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Abstract

Understanding irradiation damage of REBCO is increasingly of interest for compact tokamak
fusion reactor designs, as these materials are critical for the proposed magnetic plasma
confinement systems. Here commercially sourced samples of REBCO coated conductor are
irradiated with 300 keV He™ ions to a damage level of 169 x 10~3 displacements-per-atom, to
the point where superconductivity is no longer detectable, meaning these samples correspond to
a non-functional end-of-life component in a fusion reactor context. Subsequent analysis of the
crystal structure through a combination of x-ray diffraction and x-ray absorption spectroscopy
measurements reveals a complex variation away from the as-grown structure. The local
structure probed by the spectroscopy measurements is further observed to change as a function
of the relative polarisation of the incident x-ray beam, indicating that within this damage regime
the structural anisotropy of the REBCO unit cell plays a determining role in where defects
accumulate within the material. Here the local structure measurements probing the a-b plane of
the system vary significantly less than those probing the c-axis direction following irradiation,
mirroring the observed trend in the x-ray diffraction data that the a.b ratio is preserved upon
irradiation whilst the absolute values increase, whereas the c-axis parameter expands. These
observations highlight the role of oxygen defect formation in driving the degradation of
superconductivity within irradiated REBCO. These changes are observed to preferentially
accumulate along the c-axis of the material, indicating a possible mechanistic signature of the
degradation of the superconducting properties within these systems that are evident using a
local structure probe such as extended x-ray absorption fine structure.
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1. Introduction

The next generation of small-scale tokamak designs are reli-
ant upon high-temperature superconductor (HTS) coil tech-
nologies for the confinement of the plasma in which the
fusion process occurs [1, 2]. A leading HTS candidate mater-
ial for these coils are the rare-earth barium cuprates (REBCO),
(RE)Ba,Cu307_g, which are commercially available as flex-
ible tapes of micron thick pseudo-single crystal thin films pro-
duced in a coated conductor architecture [3]. Within these
applications, the conditions in which these HTS coils are situ-
ated exposes the material to a flux of high energy neutrons.
Prolonged neutron irradiation is associated with an eventual
degradation of the superconducting properties of REBCO,
after an initial increase in in-field performance due to an
enhanced density of flux pinning centres from the formation of
point defects and damage cascades within the crystal structure
[4]. Eventually this accumulation of irradiation damage within
the HTS can result in the complete loss of superconductiv-
ity, which would introduce a finite component lifetime for
REBCO coils within a tokamak [5-10].

The defect morphologies formed within REBCO by
particle irradiation are non-trivial [11], in part due to the com-
plexity of the pristine crystal structure. REBCO coated con-
ductors are biaxially textured, with the c-axis of the crystal
aligned to the surface normal, and the a/b axes aligned paral-
lel to the length of the material. Fully oxygenated REBCO has
an orthorhombic structure, in which the copper atoms have two
coordination environments, Cu(1) and Cu(2). These environ-
ments are typically described as Cu(1) chain and Cu(2) planes,
with these different Cu environments labelled in figure 1.

This crystal structure is further complicated by the fact
that REBCO materials are naturally twinned, with <110>
twin boundaries and domains rotated 90° about the c-axis.
This results in bulk probes of material structure, such as x-
ray diffraction and x-ray absorption spectroscopy, sampling
both the @ and b directions of the material simultaneously.
Furthermore, stacking faults are noted to occur which intro-
duce a minority of additional Cu local environments to the
system, in the form of (RE)Ba,Cu4Oyg intergrowths [12]. We
would expect both REBCO phases will be affected by irradi-
ation damage, and thus the initial stacking fault density will
impact the observed alteration to both the superconducting
properties and arrangement of atoms within the material struc-
ture following irradiation.

Building upon previous work to understand the impact of
irradiation on the superconducting properties of REBCO and
the characteristics of the irradiation induced defects within
these systems [9, 10, 13, 14], further measurements of the local
coordination environment of the copper atoms are undertaken.

Here the Cu K-edge is measured using x-ray absorption spec-
troscopy (XAS), with these measurements extended to higher
energies above the absorption edge to capture the extended x-
ray absorption fine structure (EXAFS) within the XAS sig-
nal. This technique provides an element specific probe of the
local structure of a material for a given absorbing atomic spe-
cies, and thus provides information on the inter atomic dis-
tances between the absorbing Cu atoms and their neighbouring
atomic sites. The short-order structural information obtained
by the EXAFS analysis complements previous studies of the
electronic structure of REBCO under irradiation [13, 14], and
provides an additional verification of the validity of the defect
structures modelled using Density Functional Theory.

Furthermore by collecting measurements as a function of
polarisation, the inter atomic distances probed by this tech-
nique can be preferentially tuned to be sensitive to either the
c-axis or a-b oriented components of the REBCO structure. In
this measurement mode, the individual scattering paths have a
relative amplitude factor that is dependent on both the incid-
ent angle of the oscillating electromagnetic field of the x-rays
upon the sample, and the relative angle of the scattering path
relative to the absorbing atom. Schematically this is shown in
figure 2 where each angle is defined explicitly, with the polar-
ised amplitude factors, X pol, being calculable relative to the
45° absorption spectrum [15], x 45, as

Xpol = 3(sin(fg) x sin(f4) x cos(pg — Pa)
+ cos(fg) x cos(64))*x 45 (1)

Using equation (1), these calculations enable the differ-
ent scattering paths to be probed preferentially, by collecting
measurements with the sample oriented such that the beam is
incident at 80° (aligned to the c-axis) and 10° (aligned to the
a-b plane) relative to the sample surface normal.

