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Recently reported remarkably high radiation tolerance of «/3-Gay03 double-polymorphic struc-
ture brings this ultrawide bandgap semiconductor to the frontiers of power electronics applications
that are able to operate in challenging environments. Understanding the mechanism of radiation
tolerance is crucial for further material modification and tailoring of the desired properties. In this
study, we employ machine-learning-enhanced atomistic simulations to assess the stability of both
the gallium (Ga) and oxygen (O) sublattices under various levels of damage. Our study uncovers
the remarkable resilience and stability of the O-sublattice, attributing this property to the strong
tendency of recovery of the O defects, especially within the stronger disordered regions. Interest-
ingly, we observe the opposite behavior of the Ga defects that display enhanced stability in the
same regions of increased disorder. Moreover, we observe that highly defective 5-Ga,O3 is able to
transform into y-Ga,;O3 upon annealing due to preserved lattice organization of the O-sublattice.
This result clearly manifests that the ultrahigh stability of the O-sublattice provides the backbone
for the exceptional radiation tolerance of the v/3 double-polymorphic structure. These computa-
tional insights closely align with experimental observations, opening avenues for further exploration
of polymorphism in Ga,O3; and potentially in analogous polymorphic families spanning a broad

range of diverse materials of complex polymorphic nature.

Keywords: Oxygen sublattice, molecular dynamics, Frenkel pair, collision cascade, gallium oxide

I. INTRODUCTION

Current Si-based semiconductor technology is facing
the fundamental limits of narrow bandgap and low break-
down field [I]. With the key merits of high breakdown
electric field strength, ultrawide bandgap, and high ul-
traviolet optical transparency, gallium oxide (Ga,O3) has
attracted significant attention as a promising candidate
for next-generation semiconductors [2H7]. Furthermore,
the exceptional radiation tolerance of the Ga,O; offers
promising applications in demanding environments, in-
cluding space exploration, nuclear power generation, and
medical imaging [8HIT]. Investigating radiation damage
in Ga,O; is pivotal for achieving a comprehensive un-
derstanding of defect theory and its correlated physical
properties, however, it remains a significant challenge.

Recently, experimental studies using ion implantation
have revealed that $-Ga,O; maintains its crystallinity
up to extremely high fluences of ion irradiation [12} [13],
which are much higher than the amorphization thresh-
olds observed in other semiconductor materials, e.g., in
Si [14], SiC [15], and GaN [I6]. Anber et al. and
Azarov et al. illustrated that the amorphization of -
Gay03 is notably suppressed by the formation of -
Ga,0O5 phase [I3, 17]. Huang et al. [I8] [19] provided
quantitative analysis of scanning transmission electron
microscopy (STEM) images, displaying the gradual g
to v phase transformation progress. In most cases, the
polymorphic transitions in Ga,O5 crystals arise from
lattice adaptation to the minimum-free-energy state at
the given temperature and pressure [20H23]. Ion-beam-
assisted atom displacement is a novel approach to reach-

ing metastable configurations, yet it has received limited
attention in theoretical investigations. In order to under-
stand the radiation effects of this emerging semiconduc-
tor material at the atomic scale, He et al. [24] and Tuttle
et al. [25] have conducted calculations to determine the
threshold displacement energy, which is crucial for esti-
mating the extent of radiation damage [26, 27]. However,
the theoretical study of the ultrafast defect dynamics and
crystalline phase transformation instead of amorphiza-
tion during ion implantation is still insufficiently studied.

Here, we utilize machine-learning-enhanced atomistic
simulations and reveal that the crystallinity of the (-
Ga,05 originates from the resilient lattice structure of
the O-sublattice. By integrating classical molecular dy-
namics (MD) simulations with machine-learning Gaus-
sian approximation potentials (ML-tabGAP) [28], we
systematically explore how accumulated defects in dis-
tinct Ga- and O-sublattices influence the structure of (-
Ga,04 and examine the recombination behavior of single
interstitial-vacancy (Frenkel pair) at various separation
distances. Furthermore, we apply collision cascade simu-
lations to explore the dynamic evolution of defects under
irradiation. These findings collectively illustrate the ul-
trahigh stability of the O-sublattice and the changeable
Ga-sublattice. This not only precisely corroborates ex-
perimental observations but also uncovers the underlying
mechanism behind the remarkable radiation tolerance ex-
hibited by Ga,O4 materials. Moreover, this foundational
research paves the way for exploring various polymor-
phism families and deepens our understanding of defec-
tive oxide materials.



