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A B S T R A C T

𝛽-gallium oxide (𝛽-Ga2O3) shows great promise for electronics applications, particularly, in future space
operating devices exposed to harsh radiation environments for extended times. This study focuses on crucial,
yet not fully explored, aspects of radiation damage in this material, such as threshold displacement energies and
formation of various radiation-induced Frenkel pairs. Analyzing over 5,000 molecular dynamics simulations
based on our machine-learning potentials, we conclude that the threshold displacement energies for two
Ga sites, the tetrahedral (22.9 eV) and octahedral (20 eV) ones, differ stronger than the same values for
three different O sites, which range only between 17 eV and 17.4 eV. Mapping of threshold displacement
energies unveils significant differences in displacements for all five atomic sites. Our newly developed defect
identification methodology successfully classified multiple Frenkel pair types in 𝛽-Ga2O3, with over ten
different Ga and two primary O ones with a predominant O split interstitial at the O1 site. Finally, the
calculated recombination energy barriers suggest that O Frenkel pairs are more likely to recombine upon
annealing than Ga. These insights are pivotal for understanding the radiation damage and defect formation in
Ga2O3, providing the basis for design of Ga2O3-based electronics with high radiation resistance.
1. Introduction

𝛽-gallium oxide (𝛽-Ga2O3) is the most stable polymorph among
the five experimentally known polymorphic phases of Ga2O3 [1,2].
An ultra-wide bandgap (4.8–4.9 eV), a remarkably high breakdown
electric field (8 MV/cm), and a remarkably large Baliga’s figure of merit
(BFOM = 𝜖𝜇𝐸3

crit. = 3444) make 𝛽-Ga2O3 a highly promising candidate
material for high-power electronics [3–5] and solar-blind ultraviolet
detectors operating in the wavelength range of 220–280 nm [6,7].

Owing to its strong ionic bonds and high radiation resistance,
Ga2O3-based devices can also be considered for integration, e.g., in fu-
ture spacecrafts to operate in harsh environments with limited radiation
protection [8]. On the other hand, during the fabrication process, ion
implantation is commonly employed to modify the (opto-)electronic
properties of Ga2O3, especially concerning the current challenge of
effective 𝑝-type doping. Consequently, extensive studies have focused
on exploring the radiation damage of 𝛽-Ga2O3 in recent years, and have
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shown that Ga2O3 exhibits considerable radiation hardness compared
to other semiconductor materials [9–11]. The recently reported phase
transition from 𝛽- to 𝛾-Ga2O3 upon heavy ion irradiation [12], which
maintains its crystallinity up to exceptionally high radiation doses also
indicates the unprecedentedly high radiation resistance of this material,
compared to any other currently used in the semiconductor industry.

Despite strong interest to this material, the atomic-level mechanisms
behind this behavior remain poorly understood. Typically, when a high-
energy particle impacts on a solid-state material, it transfers the energy
to the target atoms upon collisions. The atoms displaced in collision
cascades may result in creation of Frenkel pairs (FPs), i.e., interstitial-
vacancy pairs characterizing single displaced atoms. The value of en-
ergy threshold that is required to generate a single FP, also known as
the threshold displacement energy (TDE), 𝐸d, can be used to estimate
the level of radiation damage generated by a given ion with a given en-
ergy [13] using NRT [14], Kinchin-Pease [15] or arc-dpa [16] models.
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While in-situ experimental techniques have made significant progress in
bserving radiation damage processes, capturing displacement events
emains challenging due to their ultra-short timescales (typically of the
rder of picoseconds). In contrast, theoretical calculations often offer a
eeper understanding of the atomic-scale mechanisms involved. Such
imulations have been successfully employed to accurately calculate 𝐸d
nd simulate the displacement damage for various materials, such as
iC [17], GaN [18–20], and AlN [21].

Two prevailing methods, namely ab initio molecular dynamics
AIMD) [17,19,21] and classical molecular dynamics (MD) [18,20,22,
3], are commonly utilized to calculate 𝐸d values. AIMD simulations
ased on density functional theory (DFT) enable the observation of the
ntire dynamic process but suffer from limitations to small simulation
izes (typically a few hundreds of atoms) and short time scales due
o computational speed restrictions. For instance, a recent study of 𝐸d
n 𝛽-Ga2O3 performed using AIMD simulations [24] reported fairly
ow values 28 ± 1 eV for Ga and 14 ± 1 eV for O. We also note
ere that the TDE value is strongly crystal direction-dependent, hence,
ufficient sampling of random displacement directions is required for
ore accurate value of TDE. Therefore, classical MD simulations are
ore efficient as they can simulate a large system and a vast number

f displacement directions, providing statistically significant results.
owever, the accuracy of classical MD entirely relies on the accuracy
f the interatomic potential (IAP) that is used to describe interatomic
nteractions. Describing the atomic forces in 𝛽-Ga2O3 is highly chal-
enging for the classical analytical IAPs due to the five nonequivalent
tomic types and low-symmetry nature of the system. Thanks to the
evelopment of machine-learning algorithms, more suitable machine-
earning IAPs (ML-IAPs) became available [23,25,26] for simulations
f more complicated material systems, which enabled the simulations
f multi-million atomic systems with quantum-mechanical level of
ccuracy.

In this study, we report the results of comprehensive investigation
f TDE values in 𝛽-Ga2O3 using ML-MD method. More than 5000
irections are simulated in total to obtain statistically significant values.
oreover, we develop a method to detect and classify the specific types

f FPs accurately. The properties and the recombination behavior of FPs
re explored using various analytical methods. Furthermore, we com-
are and discuss our results with previous theoretical and experimental
tudies. Our findings contribute to a more profound understanding of
he radiation effects of this emerging semiconductor material at the
tomic scale.

. Methodology

.1. Threshold displacement energies simulation

All TDE calculations are performed by the Large-scale Atomic/
olecular Massively Parallel Simulator (LAMMPS) code [27] and QUIP

ackage [28,29]. The interactions between atoms in Ga2O3 are de-
cribed by our two versions of the newly developed ML-IAPs, namely
oapGAP and tabGAP [26]. The database used to train the two ML-
APs consists of over 1600 structures containing more than 100,000
ocal atomic environments and provides a carefully refitted repulsive
otential for the short-range atomic interactions to simulate the high-
nergy recoil events and defect evolution. The main difference between
he soapGAP and tabGAP is their accuracy and computational speed.
he accuracy of the simulation results using both tabGAP and soapGAP

s similar as compared to DFT with somewhat larger variance in case
f tabGAP, when compared to the soapGAP variance. However, the
omputational speed with the tabGAP is 20,000 and 400 times higher
han the corresponding values for the DFT and soapGAP computations,
espectively. Therefore, we mainly use the tabGAP in this work to carry
ut the sufficiently large number of TDE simulations. The details of the
L-IAPs can be found in our previous work [26].
2

