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ABSTRACT

Neutron bombardment of high temperature superconducting (HTS) magnets may compromise the integrity of
the magnetic confinement in future fusion reactors. The amount of damage produced by a single neutron can be
predicted from the threshold displacement energies (TDE) of the constituent ions in the HTS materials, such as
the Rare Earth Cuperates. Therefore, in this work a multiphysics simulation approach is adopted to determine the
threshold displacement energies for oxygen in YBa,Cu;0,. Classical molecular dynamics (MD) simulations are
employed to determine statistically representative TDEs for all four oxygen sites and these results are validated
using Born-Oppenheimer MD employing forces derived from Density Functional Theory (DFT). The simulations
were performed at the operational temperature (25 K) and the temperature of existing neutron irradiation studies
(360 K) enabling a discussion about the relevance of this data. Overall, these findings enhance our understanding
of radiation-induced damage in HTS materials and provide data that can be incorporated into higher order models

offering critical insights into shielding design and magnet longevity.

1. Introduction

Nuclear fusion represents an attractive prospect for low-carbon en-
ergy generation [70]. The magnetic confinement approach to the real-
isation of fusion energy uses a magnetic field to confine a deuterium-
tritium plasma at temperatures in excess of 100 MK [1]. Scaling laws
suggest that the power density in a Tokamak reactor is proportional to
the fourth power of the magnetic field strength [2]. Therefore, the devel-
opment of high temperature superconducting (HTS) magnets, that can
offer field strengths > 20 Tesla, enables construction of compact toka-
maks that are more economically attractive [3].

The HTS magnets are based around complex tapes that typically em-
ploy a Rare Earth Barium Cuperate (REBCO) [4] as the functional mate-
rial, generally (Y,Gd)Ba, Cu30,_s. These materials have complex crystal
structures that are susceptible to damage by the high energy neutrons
produced in the fusion reaction. Therefore, understanding the nature
of damage in the tapes is crucial for optimizing the required shielding,
ensuring the cost-effective operation of a Tokamak using these magnets.

The impact of irradiation on REBCO tapes varies, with the nature
of the damage being intrinsically linked to the radiation source. Previ-
ous studies of neutron irradiated REBCO materials [5-11] suggest that
at low neutron fluences there is a near linear decrease of the critical
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temperature, T,, and an increase in the critical current, J,, due to the
production of flux pinning regions in the crystal microstructure. There
is a concomitant reduction in the anisotropy of J, attributed to homoge-
neous defect production from isotropic radiation exposure. At a certain
irradiation limit (depending on the type of tape), the material under-
goes a sharp decrease in superconducting properties, and eventual loss
of superconductivity. This is attributed to the defect density becoming
too high compared to the flux line spacing, such that defective regions
no longer act as efficient pinning centres [6]. Interestingly, the intro-
duction of point defects seems to directly correspond to a sharp rise in
J,, whereas regions with larger defect density appear to have a more
significant effect on 7, [12].

Ion irradiation can be used as a convenient proxy for studying neu-
tron induced damage. Low fluences of ions (i.e. H*, Het*, Ar**) on
REBCO tapes result in similar 7, degradation as observed under neu-
tron irradiation [13,14], and the peak J, is also reproduced [15]. It is
generally assumed that the oxygen sublattice harbours the majority of
the damage in REBCO, with Navacerrada et al. [16], suggesting that
the cation sublattices of Ba, Cu, and Rare-Earth (RE) ions are unper-
turbed by He™ irradiation. They suggest oxygen atoms are displaced
preferentially, with Valles et al. [17] proposing specific loss of oxygen
from Cu-O chains, forming interstitial defects in the vacant a-axis posi-
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tions (as oxygen is the most weakly bound species, easily removed by
thermal treatment [18]). Extended thermal treatment results in com-
plete loss of superconductivity, therefore, it is plausible that damage to
the oxygen sublattice is responsible for the observed degradation in T,.
Lliffe et al. [19] provide evidence for a highly mobile oxygen sublattice
in GdBa,Cu;05, supporting this hypothesis. By contrast, Nicholls et al.
[20], using a combination of X-ray spectroscopy and Density Functional
Theory (DFT) propose the formation of defects in the Cu-O, planes of
REBCO under He' irradiation; in opposition to the general assumption
that 7, degradation is solely attributed to loss of oxygen from Cu-O
chains.

Other computational investigations of defect chemistry and radia-
tion damage in REBCO provide crucial insight into irradiation effects.
A comprehensive description of the defect chemistry in YBCO by Mur-
phy [21] indicates that the oxygen Frenkel process is the most ther-
modynamically favourable process in the material. Furthermore, high
concentrations of oxygen defects are shown to result in the clustering
of vacancies on the O1 site, in agreement with experimental work that
suggests damage is found primarily in the Cu-O chains. Improving upon
prior work from Chaplot [22] and Baetzold [23], an updated empirical
pair potential for YBCO was developed by Gray et al. [24]. Simulation of
displacement events in the keV regime demonstrates amorphisation of
the material, consistent with experimental observation of high-energy
cascades [25]. Furthermore, the temperature effect on the number of
defects is explored, demonstrating that more defects are produced at
higher temperatures. Further cascade simulations of Torsello et al. [26]
were coupled with neutronics simulations to indicate that at the fluence
expected on the Toroidal Field (TF) coil magnet of the ARC fusion reac-
tor concept, the displacements per atom (dpa) are estimated to be 0.52
in 10 years, a high value for a complex crystalline ceramic.

The Threshold Displacement Energy (TDE) is the fundamental basis
of predicting damage production in materials, particularly in codes em-
ploying the binary collision model, such as SRIM [27], where the TDE
serves as the primary criterion for quantifying damage caused by ion ir-
radiation. The TDE is also used in the classical displacements per atom
(dpa) approximation to quantify atomic damage dose caused by nuclear
radiation. If an incident neutron or high energy ion transfers, via colli-
sion/scattering, an energy greater than TDE, the impacted (target) atom
can be displaced. Depending on how much energy is transferred, neigh-
bouring atoms may also be displaced as the primary knock-on atom
(PKA) initiates a collision cascade.

Within a Molecular Dynamics (MD) simulation the TDE is highly
dependent on the interaction model used [28] and the specific direc-
tions investigated. Therefore, to address these uncertainties, we perform
classical MD simulations utilising the potential of Gray et al. [24] to
determine a statistically representative threshold displacement energy
for all of the oxygen sites in YBa,Cu;0;. To demonstrate the reliability
of these energies we perform a similar investigation using DFT, which
provides a quantum mechanical description of the ions. This enables
the exploration of processes that are not possible using empirical po-
tentials, such as charge transfer. Previous studies have employed DFT
for the calculation of TDEs in simple materials [29-32], however, these
studies lack a rigorous stochastic treatment of the quantity. TDE calcu-
lations are performed at both 25 K and 360 K to reflect the operating
temperature of fusion magnets and the elevated temperatures experi-
enced during neutron irradiation in the TRIGA reactor, where recent
magnet tests were conducted [6].

REBCO compounds display a complex and highly anisotropic crystal
structure described by the Pmmm (47) space group. Within the unit cell,
two symmetrically distinct Cu sites are of note: Cul at the 1la Wyckoff
site, forming Cu-O chains, and Cu2 at the 2y Wyckoff site, bonding with
five oxygen ions in a square-based pyramidal geometry, within which
the Cu-O, planes are found (illustrated in Fig. 1). Decreasing the oxy-
gen content of the crystal to sub-stoichiometric amounts (ranging from
7 down to 6) results in presumed oxygen loss from the O1 site [33,34]
in the Cu-O chains, reducing the Cul coordination to 2-fold, with only
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Fig. 1. Crystal structure of REBCO. The central atom is exchanged with a RE
element.

bonds to O4 atoms remaining. This results in the Cul oxidation state
shifting from 43 to +2 and a perturbation in the crystal symmetry from
orthorhombic to tetragonal. As the oxygen content decreases, so does
the superconducting transition temperature, T,, where eventually su-
perconducting properties are lost in their entirety [35]. In this work we
focus on stoichiometric YBa,Cu30; (YBCO).