To study the impact of irradiation on the REBCO unit cell,
He™ ions are used as a proxy irradiation species for high
energy neutrons that are the predominant irradiation species
within fusion reactor applications. This is based on previous
work that suggests a similarity between point defects induced
by He ion irradiation and neutron irradiation [14], and so
here are employed to study the underlying mechanisms of the
degradation of superconductivity through the accumulation of
point defects. Although it is non-trivial to relate ion and neut-
ron damage profiles for a given fluence in a quantitative man-
ner due to neutron irradiation being dependent on both the
neutron energy and the diverse variety of possible nuclear reac-
tions, the ion irradiation treatment employed in this study cor-
responds to damage levels well beyond the operational lifetime
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Figure 1. The REBCO unit cell, shown with Y at the RE site.
Labelled are the individual elements within the orthorhombic
structure, as well as the directions corresponding to the c-axis
(shaded magenta) and the a-b planes (shaded green). Each of the
two Cu environments are labelled for the front face of the unit cell.

of a REBCO fusion component. As such, this treatment simu-
lates the damage that would correspond to a loss of supercon-
ductivity in the REBCO layer to probe the underlying mechan-
isms, rather than a simulation of the in-situ irradiation expec-
ted during routine operation.

In addition to the XAS studies, x-ray diffraction (XRD)
was also used to determine the structural impact of irradiation
on REBCO. This technique was used to probe the static crys-
tal structure of the material, and complement the information
obtained from the XAS analysis. To relate these probes to the
superconductivity of the irradiated system, the superconduct-
ing transition temperature was characterised using vibrating
sample magnetometry (VSM). Through this combination of
methods, the impact of irradiation on the local structure of
Cu in REBCO is evaluated, providing new insights into the
mechanisms that drive the loss of superconductivity within this
operational regime of HTS materials relevant to applications
in emerging technologies.

2. Methods

2.1 Sample properties and processing

The REBCO coated conductor samples studied herein were
sourced from SuperPower, from a batch produced in 2011.
Here the rare earth element site is partially occupied by
both Y and Gd in a 1:1 volume ratio, producing an overall
(Y/Gd)BayCu307_s unit cell. The superconducting proper-
ties of this system are improved by the inclusion of BaZrO3
nanorods which improve the superconducting current density

Figure 2. Polarised x-ray absorption schematic for an absorbing
atom i, with the incident x-ray shown as a sinusoidal oscillation of
the electromagnetic field relative to the axes of a crystal unit cell.
Here the angles relative to the field are subscript E, with subscript A
denoting angles relative to the scattering atom A.

through acting as artificial pinning centres. As manufactured,
these coated conductor samples are encased in protective cap-
ping layers of Ag (2 um) and Cu (20 pm), with the REBCO
layer (1 pm) grown by MOVCD on top of a series of buffer
materials that sit between the REBCO and a C276 Hastelloy
substrate (50 pum). Starting at the REBCO layer and terminat-
ing next to the Hastelloy substrate, the buffer layer sequence
for these coated conductors is AlO3, Y,0s3, ion-beam assisted
deposited MgO, and LaMnOs.

Prior to characterisation, the outermost 20 ym Cu and 2 um
Ag capping layers were etched away using FeCl; solution
(60 g FeCl; to 100 ml water) to remove the Cu, followed by a
mixture of ammonia and hydrogen peroxide (each 30% water
solutions mixed in a 1:1 ratio) to remove the resulting AgCl
reaction product and the Ag layer. This process exposed the
surface of the 1 um thick MOCVD deposited REBCO layer.
The samples were then punched from the as-produced 4 mm
wide tape into a 3 mm diameter disc.

2.2. lon irradiation

Ion irradiation was carried out at the Surrey lon Beam Centre
using 300 keV He™ ions incident onto the coated conductor
sample to a fluence of 1.6 x 10'® cm~2, with a beam cur-
rent of 130 nA. The impact of this irradiation was analysed
using SRIM [16], where a full cascade calculation was carried
out using elemental threshold displacement energies (Eq4) of
E4(Gd) = E4(Y) = Eg(Ba) = Eq(O) = Eq(Ni) = 25 eV, and
E4(Cu) = 40 eV [17], and lattice binding and surface bind-
ing energies set to 0 eV. The number of ions simulated was
1 x 10, with the mass density of the REBCO taken to be
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Figure 3. Simulated ion implantation profile for He™ into REBCO,
calculated using SRIM. The interface between the REBCO layer
and the underlying buffer and substrate materials is shown by a solid
black line, with the irradiation profile (blue dashed line)
corresponding to an average damage level of 169 mdpa.

6.632 gcm 3. Here the Hastelloy C276 substrate was mod-
elled as pure Ni of density 8.895 gcm™3, and the intervening
buffer layers were omitted. This simulation resulted in an aver-
age displacement per atom (dpa) damage level of 169 mdpa,
with the damage profile shown in figure 3.

Here it is evident that the Bragg peak of the incident radi-
ation is situated within the 1 pm thick REBCO layer of the
coated conductor, and not in the buffer layers or substrate.
This results in a non-uniform irradiation profile throughout the
REBCO layer.