Our simulations are set as follows. Firstly we create a simulation
ell consisted of 10,240 atoms (48.6 × 49.5 × 47.2 Å3). In the cell,

the periodic boundary conditions are applied in all directions to avoid
the finite-size effect. To maintain overall the rectangular shape of the
simulation cell, we align the 𝑎-axis with the [2 0 1] direction in the
monoclinic unit cell of the 𝛽-Ga2O3 lattice (the 𝑏 and 𝑐 axes are left
intact), which effectively converts the monoclinic unit cell into the
orthorhombic one [30]. Then the prepared system is equilibrated at
300 K and 0 bar pressure and used to simulate the TDE values. Two
regions are separated to play different roles in our simulations. An
outer region of 4 Å is kept at 300 K as a thermostat region and the
atoms in the inner region follow a micro-canonical (𝑁𝑉 𝐸) ensemble
where the recoil events happen. One atom (either Ga or O) in the inner
region is chosen randomly as the PKA and given an initial velocity in
a random direction finally. The initial velocity corresponds to a kinetic
energy (𝐸k) of 2 eV which is increased by 2 eV in each subsequent
iteration until a stable FP is observed. Then the 𝐸k of PKA is decreased
by 1 eV and the same procedure is repeated to determine the final 𝐸d.
Each simulation is allowed to evolve for 6 ps employing the adaptive
timestep approach to provide sufficient time for formation of a stable
defect. The OVITO [31] and VESTA [32] are used for the purpose of
analyzing and visualizing the simulation results.

2.2. Defect identification

The FP is one of the most common defects in crystalline materials
that are created under ion radiation. The structure of a vacancy is
straightforward, since it is just a lattice site with no atom in it. An inter-
stitial, however, has more complex nature as an extra atom may occupy
different sites between the lattice sites in materials. In 𝛽-Ga2O3, there
are two non-equivalent Ga sites (usually labeled as Ga1 for tetrahedral
and Ga2 for octahedral sites) and three nonequivalent O sites (labeled
as O1 and O2 for three-bonded oxygen sites and O3 for four-bonded
ones), which makes the defect analysis in all five atomic configurations
of these sites highly non-trivial. The supplementary material Figure S1
displays the five distinct lattice sites in detail highlighting also the bond
geometry.

As reported in previous studies in 𝛽-Ga2O3 [33,34], the six Ga
interstitial (Gai) sites can be distributed in three different channels, as
can be seen in Fig. 1 (Gai sites are shown as stars of different colors are
distributed in three channels from Channel1 to Channel3). Besides, Gai
has recently been reported to prefer a split interstitial configuration as
well [33,35]. This is formed by two Ga atoms in two adjacent channels
that share one Ga site in-between, which is different from those seen in
traditional semiconductor materials. Hence, it is clear that the complex
crystal system of 𝛽-Ga2O3 poses significant challenges in identifying the
specific defects due to a variety of different atomic configurations for
defective sites, which include split-sites as well, especially in over 5000
simulations of the large atomic systems.

One of the most commonly used techniques for identification of
point defects produced in MD simulations of primary damage in crystals
is the Wigner–Seitz (WS) analysis method [36]. Despite its computa-
tional efficiency and simplicity of application, the WS method fails to
identify the defects in 𝛽-Ga2O3, since neither it can distinguish between
the different sites of Gai, nor it can detect the split interstitial. Hence,
a more precise algorithm is required to identify the defects in this
material.

As it was mentioned above, Fig. 1 displays all six single Gai sites
(Gaia to Gaif ), which are distributed in three channels, excluding the
smallest rhombic one (Channel4). Among these sites, both Gaia and Gaif
are situated in the largest eight-edge channel (Channel1), while the
remaining four Gai sites are found in two similar six-edge channels.
Specifically, Gaib and Gaid are found within the same channel (Chan-
nel2), which includes O2 and O3 atoms. The interstitials of Gaic and
Gaie are located in a different channel (Channel3) containing O1 and

O2 atoms.
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Fig. 1. The possible Ga and O interstitial sites in 𝛽-Ga2O3. The ideal coordination
numbers of Ga interstitial sites are shown in brackets in the legend. Three numbers
are the numbers of O1, O2 and O3 atoms, respectively, to which the site is bound.
The corresponding bonds are shown by the dotted lines. The coordination numbers
follows the notation introduced in Refs. [33,37]. Green and red balls represent Ga and
O atoms, respectively, consistent with the notation used below. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

To differentiate between the different Gai sites, we count the neigh-
boring O atoms of each site within the radius 2.55 Å. This specific
cutoff radius exactly corresponds to the distance between the first and
second peaks of the Ga–O partial radial distribution function [26]. The
bonds that fall within the cutoff radius are shown for each site by the
dashed lines of the corresponding to the site color in Fig. 1. Although
the Gaia and Gaif sites are bound only to O1 and O3 atoms in the
largest channel, they are different by the situation of the site itself.
While Gaia site is located at the center of a tetrahedron, the Gaif site
is closer to Ga2 atoms. Hence, following the notation introduced in
Refs. [33,37] for description of the interstitial sites in 𝛽-Ga2O3, the
coordination number of the Gaia site is identified as (3, 0, 1), referring
to three O1 atoms and one O3 atom, while Gaif has a coordination
number of (2, 1, 1). Four sites in the six-edged channel (Channel3), Gaib,
Gaic, Gaid, and Gaie, correspond to two octahedral and two tetrahedral
sites that are available in this channel. While Gaib and Gaid sites are
bound to O2 and O3 atoms, they differ by the less O2 bonds in the
Gaid tetrahedral site, hence, their coordination numbers are (0, 4, 2) and
(0, 2, 2), respectively. Similarly, Gaic and Gaie are bound to O1 and O2
atoms with less O2 atoms for the Gaie tetrahedral site. Their respective
coordination numbers are (2, 4, 0) and (2, 2, 0).

Due to thermal effects and stochastic displacements during a PKA
event, defects are not always found in the stable ideal sites as described
above. Instead, they vibrate near the ideal sites, resulting in variations
in their coordination numbers. Therefore, additional criteria are also
employed to identify and classify the specific defect type in order
to better differentiate these sites. Details of the possible coordination
number and other criteria can be found in the supplementary material
Table S1 and Figure S5.

To enhance detection and classification of Ga-related defects and
their configurations in 𝛽-Ga2O3, an optimized method combining WS
analysis and coordination numbers has been developed. This method
involves three steps:

• Utilizing WS method, one Gai1 can be identified and its co-
ordination number can be calculated to determine the specific
type;

• All Ga atoms near the first Gai1, within the radius of 4 Å are
located. Their coordination numbers are calculated separately to
distinguish between normal sites of Ga atoms and Gai2.

