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Understanding the effects of fast neutrons on high-temperature superconductors is of

growing importance as new compact fusion reactors rely on these materials to generate the

high magnetic fields needed to confine the plasma. The critical temperature of the most

promising candidate material for small-scale fusion devices, rare-earth barium cuprate, is

known to decrease monotonically with radiation dose, indicating the generation of lattice

defects everywhere in the material. Here, we use high-energy-resolution X-ray absorption

spectroscopy to probe how the local environment around the copper atoms is influenced by

point defects induced by He+ ion irradiation in the oxygen sublattice. Density functional

theory calculations are used to interpret spectral features and we find clear evidence that ion

irradiation significantly disrupts the bonding environment around the copper atoms in the

copper-oxygen planes responsible for superconductivity in this compound. We propose the

generation of a specific Frenkel defect that is consistent with our experimental results. Our

results challenge previous assumptions in the literature that irradiation produces point

defects only in the chain sites. In addition, we show that partial recovery is possible by

annealing at modest temperatures, which may have implications for the operation of

superconducting fusion magnets.
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Nuclear fusion tokamak reactors require high magnetic
fields to confine the intensely hot plasma in which the
deuterium/tritium reaction takes place. To reduce reactor

size and make nuclear fusion more commercially viable, the next
generation of small tokamaks currently being developed will rely
on deployment of state-of-the-art high temperature super-
conductors (HTS) to achieve very high magnetic fields in com-
pact windings1. The HTS material of choice is REBa2Cu3O7−δ

(RE= rare-earth element), REBCO, which has excellent current
carrying capacity at low temperature in extremely high magnetic
fields when processed in the form of a ~1 μm thick pseudo-single-
crystal thin film on a flexible metal tape using coated conductor
technology2.

In operation in a fusion device, the HTS magnet windings will
be exposed to a flux of high energy neutrons. Studies on the
influence of fission spectrum neutrons and ion irradiation on the
superconducting properties of HTS compounds including
REBCO, date back to the late 1980s, soon after the discovery of
high temperature superconductivity3–6. Although interpretation
of these results is hampered by inconsistencies in the quality of
early single crystal samples, some universal conclusions could be
made about the effects of neutron irradiation on the super-
conducting properties, which have now been confirmed by more
recent experiments on coated conductor samples7–10. At low
neutron fluences, irradiation typically improves the critical cur-
rent density (Jc), except in very low applied magnetic fields that
are not very relevant for practical applications. This initial
improvement is a result of the generation of additional flux
pinning centres. It is followed, at higher fluences, by a severe
degradation of the properties and eventually loss of super-
conductivity associated with the high defect density decreasing
the activation energy for flux line motion and hence increasing
the flux creep rate6. The fluence corresponding to the peak in Jc
depends on various factors including measurement temperature,
direction of the applied magnetic field and the pre-existing defect
landscape10. In contrast, the critical temperature (Tc) of the
superconductor is found to decrease monotonically with
increasing neutron doses up to ~1018 cm−2, possibly with a pla-
teau at very low doses6. Since Tc measurements are performed at
very low currents, this strongly suggests that radiation-induced
defects are produced everywhere in the irradiated volume, even at
relatively low neutron doses.

Fully oxygenated REBa2Cu3O7 (REBCO) compounds have a
complex, layered crystal structure with ordered oxygen vacancies
giving rise to two kinds of copper coordination, Cu(1) chains and
Cu(2) planes, as shown in Fig. 1a11. Tc, is strongly dependent on
oxygen stoichiometry. As the O content decreases from 7 towards
6, early polarisation-dependent Cu K-edge X-ray absorption
spectroscopy (XAS) studies12,13 and diffraction studies14 showed
that oxygen atoms are gradually removed from the O(1) site in
the chains, resulting in Cu(1) ions becoming 2-fold coordinated
with only bonds with the O(4) atoms remaining. This is
accompanied by a reduction in the oxidation state of the Cu(1)
ions from +2 to +1 and eventually leads to a change in the crystal
symmetry from orthorhombic to tetragonal, with even slightly
underdoped compounds having drastically reduced Tc values.

To understand the effects of irradiation on superconducting
properties, we need to consider the nature of the defects that are
introduced. There is considerable direct evidence from trans-
mission electron microscopy (TEM) that both neutrons and
heavy ions produce isolated damage cascades (a few nm in dia-
meter) in HTS cuprates15–17. While these TEM-visible features
are likely to contribute to the enhanced flux pinning observed at
low doses, the presence of isolated damage surrounded by ‘per-
fect’, undamaged matrix cannot alone explain the observed
degradation in Tc of the bulk material. It is generally assumed,

based on careful annealing experiments, that point defects and
small clusters of point defects (mainly in the O sublattice) that
cannot easily be observed in the TEM are also produced by
neutron irradiation, causing the observed decrease in Tc and
contributing to the initial increase in Jc by enhancing flux
pinning15,18.

Light ion irradiation is considered to be a useful proxy for
safely investigating the point defect damage generated by neu-
trons, as well as being useful its own right as a novel method for
‘writing’ Josephson junction devices in high temperature super-
conducting thin films by creating local damage using a focused
ion beam microscope19–21. Irradiation with He+ ions22–25 and
protons26 at energies of 80 keV to 6MeV have shown that doses
of 1014–1016 cm−2 lead to a degradation in Tc similar to that
observed with neutron irradiation, as well as reproducing the
peak in Jc27,28. TEM reveals that, even in heavily damaged sam-
ples, no nanometre scale cascade damage can be observed15

although the larger point defect clusters, about 0.3 nm in size,
have been observed in proton irradiated samples27. Irradiation by
light ions in this energy range causes damage mainly by nuclear
elastic collisions displacing atoms from their original lattice
sites22,23,26. The hypothesis that the majority of the radiation
damage occurs in the oxygen sublattice is supported by inter-
esting work by Navacerrada et al.23. They concluded from X-ray
diffraction studies of superlattice structures consisting of YBCO
and PrBCO multilayers that the cationic lattice was not disrupted
by He+ irradiation. Furthermore, Valles et al. speculated that
since the chain oxygens are the most weakly bound species in the
compound, it is most likely that oxygen atoms are displaced from
the O(1) chain sites along the b-axis to the equivalent unoccupied
sites along the a-axis29. This view was supported by early work by
Menushenkov et al.30 and Navacerrada et al.23 that found inde-
pendently from XAS and photo-conductivity measurements,
respectively, that He+ irradiation produced similar effects to
oxygen reduction, and by analogy concluded that irradiation also
induces loss of oxygen from the O(1) chain sites. However,
transport measurements show that irradiation at moderate flu-
ences leads to the generation of point defects, with the carrier
concentration remaining essentially unchanged, suggesting that
oxygen is not being completely lost from the REBCO22. In con-
trast to all these previous experiments, Giapintzakis et al. con-
cluded from resistivity experiments on electron irradiated YBCO
crystals that displacement of oxygen from the plane sites is
responsible for the observed degradation in Tc

31, and Zhang et al.
also concluded from atomic resolution electron energy loss
spectroscopy that heavy ion irradiation creates oxygen vacancies
in the planes32. Therefore, the hypothesis that it is damage to the
oxygen sublattice that is responsible for degradation in Tc in both
light ion and neutron irradiated material is plausible, but the
precise nature of the defects is not clear.