2. Methodology
2.1. DFT simulation details

All DFT simulations are performed using CP2K [54], chosen due
to its quasi-linear scaling with system size. TDE simulations require a
box size large enough to reduce spurious finite size effects, therefore,
it is critical to use a code that scales efficiently with system size. The
Generalised Gradient Approximation (GGA) was employed within the
Perdew-Burke-Ernzerhof (PBE) functional framework [55], selected due
to its robustness and computational efficiency. Atoms were represented
with a mixed Gaussian and plane-wave basis (included in the Quickstep
package native to CP2K), and the norm-conserving, dual space, separa-
ble Goedecker-Teter-Hutter (GTH) pseudopotentials [56] optimised for
PBE were used (Table 1 details the explicitly considered electrons in our
calculations).

We use a 6x6X2 supercell (936 atoms) of YBCO, with a converged
cutoff of 650 Ry. Integration is performed at the I" point, and atomic or-
bitals are represented in a Double-Zeta Valence Polarised (DZVP) basis.
We employ periodic boundaries in the x, y, and z directions. Our en-
ergy minimised lattice parameters are calculated to be 3.869 A, 3.958
10\, 11.854 A for the a, b, and c directions, respectively. These show
good agreement with the experimentally determined values of 3.8274,
3.893[0\, and 11.699A [57]. Further validation of the model can be found
in Appendix A.
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Table 1
Explicitly considered elec-
trons in our calculations.

Atom  Explicit electrons

Y 45%,4p°,552,4d"
Ba 552,511(’,532

Cu 3d10, 45!

o 2s2,2p*

2.2. Defining the threshold displacement energy

Critical to the accurate determination of the dpa in irradiated ma-
terials is a robust definition of the TDE. Nordlund et al. [36] provide
good arguments to suggest that the averaged lower bound of the TDE
(EZ”H M,), and the production probability (Ef;” ) are the most valid defini-
tions for use in damage prediction (for a description of both quantities
refer to [36]). Egp has the advantage of including in-cascade anneal-
ing for higher PKA energies. Indeed, this is valid for YBCO as we find
that the displacement function is non-monotonous, and previous sim-
ulation work demonstrates in-cascade annealing of damage does occur
[24]. However, for application in damage prediction codes, it is assumed
that the TDE corresponds to a situation where displacement of the PKA
correlates exactly to formation of a Frenkel pair. This is a problematic
assumption for materials resistant to amorphisation, as recovery mecha-
nisms are available, and are not accounted for in the lower bound of the
TDE for a given direction (Efi (0, ¢) [37]). However, both experimental
and simulation work strongly suggests that YBCO is highly susceptible
to amorphisation [25,26,24], suppressing recombination. Torsello et al.
[26] demonstrate that, for the ARC reactor, neutron flux incident on the
magnets remains high even after travelling through the first wall, the
steel vacuum vessel, and the FLiBe molten salt tank. As such, one would
expect significant amorphisation of the material due to highly energetic
collisions, therefore, it appears that the E é proves the most sensible def-
inition for the TDE in the context of damage prediction. E "l is defined as
the minimum energy required for a PKA to cause a permanent displace-
ment event, where any atom is irreversibly displaced from its lattice site
and a defect is formed, as identified by Wigner-Seitz analysis [36]. It
can be averaged over all directions to give (where sin 0d6d¢ amounts
to the solid angle subtended by each PKA vector):

[ EL6.¢)sin0dod
> [ sin0dodg

av
d,ave

@

Practically speaking, this is analogous to constructing a spherical
Voronoi tessellation (we use SciPy [38] for this) of the displacement
vectors, then weighting the TDE value in that direction by the surface
area of its corresponding Voronoi cell.

2.3. Determination of the threshold displacement energy

In this work, we use the Empirical Potential (EP) for YBCO fitted by
Gray et al. [24]. All simulations performed with the EP were carried
out in the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software package [39]. We initially determine the length
of the thermal spike in YBCO to be 400 fs (see Appendix B), and take
this as the time at which the simulation is checked for defects. After
conclusion of the thermal spike, any recombination that occurs should
be attributed to thermally activated recombination processes, therefore,
these are considered separate to the cascade event. If the system is
checked for defects during the time within which these processes oc-
cur, the TDE is artificially inflated, and any predicted dpa values will be
decreased.

We perform our TDE simulations in the same 936-atom supercell as
our DFT model, applying the same methodology (unless stated other-
wise) for both the DFT and classical MD simulations. Finite-size effects
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Fig. 2. Effect of number of sampled directions on E{° . Simulations performed

with EP for randomly selected directions at 360 K. The shaded region indicates
one standard deviation.

can alter TDE values, therefore, we investigated the effect of larger su-
percells on the average TDE in YBCO. A 12X 12 x4 supercell was found to
have an average TDE 0.16 eV more than the original supercell. There-
fore, given the size of the error, we conclude the original 936 atom
supercell is sufficient for our purposes. The smaller cell enables faster
simulations, allowing more extensive configurational sampling, which
has a greater impact than finite-size errors. The cells are equilibrated in
an NPT ensemble for 1000 fs, at both 25 and 360 K. A PKA is selected
near the centre of the cell, and a boundary Langevin thermostat is em-
ployed for the outer 0.5 A of the supercell, with a friction coefficient
of 100 fs~!. The boundary thermostat is employed to simulate excess
heat dissipation to the bulk. The inner region undergoes NVE MD. The
PKA is given an impulse and the simulation is allowed to evolve for
400 fs, with a timestep of 1 fs. The cell is then quenched by an energy
minimisation scheme, then checked for defects via Wigner-Seitz anal-
ysis (implemented through the Ovito python pipeline [58]). The PKA
energy is increased if no defect is found (by 1 eV for the EP, 2 eV for
DFT). Otherwise, the PKA energy is recorded as the TDE for that direc-
tion.

Several methods exist for selecting PKA directions, such as incre-
menting the spherical angles in fixed steps or minimizing the energy
of points distributed on a sphere [37]. The former method suffers from
clustering points towards the poles of the unit sphere, and the latter may
not fully capture the anisotropy of the TDE surface due to the even dis-
tribution of directions. Therefore, we argue that for highly anisotropic
materials (such as YBCO), a random sampling approach should be em-
ployed. Vector directions for our TDE simulations are randomly selected
from the unit hemisphere (with its pole directed along the a axis), as the
local environment of all oxygen atoms is symmetric about the bc plane
of YBCO. To ascertain the required number of TDE directions for a con-
verged result, we used the EP to perform TDE simulations (using the
above methodology) for n (n € [1, 130]) random directions at 360 K (as
the more noisy temperature). For each n, E ‘"’au was calculated, amount-
ing to around 70,000 total simulations. Our results are shown in Fig. 2.
We deem the TDE to be sufficiently converged at 50 vector directions.
Therefore, for all subsequent calculations of E”” , the same 50 random
directions were used.

The TDE is sensitive to the relative locations of the surrounding ions
and their velocities [42]. Therefore, to examine this we use the empiri-
cal pair potential to create unique starting configurations, obtained by
modifying the seed for initializing the velocities in LAMMPS. We choose
50 different seeds for each oxygen PKA, giving 2500 total individual
TDE simulations for each PKA, for each temperature. Each individual
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TDE simulation is repeated several times (due to the energy incremen-
tation), resulting in 25 to 50 thousand simulations per oxygen atom per
temperature (for the EP). DFT simulations sample a single initial con-
figuration for the 50 directions. For our DFT calculations, around 200
simulations were performed at each temperature.

3. Results
3.1. Empirical potential TDE

The TDEs determined using EP at the temperatures of 25 and 360 K,
are presented in Fig. 3. The corresponding mean and variance are shown
in Table 2. These results support the general presumption that oxygen
atoms in the chain region are easier to displace than those in the planes.
Furthermore, the energy range that is considered here agrees well with
prior simulation and experimental work. In all cases, the average TDE
is reduced for the higher temperature, presumably due to lattice vibra-
tions reducing the energy barrier to atomic displacement. Observation of
a decrease in TDE with increasing temperature is consistent with other
work that considers the lower bound of the TDE [40,41]. The variance

Table 2
Mean (u) and variance (¢) of E:”a e for differ-
ent oxygen PKAs at 360 and 25 K (using EP).

