14.27 eV versus 15.59 eV, and ES,
5.08 eV versus 5.09 eV, and are within the ranges of previous DFT re-
sults, 12.57 eV to 16.72 eV for Th FP and 4.03 to 6.83 for O FP, as shown
in Table 3. The Zhou potential predicts a higher Ef (20.89) than DFT
calculations. The predicted E9, (4.95) is also within the range of DFT
results.

Previously, the FP formation energy Epp has been related to threshold
displacement energy E4. For instance, Kittiratanawasin et al.[57] sug-
gest that E4 correlates positively with and is about 4-10 times of Egp. The
study in YoTizO7[58] also suggests that E,4 correlates positively with Egp.
To examine this correlation, we have computed the ratios of E,, and E4
over Epp. The results are listed in Table 3. As can be seen, the positive
correlation holds between E,, and Ezp for both Th and O FPs. O FP has a
lower formation energy than Th PKA, and accordingly, the threshold
mixing energy is lower for O than for Th PKAs. The ratio EI"/EI% is 4.08
with the Cooper potential and 4.53 with the Zhou potential, and the
ratio EQ /EY, is 5.32 with the Cooper potential and 6.13 with the Zhou
potential. The correlation seems to hold for Egh JEI as well, possibly
because Th FPs are less affected by correlated recombination. However,
the correlation seems invalid for ES /EZ,, which is found to be above 20
with both potentials. This implies that the FP formation energy may
correlate more closely with the threshold mixing energy for displacing
atoms, Ep, than with the threshold displacement energy for generating
stable FPs, E4, particularly when correlated recombination is significant.

It should also be noted that once an FP has been created, the for-
mation energy serves as the thermodynamic driving force for recombi-
nation. The higher formation energy of Th FP means that Th FP has a
higher driving force to recombine than O FP, which is the opposite of the
trend in the recombination rates shown in Fig. 5. This suggests that
correlated recombination in thermal spike is not governed by thermo-
dynamics but more likely by kinetics.

The very different migration barriers of Th and O defects provide a
plausible explanation for why O FPs are subjected to more significant
recombination than Th FPs in thermal spike. Similar to UO3[21,59], the
highly mobile oxygen ions exhibit fast defect recovery and a short life-
time. In Table 4, the barriers for Vy,, Vo, Thy, and O; computed by NEB
are listed along with the literature data. For Vyy, the calculated barriers
of 4.67 eV (Cooper) and 5.65 eV (Zhou) are within the DFT results,
which vary from 4.47 eV to 7.04 eV, as shown in Table 4. For Thy, the
values of 3.71 eV (Cooper) and 1.99 eV (Zhou) are lower than the only
DFT result of 4.15 eV from Jiang et al[44]. For V,, the computer barrier
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Fig. 12. Formation energies of (a) Th Frenkel pair and (b) O Frenkel pair as a function of separation distance.

of 0.53 eV (Cooper) and 0.41 eV (Zhou) is lower than the DFT values,
which vary from 0.537 eV to 3.36 eV, as shown in Table 4. For Oy, the
barrier of 1.57 eV from the Cooper potential is above, and that of 1.01 eV
from the Zhou potential is within the DFT range of 0.13 eV to 1.17 eV.
While both potentials agree reasonably well with DFT calculations, their
results on point defect migration barriers in reference to DFT are mixed
without a clear conclusion. The large variations in the DFT results also
make it hard to select a reliable reference for assessing the performance
of empirical potentials.

For the relatively low PKA energies studied, no melting occurs in the
thermal spike, which is different than the case of displacement cascades
generated by high-energy PKAs. In the low PKA energy range, correlated
recombination is likely mediated by thermally activated migration of
point defects, as suggested by the temperature dependence observed in
TiO3[19] and ThOs in this work (see Fig. 8(c)). The defect migration
may be further facilitated by the high local temperature and the
distortion of local crystal structure in thermal spike. Because the
migration barriers of Vq, and Thy are both high (the lowest is the Th;
barrier predicted by the Zhou potential, 1.99 eV), migration of Th de-
fects is limited in the short thermal spike lifetime, which is in the order
of a few ps. In comparison, migration of O defects involves much lower
barriers. With both the Cooper and the Zhou potential, Vp has a much
lower barrier than O;, meaning that correlated recombination is likely
dominated by diffusion of V. The very low barrier of V, suggests that
significant recombination can occur at high temperatures. Even at low
temperatures, recombination can still occur because of the elevated
temperature in the thermal spike, as suggested by the unexpected peaks
in the DFPs curves in Fig. 6(b) and (d).