XAS is a bulk technique for probing electronic structure and
the bonding environment around specific atoms, and therefore it
may be a powerful tool for determining the nature of the
radiation-induced point defects that are difficult to see in the
TEM. The near edge structure of the X-ray absorption spectra
(XANES) arises from transitions of core electrons to empty
states, and contains information on the oxidation state and local
bonding environment (coordination and geometry) of the
absorbing atoms. Copper K-edge XAS of YBCO and other
cuprate materials has been carried out on early materials from
the late 1980s12,30,33. The effects of oxygen reduction12 and He+

irradiation30 have also been studied, with small changes observed
in the spectra attributed to changes in the O sublattice. However,
as REBCO compounds have two different Cu sites, these early
studies were of limited use in identifying the specific defects. In
addition to lacking the required energy resolution to clearly
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distinguish the multiple features in the XANES region, they were
generally not supported by computational modelling, instead
relying on the ‘fingerprinting’ approach of comparing features in
the spectra with similar known compounds. An exception to this
is Garg et al., who performed multiple scattering calculations
finding qualitative agreement with their experimental data. In
addition, they were also able to use the modelling to predict the
polarisation dependence of the spectra. For the majority of other
papers which did not include modelling, the lack of resolution
and inability to distinguish between the different Cu environ-
ments led to inconsistencies in the interpretation. For example,
the feature following the main absorption peak is interpreted by
Antonini et al.34 to indicate the presence of Cu3+ in addition to
Cu2+, by Lytle et al.35 to arise from Cu(Y) disorder, and by
Heald et al.12 to be the low energy part of the extended X-ray
absorption fine structure (EXAFS) region resulting from a higher
shell neighbour at around 2.5Å. The study by Heald et al. on
YBCO single crystals is arguably the most illuminating of this
early work, as careful analysis of the orientation dependence of
the crystal with respect to the polarisation direction allowed
indirect conclusions to be made about the assignation of different
features in the spectra in the absence of modelling data.

High energy resolution fluorescence detected (HERFD) XAS is
a state-of-the-art synchrotron technique that enables absorption
spectra to be collected with energy resolution better than the
intrinsic broadening determined by the 1s core-hole lifetime, by
detecting fluorescent X-rays in a narrow energy range using a
crystal analyser36. This technique has been successfully applied
for studies of 1st row transition metal K-edges, and the L- and
M-edges of heavier elements, in a broad variety of scientific
disciplines such as chemistry37–40, life sciences41,42 and hard
condensed matter43,44. Here we report, to the best of our
knowledge, the first HERFD-XAS study on a REBCO compound
and the only XAS study to date that has been carried out on

technologically important coated conductor samples - the form of
the material that will be used to make future fusion magnets -
before and after irradiation with He+ ions. In addition, density
functional theory (DFT) has been used to carefully interpret the
spectral features and gain new understanding of the likely
irradiation-induced structural defects.

Results
Sample properties. The samples used in this study are 3 mm
diameter discs taken from a batch of SuperPower coated con-
ductor, shown schematically in Fig. 1b. The REBCO compound in
this tape is (Y,Gd)Ba2Cu3O7−δ in which the Y is partially sub-
stituted for Gd, and 7.5% Zr is added that forms BaZrO3 nanorods
for improved flux pinning45. The REBCO layer is biaxially tex-
tured with its c-axis aligned close to the surface normal, and its a/b
axes aligned along the length of the tape, as shown schematically
in Fig. 1b. There is considerable mosaic misalignment (typically up
to ~10°) and the crystals are naturally twinned on the scale of tens
of nanometres, with the two twin boundaries along the <110>
directions and domains rotated by 90° about the c-axis (Fig. 1c)46.
Table 1 compares the superconducting properties and structural
parameters of the pristine sample with a sample annealed in Ar at
300 °C for 3 h and samples irradiated with 300 keV He+ ions to a
fluence of 1015 cm−2 and 1016 cm−2. A post-irradiation oxygen-
annealed sample is also included to assess the extent to which
irradiation damage can be recovered. The Tc value is reduced in
both the Ar-annealed and He-irradiated samples, with the high
fluence of 1016 ions cm−2 suppressing superconductivity entirely.
Since only small currents are induced in a Tc measurement, a drop
in the onset temperature of the transition indicates the entirety
(bulk) of the material is degraded. The transition also broadens,
suggesting an increase in inhomogeneity in Ar-annealed and
irradiated samples. X-ray diffraction (XRD) taken in Bragg-
Brentano geometry shows a large increase in c-axis lattice

Fig. 1 Schematic diagrams of a REBa2Cu3O7−δ (RE= rare-earth element), REBCO, coated conductor. a Part of the REBCO unit cell showing the two
different Cu sites (in red) and their coordination with O atoms (in grey). The Cu(1) chain atoms are 4-fold coordinated in the (b,c) plane by O(1) and O(4)
atoms, whereas the Cu(2) plane atoms are 5-fold coordinated by the O(2) and O(3) atoms in the (a,b) plane plus the apical O(4) atom. b Schematic
diagram of a generic coated conductor tape. c Schematic diagram of the twin structure with arrows representing the direction of the a-axis.
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parameter in the most heavily irradiated sample. Lower dose ion-
irradiation and Ar-annealing also increase c to a lesser extent. This
irradiation-induced expansion of the lattice is consistent with
previous reports for ion-irradiated and neutron irradiated
REBCO, MgB2 and A15 superconducting compounds47,48.
Reducing the oxygen content in REBCO is also well-known to lead
to extension of the unit cell in the c-axis direction49, and has led to
the assumption that irradiation also leads to O loss. Williamson-
Hall analysis of the XRD peak broadening (relative to the pristine
sample) shows that considerable inhomogeneous strain is also
introduced into the samples as a result of He+ irradiation. Oxygen
annealing after irradiation with 1016 ions cm−2 results in a slight
decrease in c-axis lattice parameter towards the value of the
pristine sample, but the superconducting properties have not been
recovered.

Effect of irradiation on cation lattice. To explore the effect of He
+ irradiation on the crystal structure, imaging has been carried
out using an aberration-corrected JEOL ARM 300F instrument in
scanning transmission electron microscope (STEM) mode at the
ePSIC facility. Figure 2a, b show typical high-angle annular dark
field (HAADF) lattice images from the pristine and the 1016 cm−2

He+ irradiated samples that no longer superconduct. Since
HAADF image intensity is mainly dominated by atomic weight,
the atomic columns containing heavy RE and Ba atoms appear
brightest and the weaker spots are the Cu atom columns, as
indicated in Fig. 2c. In this imaging mode the light O atoms
contribute little to the intensity of the atomic columns, so point
defects on the O sublattice cannot be detected. On inspection of
the images from the ion irradiated sample, it is obvious that the
cation sublattices are well-preserved; the arrangement of three
planes of bright (heavy) Ba-RE-Ba atoms in each unit cell,
interspersed with offset Cu planes, apparently remains perfect.