25K 360 K
c(eV) u(eV) o(eV)

o1 9.24 0.04 7.99 0.28
02 21.94 0.47 19.30 1.82
03 21.62 0.17 20.91 0.80
04 10.23 0.04 9.39 0.33

PKA u (eV)

of the TDE appears to increase not only with temperature, but also with
PKA energy. As discussed in graphene by Chirita et al. [42], the mo-
menta of neighbouring atoms to the PKA have a direct effect on the
ease of displacement. For higher temperatures, these effects are more
pronounced, either more drastically aiding or deterring displacement.
Secondary to this, perturbations in the crystal lattice can lead to al-
terations in E‘Ii(G,qﬁ), even at zero temperature [42]. For higher PKA
energies, on average more collisions occur, where each collision has a
range of outcomes based upon the velocity of the colliding atoms. The
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result of this is a broadening of the distribution. In addition, for higher
PKA energies, channelling effects may also increase the variance in the
TDE, although it is unlikely the PKA range is sufficiently large here to
activate such effects [43].

The different interstitial types in YBCO are described in Fig. 4, and
the percentages of different interstitial defects generated from our sim-
ulations are shown in Fig. 5. It is clear that in most cases, interstitial
formation is dominated by the 2 site, closely followed by the 5 site. The
concentration of interstitials in the 5 site is increased for the plane PKAs
(02 and 03). This is to be expected as these PKAs have a smaller spa-
tial separation to the 5 site than the chain oxygen. This same reasoning
explains why the concentration of interstitial 2 defects is higher for the
chain oxygen PKAs than those in the plane. Furthermore, the results we
see here are to be expected by reference to the interstitial energies in
[24], as the 2 site has the lowest formation energy, closely followed by
the 5 site. An interesting observation from Fig. 5 is that at 25 K for the
02 PKA, interstitial formation is dominated by the 5 position, whereas
at 360 K we observe predominant formation of interstitial defects in the
2 position. We speculate that this is due to reduced oxygen mobility at
25 K, favouring the nearby 5 site. For higher temperatures the increased
oxygen mobility may facilitate extended displacement or diffusion of the
PKA to the highly stable 2 site.

3.2. DFT TDE

In order to validate the results we have obtained using the EP, the
TDE of the O1 atom is compared to DFT. Fig. 6 compares the TDE val-
ues (E2(0,¢)) from our DFT simulations with those derived from EP
simulations. The values are compared across a standardised list of 50
random vectors, and the EP results are presented as the range of val-
ues obtained from differing initial configurations. Displacement vectors
that correspond to direct or glancing collisions with another atom show
the highest variance due to initial configuration. This effect is explained
similarly to how the distribution of E;”“aue arises. It is therefore unsur-
prising that atomic displacements directly towards a vacant interstitial
position result in a E;(G, ¢) with little dependence on initial velocities
of the neighbouring ions.
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Fig. 5. Percentage of different interstitial types observed for each oxygen PKA
at 25 and 360 K. Any interstitials with total occupancy below 1.5% are not
included.

For simulations conducted at 25 K, we observe good agreement, with
an Es‘; o 0f 9-24 eV for the O1 PKA using the EP, and 7.88 eV using DFT.
At 360 K we observe similar trends, with a higher Es”a v for the EP (7.98
eV) than DFT (7.25 eV). The reduction of the TDE with higher temper-
ature is expected when considering the lower bound of the TDE. Our
results (in both cases) show excellent agreement with prior studies on
the TDE of YBCO. Gray et al. [24] report a range of values for the sym-
metrically distinct oxygen atoms consistent with those we present here.
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be made. The error bars for the DFT results represent the PKA discretisation
error, and the error bars for the potential represent the range of values obtained
due to different starting configurations.

Previous computational work indicates that Eé (0, ¢) can be as low as
1.5 eV [44], with certain directions corresponding to higher values [45].
Our simulations clearly show a number of instances where Efi 0,¢) is
as low as 2 eV (Fig. 6). Experimental work on TDEs in YBCO is lim-
ited, however, electron irradiation suggests a displacement energy for
the O1 atom of 18-20 eV at ~80 K [46—48]. Similar work from Legris et
al. suggests a TDE of as low as 10 eV for the O1 atom [49]. These irradi-
ations are performed near the c-axis, therefore, even when accounting
for beam spreading [36], there will be a bias such that these results are
not directly comparable with our DFT results. Nevertheless, it is encour-
aging that our TDEs are close to experimental values. We also note that
thermal recombination results in an increased TDE from experiments,
perhaps accounting for the observed differences.

3.3. Further analysis

The treatment of close atomic approaches is a significant point of dif-
ference between DFT and the EP. The EP is splined to a Ziegler-Biersack-
Littmark (ZBL) [27] potential at short distances, which is specifically de-
signed to represent short range interactions. No such interaction model
is included for the DFT model, where one must consider the cutoff radius
of the pseudopotential, below which the wavefunction becomes entirely
nonphysical. We find a minimum approach distance of ~1.1 A between
two oxygen atoms in our DFT simulations. The non-local cutoff distance
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Fig. 7. QSD calculations for displacement of an O1 atom along < 100 >, < 010 >,
<001 >, and < 110 > directions. Performed for both the DFT and EP models.

for oxygen with the GTH pseudopotentials is 0.127 A, therefore the in-
teractions in our simulations should remain valid. It is worth noting
that within these cutoff radii the pseudo-wavefunction and real wave-
function do not strictly coincide, rather they approach each other at a
rate proportional to the cutoff radius. As such, ideally atoms approach
each other at a distance far higher than this cutoff.

To support our argument that the pseudopotentials are sufficient, we
have performed Quasi-Static Drag (QSD) calculations (Fig. 7). This anal-
ysis provides an understanding as to how different interaction potentials
respond to the step-wise displacement of a target atom. We perform
QSD simulations by displacement of the O1 atom in YBCO across the
three principal crystallographic axes, and along the < 110 > direction
(towards the vacant interstitial 2 position). The pseudopotential is well
behaved at the PKA energies considered here, showing no artifacts as-
sociated with close atomic approaches. We therefore regard the DFT
short-range interactions as sufficient for describing these low-energy
cascades. This conclusion is supported by our analysis of the energetic
response to close atomic approaches, particularly when compared with
the maximum PKA energy used in our simulations (=~ 30 eV). Notably,
the DFT model captures several local minima along the chosen crystal-
lographic axes, features that are not represented by the EP. This further
highlights the importance of performing TDE simulations using a more
explicit interaction model.

To further probe the differences between the models, we have also
analysed the structure of the defects that arise from our simulations.
The proportion of these different defects is given in Table 3. Both the
DFT and EP results predict the same predominance of oxygen intersti-
tial defects in position 2 (symmetrically distinct interstitial positions are
shown in Fig. 4). In our DFT simulations, we observe formation of an
oxygen interstitial in position 6 (see Fig. 8), which is not observed at
any point in our EP simulations. The defect formation energies from
[24] show the interstitial 5 is markedly more favourable for the EP than
the interstitial 6 (defect energies of -5.51 eV and -1.15 eV, respectively).
Prior DFT work from Murphy [21] emphasizes that the interstitial 6 is
not stable, and collapses down to the interstitial 5 on relaxation. It is
plausible that the defect is stabilised by an O1 vacancy in the same unit
cell, which we find to have a separation to the interstitial of 6 A. This
vacancy may accommodate distortion of the unit cell such that the de-
fect is stable, explaining the significant distortion observed in Fig. 8.
Calculation of the separation distances of observed Frenkel pairs for our
DFT simulations demonstrates the vast majority of defects formed corre-
spond to direct displacement of the chain O1 atom into the vacant a-axis
position (as suggested in [17]). A critical difference between the models
is the formation of more complex defect structures in the DFT simula-
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Table 3
Proportion of different defect types from DFT simulation.