II. METHODOLOGY

In this study, we elucidate the recovery mechanisms
of O-sublattice by performing several different types of
atomistic simulations. Firstly, we use classical MD sim-
ulations to simulate damage buildup in [-Ga,O5 via
Frenkel pair accumulation (FPA) runs. We analyze the
FP recombination paths by running simulations with
isolated FP defects of different types. We also run
single-cascade MD simulations to analyze the dynamic
effects on damage buildup. All MD simulations are
conducted using the LAMMPS package [29] with the
recently developed machine-learning (ML) interatomic
potential(tabGAP) for Ga,O5 systems [28]. We also
perform defective structure relaxation calculations us-
ing DFT structure optimization enabled by the VASP
package [30] to verify the results obtained with the ML-
MD method. For visualization of the atomic structures,
OVITO [31] is utilized. In the following, we describe the
technical details of each applied type of simulation sepa-
rately.

A. Frenkel pair accumulation simulations

In the FPA simulations, we model the ion-induced
accumulation of damage by subsequently inserting ran-
domly distributed FPs into initially perfect Ga,O5 cells.
To emphasize the atom-type-specific effects on damage
accumulation in 8-Gay,05, we generate three 1280-atoms
simulation cells, where we insert the FPs of three differ-
ent types: only Ga, only O, and mixed O/Ga FPs. Each
FP was subsequently created by displacing a randomly
selected atom of the given type (in the O/Ga FPA sim-
ulations the Gay,05 stoichiometry was maintained) in a
randomly selected direction by a vector with the norm
randomly selected within the range of 5.8 — 6.2 A. The
insertion of each FP was followed by a relaxation run to
reach the local energy minimum, after that, the system
was simulated for 5 ps at 300 K and 0 bar in the isother-
mal-isobaric (NpT') ensemble. We also performed longer
annealing simulations in the NpT ensemble maintaining
zero pressure but raising the temperature from 300 to
1500 K with the rate of 6 K/ps after a given number of
FPs was accumulated in the cell. Each annealing run
was performed for 1 ns, after which the temperature was
gradually decreased to 300 K with the same rate of 6

K/ps.

B. Ab initio simulations

To verify the evolution of damage buildup, which
we obtained in our ML-MD FPA simulations, we con-
ducted similar simulations using density functional the-
ory (DFT) methods. These calculations were per-
formed using the Vienna Ab initio Simulation Pack-
age (VASP) [30], employing the projected augmented-

wave (PAW) method [32] with 13 (3d'%4s%4p') and 6
(2522p*) valence electrons for Ga and O, respectively.
The Perdew-Burke-Ernzerhof (PBE) version [33] of the
generalized gradient approximation (GGA) was used as
the exchange-correlation functional. In this calculation,
FPs were generated cumulatively in a 320-atom $-Gay,O4
cell as the FPA simulation. During the accumulation
progress, the cell was relaxed after every 5 iterative im-
plantations of FPs. Meanwhile, the cells undergo struc-
ture relaxation with ML potential to attain the local en-
ergy minimum, serving as a reference for comparison with
the GGA-DFT relaxation. In the GGA-DFT calcula-
tions, the electronic states were expanded in plane-wave
basis sets with the energy cutoff of 700 eV. Given the
large supercell, the Brillouin zone was sampled with only
the I' point. Gaussian smearing with a o-width of 0.03
eV was used to describe the partial occupancies of the
electronic states. 1079 eV and 1072 eV /A were chosen
as the energy and force convergence criteria for the op-
timization of the electronic and ionic structures, respec-
tively. These simulations were conducted separately for
three different types of FPs inserting 100 FPs in total in
each cell.

C. Simulations of Frenkel pair recombination

In FP recombination simulations of isolated defects, a
stable interstitial atom was initially inserted in a 1280-
atom $-GayO4 cell. Subsequently, a vacancy was created
by removing an atom of the corresponding type from a
neighboring site around the interstitial within the specific
coordination shell to control the recombination radius of
the created FP defect. The system was thermally equili-
brated for 5 ps under the NpT conditions at 300 K and
0 bar. The statistical averages were obtained over 50
independent runs for Ga and O FPs, separately.

D. Simulations for single cascades

Single cascade simulations were carried out by giving
the recoil energy to the atom randomly selected in the
middle of the simulation cell as a primary knock-on atom
(PKA). The direction of the initial momentum was also
randomly selected in the three-dimensional space. The
total number of atoms in each simulation cell was se-
lected to match the recoil energy, so that the initiated
cascade did not interact with the thermally controlled
border regions. Table[l] provides the recoil energy values
and corresponding numbers of atoms in the simulation
cells.

Periodic boundary conditions were applied in all direc-
tions, with the Nosé-Hoover thermostat [34] controlling
the temperature along the borders of the simulation cell
to mimic the heat dissipation of bulk materials. To en-
sure simulation efficiency and system stability, an adap-
tive time step was employed. Electronic stopping power



Table I. Simulation parameters. The variable Epka repre-
sents the initial kinetic energy given to PKA, natoms is the
number of atoms in the simulation cell, npka.o is the number
of simulations in which PKA is O, npka.ca is the number of
simulations in which PKA is Ga.