2.3. X-ray diffraction measurements

XRD characterisation was carried out using a Cu K« source in
a Panalytical Empyrean diffractometer configured in Bragg—
Brentano geometry, with a 3-axis (z-x-®) cradle sample
mount. Highscore™ software was used to fit the background
and the diffraction peak centres, and to strip the Ka, compon-
ent of the data. The c-lattice parameter was calculated from
these peak centres using the Nelson-Riley function, where the
lattice parameter was the extrapolated y-intercept, accounting
for the systematic errors from mounting the sample. The in-
plane a-b lattice parameters were calculated from off-specular,
in-plane measurements collected using the reciprocal space
mapping function of the diffractometer. Here the finite angu-
lar range of the diffractometer limited the number of reachable
reflections, resulting in a larger uncertainty in the a/b axis lat-
tice parameter values calculated.

2.4. X-ray absorption measurements

Room temperature XAS measurements were collected at the
Diamond Light Source (Didcot, UK), beamline I20-Scanning.
The synchrotron ring energy was 3 GeV at a current of
300 mA, and the beamline made use of a bespoke four-
bounce scanning Si(111) monochromator with higher harmon-
ics rejected through the use of two Rh-coated mirrors at 5 mrad
incidence angle. X-rays were detected via a 64-element mono-
lithic Ge detector coupled with Xspress4 readout system [18],
and the energy of the monochromatic beam was calibrated by
using the first derivative of the XAS spectrum of a Cu foil
measured in transmission.

Measurements were collected with each 3 mm diameter
sample mounted onto a Teflon disc with double sided adhesive
tape, held in place within a plastic holder. This setup ensured
that there was no Cu present within the mounting apparatus,
which would mask the Cu K-edge absorption signal from the
sample. The sample stage was adjustable in x-y-z and rotation
around the azimuthal angle, enabling alignment of the sample
to the beam and polarisation dependent measurements to be
achieved.

All XAS data normalisation was carried out using stand-
ard processing procedures in the Demeter analysis suite [19],
with multiple-scattering path fitting achieved using a pristine
YBa,CuzO7 unit cell reference file (ICSD-62465) [20] as a
basis for scattering path calculations. To minimise the para-
meter space, all fits were based on the pristine structure, with
afull list of both the fitted and constrained parameters included
in the supplementary information as tables SI table 1—SI table
3. Notably, the pristine structure includes a scattering path
along the c-axis that is similar in distance to one from intersti-
tial O in the Frenkel defect structure, which informs the eval-
uation of the XAS fits.

2.5. Simulated spectra using FEFF10

EXAFS spectra were simulated for the REBa,CuzO7_;s
Frenkel defect and REBa,CusOg (REBCO-124) stacking fault
defect using FEFF10 [21, 22]. Here the Frenkel defect struc-
ture is formed by moving an O atom at an O2 site of pristine
REBCO-123, in the a-b plane between neighbouring Cu(2)
atoms, to an interstitial position between two neighbouring
Cu(2) atoms along the c-axis direction [13], introducing new
Cu-O distances to the unit cell. Two Frenkel model defect
structures were used: the 1 x 1 x 1 defect structure from
[13] and a 2 x 2 X 1 supercell which was created based on
a2 x 2 x 1 supercell of the REBCO-123 structure with one
Frenkel defect in it. The geometry of the 2 x 2 x 1 supercell
structure was optimised using the DFT code CASTEP [23],
with the rSCAN functional and ultrasoft pseudopotentials. The
structures were constrained so that angles «, $ and v remained
equal to 90°. A cut-off energy of 650 eV, k-point spacing of
0.03 A" and fine grid scale value (which determines the size
of the fine grid relative to the cut-off sphere) of 2.5 were used
and the structure were optimised until the forces on atoms
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were less than 5 x 1073 eV A~!. This is the same proced-
ure that was used in [13] to geometry optimised the 1 x 1 x 1
Frenkel defect. The unit cell is shown for the 1 x 1 x 1 model
in the supplementary information as SI figure 1. It is worth
noting that the geometry optimised Frenkel defect unit cells
have slightly different c-axis lattice parameters following geo-
metry optimisation with the previously reported 1 x 1 x 1
cell having ¢ = 12.20 A [13] and the 2 x 2 X 1 case having
¢ = 11.69 A. This variation informed the qualitative compar-
ison of the simulated spectra rather than using these structures
for quantitative fits to the experimental data.

The REBCO-124 calculations made use of ICSD-74259 as
areference structure [24], shown in SI figure 2. Here each sim-
ulation approximates the rare-earth site to be occupied solely
by Y, as previous studied have shown that there is little spec-
troscopic difference between the local structure of either Gd
or Y rare-earth sites within REBCO [13, 14].

In FEFF10, each spectrum was simulated for the Cu K-edge
with a converged self-consistent potential of radius of 5.0 A to
a spectral range of k = 20 A~!. The longest path simulated
was fixed to 5 A, and the amplitude factor Sy was set to unity.
The Debye—Waller factors of the EXAFS were calculated for
a sample temperature of 300 K and a Debye—Waller temperat-
ure of 400 K, with this value determined through a review of
published ambient pressure values for YBa,Cu3O7_; [25-31].

To enable a qualitative comparison between the REBCO
coated conductor experimental spectra and these defect model
simulations, the simulated spectra had their Ey values of
the simulated spectra were set to the relevant experimental
value for the pristine sample, which for the 45° spectra was
Ey=8990.3 eV.

2.6. Vibrating sample magnetometry measurements

Critical temperature (7.) values were determined using a
Quantum Design Magnetic Property Measurement System
(MPMS 3) in Vibrating Sample Magnetometer mode. Secured
within a brass holder by two quartz cylinders and polyimide
tape, each sample disc was zero-field cooled to 10 K before a
5 mT field was applied.