Interstitial type Occurrence (%) 25 K Occurrence (%) 360 K

2 82 74
5 0 6
6 2 0
Other 16 20
a) b) -
03
04 Cu2
Cul
C
Ié)b
o1
a Cul
C) 02
[ J
Cu2

Fig. 8. Morphology of different defect structures observed from DFT TDE sim-
ulations in YBCO. Cu atoms are blue, Y is yellow, Ba is green and O is red. The
panels correspond to the following defects: a) O, peroxide dumbbell, sat in ab
plane next to O1 vacancy in CuO chain b) O, peroxide dumbbell next to O4 va-
cancy. Both of these defects have an 0-O bond length of 1.45 A. c) distorted
interstitial 6 defect.

tions, namely peroxide split interstitials (classified as other in Fig. 4).
These interstitials have not been classified in detail due to the number
of different structures. The morphology of two representative species is
shown in Fig. 8. We identified these species as peroxides by analysis of
the length of the 0-O bond, which ranges from 1.45-1.54 A, depend-
ing on orientation. Local distortion from neighbouring cations is likely
responsible for the range of bond lengths observed.

It is known that peroxide defects occur in metal oxides, with vali-
dation from both experiment [50] and simulation [51-53]. One would
expect that the availability of these structures will drive the TDE to lower
values compared to the EP. Furthermore, these structures may also act
as stable intermediates for the extended diffusion of oxygen, potentially
explaining the highly mobile oxygen sublattice suggested by Iliffe et al.
[19].

The results in Table 3 suggest that higher temperatures facilitate ex-
tended migration of the oxygen PKA, leading to increased numbers of
interstitial 5 defects. This is not prevalent for the EP. A further point of
difference between the DFT and EP simulations is the formation of mul-
tiple interstitials in a single TDE simulation. Several DFT cascades at 360
K (and one instance at 25 K) show the formation of a double interstitial
2 defect, with clustered O1 vacancies. Murphy [21] suggests that this
clustering of O1 vacancies is indeed favourable. We find that moving
the O1 atom of an entire layer of CuO chains into the vacant interstitial
2 site has a formation energy of 0.32 eV, therefore it is plausible that
these large scale rearrangements may occur within collision cascades.
This behaviour is not identified by the EP, suggesting that larger-scale
collision cascades may lack detail regarding defect clustering — a prop-
erty with significant implications for the material’s superconductivity.
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4. Conclusion

Our DFT results show TDEs that are slightly lower than those pre-
sented in previous work, but largely agree well with prior observations.
Higher temperatures act to decrease the TDE, in agreement with work on
other materials. Despite the reduced TDE at higher temperatures, simu-
lation and experimental data demonstrate that the oxygen sublattice is
highly mobile in YBCO; therefore, it is likely that longer time-scale de-
fect recovery processes will significantly alter any damage predictions.

The nature of the defects resulting from different PKAs has also been
explored. The results for the O1 atom show excellent agreement between
the DFT and EP models, with the predominant formation of interstitial
oxygen defects at site 2. Higher temperatures for the DFT simulations aid
the displacement of the PKA and encourage the formation of interstitial
5 defects. Additionally, our DFT simulations demonstrate a variety of
more exotic split interstitial peroxide structures that are not observed
in the EP simulations. To our knowledge, these structures have not yet
been observed in YBCO. Despite the small differences in the resultant
defect chemistry of the damaged lattice, the DFT and EP simulations
show excellent agreement. This suggests that the empirical potential can
indeed be used to obtain the TDEs of the oxygen sites in YBCO with
reasonable accuracy.

To conclude, we have determined the TDE of O atoms in YBCO using
an existing EP, validated by an extensive DFT study. To our knowledge,
we provide the most statistically informed and rigorous determination
for TDE values in YBCO thus far. For use in damage prediction codes
and/or analytical damage models, we recommend averaged TDE val-
ues of 16.8 and 15.3 eV (the combined average of all of our EP TDE
values), for temperatures of 25 and 360 K, respectively. We also deter-
mine the distribution of TDE values due to initial configuration, finding
that extensive variability exists in the data, even for low temperatures.
This variability is further enhanced by temperature and PKA energy.
Moreover, we demonstrate that large-scale, statistically relevant TDE
simulations can be performed in a DFT framework.
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Appendix A. Validating the DFT model

The DFT model was validated by comparing thermal expansion, de-
fect formation energies, band structure, and density of states data.

A.1. Thermal expansion

The thermal expansion was calculated by measuring the averaged
lattice constants of YBCO at temperatures from 10-310 K, in incre-
ments of 20 K. A 3x3x1 supercell of YBCO was equilibrated for 1000
fs (timestep of 1 fs) with a 2x2x2 k-point grid using Langevin dynam-
ics. A velocity rescaling thermostat was used in this time to speed up
equilibration. A Nosé-Hoover thermostat (time constant of 100 fs) was
then employed and the ensemble was switched to NPT with anisotropic
volume control. The simulation evolved under these conditions for 500
fs, then the averaged lattice parameters for different temperatures were
obtained. The results are shown in Fig. A.9.

Our thermal expansion data shows satisfactory agreement with the
experimentally reported values. We calculate an averaged thermal ex-
pansion of 20.36 x 107 K~!, compared with the values from Yamada
et al. of 14 x 107°K~! [59] (twinned YBCO film) and 13.4 x 107°K~!
[61] (for untwinned YBCO film). We obtain linear expansion coefficients
13.4x107% K71, 13.2x 107° K~!, and 34.5x 107® K~! for the a, b
and c directions, respectively. Experimental evidence suggests there is
a large difference in thermal expansion between the ¢ axis and a and b
axes [62], however, the anisotropy in expansion is not as pronounced
as our DFT results suggest. The discrepancies here may arise due to an
inadequate description of the strongly correlated electrons in copper.
Experimental data shows [62] large, anisotropic jumps at 7, in the a

2.6 | | I I i
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o y -
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0 50 100 150 200 250 300
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Fig. A.9. Percentage difference between calculated and experimental lattice pa-
rameters at different temperatures. Experimental values taken from [59] (for a
and b) and [60] (for ¢).

Table A.4

Comparison of our DFT values for the va-
cancy defect formation energies of differ-
ent vacancies in YBCO compared to liter-
ature values [65]¢, [21]°.

Defect formation energy (eV)

Vacancy type DFT Literature DFT

Vou 0.94 0.837
Voa 1.61 1.75¢
Vos 1.57 1.74¢
Vos 1.27 1.36¢
Veu 2.49 2.15°
Vew 1.84 1.76"
Vy 10.85  10.82°
Vi, 6.87 7.17°
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Fig. A.10. (a) Total and partial DOS overlaid for YBCO. (b) Calculated Band
structure of YBCO. Zero energy is taken at the Fermi level. Both normalised
such that the Fermi energy is at the 0 value.

and b axis expansion coefficients due to the superconductivity coupling
strongly to the orthorhombic strain. DFT does not describe the super-
conducting transition, therefore, it is no surprise this is not observed in
our data. Furthermore, Fig. A.9 shows that past T, agreement between
experiment and our calculated values improves (at least for the rate of
change of lattice parameters with respect to temperature). Indeed, the
inability of the DFT model to include the superconducting phase will
affect our calculated averaged thermal expansion coefficients. We note
that there are very few studies that explore the thermal expansion for
stoichiometric YBa,Cu; 0. Those that do investigate this show a signif-
icant contribution to thermal expansion coefficients based upon oxygen
ordering effects in the lattice, an effect not apparent from the fully oxy-
genated state [63]. It is also worth noting that the expansion coefficients
are highly dependent on the technique used to grow the sample. For
instance, Zeisberger et al. report up to 30% difference between their
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thermal expansivities (for melt textured YBCO) and single, untwinned
crystals [64].

A.2. Defect formation energies

Table A.4 shows our calculated defect formation energies, in com-
parison to the literature.

Experiment suggests that the O1 atom in the Cu-O chains is the most
mobile, therefore we would expect it to have the lowest defect formation
energy. This is indeed what is observed. The ordering of the oxygen
formation energies is also in good agreement with a previous DFT study
by Liu et al. [65]. The formation energies for the cation vacancies also
follow the trends observed in [21].