EPKA (EV) Natoms NPKA:O NPKA:Ga
500 81,920 69 61
750 81,920 65 64
1,000 81,920 61 63
1,500 160,000 62 49
2,000 276,480 54 61

as a friction term was applied to the atoms with kinetic
energies above 10 eV [35]. The simulation time of the sin-
gle cascades was 50 ps. To guarantee sufficient statistics,
parallel simulations were conducted for each recoil energy
with varying PKA. The detailed simulation amounts are
presented in Table[ll The point defects formed in collision
cascades were identified using the Wigner-Seitz analysis
method.

III. RESULTS

A. Stability of cation and anion sublattices in
B-Gay O3

Figure [1| demonstrates the face-centered-cubic (FCC)
unit cell of the O-sublattice of 5-Ga,04, which is com-
mon for both 8- and 7y-phases of Ga,O4. The difference
between these two phases is in the location of Ga cations
that occupy different tetrahedral (Gar) and octahedral
(Gao) sites [36], B7]. It has been previously observed that
B-Ga, 045 transforms into the y-phase under ion implan-
tation [12] [I8] 19, [38], indicating that the integrity of the
O-sublattice is maintained, while Ga atoms intricately
rearrange with the accumulated damage dose. In the
monoclinic 8-phase, the molar ratio of tetrahedral (Gar),
octahedral (Gap) cations and O anions is 1 : 1 : 3, while
within the FCC unit cell, see Figure a), the ratio of
the tetrahedral (I), octahedral (Ip) sites, and O lattice
sitesis 8 : 4 : 4. In Figure a), we indicate all tetrahedral
and octahedral sites potentially available for Ga cations
within the O FCC lattice unit cell: the purple balls show
the potential Gag sites and the cyan balls the potential
Gar sites. The O-sublattice is shown by the small red
balls. For clarity, we cross the sites that are occupied
by Ga cations in the S-phase (compare with the conven-
tional image of the 5-Ga,O5 monoclinic unit cell shown
in Figure a) to the right). As one can see, the majority
of the tetrahedral and octahedral sites are unoccupied.
On the other hand, the cubic ~-phase exhibits the de-
fected spinel structure with partially occupied Gar and
Gagp in random order, which is challenging to show in a

unit cell [39] 40].

To enable the visual comparison between the two lat-
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Figure 1. (a) Schematic representation of O FCC stacking
in the $-Gay0O3 unit cell; the right part is the FCC unit cell
with tetrahedral (I7) and octahedral (Io) interstitials, and the
left part is the 8-GayO3 unit cell with O FCC cubic frame.
Tetrahedral interstitials and Gar are colored purple; octahe-
dral interstitials and Gao are blue; O ions are red; the black
cross symbol marks the occupied Ga sites. (b) The snapshots
of the pristine - (left) and v-GayO3 (right) lattice. The
dashed line indicate the perfect abc-abc FCC stacking of the
O-sublattices.

tices of pristine 8- and y-phases, in Figure (b), we an-
alyze the composition of the Ga layers between the abc-
abc stacked close-packed planes in the O FCC-sublattice,
which are shown by the dashed lines. In the defective
spinel structure of the v-phase, one Ga layer is primarily
composed of Gagp, while the other layer contains both
Gar and Gag, contrasting with the perfectly ordered $-
phase, where Gar and Gagp appear alternatively in the
different Ga layers.

In our study, we aim to investigate in detail whether
the phase transformation in 8-Ga,O5 during ion irradi-
ation depends on the type of the defects (cation or an-
ion). We conducted the type-specific FPA simulations
to systematically analyze the damage buildup in both
sublattices separately as well as the damage buildup in
the entire structure without separation into sublattices.
Figure [2] illustrates the evolution of the crystal struc-
ture of 8-Ga,0O5 with the accumulation of the various
types of FPs. Five different colors are used to show crys-
tallographically different types of two Ga cations (Ga-I,
Ga-II) and the three O anions (O-I, O-II, O-III) sites
in the pristine lattice to facilitate the analysis of atom
displacements.

In the O FPA simulations [top row in Figure [2{a)],
we observe that the 5-Ga,O5 persistently retains its ini-
tial phase structure with only a few remaining defects,
although the location of some O atoms have changed,
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Figure 2. Accumulated different types of FPs in 8-Gay03. (a) The snapshots of the pristine 5-Gay O3 lattices after introducing
different types of FP. The five distinct crystallographic sites Ga-I, Ga-II, O-I, O-II, and O-III in the pristine lattices are
colored separately in cyan, purple, yellow, orange, and red, respectively. (b) Analysis of the PRDFs of O-sublattices with
different amounts and types of additional FPs in 8-Ga,O3 lattices (blue is Ga FPs, orange is O/Ga FPs, green is O FPs, the
color intensity increases systematically with the quantity of Frenkel pairs, specifically designated as 100, 500, and 1200 FPs,
respectively.). (¢) The Pearson correlation coefficient, Pr, calculated within the 2"¢ shell for the O-O PRDFs of the increasing
damaged O-sublattices concerning the pristine 3-O PRDFs as a function of the FP number. (d) Potential energy of the cell
as a function of FP number. The dashed lines correspond to the potential energy of 3, v, and amorphous Ga,O3 at 300 K,

respectively.