• If no Gai2 is found, the Gai1 is regarded as a single Ga interstitial.
Otherwise, the split interstitial of Ga is identified.
3

i1−2
With respect to oxygen interstitials, it is observed that the displaced
O atom tends to form two types of interstitial defects: Oi (single site)
and Osp (O–O split interstitial), as reported in Ref. [37], where the ab
initio simulations were carried out. As shown in Fig. 1, Oi is always
located at the interstitial sites in the center of the channel, similar
to Gai. While Osp is a O–O bonded defect, where two oxygen atoms
share one oxygen site. Based on our simulation results, another efficient
method has been established to classify and analyze these two types of
O interstitials. The classification of Oi and Osp is based on the type of
their shortest bond. If the shortest bond is between O and Ga (O–Ga
bond), it is classified as Oi. Conversely, if the shortest bond is between
two O atoms (O–O bond), it is categorized as Osp. For more detailed
information on the configurations of these defects see Section 3.3.

In addition to identification of the defects, we also perform the
calculations of the recombination energy barriers (𝐸r) for these defects
using the nudged elastic band (NEB) method. All of the energy barriers
are calculated with 10,240 atoms and the total of 13 images are utilized
during each recombination path. The initial state is the system with a
single FP and the final state is the perfect system. Additionally, all NEB
simulations are stopped when the force is smaller than 5 × 10−3 eV/Å.

3. Results and discussion

3.1. Quasi-static calculations

We perform a series of quasi-static calculations using the molecular
static (MS) method [22,38] in order to verify the reliability of our
ML-IAPs in simulations of radiation damage to ensure the accuracy
of the TDE values. In the quasi-static calculations, one atom is moved
towards a neighboring atom and the potential energies along this path
are calculated with both the soapGAP and the tabGAP [26], which
can then be directly compared to single-point DFT calculations. This
mimics the early stage of a recoil event but in a rigid well-defined
lattice. All of the tested systems consisted of 160 atoms, allowing a
comprehensive comparison with the DFT results. Detailed information
regarding the DFT parameters used in these calculations can be found
in the supplementary material Appendix C.

Four representative directions are calculated, as depicted in Fig. 2(a)
and the corresponding changes in total energy along these paths are
shown in Fig. 2(b)–(e). Both curves predicted by the ML-IAPs exhibit
good agreement with DFT data in describing the energy changes during
the movement of one atom. This holds true even for more complex
systems and shorter ranges. The largest discrepancy between the soap-
GAP and DFT is less than 18 meV/atom, which is small considering
the fairly large values of the total energy change on the order of tens
of eV for the whole system (hundreds meV/atom). Although tabGAP
slightly underestimates the energy values at certain points compared
with soapGAP and DFT, it still demonstrates a comparable accuracy
and exhibits similar trends with soapGAP. It is important to note that
our database does not include any charged point defects explicitly, so
the observed differences fall within an acceptable range. The similarly
good agreement between the DFT and ML-IAP results for several other
directions can be also seen in the supplementary material Figure S2.
Additionally, we compare the TDE simulation results calculated using
the ML-MD and AIMD methods. The evolution of the potential and
kinetic energies aligns well across these two methods, as depicted in
the supplementary material Figure S13. These findings suggest that
ML-IAPs can be effectively utilized for TDE simulations.

3.2. Threshold displacement energy

Fig. 1 and the supplementary material Figure S1 both illustrate
the coordination environments of the five sites in 𝛽-Ga2O3. The Ga1
site exhibits a tetrahedral coordination with 1×O1, 2×O2 and 1×O3,
while the Ga2 site shows octahedral coordination with 2×O1, 1×O2 and
3×O3. We note that the three O sites also have different coordination:
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Fig. 2. (a) Schematic representation of the four representative directions of atomic movement. Total energy difference for quasi-static simulations in Ga2O3 using soapGAP, tabGAP
and DFT methods. (b) Ga1 → Ga1; (c) Ga2 → O3; (d) O3 → O3; (e) O3 → Ga1.
O1 and O2 sites are 3-fold-coordinated, whereas the O3 is a 4-fold-
coordinated site. Hence, to ensure that statistical properties of the 𝐸d
value for Ga and O in 𝛽-Ga2O3 is done correctly, it is necessary to
distinguish between all five atomic types as described above.

To calculate the TDE values, we carry out the ML-MD simulations of
different types of PKA in approximately 5500 directions using tabGAP,
as described in Section 2.1. The resulting distributions of values for
all types of PKAs are presented in Fig. 3, where each type of PKA is
simulated over 1000 random directions. We average the TDE values
over all directions for each atom site according to the formula [13]:

𝐸ave =
∬ 𝐸(𝜃, 𝜙) sin (𝜃) d𝜃 d𝜙

∬ sin (𝜃) d𝜃 d𝜙
(1)

In this study, the polar angle (𝜃) represents the angle between the
velocity vector and the [0 1 0] direction, while the azimuthal angle (𝜙)
is the angle between the velocity vector projected on the (0 1 0) plane
and [0 0 1] direction, where 𝜃 ∈ (0◦, 180◦) and 𝜙 ∈ (0◦, 360◦). As shown
in Fig. 3, the statistical analysis of 𝐸d reveals distinct distributions for
Ga and O PKAs. The mean and median 𝐸d values for Ga1 are 22.91 eV
and 22 eV, whereas those of Ga2 are 20.04 and 18 eV, respectively.
Somewhat higher values of 𝐸d for a Ga1 atom suggest that Ga1 is
more resistant to the displacement from its original lattice site. This
difference in the mean 𝐸d values can be attributed to their distinct local
structures. The atomic configuration in the supplementary material
Figure S1 illustrates that Ga1 occupies a tetrahedral site, whereas
Ga2 adopts the structure of an octahedral site with longer bonds
compared to Ga1-O ones. Furthermore, we analyze the distribution of
the maximum change in the total energy in quasi-static simulations
(see Section 3.1), when we displace Ga1 and Ga2 atoms step-by-step
radially away from their original sites within 3 Å. The distributions
show systematic scans of all azimuthal directions with the interval of
1◦ around the corresponding sites on different crystallographic planes,
see the supplementary material Figure S3. The comparison of these
distributions reveals that the energy change for Ga2 in these calcu-
lations is much stronger than that for Ga1, especially on (1 0 0) and
(0 0 1) planes. Consequently, the local atomic environment around Ga1
is denser, hence, the displacement of Ga1 energetically less favorable.

Moreover, the TDE of Ga1 is distributed broader over larger range
of different values. It is also closer in shape to a Gaussian-type distribu-
tion, when compared to the distribution of TDE for Ga2, see the closer
position of the mean and the median values for the two top distribu-
tions in Fig. 3. We explain this feature by the short-range symmetry
4

Fig. 3. The distributions of 𝐸d for the five PKA types in 𝛽-Ga2O3. The curves depict
the counts and the black bars represent the 𝐸d values ranging from 25%–75% of each
PKA type. The maximum, minimum, median and mean values are all included in the
distributions. The statistics for each PKA type is over 1000 random directions.

of Ga1 sites. As shown in the supplementary material Figure S3(a-
1) and (b-1), the behavior of Ga1 exhibits a nearly symmetric trend
along the [2 0 1] direction, while the environment of Ga2 sites are more
asymmetric due to the different structures of the neighboring Channel1
and Channel3.