A.3. Electronic structure

The electronic Density Of States (DOS) for our DFT study of YBCO is
shown in Fig. A.10a. Our results agree well with other work that utilises
local and semi-local exchange functionals [66,21]. Interestingly, there
is little difference in the resulting electronic structure from these two
levels of theory. We note a small difference between the DOS in our
work as compared to other DFT studies. Small peaks just above the Fermi
level are observed that are not present in other simulations. These are
predominately attributed to oxygen 2p and copper 3d states, and may
be due to the Gaussian representation of the wavefunction employed in
CP2K, as previous work employed a plane wave basis.

The observed band structure (Fig. A.10b) also agrees well with the
literature. Near the Fermi level, the material demonstrates semiconduc-
tor-like properties, with a pseudogap below 1 eV. The presence of the
valence bands above the Fermi level aligns with the presumption that
YBCO is a hole carrier conductor [67]. The three bands that cross Ep
are attributed to the Cu-O chains and Cu-O, plane [68].

Appendix B. Determination of thermal spike

In order that our TDE simulations are computationally tractable for
DFT, we determine first the highest expected PKA energy for our TDE
simulations, then determine the length of the thermal spike at this tem-
perature. This allows us to define a minimum cutoff time for our simu-
lations.

Previous TDE results indicate an E,; for O1 of between 9 and 20 eV
[24,22,44]. To confirm this range, we performed 500 randomly directed
collision cascades for an O1 PKA along vectors within the unit hemi-
sphere oriented with the pole facing the a-axis of YBCO. All simulations
were performed with the same starting configuration. The probability
distribution of threshold displacement energies is shown in Fig. B.11,
where it is evident that the largest displacement energy with a signifi-
cant probability is ~30 eV. Our TDE simulations follow the same steps
outlined in the methodology section.

Therefore, we performed a 30 eV cascade in DFT in a random di-
rection to determine the length of the thermal spike (we adopt this
methodology from [69]). Figs. B.12a) and b) show the thermal spike
for both DFT and classical MD simulations, using the same vector direc-
tion and energy, at 25 and 360 K. Our results indicate that the thermal
energy spike is concluded by around 400 fs. We note that the EP exhibits
higher thermal conductivity, and dissipates the heat spike quicker than
the DFT model. Nevertheless, for consistency, we keep the defect check
time the same between the two models.

Data availability

Dataset for supplementary information is found at: https://doi.org/
10.5281/zenodo.17209280.
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eV for a 30 eV cascade.


https://doi.org/10.5281/zenodo.17209280
https://doi.org/10.5281/zenodo.17209280

A. Dickson, M.R. Gilbert, D. Nguyen-Manh et al.

References

[1] J. Ongena, R. Koch, R. Wolf, H. Zohm, Magnetic-confinement fusion, Nat. Phys. 12
(2016) 398.

[2] G. Federici, M. Siccinio, C. Bachmann, L. Giannini, C. Luongo, M. Lungaroni, Rela-

tionship between magnetic field and tokamak size—a system engineering perspec-

tive and implications to fusion development, Nucl. Fusion 64 (2024) 036025.

A. Costley, J. Hugill, P. Buxton, On the power and size of tokamak fusion pilot plants

and reactors, Nucl. Fusion 55 (2015) 033001.

[4] V. Braccini, A. Xu, J. Jaroszynski, Y. Xin, D.C. Larbalestier, Y. Chen, G. Carota, J.
Dackow, I. Kesgin, Y. Yao, A. Guevara, T. Shi, V. Selvamanickam, Properties of recent
ibad-mocvd coated conductors relevant to their high field, low temperature magnet
use, Supercond. Sci. Technol. 24 (2010) 035001.

[5] A. Umezawa, G. Crabtree, J. Liu, H. Weber, W. Kwok, L. Nunez, T. Moran, C. Sowers,
H. Claus, Enhanced critical magnetization currents due to fast neutron irradiation in
single-crystal YBa,Cu;0,_s, Phys. Rev. B 36 (1987) 7151.

[6] F. Sauerzopf, H. Wiesinger, W. Kritscha, H. Weber, G. Crabtree, J. Liu, Neutron-
irradiation effects on critical current densities in single-crystalline YBa,Cu;0;_s,
Phys. Rev. B 43 (1991) 3091.

[7] E. Sauerzopf, H. Wiesinger, W. Kritscha, H. Weber, M. Frischherz, H. Gerstenberg,
Fast neutron irradiation and flux pinning in single crystalline high temperature su-
perconductors, Cryogenics 33 (1993) 8.

[8] F. Sauerzopf, H. Wiesinger, H. Weber, G. Crabtree, Analysis of pinning effects in
YBa,Cu;0,_; single crystals after fast neutron irradiation, Phys. Rev. B 51 (1995)
6002.

[9] M. Eisterer, R. Fuger, M. Chudy, F. Hengstberger, H. Weber, Neutron irradiation of
coated conductors, Supercond. Sci. Technol. 23 (2009) 014009.

[10] D.X. Fischer, R. Prokopec, J. Emhofer, M. Eisterer, The effect of fast neutron irradia-
tion on the superconducting properties of rebco coated conductors with and without
artificial pinning centers, Supercond. Sci. Technol. 31 (2018) 044006.

[11] R. Prokopec, D. Fischer, H. Weber, M. Eisterer, Suitability of coated conductors for fu-
sion magnets in view of their radiation response, Supercond. Sci. Technol. 28 (2014)
014005.

[12] M. Chudy, M. Eisterer, H. Weber, J. Veternikovd, S. Sojak, V. Slugen, Point defects
in YBa,Cu;0,_; studied using positron annihilation, Supercond. Sci. Technol. 25
(2012) 075017.

[13] G. Xiong, H. Li, G. Linker, O. Meyer, Transport properties, phase transition, and
recovery near 200 k of proton-irradiated YBa,Cu;0,_; thin films, Phys. Rev. B 38
(1988) 240.

[14] O. Meyer, T. Kroener, J. Remmel, J. Geerk, G. Linker, B. Strehlau, T. Wolf, Transport
and structure of ion irradiated htsc thin films, Nucl. Instrum. Methods Phys. Res.,
Sect. B, Beam Interact. Mater. Atoms 65 (1992) 539.

[15] R. Van Dover, E.M. Gyorgy, A.E. White, L. Schneemeyer, R. Felder, J. Waszczak,
Critical currents in proton-irradiated single-crystal Ba,YCu;0,_s;, Appl. Phys. Lett.
56 (1990) 2681.

[16] M. Navacerrada, D. Arias, Z. Sefrioui, G. Loos, M. Lucia, J. Santamaria, F. Sdnchez-
Quesada, M. Varela, Critical temperature depression and persistent photoconduc-
tivity in ion irradiated YBa,Cu;0;_, films and YBa,Cu,0,_, /PrBa,Cu;0, superlat-
tices, Appl. Phys. Lett. 76 (2000) 3289.

[17] J. Valles Jr, A. White, K. Short, R. Dynes, J. Garno, A. Levi, M. Anzlowar, K. Baldwin,
Ion-beam-induced metal-insulator transition in YBa,Cu;0,_s: a mobility edge, Phys.
Rev. B 39 (1989) 11599.

[18] J. Swinnea, H. Steinfink, The crystal structure of YBa,Cu;O, the x= 1 phase of the
superconductor YBa,Cu;0,__, J. Mater. Res. 2 (1987) 424.

[19] W. Iliffe, N. Peng, G. Brittles, R. Bateman, R. Webb, C. Grovenor, S. Speller, In-situ
measurements of the effect of radiation damage on the superconducting properties
of coated conductors, Supercond. Sci. Technol. 34 (2021) 09LTO1.

[20] R.J. Nicholls, S. Diaz-Moreno, W. Iliffe, Y. Linden, T. Mousavi, M. Aramini, M.
Danaie, C.R. Grovenor, S.C. Speller, Understanding irradiation damage in high-
temperature superconductors for fusion reactors using high resolution x-ray absorp-
tion spectroscopy, Commun. Mater. 3 (2022) 52.

[21] S.T. Murphy, A point defect model for YBa,Cu;0; from density functional theory,
J. Phys. Commun. 4 (2020) 115003.