Statistical analysis has been carried out on a number of
HAADF STEM images using the Atomap software50 to fit the
positions of the atom columns in a number of aligned image
stacks from each sample and extract the lattice parameters, and
the results are presented in Fig. 3. Although there is
considerable scatter in the data, it can be seen that irradiation
generally increases both a(b)-axis and c-axis lattice parameters,
and for the pristine sample, there appear to be two groups of
data points with slightly different a/b-axis lattice parameters,
suggesting that the different twin domains are being sampled.
Fewer images were taken from the He+ irradiated sample, and
it is not clear whether only one type of domain was sampled in
this case or whether ion irradiation has reduced the orthor-
hombic distortion. The absolute values of lattice parameter
differ slightly from the reference values and the c-axis lattice
parameters measured by XRD. This is not unexpected as there
are likely to be systematic errors from uncertainties in the
microscope calibration, scan distortions and random errors
introduced by the fitting of the atom column positions. The
standard deviation in the calculated lattice parameters within
each image is slightly larger in the irradiated samples than in
the pristine samples, suggesting that there is more disorder/
inhomogeneity in the irradiated sample on the nano scale. This
is consistent with the increased inhomogeneous strain observed
in the XRD results (Table 1).

These results confirm that the radiation-induced structural
changes that are likely to be responsible for the degradation in
superconducting properties are caused by changes in the oxygen
sublattice, and suggests that, in addition to random disorder that
broadens the XRD peaks, there are preferred metastable defect
structures where the oxygen atoms are situated at non-
equilibrium sites in the structure and result in the measured
expansion of the lattice in the c-direction.

Table 1 Summary of the superconducting and structural properties for the samples used in this study.

Sample Tc,onset (K) ΔTc (K) c-axis (Å) Strain

Pristine 92 8 11.725 ± 0.005 –
Ar-annealed 71 23 11.740 ± 0.005 0.002 ± 0.002
1015He+ 76 20 11.77 ± 0.01 0.010 ± 0.005
1016He+ <10 – 11.96 ± 0.01 0.028 ± 0.005
1016He++O-annealed <10 – 11.85 ± 0.01 0.011 ± 0.005

Superconducting properties have been extracted from magnetisation measurements, further details of which are given in Supplementary Note 1. X-ray diffraction measurements have been used to obtain
c-axis lattice parameters and inhomogeneous strain, with the pristine sample used as a strain standard.

Fig. 2 Typical examples of aligned stacks of 10 HAADF images. a HAADF image of the pristine sample. b HAADF image of the 1016 cm−2 He+-irradiated
sample. c Magnified image from a region of a with a schematic showing the cation positions in the unit cell.
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Effect of irradiation on the oxygen sublattice. Copper K-edge
HERFD-XAS has been used to examine the effect of irradiation
on the local environment of the Cu atoms. As the Cu atoms are
surrounded by oxygen nearest neighbour atoms, this approach
gives us valuable information about the O sublattice which is
invisible in the TEM.

In Fig. 4a, the HERFD-XANES spectra for pristine REBCO
coated conductor is compared to the spectra for Cu foil, Cu2O
powder and CuO powder, standards for Cu in oxidation states 0,
+1 and +2, respectively. Since the standards are polycrystalline,
they are compared with the REBCO spectrum taken at an
intermediate polarisation of 45° to the sample normal. The
general shape of the REBCO spectrum most closely resembles the
CuO (Cu2+) spectrum, with no evidence of the sharp peaks at
<5 eV observed in the Cu and Cu2O standards. However, there
are significant differences between the shapes of the rising edges,
with REBCO displaying multiple weak features along the rising
edge, whereas CuO has a single strong peak at ~6 eV. This has
been previously observed by Heald et al. and attributed to either a
high degree of covalency or existence of holes in the ligand 2p
band12.

XAS measurements were obtained at a series of different
polarisation directions relative to the crystal lattice of the REBCO
by altering the angle of incidence of the linearly polarised x-ray
beam. When the incident beam lies at 10° to the sample normal,
the polarisation of the electric field was aligned close to the a/b
directions in the crystal, and at 80° the polarisation was almost
aligned with the c-axis. Since the XAS experiment probes many
twin domains, orientations with an in-plane component of
polarisation give an average of the a and b axis aligned spectra.
The polarisation-dependent XANES spectra for the pristine
sample in Fig. 4b clearly show systematic variations in the
relative intensities of the main features with polarisation angle.
The complicated spectra can be split into 3 zones: the pre-edge
region (shaded grey), the rising edge (unshaded) and the post-
edge region (shaded grey). The rising edge region consists of a
series of peaks originating from the dipole-allowed 1s-4p electron
transitions. The lowest energy peaks at the start of the rising edge
(3–15 eV), are generally considered to originate from 1s-4p
transitions accompanied by a shakedown event associated
with charge transfer from the ligand12,51. These are described

as “well-screened” transitions by Kosugi et al.52. The small pre-
edge features (<2 eV) originate from weak electric quadrupole
transitions from the 1s orbital into the unoccupied 3d orbital,
probably with an electric dipole component allowed by
hybridisation with p orbitals51.

More detailed analysis of the main edge region has been
performed by comparing the experimental spectra with spectra
simulated from DFT calculations. The YBCO and GdBCO
calculated spectra are very similar (see Supplementary Note 3,
Supplementary Fig. 3), so for simplicity we will use the YBCO
spectra only in the remainder of this paper even though the
samples contain both Y and Gd rare-earth elements. The two
extremes of orientation, 80° (with Ê aligned close to the c-axis)
and 10° (with Ê aligned close to the a/b axes), are shown in
Fig. 4c, d. The modelled contributions from the Cu(1) and Cu(2)
sites are displayed separately, along with the sum spectrum
(weighted in the ratio 1:2 to account for there being twice as
many Cu(2) sites as Cu(1) sites in the crystal structure). In the
Ê∣∣a/b case, the modelled spectra with polarisation parallel to a
and b are shown separately, and the total model uses the average
of the two to replicate the experiment where both twin domains
are sampled. In the 80° spectrum, there are four distinct features
associated with the main edge, labelled A, B, C and D. Features
A-C clearly correspond to peaks in the Cu(2) model, whilst peak
D matches the main peak in the Cu(1) model. Similar features
were observed in the previous polarisation-dependent XAS study
by Heald et al.12. Using simple molecular orbital considerations
that take into account only nearest neighbour Cu-O bonds, we
would expect to see a pair of Cu(2) peaks relating to well-
screened and poorly screened transitions to Cu(2) 4pπ orbitals.
However, our modelling shows the presence of three distinct
Cu(2) peaks, with a clear shoulder on the low energy side of the
peak at C, that match closely with experiment. Visualisations of
the charge density (see Supplementary Note 3, Supplementary
Fig. 4) suggest the bands responsible for these features along the
rising edge are not simple nearest neighbour molecular orbitals
with the O(2)/O(3) atoms in the Cu(2) plane, but with
considerable involvement of the RE, Ba, other Cu atoms and
the O(4) apical atom. Peak D originates from the Cu(1) spectrum
and charge density visualisations (see Supplementary Note 3,