compare the colors of O atoms in the outlined regions
in the snapshots showing the initial and damaged struc-
tures in Figure a). The outlined vertical region shows
the same column of the O anions in all three snapshots.
Initially, in the pristine cell, all sites in this column are
consistently colored orange, showing O-II anions. With
the increase of the accumulation of O FPs, some of these
sites are replaced by yellow (O-I) and red (O-III) anions.
In the Ga FPA simulations [bottom row in Figure 2f(a)],
the crystal structure remains highly ordered, however,
with the increase of the number of FPs, it gradually re-
sembles more the y-phase with denser occupied Ga sites
in [010] direction covering the open channels of the j-
phase lattice in the same direction.

The O/Ga FPA simulations [the middle row of Fig-
ure a)] result in a complete disorder of the 3-phase, al-
though the simulations up to the low damage dose (about
100 FPs) showed similar structural evolution to that in
the Ga FPA simulations. However, further accumula-
tion of O/Ga FPs (see 500 and 1200 FPs) leads to a
rapid crystallinity deterioration, transforming the struc-
ture into an amorphous phase. Surprisingly, we see that
within the ordered but defective regions that exist in the
cells with Ga FPs and O/Ga FPs, the FCC stacking of
the O-sublattice is mostly maintained. Hence, we plot in
Figure b)7 the O-O partial radial distribution functions
(PRDFs) for the O-sublattices in the cells, highlighting
three coordination shells: the first (2.0-3.6 A), the sec-
ond (3.6-4.6 A), and the third shell (4.6-5.6 A). In the

systems where the damage accumulation proceeded sep-
arately either within the anion or the cation sublattices,
we observe that the peaks in the O-O PRDF persist, indi-
cating the anion sublattice structure resists the damage,
while in the cells with the accumulation of O/Ga FPs,
the main characteristic peaks of the FCC structure dis-
appeared, indicating amorphization of the lattice.

The similarity of the O-O PRDFs of the cells with the
increased damage to the O-O PRDF of the pristine (-
Gay05 is analyzed in Figure c), where we plot the
Pearson correlation coefficient (Pr) for the correspond-
ing curves in the 2" shell. The O-O PRDFs exhibit a
high degree of positive correlation with the 8-O structure
in the case of pure O FPs and Ga FPs, demonstrating
a significant degree of structural similarity. As the accu-
mulation of the mixed FPs, the Pr value initially fluctu-
ates around a rather high value of 0.8, but then it drops
abruptly, signifying the robustness of the O-sublattices in
maintaining their structure up to a specific threshold of
damage. Whereas, surpassing these limits results in the
direct collapse of the structure. We also analyzed the
Ga-Ga PRDFs (see the Supplementary material (SM)
Appendix A, Figure to demonstrate the effect of the
damage buildup in specific sublattices on the structural
integrity of the Ga sublattice. In this analysis, we ob-
serve that only the formation of Ga and O/Ga FPs leads
to the appearance of the y-Ga-like phase while displacing
only O atoms does not trigger this transformation.

In Figure d), we also follow the evolution of the po-



tential energy in all three simulation cells after the in-
sertion of every FP and subsequent relaxation at 300 K.
Despite fluctuations of the energy values, the comparison
of the three curves clearly illustrates the different effect
that the accumulation of different types of FPs causes
in the corresponding cells. For instance, we see that the
potential energy rises the fastest in the cell with the ac-
cumulation of the O/Ga FPs, with the highest value ex-
ceeding the potential energy of the relaxed amorphous
phase. We also note a sharp drop of this value at about
700 FPs, which exceeds the fluctuation uncertainty bar
in the rest of the potential energy curve. The drop in-
dicates the phase transformation from a highly damaged
but still crystalline structure of 5-Ga,0O5; to the amor-
phous state, hence we can conclude that in these simula-
tions we reached the damage tolerance threshold for the
B-Ga, 05 structure before collapsing into the amorphous
state.

Insertion of Ga FPs brings the potential energy in the
simulation cell very close to the amorphous level, how-
ever, not exceeding it at any point. We also note that
the level of the potential energy in this cell is consis-
tently above the pristine v-Gay04 level, which is the
footprint of unstable defects in the gradually damaging
lattice. Since we do not observe any abrupt changes in
the value of the potential energy, which would indicate
a phase transition, we conclude that the accumulation of
the FPs themselves does not yet transform 8-Ga, O3 into
a stable 7-Ga, 05 structure and additional annealing of
created defects is needed to complete this transformation.
Moreover, we notice that the potential energy reaches the
saturation level after less than 200 Ga FPs and continues
to fluctuate around this value up to the very high doses
of 1200 FPs, which we reached in our simulations. This
behavior can be interpreted as randomization of the Ga
sublattice, however, after it has been randomized the fol-
lowing displacements do not introduce additional distur-
bance, which would lead to the increase of the potential
energy in the cell.