Effect of Coulomb interaction

The Coulomb interaction between charged defects may also facilitate
correlated recombination, particularly for O FPs. Unlike in metals,
where point defects have no charges and their formation is not con-
strained by stoichiometry, point defects in oxides are charged. While
described by fixed charge interatomic potentials such as the Cooper and
Zhou potentials, the charges of interstitials are given by the ions
constituting the interstitials, and that of vacancies are by the opposite of
the displaced ions. Accordingly, Th; and Vo are positively charged, and
O and Vg are negatively charged. As such, the Coulomb interaction
between the charged defects separated by short distances can affect both
the thermodynamics (e.g., formation energy) and the kinetics (e.g.,
migration barrier) of point defects. For example, in metals, atoms
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around a vacancy usually relax towards the vacant site. In contrast, in
ThO,, relaxations around the defects are affected by their charges.
Because of Coulomb interaction, ions having the same signs of charge
with the defects will be repelled and move away from the defects, while
those having the opposite signs will do the opposite. The relaxed defect
configurations are shown in Fig. S9 in the Supplementary Materials. As
shown in Fig. S9(a), O ions (Th ions) are repelled (attracted) by and
relaxed away from (towards) Vi, because they are both negatively
charged. The same is true for the case of Oy in Fig. S9(b). For the posi-
tively charged Th; (Fig. S9(c)) and Vo (Fig. S9(d)), positively charged Th
ions are repelled, and negatively charged O ions are attracted. In the
literature, previous DFT results in ThO, have demonstrated that the
magnitude of defect charge directly influences the relaxation volume
and defect formation energy[67]. At low fermi levels, the formation
energies of positively charged defects decrease with their charge, while
those of negatively charged ones increase with the charge in ThO,.
[51,67] The charge state can also influence the migration behavior of
oxygen interstitials[47].

To explore the impact of Coulomb interaction between charged de-
fects, both the FP formation energy and the point defect migration
barrier are computed as functions of the FP separation distance. We start
from the minimum distance at which an FP is stable against spontaneous
recombination and increase the distance to about 3.0 nm, at which both
the formation energy and migration barrier plateau. With the PKA en-
ergies considered, most FP separation distances are below 3.0 nm,
except for 300 eV, for which the FP separation has been found to reach
3.5 to 4.0 nm, as shown by the histograms in Fig. S10 in the Supple-
mentary Materials, where the distributions of FP separation distances
obtained with 300 eV PKAs at 100 K and 1500 K are shown. The for-
mation energies of Th and O FPs are plotted in Fig. 12. As the FP sep-
aration distance decreases, the corresponding formation energy
decreases monotonically with both interatomic potentials. Across the
separation distance, the formation energy of Th FP changes by about
0.47 eV with the Zhou potential and about 1.05 eV with the Cooper
potential, and that of O FP changes by about 0.13 eV and 0.30 eV,
respectively, as shown in Fig. 12.

The defect migration barrier also depends on the FP separation dis-
tance. Further, the barriers for the constituting defects in an FP to move
towards and away from each other become asymmetrical. Accordingly,
we define the forward (backward) barrier as the barrier for them to
move towards (away from) each other. All barriers are presented in
Fig. 13. The corresponding change in the total potential energy of the
simulation cell along the migration path is shown in Fig. S11 for the
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Fig. 13. Forward and backward migration barriers for (a) Th vacancy, (b) Th interstitial, (c) O vacancy, and (d) O interstitial as a function of Frenkel defect

separation distance.

Cooper potential and the Zhou potential. As shown in Fig. 13, when the
distance is beyond 2.5 nm, the forward barriers of all defects match the
backward barriers, and both are independent of FP separation distance,
meaning that the Coulomb interaction has a negligible effect. While
below 2.5 nm, the forward and backward barriers start to diverge from
each other, with higher backward than forward barriers. For all types of
defects, the forward barriers decrease, and the backward barriers in-
crease as the FP separation distance decreases. This dependence is
attributed to the Coulomb interaction between the vacancies and in-
terstitials forming the FPs. Because of their opposite charges, they
attract each other. As shown in Fig. S11, both the saddle point energy
and the local energy minima decrease (increase) when they move to-
wards (away from) each other. The resulting distance-dependent
migration barrier will facilitate correlated recombination in two ways.
First, it leads to lower barriers for recombination with a smaller FP
separation distance. This explains the lower barriers for FP recombina-
tion at small distances than the regular thermal diffusion barrier
observed in UO2[48]. Second, because of the asymmetry of forward and
backward barriers, the thermally activated random-walk diffusion will
be biased. The defects will have higher probabilities of moving towards
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than away from each other. As the asymmetry starts at about 2.5 nm, the
Coulomb interaction between charged defects may affect uncorrelated
recombination during long-term defect evolution as well.