Fig. 3 Lattice parameter analysis of pristine and 1016 He+ irradiated samples. a Lattice parameter data extracted from aligned stacks of HAADF images
such as those shown in Fig. 2. Each data point represents a different image stack, with the lattice parameter values averaged over about 300 unit cells.
Reference lattice parameters for YBCO83 and GdBCO84 have been added as dashed lines. b Standard deviations in lattice parameter for each image.
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Supplementary Fig. 5) confirm it to be a transition to the Cu(1)-
4pσ orbital with the O(4) atom, consistent with the analysis of
Heald et al.12.

XANES spectra taken with the polarisation aligned close to the
a/b axes (Fig. 4d) also exhibit 4 distinct features, but the shape of
the spectrum is very different from the Ê∣∣c spectrum. Two peaks
on the rising edge (E and G) correspond to Cu(1) transitions,
whereas the main peak H and the weak feature F correspond
mainly to Cu(2) transitions. Understanding the origin of these
features is more complex in this orientation as the nanoscale
twinning means that the experimental spectra have contributions
from two symmetrically non-equivalent cases: Ê∣∣a and Ê∣∣b. As
discussed extensively by Heald et al., Cu(2) 1s-4p transitions are
expected in both domains as there are Cu(2)-Oσ bonds with O(2)
atoms along the a direction and with O(3) atoms in the b
direction. However, for domains where Êjja, a peak correspond-
ing to the Cu(1) 1s-4pxπ transition should also be observed as the
Cu(1)-O bonds are arranged in the (b,c) plane, whereas for Êjjb
the Cu(1) 1s-4pyσ transition originating from the Cu(1)-O(1)

bonds aligned along the b-axis should be observed. Comparing
this molecular orbital picture with the results of our DFT
modelling, the features on the rising edge at E and G can clearly
be seen to correspond to peaks in the Cu(1) Ê∣∣a modelled
spectrum. Charge density visualisations (see Supplementary
Note 3, Supplementary Fig. 6) clearly show that the peak at E
can be attributed to a Cu(1) 4pxσ orbital with the Cu(1) atom in
the adjacent unit cell which is not picked up in the molecular
orbital picture. The peak at G is more difficult to interpret from
the charge visualisations, but there is some indication that it arises
from transitions into a Cu(1) 4pxπ orbital formed with the O(4)
atom, which are expected from the molecular orbital picture. Peak
H is seen to mainly arise from the Cu(2) 4px,yσ transitions, with a
smaller contribution from the weaker Cu(1) 4pyσ transition
which occurs at a similar energy. The weak feature F at an energy
of ~6.6 eV mainly corresponds to a small peak in the Cu(2)∣∣b
spectrum which also arises from 4pyσ transitions. However, in
this case there appear to be additional interactions with the apical
O(4) atoms.

Fig. 4 Cu K-edge XANES spectra for pristine samples. a Comparison of XANES spectra taken from the pristine REBCO coated conductor with
polycrystalline Cu foil, Cu2O powder and CuO powder standards. All data taken with the incident beam at 45° to the sample normal. Following the method
in Heald et al.12, the energy calibration has been performed by setting zero energy to the first peak in the first derivative of the spectrum from the Cu foil
standard. b Orientation-dependent XANES spectra for the pristine REBCO sample. Comparisons of the 80° and 10° experimental data from the pristine
sample with Êjjc and Êjja/b modelled spectra calculated by DFT are shown in c and d, respectively. Insets show schematic diagrams of the experimental
geometry.
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As mentioned in the Introduction, Garg et al. used multiple
scattering calculations to predict the orientation dependence of
YBCO53. They calculated the features on the rising edge for Ê∣∣c
would come from the Cu(2) atoms and would come from the
Cu(1) atoms in the Ê∣∣a,b case, which is what we have found, but
the shape of the edge is only qualitatively similar. More
sophisticated multiple scatting calculations agree well with our
DFT calculations (see Supplementary Note 4).

Figure 5 compares the 80° and 10° spectra of samples that have
undergone different treatments. The sample annealed in Ar for 3 h
and the sample He irradiated to a dose of 1015 ions cm−2 (not
shown) are very similar to the pristine (untreated) sample. However,
irradiating with He+ to the higher dose of 1016 ions cm−2 results in
dramatic changes to the absorption spectra. Most significantly, it can
be seen by inspection of the XANES spectra that most of the peaks
originating from Cu(2) transitions (B, C and H) are seen to decrease
in intensity, whereas the main peaks from the Cu(1) transitions (D
and G) are hardly affected. This strongly suggests that He+

irradiation affects the Cu(2) ions and their local environment. It is
also interesting to note the considerable enhancement in spectral
weight in a broad region of the Êjja=b spectrum around feature F in
the 5–8 eV range for the 1016 cm−2 He+ irradiated sample. Slight
enhancement is also seen between peaks A and B in the Êjjc

spectrum and the main peak at D is considerably broadened. These
broad features may indicate an increase in the structural disorder in
the samples which is consistent with the increased inhomogeneous
strain measured by XRD (see Table 1). Oxygen annealing of the
1016 cm−2 He+ irradiated sample leads to a slight return towards
the shape of the pristine spectra, indicating that at least some of the
radiation-induced structural defects can be annealed out.

Many previous XAS and XRD experiments have shown that
annealing in inert or reducing environments initially removes
oxygen from the Cu(1) chains, leaving the Cu(1) ions 2-fold
coordinated along the c-axis direction14. This is accompanied by
the Cu(1) ions becoming reduced from the 2+ to the 1+
oxidation state. The difference spectra shown in Fig. 5d reveal the
appearance of a small additional peak in the Ar-annealed sample
10° spectrum at ~2 eV, highlighted by an arrow. This corresponds
well to a peak in the experimental Cu2O spectrum shown in
Fig. 4b and is consistent with other studies on 2-fold co-ordinated
Cu1+ compounds51. Although this strongly suggests the presence
of Cu1+ ions in the Ar-annealed sample, Kosugi et al. warn
against using this feature as a definite signature of the +1
oxidation state because changes in the local bonding geometry
also strongly influence the edge structure52. However, the absence
of this feature in the He+ irradiated samples is a good indication

Fig. 5 Comparison of XANES spectra for pristine, Ar-annealed, He+-irradiated and post-irradiation oxygen-annealed coated conductor samples.
a, b Show spectra for angles of incidence of 80° (Êjjc) and 10° (Êjja/b), respectively. c, d Give the corresponding difference spectra, relative to the pristine
sample. An additional peak in the Êjja=b spectrum of the Ar-annealed sample is indicated with a blue arrow.
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that different mechanisms are responsible for reduction in the
superconducting transition temperature in He+ irradiated and
Ar-annealed samples.