The insertion of O FPs introduced the smallest distur-
bance in the simulation cell, see the lowest green curve in
Figure 2[d). The inevitable accumulation of the defects
in this cell brings the potential energy to the higher values
than the -Ga,O5 and v-Ga,O5 phases [the correspond-
ing grey and blue dashed lines in Figure [2(d)]. However,
we see much stronger fluctuations in this curve, which in-
dicates stronger relaxation effects in this cell even during
the short relaxation runs after insertion of a subsequent
O FP. Again, no indication of phase transformation is
found in this curve either, while overall the potential en-
ergy fluctuates the strongest out of the three curves with
barely noticeable increasing tendency. Even at the high-
est number of FPs (1,200 at the end of the simulation)
the potential energy in the cell is not remarkably higher
than that after the first 200 O FPs. The saturation trend
observed in both curves for Ga and O FPs separately in-
dicate that the 5-Ga,O4 lattice is capable to accommo-
date the damage in separate sublattices easier compared

to the damage accumulation via displacement of both
types of ions at the same time.

Our results showcase the resilience and stability of the
O-sublattice in 5-Ga,O4 even at very high damage lev-
els. The response of the 5-Ga,O5 to FP type-specific
damage accumulation demonstrates that the ordered O-
sublattice is the only possible structural backbone that is
able to preserve the crystallinity of the material exposed
to extreme irradiation conditions. Our results also in-
dicate that the crystal structure collapses into an amor-
phous state only after the damage in the O-sublattice
reaches a critical damage threshold. Without the as-
sistance of displaced Ga atoms, the threshold value is
very high (> 1 dpa) because of the strong recombination
trend in the O-sublattice. However, with the assistance
of Ga FPs, this threshold is lowered more than half (~ 0.5
dpa in our simulations). We note here that the damage
level in atomistic simulations corresponds to the exper-
imental damage level measured at higher dpa because
of the short relaxation times between the FP insertions.
Moreover in FPA simulations, FPs are introduced ran-
domly within the lattice, which may lead to formation
of shallow metastable defects, effectively enhancing the
defective state of the lattice not expected as a result of
collision cascades.

To verify the FPA results, we utilized DFT to relax
the ML-MD B-Ga,0O5 atomic structures damaged in
the same FPA manner, but of a smaller size manage-
able within the DFT method. SM Appendix B, Figure 5]
a) illustrates the very small (below 1 A) displacements
of the atoms in the lattice after GGA-DFT relaxation of
the system obtained in the ML-MD simulations, demon-
strating the reliability of the applied ML potential for
description of defective structures of Ga,O5. Meanwhile,
we compared the potential energy per atom with GGA-
DFT relaxation and structure relaxation with ML po-
tential in Figure [S 2b). These results show that the
ML relaxation agrees closely with the GGA-DFT calcu-
lations, further verifying the accuracy and reliability of
the ML potential for the FPA simulations.

As mentioned above, the FPA simulations produce
highly defective structures, where the transition to -
Ga,05 phase is not easy to detect. In experiments,
the defects generated in cascades may annihilate or relax
into energetically more favorable configurations during
long time between subsequent cascade events. To take
into account these relaxation processes, we further ap-
plied annealing runs at elevated temperature, to promote
relaxation dynamics within the MD time span, for 1 ns
in the cells with the high damage level (several hundreds
Ga FPs). In agreement with our previous results [41],
we also observe that not all defective structures trans-
formed into the 7-Ga,O4, but up to a certain threshold
damage level, the structure collapsed back into the (-
Gay05. Only surpassing the threshold level prompted
the lattice to undergo a transition into the ~-phase, as
shown in Figure We see that the energy curve after
the annealing of the 1280-atom-cell with 600 Ga FPs ap-
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Figure 3. Analysis of the cells with 500 and 600 Ga FPs in 1500 K annealing: (a) Potential energy of the cell during the
annealing; the light blue line is for cells with 500 Ga FPs, and the dark blue line is for cells with 600 Ga FPs, the dashed
lines correspond to the potential energy of 8- and y-Gay O3, respectively. (b) The bond angle distribution of cells with 600
Ga FPs before (blue line) and after (green line) annealing; the red line is for the pristine 7-GayO3. (c¢) The snapshots of the
cells with 500 and 600 Ga FPs before and after annealing; the dashed line indicates the perfect abc-abc FCC stacking of the
O-sublattices; tetrahedral interstitials and Gar are colored purple; octahedral interstitials and Gao are blue; O ions are red.