In contrast, despite the differences in the local environments of the
three types of O PKAs, their 𝐸d values are distributed very similarly,
with only insignificant variation in the differences between the mean
and the median values of these distributions. The mean 𝐸d of O1, O2
and O3 are 17.44, 17.38 and 17.07 eV, while their median values are
15, 15 and 14 eV, respectively. The major difference for all three types
of O atoms lies in the value of maximum 𝐸d, which exceeds 60 eV for
both O1 and O3, while it only reaches 43 eV for O2 atoms (although
our sampling is finite, Fig. 3 clearly shows that values above 40 eV are
statistically rare).

Considering the significant directional dependence of 𝐸d values as
demonstrated in Refs. [13,39], we further generate the TDE maps over
all directions scanning the polar (𝜃) and azimuthal (𝜙) taking into
account the symmetries of the monoclinic lattice of the 𝛽-Ga2O3. For
comprehensive maps we perform the transformations of two types:

• 𝜃 is firstly reduced to ∈ (0◦, 90◦) and 𝜙 remains ∈ (0◦, 360◦)
according to the symmetry of the (0 1 0) plane. It is important to
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Fig. 4. The separate TDE maps of (a) Ga1, (b) Ga2, (c) O1, (d) O2 and (e) O3 PKAs. All calculated directions are included in the separate TDE maps and the maps are interpolated
between the black dots with the nearest neighbor method. (g) The crystal system and the studied PKAs from the viewpoint of the [0 1 0] direction. The cross symbols label the
studied PKAs and the blue transparent balls correspond to the atoms located on a same (0 1 0) plane while the green or red atoms are on another (0 1 0) plane. (f) Diagram of the
angles used in the TDE maps and some pinpointed low Miller-index directions shown as blue dots. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
note that this is the only form of symmetry for all five sites:

𝜃 =

{

𝜃, if 𝜃 ≤ 90
180 − 𝜃, if 𝜃 > 90

(2)

• Each atomic site is transformed to the studied PKAs which are
shown in Fig. 4(g), since for any atomic site there are two
symmetrical atoms in 𝛽-Ga2O3.

𝜙 =

{

𝜙, if atom ≠ the studied PKA
180 + 𝜙, if atom ≡ the studied PKA

(3)

Based on this transformation, the overall TDE maps, as shown in
the supplementary material Figure S6, illustrates that the central region
corresponding to the [0 1 0] direction exhibit higher 𝐸d values compared
to the rest of the map. This can be attributed to the lattice structure of
𝛽-Ga2O3, where atoms of the same type are predominantly positioned
along the [0 1 0] direction, resulting in a large short-distance repulsion
for PKAs to displace from their original sites along this direction.
Since the atomic environment around different atomic types are highly
diverse, five separate TDE maps divided by atomic types are shown in
Fig. 4(a)–(e).

As depicted in Fig. 4(a) and (b), Ga1 and Ga2 PKAs exhibit distinct
patterns. For Ga1 PKA, directions with 𝜃 near 90◦ have higher 𝐸d values
with most of them exceeding 30 eV. All 𝐸d values larger than 60 eV
are in these directions, indicating that the Ga1 PKA is the least likely
to be displaced in the direction almost parallel to the (0 1 0) plane. With
respect to the minimum 𝐸d, the TDE map shows that the Ga1 PKA is
the easiest to be displaced along these two series of directions, one is
𝜃 ∈ (30◦, 60◦) and 𝜙 ∈ (−15◦, 15◦), and another one is 𝜃 ∈ (22◦, 45◦) and
𝜙 ∈ (210◦, 300◦). These two series of directions both show 𝐸 values
5
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below 20 eV. Upon analyzing the structure, we find that the former
series corresponds exactly to the directions towards the lower part of
the Channel2 and the latter one corresponds to the directions through
the largest eight-edge channel (Channel1). For Ga2 PKA, we observe
that most directions with 𝜃 near 90◦ provide an easier pathway for
displacement from the original sites, except when 𝜙 is near 110◦ and
345◦. The maximum 𝐸d for Ga2 is associated with the directions around
[0 1 0], suggesting that Ga2 follows a different pattern from Ga1. For the
minimum values, there are three blue-colored regions on the TDE map.
These three regions represent the two largest channels (Channel1) on
the two sides [𝜙 ∈ (0◦, 30◦) and 𝜙 ∈ (120◦, 165◦), 𝜃 ∈ (30◦, 90◦)] and the
Channel2 [𝜙 ∈ (285◦, 330◦), 𝜃 ∈ (30◦, 90◦)]. In addition, the directions
corresponding to the minimum values for Ga1 and Ga2 PKAs indicate
their tendency to enter into the Channel1 and Channel2, though they
have different coordination system.

Despite the fact that the three O atoms have similar mean 𝐸d
from the data in Fig. 3, their TDE maps exhibit different directional
dependencies. As shown in Fig. 4(c), O1 demonstrates a preferred
direction for displacement when 𝜙 ∈ (120◦, 315◦), which corresponds
to the directions towards the neighboring Channel1 and Channel3.
Along these directions, there are nearly no atoms located in proximity
to O1 and the two exceptional regions precisely correspond to the
positions of the two Ga atoms located in the same Channel1 as O1,
and on the same (0 1 0) plane, as displayed in Fig. 4(g). One of the
Ga atoms is the non-bonded Ga2 atom, which is located in the range
of 𝜙 ∈ (135◦, 150◦), while another one is the bonded Ga1 located in
the range of 𝜙 ∈ (195◦, 225◦) [ Fig. 4(c)]. Considering the fact that Ga
atoms are larger and heavier, O1 PKAs are indeed difficult to displace
along these directions. In addition, in regions where 𝜙 is less than 120◦,
relatively high 𝐸 values are observed compared to other areas. This
d
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could be attributed to the presence of bonded Ga2 atom and Ga1 atom
located in the same Channel1 as O1, and hence, the O1 PKAs tend to
move into the Channel1 and Channel3.