DFT modelling of defect structures. To shed light on the origin
of the radiation-induced structural changes in the absorption
spectra, various specific oxygen defects were explored using DFT
modelling. Table 2 shows the result of geometry optimisations on
structures containing a variety of different defects: a vacancy on
the O(2) site in the Cu(2)-O plane, an oxygen interstitial half-way
between the Cu(2) and Cu(3) atoms in the RE plane at position
(0,0,0.5) in the unit cell (hereafter referred to as site I), and the
combined Frenkel defect formed by moving oxygen from O(2) to
the interstitial site I (shown in Fig. 6a). Structures with vacancies
on the O(1) and O(4) sites in the chain are also included for
comparison. It can be seen that, with the exception of the O(1)

vacancy that removes the orthorhombic distortion, these defects
have minimal effect on the a/b lattice parameters. However,
introduction of oxygen at interstitial site I (either on its own or in
the Frenkel defect) results in a considerable increase in the c-axis
lattice parameter. This is consistent with the XRD results pre-
sented in Table 1 that show irradiation causes an expansion of the
unit cell in the c direction. (It is noted that it was not possible to
measure a/b-axis lattice parameters using XRD in the θ− 2θ
geometry owing to the strong biaxial texture of the samples).

It is well-known from previous experiments by many
researchers that the c-axis lattice parameter also increases with
decreasing oxygen stoichiometry, as O atoms are gradually
removed from the O(1) site in YBCO49, increasing from about
11.66Å to about 11.82Å as the oxygen stoichiometry changes
from 7 to 6. There is a similar (but slightly weaker) trend for
GdBCO. However, our geometry optimisations of the O(1)
vacancy structure do not result in a significant increase in the c-
axis lattice parameter, nor can we find other modelling studies
where O(1) vacancies alone produce this expansion. Therefore,
we conclude that loss of oxygen from the copper-oxygen chains
cannot by itself explain the very large increase in lattice parameter
in the heavily ion-irradiated samples to about 11.96Å, or even the
smaller expansion after Ar-annealing (to 11.74Å). However, our
DFT modelling suggests that the introduction of even a dilute
concentration of interstitial oxygen at site I between the Cu-O
planes could account for the increase c-axis lattice parameter (see
Supplementary Note 5, Supplementary Table 1).

Unlike Ar-annealing where we expect loss of oxygen from the
material, the He+ irradiation process is more likely to displace
oxygen atoms rather than remove them from the material
entirely. Therefore, to investigate the spectral changes observed

Table 2 Lattice parameters for various oxygen defect
structures calculated by geometry optimisation of the
unit cell.

Structure a (Å) b (Å) c (Å)

ICSD (Collection code 44116)83 3.82 3.89 11.68
Pristine 3.82 3.88 11.66
Interstitial O at site I 3.83 3.88 12.17
Vacancy at O(2) site 3.82 3.88 11.68
Frenkel defect O(2)→ (0,0,0.5) 3.82 3.89 12.23
Vacancy at O(1) site 3.84 3.84 11.67
Vacancy at O(4) site 3.84 3.89 11.67

Fig. 6 Comparison of XANES spectra with DFT calculated spectra from selected defect models. a Schematic diagrams showing the Frenkel and O(1)
vacancy defects. Comparison of the pristine, 1016 He+ irradiated and Ar annealed samples with the pristine, Frenkel and O(1) vacancy defect models for
YBCO, for b Ê∣∣c and c Ê∣∣a/b with the Ê∣∣a/bmodelled spectra being the average of the a and b spectra. d, e Show the corresponding difference spectra with
the experimental He+ irradiated and Ar annealed spectra shown relative to the experimental pristine spectra, and the Frenkel and O(1) vacancy models
shown relative to the pristine model.
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on irradiation, we have initially chosen to compare the data with
spectra simulated from the Frenkel defect model that both
reproduces the experimental increase in c-axis lattice parameter
and conserves oxygen atoms. Figure 6 compares the experimental
XANES spectra measured from the pristine and 1016 cm−2 He+

irradiated samples with the spectra calculated from the pristine
and Frenkel defect models of YBCO. Firstly, we will examine the
spectral changes in the Ê∣∣c spectra shown in Fig. 6b, that are
more clearly visible in the difference spectra in Fig. 6d. The most
striking irradiation-induced spectral changes are the decrease in
intensity of the features at B and C, along with the change in
shape of spectrum in the region between C and D. The Frenkel
defect model reproduces the reduced intensity at B and C, and the
apparent shift in the peak at C to higher energies. In addition, the
small peak at A appears to have shifted to higher energies in the
Frenkel defect model, which may account for the increase in
spectral weight observed between A and B in the irradiated
sample. The O(1) vacancy model, also shown in Fig. 6, does not
reproduce the spectral changes that happen as a result of
irradiation. However, Fig. 6d shows it matches well with the
spectral changes that occur when the sample is Ar-annealed.

Figure 6c shows the average of the spectra parallel to the a and
b axes calculated from the pristine and Frenkel defect models (the
individual ∣∣a and ∣∣b spectra are shown in Supplementary
Note 5). Although the energies do not match up exactly, the
decrease in intensity of peak H, which is the most striking
difference between the irradiated and pristine experimental
spectra, is reproduced by introducing Frenkel defects. The
irradiated spectrum also shows slight increase in spectral weight
in a broad range between peaks E and F and just after peak G.
Although the Frenkel defect model does show increased spectral
weight around F, the difference spectra in Fig. 6e reveal that the
match with experiment is not very close. In addition the
experimental increase in spectral weight above G is not
reproduced by the Frenkel defect model. This is not surprising,
since we have shown that the features at E and G in the pristine
model originate from the Cu(1) chain site so we would not expect
them to be affected by the specific Frenkel defect that we have
studied here. However, the O(1) vacancy model does not
reproduce the observed spectral changes on irradiation any better
than the Frenkel model, and the characteristic peak at about 2 eV
in the O(1) vacancy model is not present in the spectrum from
the irradiated sample. In contrast, the O(1) vacancy model is an
excellent match to the Ar-annealed sample, as can clearly be seen
in the difference spectra in Fig. 6e.