Limitations

The present study utilizes classical MD simulations, which are less
accurate than AIMD in terms of describing the interaction between ions.
However, the much better computation efficiency allows using much
larger simulation cells, longer relaxation time, and much better statistics
than in AIMD simulations. Therefore, compared to AIMD, classical MD
can minimize the self-interaction of defects because of small simulation
cell size, fully consider correlated recombination, and minimize sto-
chastic uncertainty. Still, cautions are needed, bearing in mind the
empirical nature of the interatomic potentials adopted. The results ob-
tained with the two potentials agree well with each other on the general
trends for the dependence of E; on PKA type, temperature, and orien-
tation. The quantitative differences between the results from these two
potentials imply the challenge of obtaining quantitative threshold
displacement energy. Comparing these two potentials, the predicted FP
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formation energy and defect migration barriers by the Cooper potential
agree well with recent DFT calculations in Jiang et al.[44], suggesting its
suitability for simulating defect behavior. The development of Zhou’s
potential focuses more on the phonon properties in a perfect crystal
[33].

The adoption of fixed-charge potentials may limit the investigation
of the effect of defect charge. Because each ion carries a fixed charge,
each point defect has a fixed effective charge as well, with the values
prescribed by the potentials. The actual charges of defects in ThO4 have
not been fully determined. The possibility exists that the charges of the
defects differ from those of the ions in two ways. First, the ions may have
flexible valence and adopt different charge states in the defected struc-
tures than in perfect crystals. For example, in an AIMD study, Xiao et al.
[47] suggested that charge redistribution causes the delocalization of
electrons on neighboring atoms for O vacancy. As another example, U
ions in UO; can adopt different charge states [54,56,68]. In comparison,
Th ion is less flexible in terms of charge state, and ThO; exists mostly as a
hypo-stoichiometric oxide [51,67]. Second, radiation may generate F-
centers[69-73], especially for O defects. Unlike point defects which are
hard to detect, F-centers can be visualized by optical imaging and
Raman spectroscopy, providing valuable insights into the material’s
electronic structure and response to radiation[69,74]. The existence of
F-centers has been confirmed and can cause a dramatic decrease in
thermal conductivity in KCl, KBr, KI, and NaF [75]. In ThO,, Dennett
et al. suggest that the F-center may have a significant impact on thermal
conductivity due to resonant scattering [70]. A full understanding of the
primary defects will need the fractions of all types of defects produced,
which may require an efficient methodology that is capable of
describing flexible valence and decoupled electrons.

Conclusions

This work presents a comprehensive investigation of threshold
displacement energy, E4, to elucidate its dependence on PKA type,
orientation, and temperature in ThO; using classical molecular dy-
namics simulations. The results show the critical importance of dis-
tinguishing two different thresholds: the threshold for displacing atoms
from the lattice site, denoted as E,,, and the threshold for generating
stable FPs, denoted as E4. The below conclusions are drawn from the
findings:

e While E,, is lower for O PKA (E,‘,),) than for Th PKA (Efnﬁ), a higher
average ES is needed to create stable FPs with O PKAs than with Th
PKAs, EI*. This is because of the more significant correlated recom-
bination of O FPs in thermal spike due to the much lower migration
barriers of O defects than Th defects. The common trends shared by
ThO, and UO suggest that the trends may be general for oxides in
fluorite structure.

Both E™ and EQ decrease with increasing temperature, potentially
due to weakening atomic bonding. While EQ increases with
increasing temperature because of thermally activated correlated
recombination, EY* decreases with increasing temperature due to the
mild influence of correlated recombination.

Regarding orientation dependence, EX* and E* both follow the cubic
symmetry. Additionally, for both E and E2, a hidden asymmetry

between [111] and [111] directions on the orientation map must be
considered to fully describe the orientation dependence. The varia-
tion of ES upon varying orientation, 26.4 eV to 246.9 eV, is much
larger than that for EJ, 30.42 eV to 120.36 eV.

Further, it is found that the Coulomb interaction can reduce the
migration barriers for charged point defects in FPs with short sepa-
ration distances, thereby facilitating correlated recombination.
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