For O2 PKAs, the structure demonstrates a higher degree of symme-
try between the two adjacent six-edge channels, Channel1 and Chan-
nel2, compared with the other two O atoms, which is also supported by
the data shown in the supplementary material Figure S4(b). Therefore,
it is anticipated to demonstrate symmetrical directions on its TDE map.
As depicted in Fig. 4(d), the minimum 𝐸d is distributed along two
symmetrical directions, [0 0 1] and [0 0 1], indicating that the O2 PKAs
re most easily displaced in these two directions. Notably, only one O2
tom is present along these directions. In addition, two symmetrical
egions [𝜃 ∈ (75◦, 90◦)] where 𝜙 ∈ (315◦, 345◦) and 𝜙 ∈ (195◦, 225◦) also
how that O2 PKAs are difficult to displace along these directions. These
ymmetrical directions correspond to the nearby Ga2 atoms on two
ides. However, we also observe that not the whole TDE map displays
he complete symmetry for O2 PKA. The left part of the TDE map
xhibits a clearly brighter distribution than the right part, particularly
or the top part. Therefore, O2 PKA shows a preference for moving into
hannel2, rather than Channel3.

With respect to O3 PKAs, almost the whole region where 𝜙 ∈
165◦, 245◦) in Fig. 4(e) show rather low 𝐸d values, no matter what

is. This large region with small 𝐸d values is exactly confined by
he bonds of O3-Ga1 and O3-Ga2 on the same (0 1 0) plane. Another
egion exhibiting low 𝐸d values is in the range of 𝜙 ∈ (75◦, 120◦),
hich corresponds to the adjacent Channel2. Along these directions,

he repulsive force is weaker. Additionally, it can be found that the
irections towards the nearby Ga atoms all have higher 𝐸d values that
xceed 30 eV. The Ga atom prevents the O3 PKA to be displaced into
he Channel3. However, the directions where 𝜙 ∈ (285◦, 330◦) is an
xception, which means O3 PKA has a high probability to displace
nto the smallest channel. This tendency is different from the other two

PKAs since they do not present a high possibility to move into the
hannel4, while the simulations of O3 PKA show it.

.3. FP configurations

The predominant outcome following recoil events is the forma-
ion of FPs. Thus, we analyze the defect structures at 6 ps from the
forementioned 5500 TDE simulations to explore the characteristics of
adiation-induced defects. For all TDE simulations, a single FP is the
redominant outcome, whereas only 2.6% of the simulations involve
he formation of double FPs, primarily attributed to Ga PKA events.
otably, these double FPs mainly consist of double Ga FPs (33.6%) and
ixed Ga/O FPs (64.2%), with double O FPs being infrequent (2.2%).
oreover, the total number of O-related defects surpasses that of O

KAs, considering all simulations, whereas the opposite trend is ob-
erved for Ga-related defects and Ga PKAs. These findings corroborate
he TDE results, emphasizing that oxygen atoms are more susceptible
o displacement than Ga atoms.

In Fig. 5, we initiate our analysis of Ga FP by examining the
utcomes of Ga interstitial (Gai) structures resulting from 1700 TDE
imulations. Given the extensive range of possible Ga vacancy sites, we
xclusively categorize the Gai structures of the Ga FPs. Differentiating
y the structures of Gai, more than ten types of Ga FPs are identified.
he individual proportions are shown in Fig. 5(a), where four config-
rations – ia–ib, ia, ia–id and ia–ic – account for 95% of the total.
ue to their higher frequency of occurrence, these configurations are
esignated as frequent. On the other hand, additional structures appear
ith smaller quantities and classified as rare configurations. Formation
nergies (𝐸f ) of these configurations after relaxation with the molecular
tatic method are calculated as described in Refs. [33,40]:

f = 𝐸FP − 𝐸bulk , (4)

here 𝐸FP is the total energy of the system with the FP while 𝐸bulk
6

orresponds to the bulk crystal without any defects. The related results
re depicted in Fig. 5(b). Notably, disparities between the proportions
nd 𝐸f values are observed, i.e., the most populated configuration
oes not exhibit the lowest 𝐸f , suggest a kinetic effect rather than

a purely thermodynamic trend. Consequently, for a more profound
understanding of Ga FP structures, the subsequent discussion delves
into their atomic structures in detail, as presented in Fig. 5(c)–(f).

As the most populated one, Gaiab1 is a split-interstitial combining
the sites of ia and ib, as shown in Fig. 5(c). Gaia and Gaib are located in
different channels and share one normal Ga1 site. This FP has a low 𝐸f
of 4.22 ± 0.01 eV. It is also worth noting that these two interstitial sites,
Gaia and Gaib are on the same (0 1 0) plane. The second most common
Ga FP is Gaia, which is also the only interstitial with a single site. From
Fig. 5(d), it induces a large distortion of nearby atoms and the 𝐸f of it
s approximately 4.49 ± 0.1 eV.

Fig. 5(e) displays the structure of Gaiad2, which is similar to Gaiab1.
Though Gaid and Gaib are both in the same channel, their sharing
site is different. Only Ga2 sites provide the possibility to form Gaiad2
while Ga1 sites form Gaiab1. Therefore, it is also easier to distinguish
Gaiab1 and Gaiad2 according to the atomic type of their sharing Ga
sites. Furthermore, the calculations of 𝐸f also reveal that Gaiad2 has
two distinct types, Gaiad2−reg (regular) and Gaiad2−tilt . Gaiad2−reg has the
lowest 𝐸f (3.41 ± 0.01 eV) among all Ga FPs while that of Gaiad2−tilt is
4.41 ± 0.06 eV. Analyzing their structure, the Gaiad2−reg FP is a special
structure since the vacancy is always at the Ga1 site adjacent to Gaid,
as the arrow shows in Fig. 5(d). In this case, the Gaid interstitial binds
with two neighboring O2 atoms equally due to two symmetrical vacant
sites around it. In contrast, the Gaid of the Gaiad2−tilt FP forms uneven
bonds due to the vacancy being located at other positions. Furthermore,
by using the NEB method, the recombination barrier of Gaiad2−reg is
calculated. The results show that the barrier is very low, only 0.26 eV.
Such a low barrier reveals that though Gaiad2−reg is the FP with lowest
formation energy, it is easier to be recombined during the radiation
process and hence not the most frequent configuration.

Lastly, the fourth stable Ga FP is Gaiac1, as displayed in Fig. 5(d).
Different from the above three configurations, this is the only stable
FP in which one of interstitial sites (ic) is located within the channel
formed by O1 and O2 (Channel3). The formation energy of this FP is
calculated to be 4.24 ± 0.12 eV. However, the frequency of occurrence
is not as high as that of Gaiab1, even though the 𝐸f is similar, implying
that formation energy is not the only factor to determine the occurrence
of them.

In addition to the above four stable configurations, we also observe
some more complex structures from the TDE simulations, i.e., Gaibf f
and Gaibcf . They are also stable after relaxation and the majority of
them are three interstitial sites sharing two vacancies. However, their
production probabilities are very low. Hence, they are classified as rare
configurations. In addition, they are easier to be transformed into the
above stable configurations. For instance, Gaibf f exhibits a transforma-
tion barrier of 0.22 eV to Gaiab1. Detailed information on these rare
structures can be found in the supplementary material Figure S7.