proached the level of the potential energy of the v phase
[the dark blue curve in Figure[3[(a)], indicating the phase
transformation. While the annealing of the cell with 500
Ga FPs resulted in the system energy being very close
to that of the S-phase [the light blue curve in Figure
(a)]. Moreover, we draw attention to a step-like feature
at ~ 1 ns in the light-blue curve, which indicates tran-
sition from the defective to the perfect S-phase, which
subsequently only cooled down to the level of the per-
fect B-Ga,045 at 300 K. The potential energies of the ~-
and S-phases are shown in blue and black dashed lines,
respectively. Hence, our theoretical findings reveal that
the displaced Ga atoms tend to occupy metastable v-Ga
sites prompting the lattice to transit into this phase after
surpassing the threshold damage level. However, if the
large number of Ga atoms still occupy the stable sites
of the 8 phase, the lattice does not undergo the transi-
tion to a new phase, but inevitably returns back to the
original one upon annealing.

In Figure b), we show the bond angle distribution
for the cell with 600 Ga FPs before and after annealing.
For comparison, the same distribution for the pristine
v-Gay04 is shown in red. We see that after the anneal-
ing (green curve) the distribution becomes much closer
to that of the y-Ga,O4 structure with the stronger pro-
nounced peak around 120°.

The snapshots in Figure [3fc) illustrate the lattice
structures of the cells with 500 and 600 Ga FPs before
(top row) and after (bottom row) the annealing. Here

we also see that a clear spinel structure [42] [43] appears
after the annealing of the 8-Ga,O5; with higher number
of Ga FPs; we see the alternating cation layers of only
Gag sites and of a mixture of Gag and Gar sites. It is
evident that in the 5-Ga,O5 with fewer Ga FPs (500)
the occupation of metastable v-Ga sites was insufficient
and hence, the structure collapsed back into the initial
B-GayO4 lattice. The finding confirms that the - to
~v-Ga,0O4 phase transformation requires sufficiently high
density of displaced Ga atoms, which occasionally occupy
metastable v-Ga sites. When the occupancy of these sites
reaches a threshold value the full recovery back to the
B-Ga,05 phase requires too many atomic transitions,
which increases dramatically the kinetic path. Instead,
the damaged structure transforms into a metastable, but
still energetically favorable v-Ga,O5 structure during
the simulation annealing run (experimentally, the pro-
cess corresponding to post-irradiation relaxation of the
lattice). Although some relaxation of radiation-induced
defects takes place between the cascades during high-
fluence ion irradiation, without thermal assistance the
residual defects survive until the next cascade, slowly ac-
cumulating until the threshold value for a phase trans-
formation is reached.
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B. Recombination of Frenkel pairs

As described in the previous section, we observed in the
FPA simulations that it is nearly impossible to accumu-
late only O FPs in the 3-Gay,O4 lattice. This remarkable
feature is counter-intuitive bearing in mind the difference
in atomic masses of the cation and anion atoms in Ga,Os;.
To investigate the mechanism of such ultrahigh stability
of O-sublattice, we inserted a single O; or Ga; intersti-
tial into the simulation cell and tested the recovery of
the created defect back to a perfect lattice site when a
vacancy of the corresponding type appeared in vicinity
of the created interstitial. We tested different distances
from the interstitial to a vacancy placed in random loca-
tions around the former but within specific coordination
shells.

Figure (a) shows statistical averages of the recovery
percentage of both interstitials with a vacancy of the cor-
responding type placed in the first, second and third coor-
dination shells away from the interstitial. The averaging
is done over the relaxation runs of the scenarios where the
vacancy changes its position, but within the same coor-
dination shell. The error bars show the standard error of
the mean. The comparison of the recovery fractions for
both Ga; and O; demonstrates a strong recombination
tendency of O; with vacancies in the first and second co-
ordination shells with the recovery fractions of approx-
imately 80% and 30%, respectively. Ga;, on the other
hand, recombines with vacancies less efficiently. The re-
covery fraction of Ga; with a vacancy in the first coordi-
nation shell is down to ~30%, while we found only very
few recombinations of Ga; with a vacancy in the second
shell. Exemplary recombination paths for O; and Ga;
are shown in Figure [4(b). It is also noteworthy that O;
is an unstable defect and is eager to give a 'push’ to the
O atoms in its vicinity, prompting them to occupy the

vacant site, while the O; defect itself recombines with
the vacancy newly created by the displaced neighboring
O atom. Similar remote recombinations with vacancies
from the second coordination shell are more rare for Ga;
(see the middle row in Figure [fb)). The non-zero recov-
ery percentage was also seen for the O; with the vacancies
placed in the third nearest neighbor positions. The ex-
emplary scenario of such recombination is shown in the
bottom row of Figure b). The observed flexibility in
defect recombination of O; within long distances (up to
~ 6 A) explains the low accumulation rate of O FPs pro-
viding strong backbone to maintain the crystallinity of
the entire structure.