The Frenkel defect model we have considered has thus
reproduced many, but not all of the spectral changes we see in
the irradiated samples. In this model, all of the O(2) atoms have
been moved to the interstitial position, whereas, in reality, we
would expect only some of the O(2) atoms to be displaced. This is
evidenced by the c-axis parameter increase being overestimated
by the model. So far we have also only considered the situation
where all interstitial atoms have originated from O(2) sites, which
may not be the case. Therefore, we now consider how the Frenkel
defect spectra are related to the spectra from O(2) vacancies and
interstitial oxygen separately. Figure 7a, b show that the Frenkel
defect spectra are not simply a linear sum of the spectra simulated
from O(2) vacancies and interstitial defects, demonstrating that
interaction between the constituent defects plays a role in the
resulting spectra. However, some of the features in the Frenkel
model can be attributed to either O(2) vacancies or interstitials.
For example, in the Ê∣∣c case the reduction in spectral weight
between B and C is a result of the interstitial and the majority of
changes in the Ê∣∣a/b spectra result from the vacancies. The
experimentally observed shift in spectral weight to slightly higher

energy between B and C on irradiation is only reproduced by the
presence of the interstitial. However, from the defects we have
studied, the increase in intensity between E and G cannot be
explained by the interstitial alone, requiring the presence of either
O(2) or O(1) vacancies.

Given that previous studies have suggested that the reduction
in Tc upon irradiation may be a result of the introduction of O(1)
vacancies, we have explored the possibility that Frenkel defects
and O(1) vacancies are both present in the irradiated material by
performing a linear combination of the simulated spectra from
both defects (see Supplementary Note 5, Supplementary Fig. 12).
The combined spectra do not improve the agreement with the
experimental data. However as this is a linear combination, and
we have seen that defects do interact, this may not be fully
representative of the presence of both defects. We do not find any
evidence that He+ ion irradiation removes oxygen atoms from
the O(1) chain site completely, but we have not ruled out that the
chains may become disordered by some O(1) atoms migrating to
the unoccupied equivalent site along the a-axis. We would not
expect to see significant spectral changes as a result of this kind of
disorder, were it present, because the samples we have studied are
twinned and we are measuring an average of the contributions
from Ê∣∣a and Ê∣∣b.

In addition, we have not explored the possibility that the O(4)
atoms may have been displaced. However, studies by Benzi et al.
have ruled out the presence of O(4) vacancies in low oxygen
content YBCO samples and our DFT geometry optimisations
show that O(4) vacancies by themselves do not increase the c-axis
lattice parameter significantly. In agreement with previous work,
our calculations also indicate that O(4) vacancies are not as low in
energy as O(1) vacancies.

As a comparison to ion irradiation, the XANES results on
samples that have been annealed in a reducing Ar atmosphere are
also included in Fig. 6. Both treatments lead to a decrease in Tc

and an expansion in c-axis lattice parameter, but the spectral
changes are quite different. In particular, reduction of the REBCO
is characterised by the appearance of a new peak at around 2 eV
in the Ê∣∣a/b spectrum shown in Fig. 6. This suggests the presence
of Cu in the +1 oxidation state because it closely matches the
position of the peak in the Cu2O standard sample (Fig. 4a). This
peak is also reproduced in our O(1) vacancy model, providing
strong evidence supporting the previous diffraction experiments
that oxygen is preferentially lost from the O(1) chain sites in
oxygen-deficient samples12–14. However, it is interesting to note
that despite the close match with the experimental XANES
spectra, our DFT calculations do not reproduce the modest c-axis
lattice expansion that occurs as a result of Ar-annealing just by
removal of O(1) atoms. Given that the only oxygen defect that we
have found to increase the c-axis lattice parameter is oxygen at
the interstitial site I, we speculate that Ar-annealing removes
oxygen preferentially from the O(1) sites, but that some displaced
oxygen atoms may remain in the lattice in the interstitial site. To
investigate this hypothesis, DFT calculations have been carried
out in which all of the O(1) atoms have been removed and either
a quarter or a half of the interstitial sites have been filled with an
oxygen atom. For the case where a quarter of the interstitial sites
were filled, the c-axis parameter was found to increase to 11.70Å
and when half of the sites were filled it increased to 11.85Å,
values well within the range measured experimentally. In
addition, when the modelled spectra from the O(1) vacancy is
combined with that from the interstitial (see Supplementary
Note 5, Supplementary Fig. 13), the simulated spectrum is still
compatible with the experimental data for the Ar annealed
sample. Although this analysis suggests that our experimental
data are consistent with the possibility that some oxygen atoms
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become trapped in the interstitial site, it does not provide
conclusive evidence, nor does it preclude oxygen being displaced
to other sites in the lattice.

The conclusion of this detailed analysis is that irradiation-
induced defects are different to the ones induced by simple
reduction using an Ar-anneal. The spectral changes produced by
irradiation with He ions can largely be explained by Frenkel
defects consisting of oxygen interstitials at site I and oxygen
vacancies in the Cu(2) plane. There is no evidence that He+

irradiation leads to the removal of oxygen from the O(1) chain
sites, resulting in the Cu(1) atoms being 2-fold coordinated, as
clearly occurs in the Ar-annealed samples. However, our
analysis has not ruled out the presence of oxygen disorder in
the Cu(1) plane between the O(1) sites and the equivalent sites
along the a-axis, which we do not expect to lead to significant
spectral changes owing to the presence of [100]/[010] twins in the
sample.

Discussion
Radiation damage, particularly in metals, has been studied
extensively both experimentally54 and theoretically55. In general,

when high energy ions or neutrons collide with atoms in a
crystalline material, atoms in the target absorb energy from the
projectile atom, and become displaced from their equilibrium
sites. Subsequently these primary knock-on atoms (PKAs) collide
with surrounding atoms, generating further displacements.
Thermally activated relaxation of this damaged structure allows
the lattice to return towards a stable arrangement, but high
concentrations of lattice defects such as vacancies and interstitials
remain which can diffuse through the lattice and mutually
annihilate or cluster.

Previous work on the radiation damage of REBCO, reviewed in
the Introduction, has concluded that defects in the oxygen sub-
lattice are mainly responsible for the observed decrease in the
superconducting transition temperature56. Several groups have
reported the likelihood that most of the defects involve the
migration of oxygen atoms from the chain sites based on indirect
evidence from comparing experimental results from irradiated
samples with reduced samples. However, our XANES analysis
reveals significant differences between He+ ion irradiation and
simple Ar-annealing to remove oxygen, and clearly indicates that
the oxygen atoms in the Cu planes are also affected by ion
irradiation.

Fig. 7 Comparison of the Frenkel defect model with the constituent interstitial and vacancy defect models. a, b Comparison of linear combinations of
spectra simulated from interstitial oxygen at site I and O(2) vacancy models with the Frenkel defect model Êjjc and Êjja=b, respectively. c, d Difference
spectra comparing 1016 He+ ions cm−2 irradiated relative to pristine experimental data with various defect models compared with the pristine model, for
Êjjc and Êjja=b, respectively.