Due to the smaller size of O atoms, O FPs are easier to be produced
than Ga FPs as discussed above. Unlike the anion defects in GaN [40]
or SiC [41], two distinct types of O FP are produced during TDE simu-
lations. Distinguished by the bond type of O interstitial with its nearest
atom, Oi and Osp are identified. The shortest bond of O interstitial in Oi
FP is an O–Ga bond, whereas that of Osp is an O–O bond. In addition,
the lengths of their shortest bond are totally different, as displayed
in the distributions in Fig. 6(a), which both exhibit a high level of
statistical significance. With respect to Osp, the mean O–O bond of it
is 1.53 Å, which is a bit longer than oxygen molecules (1.20 Å for
O2). However, the lengths of the O–Ga bonds in Oi FPs are distributed
mainly around 1.87 Å, which is shorter than the length of normal O–Ga
bond in 𝛽-Ga2O3. The length of these two types bonds indicate that
these two types of O FPs are stable.

Since there are three types of oxygen atomic sites in 𝛽-Ga2O3, based

on the analysis of shortest bond type, the correlation between O (Oi
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Fig. 5. (a) The number of different Ga FP types at 6 ps of TDE simulations. Ga FPs that have a fraction higher (lower) than 5% are categorized as frequent (rare) configurations.
The total number of 1866 Ga FPs are analyzed in this study. (b) Formation energy of different types of Ga FP from TDE results after structure relaxation. The error bars show
the standard variances from the different locations of the Ga vacancy. (c)–(f) Configurations of the interstitial in the four frequent FP configurations. Blue atoms represent the
interstitials and white atoms symbolize the shared sites between Ga split-interstitials. VGa are not shown here. The names of the FPs are represented by their interstitial type as
presented in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) The distribution of the bond length of the interstitial with its nearest atom in Oi and Osp FPs. (b) The number of different types of O FPs separated by the three O
atomic sites at 6 ps of TDE simulations. Oi FPs are only separated by the sites of the vacancy (Oi-VOi, blue bars). Osp FPs are separated by the sites of the vacancy (Osp-VOi, red
bars) and interstitial (Osp-isite-VO, orange bars), respectively. VOi corresponds to the vacancy sites on O1, O2 and O3 atomic types and Osp-isite is the split-interstitial on three O
atomic types. (c)–(e) Oi and (f)–(h) Osp FP configurations created by the low-energy radiation. Blue balls represent the O interstitial defects (VO is not shown in these diagrams).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and Osp) FPs and the types of oxygen atom sites is investigated further.
To explain the mechanism behind it, we also relax some structures
after the above TDE simulations to obtain their stable configurations
and calculated the formation energies of them. With respect to Oi FPs,
we find the number of them is not related to the atomic type of the
interstitial. By using the molecular statics method to relax the observed
Oi FPs, three different configurations of Oi which are all located in the
largest channel are observed. As illustrated in Fig. 6(f)–(h), Oi1, Oi2 and
i3 all have a high symmetry with its nearby atoms. Oi1 and Oi2 are both

formed by two even O–Ga bonds with Ga1 atoms that are in the same
[0 1 0] direction. However, Oi1 is closer to the Ga1-O1 bond and only has
two bonds with O1 atoms while Oi1 has four extra equal bonds with O1
and O3 atoms, which is similar to Gaif configurations. In contrast, Oi3
is found to be connected with one Ga1 and one Ga2 atom and their
bond lengths are not equal (1.86 Å and 1.95 Å). The Oi3-Ga and Oi3-O3
bonds are both parallel to the (0 1 0) plane which means this type of Oi
is on the same plane with the bonded Ga1, Ga2 and O3 atoms. Even
though the local bonding geometries of these three Oi are different, FPs
with them are regarded as equivalent since they have nearly the same
formation energies and are located in the same channel.

Therefore, we further identify them according to the atomic type
of the vacancy regardless of the exact Oi configuration. The number of
them are shown in Fig. 6(b). It is clear that although almost 1700 Oi
FPs are produced during the TDE simulations, the fraction of Oi-VO2
is much lower than that of the other two types, only half as frequent
as those with VO1 and VO3. This large difference indicates that the O2
tom is more difficult to be displaced from its original sites to form Oi
Ps. Analyzing the structure of the three different Oi, we ascribe the
eason for this to the formation mechanism. As discussed above, the
tructures of the three Oi are all located in Channel1 which is only
urrounded by O1 and O3 atomic types. Since O2 is far away from
hannel1, O2 atoms cannot easily enter it and form Oi configurations.

In the case of Osp FPs, they exhibit an opposite correlation. As the
ed bars show in Fig. 6(b), the number of Osp FPs with the three types

of VO are all about 450, which illustrates that they are independent
of the vacancy site. However, the numbers of them differ a lot when
divided by the specific atomic type of the interstitial. From the orange
bars in Fig. 6(b), Osp-1site FPs are much more frequent than the other
two sites, produced about 700 times which is almost half of all Osp FPs.
Therefore, it can be concluded that the most favored Osp configuration
is an O–O bond at the O1 site.

Furthermore, 𝐸f of them at different sites are also calculated and
compared after relaxing the structures. Among these three sites, Osp-2site
FPs exhibit the highest 𝐸f , measuring 5.07 ± 0.03 eV while 𝐸f of
Osp-1site FPs and Osp-3site FPs are only 4.18 ± 0.02 eV and 4.36 ± 0.03 eV,
separately. Detailed atomic configurations of Osp at the three sites
after relaxation are presented in Fig. 6(f)–(h). These configurations
reveal distinct structural characteristics. Although Osp-1site and Osp-2site
have different orientations, they both lie parallel to the (0 1 0) plane.
In contrast, Osp-3site tends to form a bond along the [0 1 0] direction.

he inconsistency of their structure likely stem from their coordination
ystem. In 𝛽-Ga2O3, O1 and O2 both exhibit a coordination number of
hree Ga atoms while O3 is the only one with four-fold coordinated site.

To ensure the reliability of the results, 𝐸f of these three O FPs
n different sites are also calculated with 160 atoms in DFT simu-
ations. While slight differences are observed between MD and DFT,
he trends in 𝐸f across different sites and the bond lengths exhibit
ood agreement. The supplementary material Figure S8 provides the
etailed information on the comparable results obtained from MD and
FT calculations.