The magnetic moment of each sample was then recorded as
a function of temperature during warming to 120 K, with 7',
onset defined as the point of divergence from a linear fit of the
normal-state moment.

3. Results

3.1 X-ray diffraction

The crystal structure of the coated conductor HTS REBCO
layer was characterised using XRD, with the standard phase
identification #-26 scan plotted in figure 4 for both the pristine
sample and after irradiation. Here it is evident in the pristine
(blue) pattern that the diffraction peaks are sharp and well
defined relative to the background, indicating a good degree
of crystallinity. (00]) reflections were clearly observable up to
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Figure 4. XRD patterns of the REBCO coated conductor when
pristine (blue) and following He™ irradiation (red). Peaks attributed
to the buffer layer materials are shown with dashed black lines, with
the remaining peaks identified as REBCO (001) peaks. Reference
(001) peaks for pristine bulk REBCO are included as black triangles
relative to both diffraction patterns to highlight their relative
agreement.

the (0013) peak at 260 = 117.38°, enabling for an accurate cal-
culation of the c-axis lattice parameter of the sample.

Upon irradiation, the XRD pattern (red) becomes broader
in 26, indicating a greater degree of disorder within the inter-
planar distances of the crystal, in keeping with the inhomogen-
eous irradiation profile of figure 3. It is notable however that no
additional phases emerge as a function of the irradiation treat-
ment. The relatively higher background signal and decreased
relative signal amplitude of the diffraction peaks further indic-
ate an increase in disorder within the static crystal structure
upon irradiation.

In-plane measurements of the REBCO crystal structure are
plotted in figure 5, with the pristine (309) reflection plotted in
figure 5(A), and the same reflection plotted after He™ irradi-
ation in figure 5(B). In the pristine scan, the twinning of the
REBCO crystal structure is clear, with two reflections separ-
ated in 26 clearly visible. Here the left peak corresponds to the
(039), with the right-hand peak at larger 26 corresponding to
the twinned (309) reflection. Both reflections are pronounced
relative to the background of the measurement. Upon irradi-
ation, the data of figure 5(B) shows both a heightened back-
ground level and a loss of the two distinct peaks from the (309)
and (039) reflections. This is further shown in the line scans
across the maxima of these plots, included in the supplement-
ary information as SI figure 3. These changes to the in-plane
reflections demonstrate that the irradiation damage not only
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Figure 5. Off-specular XRD patterns, scanned in w-26 over the (309) reflection. (A) Pristine REBCO, (B) He™ irradiated REBCO. (A)
Clearly displays the characteristic twinning associated with high quality crystalline REBCO, which is then lost in (B) upon irradiation. Peak

maxima for each plot are denoted as the intersection of the black lines.

Table 1. Lattice parameters determined by XRD analysis for each coated conductor sample as a function of sample treatment.

Sample a-axis [A] b-axis [A] c-axis [A] ((a+ b)/2)/c a-axis % shift b-axis % shift c-axis % shift
Pristine 3.822 4+ 0.001 3.868 + 0.020 11.727 £ 0.003 0.328 0.99 0.98 182
106 He ™ 3.860 4+ 0.020 3.906 + 0.050 11.941 £ 0.010 0.325 ’ ' ’

results in an alteration of the c-axis lattice parameter noted in
figure 4, but also impacts the in-plane a-axis and b-axis lattice
parameters.

Using the data plotted in figures 4 and 5, and additional
in-plane scans included in the supplementary information as
SI figure 4 (with the corresponding line scans shown as SI
figure 5), the lattice parameters of the REBCO layer tabulated
in table 1. These were calculated using the 26 corresponding
to the maximum peak intensities highlighted on each figure
with the intersecting lines. Table 1 shows that all three lattice
parameters increase upon irradiation, with the c-axis lattice
parameter increasing the most with approximately a factor of
2 greater percentage change observed along the c-axis of the
unit cell relative to the a-axis and b-axis. Both the out-of-pane
and in-plane measurements of figures 4 and 5 display less well
defined peaks upon irradiation which are broader in 26, further
indicating a degradation in crystal quality following this treat-
ment, suggesting an increase of disorder within the sample.
It is however notable that the a:b lattice parameter ratio is
retained upon irradiation, with no indication from this XRD
analysis that either of these in-plane axes are more susceptible
to the impact of the irradiation treatment than the other.

Furthermore, table 1 highlights that despite the observed
increase in disorder upon irradiation, the XRD characterisa-
tion does not provide evidence for a loss of the orthorhombic
crystal structure following irradiation. As the orthorhombic
to tetragonal phase transition is strongly associated with the
loss of O from the REBCO structure, this instead supports the
retention of oxygenation of the material, with O instead being
displaced within the material by the incident irradiation.

3.2. Superconducting transition temperature measurements

Magnetic characterisation of the superconducting transition
temperature was performed using a VSM, with the results for
these REBCO samples plotted in figure 6. Here it is evident
that the pristine sample displayed a superconducting transition
with an onset 7. = 89.4 K, but the irradiated sample did not
undergo a superconducting transition above 10 K. This indic-
ates a significant suppression in the superconducting proper-
ties of the coated conductor REBCO layer, in agreement with
previously reported measurements [13].