C. Collision cascades

Radiation effects in materials are conventionally stud-
ied by MD simulations of collision cascades initiated by
a randomly selected PKA within the simulation cell [44].
Unlike the FPA simulations, defects in collision cascades
are generated naturally, reducing the probability of the
creation of high-energy unstable defects. In our previous
work [12], we have observed the enhanced recrystalliza-
tion of the O-sublattice in single cascade simulations in
B-Gay05. In the present study, we analyze the evolution
of the number of defects in both Ga- and O-sublattices
during collision cascades triggered by different type PKA
with several different PKA energies. In Figure a), we
plot the number of vacancies (both types Oy and Gay)
created by Ga and O PKA separately as a function of
PKA energy. We see the linear dependence of this rela-
tion with the slope depending on the vacancy and PKA
types. While the O PKA produces approximately the
same amount Oy and Gay almost at all PKA energies
(with a slightly higher slope for Gay, though), we see
much larger difference in the number Oy and Gay cre-
ated by Ga PKAs. The growth of Gay with PKA energy
is much faster than that for the Oy defects. Morever,
by comparing the slopes of Oy growth created by O and
Ga PKA, we observe a surprising trend of even slower
growth of Oy in the latter case. In this graph, the error
bars show the standard errors of the mean calculated over
the simulations, which were performed with the different
seed numbers for random selection of the initial position
and the direction of the PKA atom in the middle of the
simulation cell.

In Figure [f|b), we illustrate the temporal evolution of
vacancy defects during the 1500 eV cascade. It is clear
that both Ga and O PKAs generate similar number of
Oy and Gay during the ballistic phase of the cascade,
but the recombination of Ov; defects proceeds much more
efficiently, in particular in the cascades triggered by Ga
PKAs. The O PKA generates somewhat higher number
of Gay which, however, are formed by the atoms that
were not displaced sufficiently far from their original po-
sitions, resulting in nearly as efficient recombination of
this defects as of Oy. This difference is further empha-
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Figure 5. Single cascade simulations of 3-GayO3. (a) Mean number of Ga and O vacancies as a function of PKA energy
in single-cascade MD simulations. The upper panel represents Ga PKA, and the lower panel represents O PKA. Vacancies
resulting from a recoil energy of 1500 eV are emphasized with the red outline. (b) The dynamic changes in Ga and O vacancy
sites over time in 3-Ga, O3 during 1500 eV single-cascade MD simulations. The upper panel represents Ga PKA, and the lower
panel represents O PKA. (¢) Recovery fraction of O and Ga vacancies in different PKA simulations. (d) Snapshots of the
vacancy sites (red dots are Oy and light blue dots are Gay) generated during a 1500 eV single-cascade MD simulation, with
defects at both maximum damage and the final primary damage at the end of the simulation. The upper panel represents Ga

PKA, and the lower panel represents O PKA.

sized in Figure c), where the recovery fractions in per
cent are shown for Ga and O PKA, respectively. Here,
the bars indicating the recovery fraction for Oy and Gay
in case of the O PKA are similarly above 70%, while the
recovery fraction for Oy created by the Ga PKA reaches
nearly 85%, while almost the same recovery for Gay is
only slightly above 65%. We explain this behavior by the
different shapes of cascades triggered by the two types of
PKA, see Figure d), where only the vacancy sites pro-
duced throughout the collision cascades are shown. Light
O PKAs transfer energy less efficiently in collisions with
the lattice atoms, hence, the cascades triggered by these
PKAs are widely spread with lower density of the dis-
placed atoms. At the same time, the energy transferred
by a Ga PKA is able to generate occasional localized
thermal spikes, which contribute to the enhancement of
recombination rates of the point defects.

IV. CONCLUSIONS

In the present study, we show that the stability of the
O-sublattice in 5-Ga,O4; plays the predominant role in
preserving the crystallinity under high fluence ion irra-
diation. The ultrahigh stability of the O-sublattice is
attributed to its robust FCC stacking structure, which
facilitates strong recombination dynamics between inter-
stitial and vacancy defects with a higher likelihood of
recovery in the presence of denser defect concentrations.