[22] S. Chaplot, Interatomic potential, phonon spectrum, and molecular-dynamics simu-
lation up to 1300 k in YBa, Cu;0,_g, Phys. Rev. B 42 (1990) 2149.

[23] R.C. Baetzold, Atomistic simulation of ionic and electronic defects in YBa,Cu;0-,
Phys. Rev. B 38 (1988) 11304.

[24] R. Gray, M. Rushton, S. Murphy, Molecular dynamics simulations of radiation dam-
age in YBa, Cu; 0, Supercond. Sci. Technol. 35 (2022) 035010.

[25] N.M. Strickland, S.C. Wimbush, A.A. Soman, N.J. Long, M.W. Rupich, R. Knibbe, M.
Li, C. Notthoff, P. Kluth, Near-isotropic enhancement of the 20 K critical current of
REBa, Cu;0; coated conductors from columnar defects, Supercond. Sci. Technol. 36
(2023) 055001.

[26] D. Torsello, D. Gambino, L. Gozzelino, A. Trotta, F. Laviano, Expected radiation
environment and damage for YBCO tapes in compact fusion reactors, Supercond.
Sci. Technol. 36 (2022) 014003.

[27] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, Srim-the stopping and range of ions in matter
(2010), Nucl. Instrum. Methods Phys. Res., Sect. B, Beam Interact. Mater. Atoms 268
(2010) 1818.

[28] J. Fikar, R. Schdublin, Molecular dynamics simulation of radiation damage in bcc
tungsten, J. Nucl. Mater. 386 (2009) 97.

[3

—

10

Journal of Nuclear Materials 618 (2026) 156239

[29] H. Xiao, F. Gao, X.T. Zu, W.J. Weber, Threshold displacement energy in gan: ab initio
molecular dynamics study, J. Appl. Phys. 105 (2009).

[30] M. Rahman, T. Yamamoto, S. Matsumura, J. Costantini, K. Yasuda, Ab initio molec-
ular dynamics study of threshold displacement energy in zirconium nitride, J. Nucl.
Mater. 554 (2021) 153076.

[31] P. Olsson, C. Becquart, C. Domain, Ab initio threshold displacement energies in iron,
Mater. Res. Lett. 4 (2016) 219.

[32] G. Lucas, L. Pizzagalli, Ab initio molecular dynamics calculations of threshold dis-
placement energies in silicon carbide, Phys. Rev. B, Condens. Matter Mater. Phys.
72 (2005) 161202.

[33] J. Jorgensen, B. Veal, A.P. Paulikas, L. Nowicki, G. Crabtree, H. Claus, W. Kwok,
Structural properties of oxygen-deficient YBa, Cu;0,_;, Phys. Rev. B 41 (1990) 1863.

[34] W. Kwok, G. Crabtree, A. Umezawa, B. Veal, J. Jorgensen, S. Malik, L. Nowicki, A.
Paulikas, L. Nunez, Electronic behavior of oxygen-deficient YBa, Cu;0,_;, Phys. Rev.
B 37 (1988) 106.

[35] P. Benzi, E. Bottizzo, N. Rizzi, Oxygen determination from cell dimensions in YBCO
superconductors, J. Cryst. Growth 269 (2004) 625.

[36] K. Nordlund, J. Wallenius, L. Malerba, Molecular dynamics simulations of thresh-
old displacement energies in Fe, Nucl. Instrum. Methods Phys. Res., Sect. B, Beam
Interact. Mater. Atoms 246 (2006) 322.

[37] M. Robinson, N. Marks, K. Whittle, G. Lumpkin, Systematic calculation of threshold
displacement energies: case study in rutile, Phys. Rev. B, Condens. Matter Mater.
Phys. 85 (2012) 104105.

[38] P. Virtanen, R. Gommers, T.E. Oliphant, M. Haberland, T. Reddy, D. Cournapeau,
E. Burovski, P. Peterson, W. Weckesser, J. Bright, et al., Scipy 1.0: fundamental
algorithms for scientific computing in python, Nat. Methods 17 (2020) 261.

[39] A.P. Thompson, H.M. Aktulga, R. Berger, D.S. Bolintineanu, W.M. Brown, P.S.
Crozier, P.J. in ’t Veld, A. Kohlmeyer, S.G. Moore, T.D. Nguyen, R. Shan, M.J.
Stevens, J. Tranchida, C. Trott, S.J. Plimpton, LAMMPS - a flexible simulation tool
for particle-based materials modeling at the atomic, meso, and continuum scales,
Comput. Phys. Commun. 271 (2022) 108171.

[40] B. Beeler, M. Asta, P. Hosemann, N. Grgnbech-Jensen, Effect of strain and temper-
ature on the threshold displacement energy in body-centered cubic iron, J. Nucl.
Mater. 474 (2016) 113.

[41] E.Y. Chen, C. Deo, R. Dingreville, Atomistic simulations of temperature and direction
dependent threshold displacement energies in a- and y-uranium, Comput. Mater. Sci.
157 (2019) 75.

[42] A.L Chirita Mihaila, T. Susi, J. Kotakoski, Influence of temperature on the displace-
ment threshold energy in graphene, Sci. Rep. 9 (2019) 12981.

[43] K. Nordlund, F. Djurabekova, G. Hobler, Large fraction of crystal directions leads to
ion channeling, Phys. Rev. B 94 (2016) 214109.

[44] F. Cui, J. Xie, H. Li, Preferential radiation damage of the oxygen sublattice in
YBa, Cu;0;: a molecular-dynamics simulation, Phys. Rev. B 46 (1992) 11182.

[45] F. Cui, H. Li, L. Jin, Y. Li, Simulations on radiation damage initiated by O(1) pka
in YBa,Cu;0,, Nucl. Instrum. Methods Phys. Res., Sect. B, Beam Interact. Mater.
Atoms 91 (1994) 374.

[46] J. Giapintzakis, D. Ginsberg, M. Kirk, S. Ockers, Testing models of the symmetry
of the superconducting pairing state by low-temperature electron irradiation of an
untwinned single crystal of YBa,Cu;0;_;, Phys. Rev. B 50 (1994) 15967.

[47] T.Mitchell, T. Roy, R. Schwarz, J. Smith, D. Wohlleben, Electron microscopy study of
twin behavior in GdBa,Cu;0, and YBa,Cu;0,, J. Electron Microsc. Tech. 8 (1988)
317.

[48] S. Basu, T. Mitchell, M. Nastasi, Electron-beam-irradiation effects in bulk
YBa,Cu,0,_, J. Appl. Phys. 69 (1991) 3167.

[49] A. Legris, F. Rullier-Albenque, E. Radeva, P. Lejay, Effects of electron irradiation on
YBa, Cu;0,_s superconductor, J. Phys. I 3 (1993) 1605.

[50] S. Middleburgh, I. Karatchevtseva, B. Kennedy, P. Burr, Z. Zhang, E. Reynolds, R.
Grimes, G. Lumpkin, Peroxide defect formation in zirconate perovskites, J. Mater.
Chem. A 2 (2014) 15883.

[51] S.T. Murphy, N.D. Hine, Anisotropic charge screening and supercell size convergence
of defect formation energies, Phys. Rev. B, Condens. Matter Mater. Phys. 87 (2013)
094111.

[52] P. Erhart, A. Klein, K. Albe, First-principles study of the structure and stability of
oxygen defects in zinc oxide, Phys. Rev. B, Condens. Matter Mater. Phys. 72 (2005)
085213.

[53]1 M. Youssef, B. Yildiz, Intrinsic point-defect equilibria in tetragonal ZrO,: density
functional theory analysis with finite-temperature effects, Phys. Rev. B, Condens.
Matter Mater. Phys. 86 (2012) 144109.

[54] J. Hutter, M. Iannuzzi, F. Schiffmann, J. VandeVondele, cp2k: atomistic simulations
of condensed matter systems, Wiley Interdiscip. Rev. Comput. Mol. Sci. 4 (2014) 15.

[55] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made sim-
ple, Phys. Rev. Lett. 77 (1996) 3865.