3.3. EXAFS

The effect of the sample treatment on the local disorder in the
REBCO unit cell has been analysed using EXAFS measure-
ments as a local probe of disorder within the REBCO unit
cell. For quantitative analysis, the fits are constrained based on
experimental lattice parameters measured by XRD and the rel-
ative positions of atoms within the unit cell. For example, the
Cu(1) to O nearest-neighbour path along the b-axis of figure 1
is constrained to have the O site half way between the two
neighbouring Cu(1) sites. The different scattering path lengths
associated with each Cu environment in pristine REBCO are
shown in figure 7 as the Fourier transform modulus, with the
relative distance to each scattering atom is shown in decimal
notation in figures 7(A) and (B), such that O1.1 is the first
nearest O at an Ol site, with O1.2 being the second nearest.
Due to the high number of similar scattering distances
from the REBCO Cu sites, it follows that the constructive
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Figure 6. 7. measurements of the REBCO coated conductors
before and after He™ irradiation. Here the superconducting
transition for the irradiated sample is not visible, thus 7. < 10 K.

and destructive interference of signals from these scattering
paths results in a complex EXAFS spectrum, sensitive to both
subtle changes to the unit cell and sufficiently complex to
make the determination of the origin of a given spectral change
challenging. This can be clearly demonstrated in the Cu-O
single scattering paths, colloquially referred to as the first oxy-
gen shell, which when plotted in terms of the wavenumber &k
(figure 8) show how paths with similar inter atomic distances
can produce destructive interference in k-space that would
impact the Fourier transformed real space spectra. The Cu(1)-
Ol1.1 path (blue, R = 1.846 A) relative to Cu(2)-01.1 (purple,
R =2.296 A) is the clearest example of this.

With these details of the REBCO local structure estab-
lished, the EXAFS analysis is approached in two phases. First,
a quantitative fit is undertaken for the pristine coated conductor
samples. The aim of this analysis is to establish how close
the as-grown material is to the ‘perfect’ crystal structure, and
whether any manufacturing defects are evident.

However, as the irradiation profile detailed in figure 3 is
non-uniform, and as the information content of the REBCO
unit cell is high when probed using this local structure meth-
odology as there are many overlapping paths, only the first
oxygen shell of paths (shown in figure 8) are quantitatively
fitted in the irradiated sample. A more qualitative approach
is used to interpret the longer paths. This enables the sens-
itivity of the nearest neighbour oxygen region of the spec-
tra to be exploited, whilst also avoiding the complexity of
modelling multiple scattering paths at higher inter atomic dis-
tances which would be highly sensitive to defects in the second
nearest neighbour oxygen positions, and thus if quantitatively
analysed would offer limited further insight.

For each data set, the complete EXAFS fitting parameters
are detailed in the supplementary information as SI tables 1

and 2 for the pristine sample measured at angles of 10° and 80°
respectively, and in SI table 3 for the He™ irradiated sample.
The pristine data are modelled between 1—4.5 A for each meas-
ured angle including high-amplitude multiple scattering paths,
whereas the irradiated analysis was limited to the first shell
between 1-2.5 A and thus only includes Cu-O single scatter-
ing paths. All subsequent Fourier transformed (FT) EXAFS
signal plots are phase uncorrected, such that the plotted peaks
are offset relative to their fitted inter atomic distances. For
the 10° data, paths were constrained where possible to be in
accordance with the XRD derived g-axis and b-axis lattice
parameters to reduce to the parameter space of the fits, and
to keep the model consistent with the static structure charac-
terised by XRD in figures 4 and 5. The 45° data contain sig-
nificant scattering amplitudes from both a/b plane and c-axis
aligned paths, and so are presented unfitted to avoid overpara-
meterisation. The 80° EXAFS inter atomic distance analysis is
a fitted model where these inter atomic distances were allowed
to vary, as these are oriented along the c-axis of the mater-
ial. The decision to fit along the c-axis direction, rather than
using the XRD determined c-axis lattice parameter values, is
motivated by the finite information range probed by EXAFS
being ~5 A, meaning that the c-axis lattice parameters determ-
ined in the analysis of figure 4 are of limited utility for fitting
scattering paths that contribute towards the detected EXAFS
signal. All fits are performed in R-space, with the respect-
ive k-range that was used for the FT of the data detailed in
the supplementary information in the corresponding parameter
table.

For the pristine sample, the FT of the measured spectra is
plotted for each of the three measured angles in figure 9(A).
Here it is evident that the spectra vary as a function of the
measurement angle, as shown by equation (1), such that dif-
ferent paths have angle dependent magnitudes. Overall the
spectral features of figure 9(A) agree well with the expec-
ted inter atomic distance distribution within pristine REBCO,
highlighting the agreement between the static structure probed
by XRD and this local structure probe.

This angular dependence then informs the fits for the 10°
and 80° FT plotted in figures 9(B) and (C) respectively. The
10° data, which is more sensitive to the a-b plane, displays
some disagreement in the FT peak around 3.7 A with the
remainder of the spectra being well captured by the pristine
model, whereas the 80° data that is preferentially aligned
along the c-axis of the unit cell shows less disagreement in this
region. It is however notable that the first FT peak in the 80°
data, corresponding to the Cu-O scattering from the nearest
neighbour O sites is less well captured by the pristine model,
indicating that the positions of the O atoms that occupy the site
between the Cu(1) and Cu(2) sites along the c-axis of the unit
cell are likely to be more variable than would be expected for
a perfect single crystal of REBCO. Overall, the fitted spectra
of figure 9 show a good level of agreement between the FT
data and the model, indicating that the local structure of the as
manufactured coated conductor is well approximated by the
YBa,Cu307_5 scattering path model.