In contrast, Ga ions more flexibly occupy different tetra-
hedral and octahedral interstitial sites available within
the FCC O-sublattices and hence do not preserve or re-
combine to their original 8-Ga,04 structure as strongly.
With increasing damage, Ga ions exhibit reduced pref-
erence for sites within the (-Ga sites, which eventu-
ally causes the transition to y-Ga,0O5 phase at high-
dose damage accumulation. Our results demonstrate the
extraordinary stability of O-sublattices, elucidating the
micro-mechanism governing the radiation resistance of
Gay 03, providing insights for material modification and
practical applications in the future.
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SUPPLEMENTARY MATERIAL

Appendix A: The PRDFs of Ga-sublattices in FPA

simulations
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Figure S 1. Analysis of the PRDFs of Ga-sublattices with
different amounts and types of additional FPs in 5-Ga,O3
lattices: (a) Ga-Ga PRDFs for the pristine 8-GayO3 lattice
(down); Ga-Ga PRDFs for the pristine y-Ga,O3 lattice (up);
blue lines for Ga FPs, orange lines for O/Ga FPs, green lines
for O FPs, the color intensity increases systematically with
the quantity of FPs, specifically designated as 100, 500, and
1200 FPs, respectively. (b) The similarity of the PRDF values
of the 5-Ga,O5 with 500 different types of FPs versus the
PRDF of the pristine y-Ga within the 2"¢ shell.

In Figure (a), we analyze the changes in the Ga-Ga
partial radial distribution functions (PRDFs) concern-
ing the accumulation of Frenkel pairs (FPs) of a specific
type. Specifically, Ga-Ga PRDF features are examined
separately within the 15 (2.2 — 4.0 A) and 2 shell (4.0
~ 5.2 A). By comparing the PRDFs of the pristine (-
and 7-Ga,0j; lattices, a distinct feature within the 279
shell is noticeable only in 8-Ga,0O;, showing peaks at
approximately 4.5 A. With an increasing number of Ga
FPs in a pristine $-Ga sublattice, this feature gradu-
ally disappears, and the PRDF of the 8-Ga approaches
the shape of the v-Ga. When introducing only O FPs,
the peaks within the second shell remain visible, even
with 1200 O FPs. If FPs are added randomly without
considering the ion type, the feature also gradually di-
minishes. To quantitatively analyze the observed simi-
larities in the curves, Figure b) plots the PRDF val-
ues in the second shell of the damaged [-Ga with 500
FPs of three different types—pure O, Ga, and a mixture
of O/Ga FPs—against the PRDF of the pristine v-Ga
within the same interatomic distance range. In Figure [
we observe that the PRDF of the damaged lattice with
Ga FPs and mixed FPs is similar to the 7-Ga, while the
Ga-sublattice maintains its distinct structure with only
O FPs. Combining with the snapshots in Figure (a),
the damaged structure with mixed FPs gradually under-
goes amorphization, suggesting that high-dose randomly
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displaced Ga ions transition the 8-Ga lattice to defective
~v-Ga sites or amorphous Ga sites.

Appendix B: ML-MD wvs. DFT simulations

4
20 GaFPs 20 O/Ga FPs 20 OFPs
3 40 Ga FPs 40 O/Ga FPs 40 O FPs
—— 80GaFPs —— 80 O/Ga FPs —— 800FPs
—— 100 Ga FPs —— 100 O/Ga FPs —— 100 O FPs

Fraction (%)
N

0.0 04 08 12 1600 04 08 12 1600 04 08 12 16
Displacement distance (A)

-5.7
£
8-5.8
® —-9.
E T ’7/4?
O0——0
8-5.9
UCJ -#8- GGA-DFT -#4- GGA-DFT -®- GGA-DFT
6.0 —{1— ML-relax —— ML-relax —O— ML-relax
’ 50 100 50 100 50 100

FP numbers

Figure S 2. The validation of the FPA simulation through
DFT calculation: (a) Analysis of the atomic displacement
distance after GGA-DFT calculation for the defective [-
Gay03 with various O (green), O/Ga (orange), and Ga
(blue) FPs. (b) The potential energy of frames with various O
(green), O/Ga (orange), and Ga (blue) FPs after GGA-DFT
calculations and structure relaxation with ML potential. The
intensity of the color increases with the number of FPs.

The precision of molecular dynamics (MD) simulations
depends on the choice of the potential employed. In this
context, we designed a synergistic approach, combining
GGA-DFT calculations with MD simulations, to verify
the accuracy of the machine-learning (ML) potential we
utilized. As plotted in Figure a), the ion displace-
ments after GGA-DFT relaxation predominantly remain
below 1.0 A for various types of FPs. This observation
demonstrates the rational and dependable generation of
the damaged structure in FPA simulations. Examining
the potential energy of frames with different FPs (Fig-
ure b))7 we observe that the potential energy obtained
from structure relaxation simulations with ML potential
closely approximates the GGA-DFT results, with a single
exception found in the case of the frame with 100 O FPs.
This consistency in energy level demonstrates the ML
potential’s capability to accurately describe the defective
structure in FPA simulations. The exception point may
arise from small differences in the GGA-DFT and ML
potential energy surfaces that drive the structure relax-
ation to different local minima. In general, The DFT
calculations exhibit a high level of consistency with our
FPA simulations, verifying that the ML potential pro-
vides accurate predictions for the damaged structure in
Gay0;.
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