[56] M. Krack, Pseudopotentials for H to Kr optimized for gradient-corrected exchange-
correlation functionals, Theor. Chem. Acc. 114 (2005) 145.

[57]1 G. Calestani, C. Rizzoli, Crystal structure of the YBa, Cu; O, superconductor by single-
crystal x-ray diffraction, Nature 328 (1987) 606.

[58] A. Stukowski, Visualization and analysis of atomistic simulation data with ovito-the
open visualization tool, Model. Simul. Mater. Sci. Eng. 18 (2009) 015012.

[59] Y. Yamada, J. Kawashima, J.-G. Wen, Y. Niiori, I. Hirabayashi, Evaluation of thermal
expansion coefficient of twinned YBa, Cu;0,_; film for prediction of crack formation
on various substrates, Jpn. J. Appl. Phys. 39 (2000) 1111.


http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEC7D87AF45804543419A62B7095B5EB4s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEC7D87AF45804543419A62B7095B5EB4s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF85537E555F66D9FD7D84CD3458BFFBDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF85537E555F66D9FD7D84CD3458BFFBDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF85537E555F66D9FD7D84CD3458BFFBDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCA6E0BB1B205823CBBA0048A44AEC88Ds1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCA6E0BB1B205823CBBA0048A44AEC88Ds1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEDCE7110A723E84474FC4F7CE3D1E448s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEDCE7110A723E84474FC4F7CE3D1E448s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEDCE7110A723E84474FC4F7CE3D1E448s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEDCE7110A723E84474FC4F7CE3D1E448s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCEEF7499DD65956E54C616015E168579s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCEEF7499DD65956E54C616015E168579s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCEEF7499DD65956E54C616015E168579s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib267A4BF438D2E287D452972C696A9F14s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib267A4BF438D2E287D452972C696A9F14s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib267A4BF438D2E287D452972C696A9F14s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib6C8B7562E5A4C93486FCE2C513BD8FEDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib6C8B7562E5A4C93486FCE2C513BD8FEDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib6C8B7562E5A4C93486FCE2C513BD8FEDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4B67EAF413CEA6A3D62E26941BEB6091s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4B67EAF413CEA6A3D62E26941BEB6091s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4B67EAF413CEA6A3D62E26941BEB6091s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEBCAD65EC1B6B174A695ED007B6B46A8s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibEBCAD65EC1B6B174A695ED007B6B46A8s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib015FE8C1CC72A56D6DAC28FE27B08615s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib015FE8C1CC72A56D6DAC28FE27B08615s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib015FE8C1CC72A56D6DAC28FE27B08615s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1AB989D31D25580081EE1EA07EE83110s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1AB989D31D25580081EE1EA07EE83110s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1AB989D31D25580081EE1EA07EE83110s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibA9956C491B1A1688AF9F76549099173Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibA9956C491B1A1688AF9F76549099173Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibA9956C491B1A1688AF9F76549099173Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC0019A25DE467EEDE22B6E4220FA5AD8s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC0019A25DE467EEDE22B6E4220FA5AD8s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC0019A25DE467EEDE22B6E4220FA5AD8s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3398A2D16CB0D00963067060FDC8FED7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3398A2D16CB0D00963067060FDC8FED7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3398A2D16CB0D00963067060FDC8FED7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib04D319EAD41F52B051C1CD814043DFACs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib04D319EAD41F52B051C1CD814043DFACs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib04D319EAD41F52B051C1CD814043DFACs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9CBC87E5D129166A97C19EE7E71167B5s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9CBC87E5D129166A97C19EE7E71167B5s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9CBC87E5D129166A97C19EE7E71167B5s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9CBC87E5D129166A97C19EE7E71167B5s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib6AC211143E56027AAD88B449104A2981s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib6AC211143E56027AAD88B449104A2981s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib6AC211143E56027AAD88B449104A2981s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibB4D4670DBAC21E8C11324D959B01FBEEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibB4D4670DBAC21E8C11324D959B01FBEEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib8A54C2DDA7DD43FBDE8A621D31710690s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib8A54C2DDA7DD43FBDE8A621D31710690s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib8A54C2DDA7DD43FBDE8A621D31710690s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE29DCB30E8A99C67CF7D904EC7A05D9Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE29DCB30E8A99C67CF7D904EC7A05D9Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE29DCB30E8A99C67CF7D904EC7A05D9Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE29DCB30E8A99C67CF7D904EC7A05D9Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib843D38588D36B59533FCD37B40054411s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib843D38588D36B59533FCD37B40054411s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDD9A2A14B9F1A396E18F2291AC573BD1s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDD9A2A14B9F1A396E18F2291AC573BD1s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC5C9BE16EF57CD713A848EB1CCAD7298s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC5C9BE16EF57CD713A848EB1CCAD7298s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3AAFB0DED1E5AA764D3FDC0BF9E71F8Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3AAFB0DED1E5AA764D3FDC0BF9E71F8Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib61C95FA90C67AA183564D91F1DD1334Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib61C95FA90C67AA183564D91F1DD1334Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib61C95FA90C67AA183564D91F1DD1334Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib61C95FA90C67AA183564D91F1DD1334Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib2373D670576C8C80390F64725D0AABC7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib2373D670576C8C80390F64725D0AABC7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib2373D670576C8C80390F64725D0AABC7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib24CDF0E2DAD8BD150680E5FC56077602s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib24CDF0E2DAD8BD150680E5FC56077602s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib24CDF0E2DAD8BD150680E5FC56077602s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib007CF75F4E5C1770BECBCB40651CDCBDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib007CF75F4E5C1770BECBCB40651CDCBDs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibECB3D673DE8E3878E82EF0A49D52CE61s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibECB3D673DE8E3878E82EF0A49D52CE61s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib5DBD6ADB135EBA99C5C768E4CB79E031s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib5DBD6ADB135EBA99C5C768E4CB79E031s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib5DBD6ADB135EBA99C5C768E4CB79E031s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1F08C8F56E69A7DEE9D2C6554C77DA29s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1F08C8F56E69A7DEE9D2C6554C77DA29s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE8E131F154B63D5C9597ADEB33246788s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE8E131F154B63D5C9597ADEB33246788s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE8E131F154B63D5C9597ADEB33246788s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib31010EF0C6E6641D75F662C8051B931As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib31010EF0C6E6641D75F662C8051B931As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9D6A98E4705E1487191F69ED353E88DEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9D6A98E4705E1487191F69ED353E88DEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib9D6A98E4705E1487191F69ED353E88DEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib7824CAAA8F113CA78725C9C11A85305Es1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib7824CAAA8F113CA78725C9C11A85305Es1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF360DD10F4193815BB2B9BDFDE7082CEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF360DD10F4193815BB2B9BDFDE7082CEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF360DD10F4193815BB2B9BDFDE7082CEs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib55D202D612E4E8E27786B8F8A1676113s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib55D202D612E4E8E27786B8F8A1676113s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib55D202D612E4E8E27786B8F8A1676113s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib45344B93C30D66F559C3965C435A8B2Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib45344B93C30D66F559C3965C435A8B2Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib45344B93C30D66F559C3965C435A8B2Fs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCDBE6663305AD47936DE845CC1350D57s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCDBE6663305AD47936DE845CC1350D57s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCDBE6663305AD47936DE845CC1350D57s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCDBE6663305AD47936DE845CC1350D57s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCDBE6663305AD47936DE845CC1350D57s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibB43CAB433D42C08B68893A9C0F63D11Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibB43CAB433D42C08B68893A9C0F63D11Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibB43CAB433D42C08B68893A9C0F63D11Bs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib7BDA20FC5C519D2D35FCA6B6D6E53135s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib7BDA20FC5C519D2D35FCA6B6D6E53135s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib7BDA20FC5C519D2D35FCA6B6D6E53135s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibFA1FAA02B120D8DEE014C5F998F0CB52s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibFA1FAA02B120D8DEE014C5F998F0CB52s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC8EFD0F45B4609D5F2167F7017587157s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC8EFD0F45B4609D5F2167F7017587157s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib886EFFAB876DA0086CFE7CF5769E3E07s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib886EFFAB876DA0086CFE7CF5769E3E07s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDDB8E6EFAEAFF139053A38FEB9F11063s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDDB8E6EFAEAFF139053A38FEB9F11063s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDDB8E6EFAEAFF139053A38FEB9F11063s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib73592824E2DE1FB6E83BA01FFBEB00C4s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib73592824E2DE1FB6E83BA01FFBEB00C4s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib73592824E2DE1FB6E83BA01FFBEB00C4s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0EEF6910A1078C4943C9FE5A759492E3s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0EEF6910A1078C4943C9FE5A759492E3s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0EEF6910A1078C4943C9FE5A759492E3s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibAB273854AFCE0BB96FFC941424617C65s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibAB273854AFCE0BB96FFC941424617C65s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1BA33CCF0B5F1C1C7BEA7CBA177B3702s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib1BA33CCF0B5F1C1C7BEA7CBA177B3702s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib8320C718DD3B5B1F17B4D67F0B92EA2Ds1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib8320C718DD3B5B1F17B4D67F0B92EA2Ds1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib8320C718DD3B5B1F17B4D67F0B92EA2Ds1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib241DCE602B17EFAA6A39F888BC75A52As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib241DCE602B17EFAA6A39F888BC75A52As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib241DCE602B17EFAA6A39F888BC75A52As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib74430117F1CFE856791599E6DA2C9032s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib74430117F1CFE856791599E6DA2C9032s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib74430117F1CFE856791599E6DA2C9032s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC048F977711C0FCDE656450A68F78AA9s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC048F977711C0FCDE656450A68F78AA9s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC048F977711C0FCDE656450A68F78AA9s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib68665DEA2EC46303B3F06C34D6359EEBs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib68665DEA2EC46303B3F06C34D6359EEBs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF51D0E0A0A7DACEC083368C3CF92E5FBs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibF51D0E0A0A7DACEC083368C3CF92E5FBs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE3E5CCE4349396DEE82790AFFBF6F35Cs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibE3E5CCE4349396DEE82790AFFBF6F35Cs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibAA735F748663A5029C1241C8A1C97335s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibAA735F748663A5029C1241C8A1C97335s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC48A7784B564737F00FB715BAE81EA14s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibC48A7784B564737F00FB715BAE81EA14s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDCECEB5FBC6D1C29E3E0D05FBBFAE7B9s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDCECEB5FBC6D1C29E3E0D05FBBFAE7B9s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibDCECEB5FBC6D1C29E3E0D05FBBFAE7B9s1