Additionally, Fig. 6(b) shows the amount of Oi and Osp with the
ccurrence of 55% and 45% of all simulations. 𝐸f of Oi FPs is calculated

as 4.29 ± 0.03 eV, while 𝐸f of Osp FPs is 4.55 ± 0.04 eV. The results
of probability and 𝐸f both demonstrate that Oi FPs are a bit easier to
produce. However, regarding the specific types discussed above, Osp-1site
P is produced more than 700 times, which is the highest occurrence
8

mong the six types of O FPs. t
.4. Recombination behavior

The recombination behavior of FP often plays a significant role in
he recovery processes of irradiated semiconductor materials. There-
ore, the recombination behaviors of Ga/O FPs produced in our TDE
imulations are investigated using the NEB method. Since there are

variety of FP types produced in our TDE simulations, we mainly
ocus on the types that are most frequent based on the above analysis.
or Ga FPs, two types of Gaiab1-VGa and Gaia-VGa are investigated,

while Osp-1site-VO is considered for O FPs. The configurations and the
corresponding recombination path of them are displayed in Fig. 7.

Fig. 7(a) firstly shows four different vacancy sites (V1−V4) around
aiab1. V1−V3 are all close to the interstitial at a distance around 4
, while V4 is farther away at 6.36 Å. By moving the interstitials

o the vacancy sites, their recombination energy barriers 𝐸r and the
orresponding paths are presented in Fig. 7(c). The results of NEB
imulations indicate that 𝐸r of V1, V2, and V3 are approximately 0.4
V. Such a low barrier suggests that these FPs are easier to recombine
t low temperature. While for V4 the barrier increases to 0.83 eV with
higher reaction distance. The calculations show that the value of 𝐸r

s positively correlated to the reaction distance of Gaia and VGa.
For Gaia-VGa, the observation is quite different. Fig. 7(b) displays

ive different FPs and the recombination behavior of them are com-
ared in Fig. 7(d). V1, V2, and V3 are vacancies located in the same
hannel1 as the Gaia, while V4 and V5 are not. By calculating 𝐸r of
ach, all show higher 𝐸r values, with the exception of V1. Despite V2
nd V3 both being located in the same Channel1 of Gaia, they present
ignificantly higher barriers (> 0.9 eV) compared to V1. The overall
alues of 𝐸r show that Gaia-VGa is more difficult to recombine than
aiab1-VGa. We attribute this difference to the extra shared Ga1 site in
aiab1-VGa, which provides the interstitial atoms with more space to

ecombine. While in Gaia-VGa, the Ga interstitial is more difficult to
ove due to the denser atomic environment around it.

With respect to Osp-1site FPs, nine O vacancies near Osp-1site are
elected to comprehensively compare with the nine Ga FPs, as shown
n Fig. 7(e). V3, V4 and V6 show low 𝐸r (∼ 0.2 eV) which means that
hese vacancy sites have a strong attraction to the Osp-1site. These three
acancies are all located in the same channel (Channel1 and Channel3)
or Osp-1site. For the vacancy sites that are not in the same channel,
e also calculated their 𝐸r values which are ranging from 0.35 to
.82 eV. V5 exhibits the highest maximum 𝐸r despite not having the
urthest reaction distance. This trend contradicts the behavior observed
n the Ga FPs. As illustrated in the supplementary material Figure S9,
he relationship between 𝐸r and reaction distance for three types of
Ps is different. The recombination behavior of O FPs demonstrates a
omparatively lower 𝐸r compared to Ga FPs. Even at the distance of 10
, the relative lower 𝐸r of O FPs indicate that oxygen of Osp-1site breaks

he bond easily and then occupies the vacancy sites.

. Discussion

TDEs in 𝛽-Ga2O3 were recently investigated using AIMD simula-
ions [24]. Compared with these AIMD data, both our ML-MD and
IMD simulations consistently reveal that Ga PKAs have a higher mean
d than O PKAs. However, our large-scale simulations based on our
L-IAPs indicate that the minimum 𝐸d values for each PKA type are

ery low, approximately ranging from 7 to 8 eV, as displayed in Figs. 3
nd 4. Previous AIMD results, however, showed that much higher 𝐸d
alues for Ga and O PKAs, 28 eV and 14 eV, respectively [24].

To identify the reason for the significant discrepancy between the
urrently reported 𝐸d values and those from the Ref. [24], we com-
are the parameters used in both simulations, including cell size, MD
imestep, and the number of simulated directions in the supplementary
aterial Table S2. The increased computational efficiency of ML-IAPs

long with precise choice of the MD-related parameters allowed us

esting thousands of directions for more accurate estimation of the TDE
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Fig. 7. Left panel: The configurations of (a) four types of Gaiab1-VGa, (b) five types of Gaia-VGa and (e) nine types of Osp-1site-VO. Right panel: The corresponding path and 𝐸r for
recombination behavior of (c) Gaiab1-VGa, (d) Gaia-VGa, and (f, g) Osp-1site-VO. The blue balls are the sites of the interstitials and the white dashed balls are the sites of vacancies.
The numeric labeling of vacancies is arranged in order of increasing distance between them and the interstitial. All of the solid points are results calculated with the NEB method
with 10,240 atoms and the dashed lines are interpolated using cubic splines. The first point is the energy of the system with the given FP and the last point refers to the perfect
system with no defects. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
values. Furthermore, several independent AIMD and ML-MD simula-
tions are conducted with identical conditions, such as the cell size and
PKA direction.

As shown in the supplementary material Table S3, the TDE values
from the large fraction of directions in ML-MD simulations align well
with the AIMD values reported in Ref. [24], although discrepancies can
be seen in some cases, such as Ga1-[0 0 1], Ga2-[0 0 1]/[0 0 1], and O2-
[0 0 1]/[0 0 1]. To address these discrepancies, we analyze more closely
the two typical cases (Ga2-[0 0 1] and O2-[0 0 1]) in the supplementary
material, Appendix H. In these cases, we identified the main factors
responsible for the lower TDE values that we obtained in this work
compared to those reported previously [24]. It is clear that the use
of sufficiently large cell size (10,240 atoms) as well as modeling the
3𝑑-electrons as valence electrons of Ga (contrary to the small cell
and fixed-core Ga 3𝑑-electrons in Ref. [24]) allowed us obtaining the
reduced TDE values. We also note that our ML-MD simulations are able
to replicate the PKA trajectory (the supplementary material Figures S11
and S12) and the evolution trend of potential and kinetic energies
obtained in the high accuracy of AIMD simulations, as depicted in
the supplementary material Figure S13. Furthermore, we illustrate the
impacts of other parameters, such as simulation time, MD timestep
and finite-temperature thermal vibrations, on the TDE values (see the
supplementary material Figure S14) .

Hence, we conclude that in terms of accuracy and computational
efficiency, our MD simulations using ML-IAPs achieve comparable ac-
curacy to high-precision AIMD simulations, while they requires only
10−3 of the computational resources to simulate TDE values. Since TDE
simulation requires analysis at least of hundreds of directions, ML-MD
simulations enable more extensive exploration than AIMD cannot do
with reasonable computational cost. Despite this, AIMD simulations
remain valuable tools for investigating 𝐸 along specific directions and
9

d

they are able to explore the defect configurations while considering
electronic effects.