ARTICLE COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-022-00272-0

10 COMMUNICATIONS MATERIALS |            (2022) 3:52 | https://doi.org/10.1038/s43246-022-00272-0 | www.nature.com/commsmat

www.nature.com/commsmat


The possiblilty of irradition causing considerable disorder in
oxygen ions in both plane and chain sites, rather than just the
chain sites, is perhaps not surprising. Stoneham and Smith con-
cluded from reviewing the early irradiation studies on high
temperature superconducting cuprates that defects are created on
all of the sublattices, but there is a greater extent of recovery on
the cation sublattices. Our simple transport of ions in matter
(TRIM) analysis of the irradiation of YBCO by 1016 ions cm−2 of
300 keV He+ predicts, using standard displacement energies of
25 eV for Y, Ba and O and 40 eV for Cu57, that there will be about
10% vacancies on each of the different sites, which is consistent
with Stoneham and Smith’s ‘shake it all up’ description. However,
there is general agreement in the literature that the O atoms are
bound more weakly in the chain sites, which has not been taken
into account in the simple TRIM analysis. The displacement
threshold energy of chain oxygens is found to vary wildly, with
many reporting typical values of around 20 eV31,56, although
values as low as 10 eV and 2 eV have also been reported58,59. The
plane oxygen displacement energy is less clear, with Tolpygo et al.
finding values of about 8 eV59, but Giapintzakis putting an upper
limit of around 64 eV31. The same study gives a value of 25 eV for
the displacement energy of Cu atoms. The lower displacement
energy for chain oxygens relative to plane oxygens is also con-
sistent with theoretical calculations of desorption energies60 and
vacancy formation energies61,62. In addition, molecular dynamic
simulations by Gray63 show that the threshold displacement
energies are very angle-dependent, with typical values for oxygen
of 9–26 eV, although in some directions displacement energies as
low as 2.5 eV or as high as 64 eV have been found. Their mole-
cular dynamics (MD) simulations of low energy (5 keV) impacts
show that more oxygen vacancies are created than cation
vacancies, reflecting the lower threshold displacement energies of
this sublattice, and that after the initial impact there is less
recombination of oxygen defects compared to the other cation
defects. Despite this complexity and uncertainty in suitable
threshold displacement energies, since our basic TRIM analysis
uses threshold energies near the upper end of those reported in
the literature, it is reasonable to assume that 300 keV He+ ions
will have sufficient energy to displace plane site oxygen ions as
well as those occupying chain sites.

Both the XRD and the XANES results presented here show that
it is possible to reduce the structural damage caused by a high
dose of He+ irradiation by annealing in oxygen, although
superconductivity in this highly damaged sample has not
returned. Oxygen is highly mobile in the REBCO structure60, so it
is not surprising that the concentration of defects on the oxygen
sublattice decreases on annealing, especially if displaced oxygen is
not removed from the sample. Considerable recovery has also
been reported previously in samples that have been irradiated to a
lesser extent using neutrons, protons and electrons15, and a recent
paper by Iliffe et al. shows that the superconducting properties of
coated conductors irradiated with He+ ions at low temperature
are substantially recovered by annealing at room temperature64.

Conclusions
Understanding the tolerance of technological high temperature
superconductors to fast neutron irradiation is crucial for the
design of the next generation of compact fusion tokamaks. Ion
irradiation is commonly used as a proxy for neutron damage
owing to the experimental difficulties and huge expense asso-
ciated with studying neutron irradiated samples. However,
although many of the effects of neutron irradiation on the
superconducting properties can be reproduced using ions, it is
still unclear whether the damage mechanisms are the same. This
is mainly because the point defects responsible are very difficult to

image in the TEM. In this study, we have used high energy
resolution X-ray spectroscopy at the Cu K-edge combined with
DFT modelling of defect structures, and XRD and TEM data to
establish crystallographic data to calibrate the models, to gain new
understanding of the nature of defects induced by He+ ion
irradiation. In particular, we have found clear evidence that
defects occur in the copper-oxygen planes, challenging the pre-
vious assumption in some of the literature that the decrease in Tc

arises solely from loss of oxygen or oxygen disorder in the chains.
Since the Cu-O planes are responsible for superconductivity,
defects around the Cu(2) sites are expected to have a major
impact on the superconducting transition temperature. We have
found that the presence of Frenkel defects consisting of oxygen
vacancies at the O(2) site in the plane and oxygen interstitials in
between the Cu(2) and Cu(3) planes, which are known to be
relatively low energy defects, reproduce many of the spectral and
crystallographic changes observed as a result of ion irradiation.
However, a more comprehensive study of a wider range of pos-
sible defect structures is required to support the conclusion that
this is the most prevalent defect caused by ion irradiation.

This study provides the foundations for future research on the
effect of different projectiles, including fast neutrons, on the
nature of radiation damage. Since neutron experiments are highly
expensive and restrictive, and fusion spectrum neutrons are not
available at all, this detailed understanding of radiation damage
mechanisms will allow the best proxies for neutron irradiation to
be devised. In addition, our XANES and XRD results show that
post-irradiation annealing results in a slight recovery of the
material as the defect density decreases. This suggests that dif-
fusional recovery mechanisms are important in determining the
extent of radiation damage in REBCO, highlighting the acute
need to assess radiation damage and recovery at the cryogenic
temperatures relevant for the operation of fusion magnets.

Methods
Sample preparation. We have used (Y,Gd)BCO-based 4 mm wide coated con-
ductor with a 1 μm thick superconducting layer manufactured by SuperPower in
2011 on a 50 μm C276 Hastelloy substrate. The sequence of buffer layers, from
substrate to REBCO layer, are alumina, yttria, magnesium oxide (textured using
ion-beam assisted deposition (IBAD)) and lanthanum manganese oxide. After
deposition of the (Y,Gd)BCO superconducting layer using metal-organic chemical
vapour deposition (MOCVD), the coated conductor was encased in 2 μm of silver
and 20 μm of copper45. To expose the REBCO layer, wet etching with was used to
remove the copper and silver outer layers. The copper layer was removed using a
FeCl3 solution (60 g FeCl3 to 100 ml water) and the resultant silver chloride and
underlying silver layers were subsequently removed with a mixture of ammonia
and hydrogen peroxide (each 30% water solutions, mixed in 1:1 ratio)65. Disk
samples were then produced using a 3 mm diameter TEM punch ensuring the
exposed HTS is adjacent to the die during punching to minimise damage.

Annealing of the coated conductors was carried out using the conditions
reported by Eley et al.66. Argon annealing was performed by encapsulating each
disk sample in 1 atm argon within separate glass tubes. Each tube was then heated
to 300 °C at 20 °C min−1 for 3 h. Each glass tube remained intact until mounting
for the XANES experiment. Oxygen annealing was performed in flowing oxygen in
a tube furnace at 300 °C for 3 h.