A. Dickson, M.R. Gilbert, D. Nguyen-Manh et al.

[60] J. Capponi, C. Chaillout, A. Hewat, P. Lejay, M. Marezio, N. Nguyen, B. Raveau,
J. Soubeyroux, J. Tholence, R. Tournier, Structure of the 100 K superconductor
Ba,YCu;0; between (5-300) K by neutron powder diffraction, Europhys. Lett. 3
(1987) 1301.

[61] J. Kawashima, Y. Yamada, I. Hirabayashi, Critical thickness and effective thermal
expansion coefficient of YBCO crystalline film, Physica C, Supercond. 306 (1998)
114.

[62] C. Meingast, O. Kraut, T. Wolf, H. Wiihl, A. Erb, G. Miiller-Vogt, Large a-b anisotropy
of the expansivity anomaly at T, in untwinned YBa,Cu;0,_s, Phys. Rev. Lett. 67
(1991) 1634.

[63] P. Nagel, V. Pasler, C. Meingast, A.I. Rykov, S. Tajima, Anomalously large oxygen-
ordering contribution to the thermal expansion of untwinned YBa,Cu;0Og 5 single
crystals: a glasslike transition near room temperature, Phys. Rev. Lett. 85 (2000)
2376.

[64] M. Zeisberger, 1. Latka, W. Ecke, T. Habisreuther, D. Litzkendorf, W. Gawalek, Mea-
surement of the thermal expansion of melt-textured YBCO using optical fibre grating
sensors, Supercond. Sci. Technol. 18 (2005) S202.

11

Journal of Nuclear Materials 618 (2026) 156239

[65] G. Liu, Y. Shang, B. Jia, X. Guan, L. Han, X. Zhang, H. Song, P. Lu, First-principles
calculation of the optical properties of the YBa,Cu;0,_; oxygen vacancies model,
RSC Adv. 13 (2023) 18927.

[66] S. Massidda, J. Yu, A. Freeman, D. Koelling, Electronic structure and properties of
YBa,Cu;0,_;, a low dimensional, low density of states superconductor, Phys. Lett.
A 122 (1987) 198.

[67] C. Chu, L. Deng, B. Lv, Hole-doped cuprate high temperature superconductors, Phys-
ica C, Supercond. Appl. 514 (2015) 290.

[68] C.M. Cheong, S.K. Chen, First principle calculation of electronic structures and hole
concentration of YBCO family compounds, Mater. Today Proc. 96 (2024) 94.

[69] B. Dacus, B. Beeler, D. Schwen, Calculation of threshold displacement energies in
UO,, J. Nucl. Mater. 520 (2019) 152.

[70] D. Torsello, G. Celentano, L. Civale, V. Corato, M. Eisterer, D. Gambino, S. Murphy,
S. Speller, F. Laviano, Roadmap for the investigation of irradiation effects in hts for
fusion, Supercond. Sci. Technol. (2025).


http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4DAB700E446AF8283D4D7E1534AC08CFs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4DAB700E446AF8283D4D7E1534AC08CFs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4DAB700E446AF8283D4D7E1534AC08CFs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib4DAB700E446AF8283D4D7E1534AC08CFs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib2E2FAF81931A3A7CE36BB64D7BBE5C06s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib2E2FAF81931A3A7CE36BB64D7BBE5C06s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib2E2FAF81931A3A7CE36BB64D7BBE5C06s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3EB7B6E9D6F79DDC33D2F8D1B29A617As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3EB7B6E9D6F79DDC33D2F8D1B29A617As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3EB7B6E9D6F79DDC33D2F8D1B29A617As1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0D8A29585762E2423507BB963A5CED25s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0D8A29585762E2423507BB963A5CED25s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0D8A29585762E2423507BB963A5CED25s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib0D8A29585762E2423507BB963A5CED25s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3F633C3C79A344D93B327D7BD7FE09A0s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3F633C3C79A344D93B327D7BD7FE09A0s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib3F633C3C79A344D93B327D7BD7FE09A0s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib000083E032972BED7FD98A7D438DDE76s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib000083E032972BED7FD98A7D438DDE76s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib000083E032972BED7FD98A7D438DDE76s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCB63E05070FF498C3BF1F89D151B89C7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCB63E05070FF498C3BF1F89D151B89C7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibCB63E05070FF498C3BF1F89D151B89C7s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibECE25E9E7EDA3E1D5344FD5D094A5026s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bibECE25E9E7EDA3E1D5344FD5D094A5026s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib67A69641DAAC3B6B7CE7EF469907F8BBs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib67A69641DAAC3B6B7CE7EF469907F8BBs1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib75877BD513F786337AE83033477B5C5Es1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib75877BD513F786337AE83033477B5C5Es1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib80309D1F1B6C5411E874A12A07BB3590s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib80309D1F1B6C5411E874A12A07BB3590s1
http://refhub.elsevier.com/S0022-3115(25)00633-6/bib80309D1F1B6C5411E874A12A07BB3590s1

	Threshold displacement energies of oxygen in YBa2Cu3O7:A multi-physics analysis
	1 Introduction
	2 Methodology
	2.1 DFT simulation details
	2.2 Defining the threshold displacement energy
	2.3 Determination of the threshold displacement energy

	3 Results
	3.1 Empirical potential TDE
	3.2 DFT TDE
	3.3 Further analysis

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Validating the DFT model
	A.1 Thermal expansion
	A.2 Defect formation energies
	A.3 Electronic structure

	Appendix B Determination of thermal spike
	Data availability
	References