The irradiation treatment however produces a marked evol-
ution of the observed spectra, which are plotted relative to the
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Figure 7. Single scattering paths of pristine REBCO plotted up to 4 A, with this range avoiding the multiple scattering paths between
4.0-4.5 A. Paths were calculated using FEFF with an initial REBCO input CIF file (ICSD-62465) [20]. (A) Cu(2) paths, (B) Cu(1) paths.
(C) Diagram of the Cu environments of REBCO, with the scattering sites labelled and potential Cu absorber sites highlighted in bold. Here
the boundary of the unit cell is shown by the dashed lines, with the bonds between atoms shown by the solid lines. The unit cell is truncated

along the c-axis for clarity.
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Figure 8. The single scattering Cu-O paths of REBCO, plotted for both REBCO Cu absorption environments for the nearest neighbour O

sites (R < 2.5 A) that make up the first coordination shell.

corresponding pristine FT spectra below in figure 10, again
in terms of the absolute magnitude and real component of the
Fourier transform. The extracted EXAFS signals are included
in the supplementary information (SI figure 6) as k-dependent
plots.

In the He™ irradiated data (red), the amplitude of the 3—
4 A FT peaks in the 45° spectra of figure 10(A) decrease in

keeping with the increased disorder seen in the XRD meas-
urements of figure 5, whereas the FT peak at 1-2 A remains
largely unchanged with only a slight shift to lower inter atomic
distance. This highlights the value of polarisation depend-
ent methodologies for local structure probes of such complex
materials, as it is challenging to gain further insight into the
evolution of the local structure from this data set alone without
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Figure 9. Analysis of pristine sample EXAFS. (A) The magnitude of the Fourier transforms at 45° (black), 10° (green), and 80° (orange),
with the main features labelled. Here MS denotes multiple-scattering paths. The other panels show experimental data (blue solid lines) and
the best fit (dashed lines) of the magnitude (upper) and real part (lower) of the Fourier transform of the pristine sample EXAFS: (B) 10°,

and (C) 80° measurement angles. The FT of these signals utilised k-ranges of 3-13.15 A~! (45°), 3-13.5 A~! (10°), and 3-14 A~! (80°).

comparison to polarised measurements that deconvolute the
different FT spectral components.

In figure 10(B) the 10° He™ irradiated data (red) displays
the same loss of amplitude in the 3-4 A region as observed
in the 45° FT data of figure 10(A), but a clearer distinction
between the contributing peaks is more evident than in the
pristine data (blue). The 1-2 A FT peak also shifts slightly to
lower inter atomic distance, but the main change to the spec-
tra is again in the 3—4 A region of the plot associated with the
Cu-Cu, Cu-Ba, and Cu-RE scattering along with the second
nearest neighbour Cu-O distances. This implies a small change
to the a-b plane of the REBCO with the features centred at
similar inter atomic distances, whereas the previously noted

disorder observed by XRD continues to modulate the spec-
tral amplitude with increasing distance from the absorbing Cu
atom.

The 80° FT spectra, plotted in figure 10(C), are preferen-
tially sampling the c-axis of the REBCO unit cell. Upon He™
irradiation, the data (red) continues the previously described
trend in the lowering of the 3-4 A FT peak amplitude, but here
shows a sharper FT peak between 1-2 A. As highlighted by
figures 7 and 8, this indicates a movement of the O1.1 site that
sits along the c-axis of the unit cell, resulting in the previously
partially destructive superposition of the Cu-O1.1 scattering
paths from Cu(1l) and Cu(2) moving into phase, resulting in
the observed increase in spectral amplitude within this region.
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Figure 10. Experimental data for the pristine (blue) and irradiated (red) sample, plotted as the magnitude (upper) and real part (lower) of
the Fourier transform: (A) 45°, (B) 10°, and (C) 80° measurement angles. The FT of these signals utilised a k-range for the pristine (blue)
measurements of: (A) 3—-13.15 A~!, (B) 3-13.5 A, (C) 3-14 A~". The k-ranges used for the irradiated (red) measurements are: (A)

3-14 A7', (B)3-12.75 A=, and (C) 3-13.45 A~

By inspection, the observed spectral features are different
both in prior to and post irradiation, and change depending
on the measurement angle. This is shown more clearly for the
first coordination shell around the Cu atoms in figure 11(A).
Furthermore, for the irradiated sample the divergence from the
pristine local structure is marked when attempting to fit the
irradiated FT data to the pristine YBCO structure. The res-
ults of this fitting process are shown in figures 11(B) and (C),
where for figure 11(B) the scattering paths have been con-
strained to correspond to the lattice parameters derived from
XRD tabulated as table 1, whereas the 80° data of figure 11(C)
has scattering paths where the inter atomic distances were
fitted.

10

As figure 11(B) has the Cu-Cu distances constrained by
the XRD derived lattice parameters, the respective O sites are
kept in the same relative position within the YBCO unit cell.
By inspection, this yields relatively good agreement between
the model and the FT data, with the real component of the
absorption at the bottom of each respective figure highlighting
this good agreement. This indicates that most of the oxygen
atoms in the a-b plane continue to occupy their expected pos-
itions between the Cu sites that define the boundaries of the
a-b plane.