Previous AIMD [19,21,24] and MD simulations [20,23] both have
shown that the value of 𝐸d is highly dependent on the direction.
Therefore, to accurately describe the mean TDE value, an adequate
number of directions should be considered, especially for materials like
𝛽-Ga2O3 which has multiple nonequivalent atoms. Even if each PKA
type is simulated over 1000 directions to ensure statistical significance,
it is still challenging to identify patterns in the entire TDE map of 𝛽-
Ga2O3 in this work. Nordlund et al. [39] conducted a comprehensive
study of the whole channeling map of several materials with cubic,
FCC or diamond structure and they scanned angles at intervals of 1◦. A
total of 300 million directions were carried out for materials with high
symmetry. However, as displayed in Fig. 4, the transformed symmetry
of 𝛽-Ga2O3 still needs coverage of directions ranging from 𝜃 ∈ [0◦, 90◦]
and 𝜙 ∈ [0◦, 360◦]. It is speculated that more than 5 × 90 × 360
directions are necessary to create a standard TDE map for 𝛽-Ga2O3,
which has a high computational cost. Additionally, it is important
to exercise caution when considering directions in materials such as
𝛽-Ga2O3, which possesses a monoclinic structure with a 𝛽 angle of
103.9◦. In this case, it should be noted that the direction of [1 0 0] is
not perpendicular to the (1 0 0) plane, which can potentially lead to
misleading interpretations.

For the defects produced by PKAs, our MD simulations reveal that
radiation damage leads to the generation of a great number of pos-
sible defects in this material and we have elucidated the underlying
mechanisms through a dynamic process perspective. Through exten-
sive simulations involving a large system, we have identified new
metastable configurations that have not been previously reported in
DFT calculations. Specifically, our findings regarding Ga FPs indicate
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the presence of over ten such pairs, with a majority exhibiting split-
interstitial configurations. This observation is partially consistent with
recent Ga-related defect studies by Frodason et al. [33]. Their work
reported that both Ga vacancies and interstitials exhibit split configura-
tions, identifying three stable single interstitial sites (ib, ic, and if) and
three split-interstitial sites of Gaiab1, Gaiad2 and Gaiac1. Our observations
align well with their findings of stable split-interstitial configurations.
However, the results of single site is not similar as only Gaia-VGa
is found during our TDE simulations. Furthermore, the recent DFT
studies [33] have also shown that the 𝐸f of split vacancies can be as low
as that of single vacancies. However, limited to our developed detection
methods, it is difficult to detect them now. Therefore, some of our
identified Ga FPs may have different names for the same configuration.
For instance, Gaiab1-VGa can be also interpreted as Gaia-V𝑖𝑏

𝐺𝑎 when VGa
of Gaiab1-VGa is close to Gaib.

The variety of Ga FPs underscore the complexity of Ga-related
defects in this material, particularly under conditions of PKA impacts.
Notably, whether stable or metastable, a majority of these pairs consist
of Gaia, indicating a preference for Gai to localize within the largest
channel. Besides that, Gaib and Gaid (in Channel2) exhibit higher for-
mation probabilities than Gaic and Gaie (in Channel3), though they
are both in two similar six-edge channels. From the data in the TDE
maps of Ga sites in Fig. 4(a) and (b), both Ga1 and Ga2 atoms show a
preference for movement into Channel2 rather than Channel3. There-
fore, the inconsistency in formation probabilities can be attributed to
kinetic effects rather than thermodynamic effects. Furthermore, the
transformation behaviors between these stable and metastable Ga FPs
have low barriers, indicating that the stable defect system over longer
time scales may be different and more complicated.

For O FPs, the formation probability of Oi and Osp FPs exhibit
the different correlation with the specific type of oxygen sites. With
respect to Oi FPs, their formation probabilities are strongly influenced
by the atomic sites of the vacancy rather than interstitial. Among the
Oi FPs, Oi-VO2 has the lowest production rate, approximately half that
of the other two types. This observation is not consistent with DFT
simulations [37], which have shown that VO2 has the lowest formation
energy. The structure of Oi and the TDE maps of the three O atoms
both suggest that kinetic effects are the primary factor, as opposed to
pure thermodynamic trends. Given that Oi is exclusively formed in the
argest channel composed of O1 and O3 atoms, the movement of O2
nto this Channel1 is more challenging, resulting in variations in the
uantity of Oi-VO2 FPs compared to the other types. For Osp FPs, they
isplay a contrasting trend as their formation is strongly influenced by
he atomic sites of interstitial rather than vacancy. Among all the O
Ps, the Osp−1site FP is the most commonly produced. This preference is
etermined by the lowest formation energy, which is supported by our
esults and previous DFT simulations [37] indicating that Osp tends to
ccupy the O1 site. Furthermore, the investigation of the recombination
arriers for three representative FPs reveals that O FPs exhibit lower
ecombination barriers, which is in good agreement with the findings
rom AIMD simulations [24]. These results are also supported by pre-
ious experimental observations [12], where O atoms remained stable
fter heavy ion irradiation while Ga atoms are displaced to attend
n a phase transformation. Despite the fact that O atoms are more
usceptible to displacement, their low recombination barrier indicates
hat the produced O-defects are not stable following radiation damage.

. Conclusions

We conduct MD simulations employing ML-IAPs to investigate dis-
lacement events of low energy in 𝛽-Ga2O3. Utilizing our computa-

tionally fast tabGAP ML-IAP, more than five thousand random crystal
directions for the five nonequivalent atoms in the 𝛽-Ga2O3 lattice have
been simulated to determine statistically significant TDE values. In
terms of Ga atoms, Ga1 exhibits a higher mean TDE value (22.9 eV)
compared to Ga2 (20.0 eV). Analysis of their TDE maps reveals that
10
the octahedral environment of Ga2 allows more space for displacement
from the original sites. Regarding oxygen atoms, the three O atoms
exhibit similar distributions with mean TDE values ranging from 17.0 to
17.4 eV, however, their TDE maps demonstrate significant differences
when considering the directions. Subsequently, the final defective sys-
tems resulting from the TDE simulations are further analyzed using our
developed defect identification methods. More than ten types of Ga FPs
are classified, with four of them identified as frequent FPs accounting
for 95% of the total number of simulations. The configurations of split
interstitials in the largest channel are preferred for Ga interstitials. Ad-
ditionally, detailed calculations are performed on the O FPs composed
of O interstitial and O–O split interstitial FP. Oi-VO2 is the least common
among Oi FPs due to difficulties in moving O2 into the largest channel
while Osp-1site is the most prevalent O FP owing to its low formation
energy. NEB calculations for Ga and O FPs indicate that although O
atoms are more easily displaced compared to Ga atoms, their lower
recombination barrier allow a high probability of self-healing. Our
calculations are helpful to gain a deeper understanding of the radiation
damage and complex defect structures in 𝛽-Ga2O3.
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