Ion irradiation. Irradiation of the samples with 300 keV helium was analysed using
SRIM67 to assess the level of damage and helium ion implantation. A full cascade
calculation was performed using threshold displacement energies (Ed) based on
MacFarlane et al.57 (Ed(Gd)= Ed(Y)= Ed(Ba)= Ed(O)= Ed(Ni)= 25 eV;
Ed(Cu)= 40 eV) and lattice binding energy and surface binding energy set to 0 eV.
The number of ions simulated was 1 × 105. Mass density of (Y,Gd)BCO was taken
to be 6.632 g cm−3, equivalent to a number density of 7.455 × 1022 cm−3. The
hastelloy substrate was assumed to be 100% nickel of density 8.895 g cm−3,
equivalent to a number density of 9.13 × 1022 cm−3.

Sample characterisation. A Tc measurement of each disk sample was performed
using a VSM insert in a Quantum Design MPMS3. Samples were placed between
quartz blocks in the brass holder and zero field cooled to 20 K. The magnetic
moment of the sample was measured on warming using a 5 mT measurement field.
Tc,onset and Tc,offset values were defined as the intersection points of linear fits of the
transition region with the normal state region just above Tc and the
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superconducting region below Tc, respectively. The transition width was defined as
ΔTc= Tc,onset− Tc,offset.

X-ray diffraction analysis was carried out in Bragg-Brentano geometry in a
Panalytical Empyrean diffractometer using Cu Kα X-rays. Highscore software was
used to fit the background and the diffraction peaks and strip the Kα2 component.
Accurate c-axis lattice parameters were extracted by extrapolating to zero a plot of
c-axis lattice parameter calculated from each (00l) peak against cos2θ

sin θ , to correct for
systematic errors arising from displacement of the sample surface from the
diffractometer axis68. Williamson-Hall analysis was performed to estimate
inhomogeneous strain in the sample68.

STEM experiments. TEM cross-sections from both the un-irradiated and irra-
diated samples were prepared by in-situ lift-out using focused ion beam milling in a
ZEISS NVision 40 dual beam FIB using 30 kV Ga+ ions down to a thickness of
about 150 nm and final low energy surface cleaning using 2 kV 250 pA Ga+ ions
down to about 40 nm with a deliberate wedge shape of the lamella to ensure the
ideal thickness for observing microstructural damage somewhere in the sample.
Scanning Transmission Electron Microscopy (STEM) measurements were con-
ducted on a JEOL ARM300F probe aberration-corrected microscope (at ePSIC-
Diamond Light Source) operated at 300 kV accelerating voltage. We used a probe
with 26.7 mrad convergence semi-angle and 25 pA current. High-angle annular
dark-field STEM images were gathered at 9 cm camera length, with scattering
collection angles of 77–210 mrad in the inner and outer range of the annular
detector, respectively. For a more accurate atomic position measurements, we
collected 10 HAADF frames, each 512 by 512 pixels, with scan dwell time of 5 μsec
[Using a plug-in developed by Bernhard Schaffer (http://digitalmicrograph-
scripting.tavernmaker.de/other%20packages/StackBuilder%20(on%20image%
20update)%20tool.pdf)]. These stacks were aligned using hyperspy. Structural
parameters were extracted from the aligned HAADF image stacks using the Ato-
map package to fit the Ba and RE (brightest) atomic column positions using centre
of mass refinement first, and then 2D-Gaussian refinement50. Post-analysis to
divide the data into the two different Ba sites and the RE site was performed using
bespoke python code and the unit cell dimensions for about 300 unit cells per
image stack were extracted from adjacent RE atom positions (see Supplementary
Note 2).

XAS experiments. The HERFD-XAS experiments were performed at room tem-
perature at beamline I20-Scanning69 at Diamond Light Source (Didcot, United
Kingdom). At the time of the measurements the synchrotron was operating with a
ring energy of 3 GeV and at a current of 300 mA. The beamline was equipped with
an in-house designed four-bounce scanning Si(111) monochromator70 and the
rejection of higher harmonics was achieved by using two dedicated Rh-coated
mirrors operating at 4.5 mrad incidence angle. The x-ray emission spectrometer71

based on a 1 m diameter Rowland circle operating in the Johann configuration in
the vertical plane72 was used for the experiment. The Cu Kα1 emission line
(8048 eV) was collected using three 100 mm diameter Si(444) spherically bent
analyser crystals. An ionisation chamber filled with the appropriate mixture of He
and Ar gases to absorb 20% of the beam was used as an incident intensity monitor,
while a four element Medipix-Merlin photon-counting pixel detector73 was used to
monitor the Kα1 emission line. All the HERFD-XANES measurements were col-
lected at the peak of the Kα1 line emission line. The total energy resolution is given
by the convolution of the incident energy and the resolution provided by the
spectrometer, and it is below 1 eV (~0.8 eV). The experimental spectra have been
normalised to a step edge of 1, using the standard procedure74–77. Difference plots
have been calculated from the normalised spectra. The energy calibration has been
performed by setting zero energy to the first peak in the first derivative of the
spectrum from the Cu foil standard, following the method in Heald et al.12.

DFT calculations. First principles simulations have been carried out using plane-
wave pesudopotential density functional theory code CASTEP78 together with the
OptaDOS spectral simulation code79 to simulate XANES spectra. The rSCAN
functional80 was used along with ultrasoft pseudopotentials. A cut-off energy of
650 eV and k-point spacing of 0.03Å−1 were used for the geometry optimisations,
and all the structures were optimised until the forces on each atom were less than
5 × 10−3 eV Å −1. During the geometry optimisations, the structures were con-
strained to keep angles α, β and γ equal to 90°. The a, b and c lattice parameters
were allowed to change, and the atoms move, except in the case of the O(1) vacancy
mode where the a and b lattice parameters were constrained to be the same. A cut-
off energy of 650 eV and spectral k-point spacing of 0.02Å−1 were used for the
XANES spectrum simulations. For both the geometry optimised and spectral
calculation, increasing the cut-off energy and k-point spacing was found to have no
visible effect of the simulated spectra.

To model the XANES spectra, a corehole has been created by removing a
electron from the Cu 1s orbital. 2x2x1 supercells have been used for the XANES
spectra simulations to prevent corehole-corehole interactions. Increasing the
supercell size did not have any visual effect on the spectrum apart from the pre-
edge region, which we have not considered in this paper. In order to compare the
simulated spectra with experimental data, broadening due to instrumentation
effects and life-time and been included in the calculation. The theoretical spectrum

was convolved with a Gaussian with a full width at half maximum (FWHM) of
1.0 eV to represent the energy resolution of the experimental set up. An energy
dependent Lorentzian with a FWHM of E/10 eV, where E is the energy above the
Fermi level, has been used to represent the broadening due to the finite lifetimes of
the final states. Spectra were simulated for inequivalent sites and combined using
the method of Mizoguchi et al.81. Charge density distributions were obtained from
the DFT calculations using the c2x program82.

Data availability
The data sets generated during this study are available from the ORA repository, www.
ora.ox.ac.uk, https://doi.org/10.5287/bodleian:Mz7M9Q8aj.
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