The 80° measurement fits plotted in figure 11(C) aim to
reproduce the peak originating from the first oxygen shell
around the absorbing Cu atoms, and this model does not fully
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Figure 11. Analysis of irradiated sample EXAFS. (A) The magnitude of the Fourier transforms at 45° (black), 10° (green), and 80°
(orange), with the main feature labelled. The other panels show experimental data (blue solid lines) and the best fit (dashed lines) of the
magnitude (upper) and real part (lower) of the Fourier transform of the pristine sample EXAFS: (B) 10°, and (C) 80° measurement angles.

The FT of these signals utilised k-ranges of 3-14 A~! (45°), 3-12.75 A~! (10°), and 3-13.45 A~! (80°).

capture the shape of either the FT magnitude of the absorption
spectra (at the top of the plot) or the FT real component (plot-
ted at the base of the figure). Particularly, there is disagreement
in the 1.5-2.0 A region of figure 11(C), which corresponds
to the Cu(2)-O1.1 scattering distance in the pristine REBCO
structure.

3.4. Simulated EXAFS spectra

To qualitatively understand the evolution of these EXAFS data
sets, modelling of the EXAFS for different unit cell struc-
tures was undertaken for comparison with the empirical data.
Simulations of 45° EXAFS for REBCO-123, REBCO-124,

and REBCO-123 with a Frenkel defect are plotted below in
figure 12.

The simulated spectra of figure 12 are plotted relative to the
pristine spectra collected from the coated conductor samples
(blue) at 45°, and here it is evident that the REBCO-123
simulation (green) does not perfectly align with the experi-
mental data. The first Cu-O shell around the 1.0-2.0 A region
is lower in amplitude and less well defined in the simula-
tion, whereas the Cu-Ba and Cu-RE FT peak around 3.0-
3.5 A is comparatively closer in agreement to the experimental
spectrum. Despite these deficiencies, the single-scattering path
amplitudes occur at roughly similar inter atomic distances
between the pristine experimental spectra and the simulated
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Figure 12. Comparison of the magnitude of the FT for the pristine
(blue) and the irradiated (red) sample measured at 45°, and further
simulated EXAFS spectra. These simulations include REBCO-123
(green), a stacking fault phase of REBCO-124 (orange), the point
defect induced Frenkel defect froma 1 x 1 x 1 cell (purple), and
the same defect simulated for a2 x 2 x 1 cell (brown). The k-range
utilised for the Fourier transforms of these simulated spectra were;
3-12.17 A~! (REBCO-123), 3-12 A~! (REBCO-124), 3-12.5 A~!
(Frenkel 1 x 1 x 1), and 3-12 A~" (Frenkel 2 x 2 x 1).

REBCO-123 spectra, establishing a baseline of comparison for
other simulated structures.

Notably, the REBCO-124 simulated structure has a third
Cu environment, Cu(3), which is not present in the REBCO-
123 structure. This introduces further Cu-O scattering path dis-
tances, which in the EXAFS FT manifest as peaks which are
not possible within the REBCO-123 structure. These are most
prominent in the 2.00-2.75 A region of the FT of the REBCO-
124 simulated spectra (orange), which dominate the features
of this FT profile and are not observed in the experimental data.
Thus, any REBCO-124 impurity or stacking faults within the
pristine coated conductor appear minimal, and do not domin-
ate the experimental spectra.

Finally, the Frenkel defect structure formed by moving an
O atom at an O2 site of pristine REBCO-123, in the a-b plane
between neighbouring Cu(2) atoms, to an interstitial posi-
tion between two neighbouring Cu(2) atoms along the c-axis
direction [13], are shown for two unit cell size simulations.
For one of these simulations a 2 x 2 x 1 supercell was used
such that 25% of the REBCO was modelled with such a defect,
producing the brown spectra of figure 12. Here there is a gen-
eral agreement to the observed FT of the experimental spec-
tra post irradiation, with broader features across the range of
inter atomic distance and comparable amplitudes between Cu-
O dominated FT peak at low inter atomic distance and the more

distant Cu-Ba, Cu-RE, and Cu-Cu FT peaks. For complete-
ness a1 x 1 x 1 Frenkel simulation is also included (purple),
demonstrating that the pure defect case does not agree with
the FT experimental 45° spectra to the same degree. This dif-
ference could arise due to the variation in the defect density
within the modelled material, but could also be caused the dif-
ference in the self-interaction between defect sites in neigh-
bouring unit cells in the 2 x 2 x 1 supercell compared to the
1 x 1 x 1 system.

4. Discussion

These measurements have established that a phase-pure,
highly crystalline coated conductor of REBCO is sensitive to
He™ irradiation, and that the evolution of the local structure
is anisotropic with respect to the REBCO unit cell. The initial
quality of the pristine crystal structure was assessed by XRD
measurements detailed in figures 4 and 5, and was observed
to undergo the superconducting phase transition at the expec-
ted critical temperature in VSM measurements presented in
figure 6.

Upon irradiation, the degradation of the crystal quality was
evident both in the c-axis out-of-plane XRD measurements
and the in-plane w-26 scans of figures 4 and 5 respectively,
which resulted in an increase in the lattice parameters detailed
in table 1, as well as a significant degradation in the supercon-
ducting transition temperature to beyond the detectable range
of VSM measurements (7. < 10 K). The XRD analysis indic-
ates that the lattice expands in all directions, but with the c-axis
increasing by a larger amount and with the a:b ratio being con-
served. As such, the damage profile plotted in figure 3 was suf-
ficient to cause the entirety of the REBCO layer of the coated
conductor to lose its superconducting functionality, resulting
from a significant loss of the crystalline quality.

To complement the static structure probe of the XRD char-
acterisation of figures 4 and 5, local structure measurements
using polarisation dependent Cu K-edge XAS allow the inter
atomic distances around the Cu sites to be studied through
the analysis of the FT of the EXAFS region. In the pristine
sample measurements shown in figure 9, these were found to
agree well with a YBa,Cu307_; reference structure, with the
c-axis aligned 80° FT measurements of figure 9(C) displaying
the greatest variation from this standard. From the multiple-
scattering modelling, this variance is attributed to changes in
the Cu-O distances along the c-axis, indicating a degree of
inhomogeneity in O site distribution along this axis of the
unit cell in the as-manufactured state. This could indicate the
presence of some interstitial O atoms in the as-grown coated
conductor.

Following the He™ irradiation, the a-b sensitive 10° FT
measurements of figure 10(B) vary minimally around the first
shell peak corresponding to the Cu-O distances, indicating
that the a-b plane Cu-O distances are predominantly preserved
upon this irradiation treatment, and that fixing the O posi-
tions between the expanding Cu sites as determined by the
XRD analysis reproduces the FT spectra well in figure 11(B).
However, the 80° FT measurements plotted in figure 10(C)
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show a greater degree of variation relative to the pristine
spectra, with a marked increase in signal amplitude around the
first Cu-O shell. This is attributed to a shift in the Cu(2)-O1.1
inter atomic distance, plotted in terms of wavenumber k in
figure 7, such that the previously partially destructive interfer-
ence of the Cu(1)-O1.1 and Cu(2)-O1.1 scattering paths was
altered to a more constructive interference following irradi-
ation. This would explain the observed increase in the FT amp-
litude in this region and would suggest that in contrast to the
relative robust retention of the Cu-O distances in the a-b plane
of the REBCO, the c-axis Cu-O distances are more suscept-
ible to irradiation damage, indicating an anisotropic distribu-
tion of irradiation damage effects within the REBCO structure.
Furthermore, the retention of the Cu-O signal indicates that
the irradiation treatment does not lead to a deoxygenation of
the material, consistent with our previous XANES results that
showed no evidence of Cu in the 41 oxidation state following
irradiation [13].

To further interrogate the FT experimental spectra, the sim-
ulated FT EXAFS spectra plotted in figure 12 enable a qualit-
ative assessment of the local structure within both the pristine
and irradiated coated conductor. The REBCO-124 phase does
not appear to contribute to the experimental spectra, either
prior to or following the irradiation treatment, and thus the
stacking fault density of the manufactured material appears to
be negligible. The irradiated FT data does however qualitat-
ively agree with the simulated FT Frenkel 2 x 2 x 1 spectrum,
indicating that the evolution of the local structure within these
samples is subtle and determined by the movement of O within
the otherwise retained REBCO structure, in which the Cu, Ba
and RE elements retain their relative distribution even as the
unit cell of the material expands.

Whereas the model employed for fitting the pristine and
irradiated REBCO FT spectra is largely focussed on the Cu-
O distances present within the pristine REBCO structure, the
findings of this analysis are compatible with a possible Frenkel
defect, in keeping with previous studies [13]. In the analysis
of figures 9 and 11, a shift in the FT peak corresponding to a c-
axis aligned Cu-O distance is observed. In the pristine REBCO
unit cell formalism, this is modelled as a shift in the Cu-O1.1
inter atomic distances, but a Frenkel defect would introduce a
similar shift in the c-axis aligned Cu-O scattering by introdu-
cing an interstitial O site about the Cu(2) environment, such
that a new c-axis aligned scattering path is formed. However,
as the irradiation profile plotted in figure 3 is inhomogeneous
due to the placement of the Bragg peak within the REBCO
layer, distinguishing between a shift in the O1.1 site and the
formation of Frenkel defect around the Cu(2) atom using a
volume averaged local structure probe such as XAS is chal-
lenging. A validation of different defect models would be best
conducted with a uniform damage profile across the REBCO
layer, allowing for these subtle FT spectral shifts to be decon-
voluted from the pristine structure more readily.

Whereas the exact defect structure induced by this irradi-
ation treatment is non-trivial to determine from this data, the
FT spectra indicate that the different crystallographic axes of
the REBCO unit cell respond to the irradiation differently,
with the c-axis O sites shifting more drastically than those

within the a-b plane of the unit cell. This anisotropic irradi-
ation response will inform further studies into the irradiation
of REBCO coated conductors, and highlights the importance
of axis specific probes in understanding the defect landscapes
within these structurally complex REBCO systems.

5. Conclusion

The results of these measurements link both the degradation
of crystallinity within He™ irradiated REBCO and the loss of
superconductivity within the system to changes in the local
structure of the Cu atoms. Here a distinct susceptibility of the
local structure to accumulated irradiation damage is seen along
the c-axis of the material, with the a-b plane varying more
subtly for the employed irradiation treatment. The evolution
of the CuO scattering region of the FT spectra upon irradi-
ation is supportive of O defect damage models within these
material systems, especially given the inhomogeneous dam-
age level and complete loss of superconductivity within these
samples. This suggests that the accumulation of damage within
the material is associated with O defect formation, which given
the greater mobility of O, is conceivably more reversible than
cation defects within the crystal lattice. These results provide
further evidence of the utility of polarised EXAFS measure-
ments in studying the defect landscape induced by irradiation
in complex materials, with the employed methodology suit-
able for studies of other anisotropic crystal structures that are
subject to irradiation.
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