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Tunable Dimensionality of Pinning Centers From
Silver-Ion Irradiation of REBCO
Coated Conductors

N. M. Strickland™, A. A. Soman ", N. J. Long

and S. C. Wimbush

Abstract—Heavy-ion irradiation of solids produces damage
tracks with radii typically of the order of 1 nm, depending on the
ion species and energy. In cuprate superconductors this is close to
the coherence length, which makes these defects highly effective
flux pinning centers. Varying the ion-beam energy allows tuning of
the dimensionality of the defects created, with higher-energy ions
tending to produce columnar tracks and lower-energy ions tending
to produce point-like defects. Starting with consistent production-
standard REBCO tape from American Superconductor we have
explored the energy-dependence of silver-ion irradiation and char-
acterized the irradiated samples with angle-dependent transport
critical current measurements. Using silver ions with energies in the
range 50 MeV to 150 MeV and fluence of 4 x 10'! ions/cm? we have
been able to tune the irradiation-induced damage from point-like
defects to columnar tracks, manifesting in changes to the pinning
landscape ranging from isotropic critical current enhancement to
the production of strong peaks in the angle dependence of critical
current.

Index Terms—REBCO, ion irradiation, coated conductors,
critical current anisotropy.

1. INTRODUCTION

RRADIATION of solid materials with high-energy ion
beams is well known to produce damage tracks along
the trajectory of the ions associated with collision cascades.
Low-energy and low-mass ions tend to leave point-like de-
fects whereas high-energy and high-mass ions produce con-
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tinuous columnar tracks. In an intermediate regime the tracks
can be columnar but discontinuous [1]. In a crystalline host
material the tracks consist of highly disordered or amor-
phized material which makes them observable by small-
angle X-ray scattering [2] or electron microscopy [3] for
example.

In high-temperature superconducting (HTS) cuprate materi-
als, ion-beam induced defects are of similar radial dimensions
to the superconducting coherence length making them effective
flux-pinning centers at an appropriate number density [3], [4],
[51, (6], [7], [8], [9], [10], [11], [12]. Ion irradiation is there-
fore a useful way to study flux pinning with highly controlled
variations since the defects created are nominally superposed
on the existing defect landscape. The number density is easily
controlled with the ion fluence and the angle of tracks by the
incident angle of the ion beam. With control over track radius
and length through the ion species and beam energy a range
of pinning variations can be explored in a systematic way.
Particularly important for such a study is the ability to probe
a wide experimental parameter space of temperature, magnetic
field and magnetic field angle, with populations of defects with
different dimensions, aspect ratios, orientations and number
density contributing to different parts of the parameter space.
At high number densities defects begin to overlap thus reducing
flux-pinning benefits and eventually the characteristics of a bulk
superconductor will be lost.

The morphology of defects is governed largely by the elec-
tronic energy loss (also known as stopping power) S, = dE/dx
of the ion beam through the target material, as this represents
the linear transfer of energy to the lattice. The energy loss is a
function of the ion, the target material and the ion energy and can
be calculated for example through the software package SRIM
[13]. Regimes of energy loss have been identified corresponding
to the formation of point-like defects, overlapping point-like
defects, discontinuous columnar tracks and continuous colum-
nar tracks with threshold energy loss values of approximately
12 MeV/pm, 22 MeV/pm and 27 MeV/pum between these
regimes [1].

In this study we have irradiated REBa;Cu3O7 (REBCO) HTS
coated conductors with Ag ions with energies in the range of
50 MeV to 150 MeV. Energy loss values at entry into the HTS
layer range from 12 MeV/um to 22 MeV/um allowing us to
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TABLE I
CALCULATED REDUCTION IN ION ENERGY DUE TO ENERGY LOSS IN THE
SILVER CAP LAYER AND HTS FILM

Ion energy (MeV) Ener(gl\}/][é(if/ili;)HTs
Incident HTStop  HTS bottom HTS top HTS bottom
50 32 17 12.4 8.3
75 52 32 15.8 12.4
100 73 50 18.2 15.5
150 119 90 21.4 19.6

explore the critical current anisotropy resulting from the creation
of a range of point-like to discontinuous columnar tracks.

II. EXPERIMENTAL METHODS

A. HTS Tape

The HTS samples were cut from long-length commercially
available tapes from American Superconductor Corporation
[14]. The nominal composition of the HTS film is YBayCu30O7
+ 0.25 Dy,0O3 with the excess rare-earth mostly forming 3D
precipitates throughout the film. The Y and Dy atoms are fully
intermixed between the precipitates and the REBCO matrix. The
HTS filmis 1.4 pm thick and is capped with a 1 pm thick silver
layer, which is thinner than usual to reduce its impact on the
incident ion beam. No further electroplating or lamination layers
were applied. The coated conductor was annealed to a fully
oxygenated state and pinning-optimized prior to the irradiation
study.

A current bridge 0.5 mm wide by 5 mm long was created on
each sample to reduce the area that was required to be irradiated.
The bridges were created using either photolithography and wet
chemical etching or a laser scriber. The critical current I, of
pristine samples was consistent across both of these methods
and non-patterned samples.

B. Irradiation and Annealing

Irradiation with Ag ions was undertaken at the Heavy Ion
Accelerator Facility at the Australian National University. All
irradiations were conducted at normal incidence to the tape. The
average ion energy decreases as the ions pass through the silver
cap layer and the HTS film itself. The ion energies at the top
and bottom of the HTS film have been calculated in SRIM and
are summarized in Table I for the four incident energies used
here. Also noted are the values of energy loss at the top and
bottom of the film. Practical coated conductors often have HTS
film thickness greater than 1 pm and the change in energy loss
through the film can lead to different defect morphologies from
top to bottom. Transport /. then reveals an average flux pinning
effect. In Fig. 1 we show the dependence of energy loss on ion
energy for Ag ions within the HTS layer of our samples. The
four nominal beam energies used in this work are indicated, with
their energies at the top interface of the HTS layer plotted. For
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Fig. 1. Relationship between energy and electronic energy loss of high-energy
Ag ions in (Y, Dy) BCO. Four points are labelled by their nominal energy at
incidence to the sample, but have had their plotted energies corrected to the value
at the start of the (Y, Dy) BCO film due to passage through a silver cap layer.

the remainder of this article we will label the samples with their
incident beam energy.

After irradiation, the superconducting transition temperature
T. was typically degraded by several kelvin and the self-field
critical current at 77 K was also degraded, as is typical following
irradiation. Samples were therefore annealed in an oxygen atmo-
sphere at 250 °C for 1 hour after irradiation to improve oxygen
order in the main REBCO matrix without re-crystallizing the
amorphized ion-damage tracks. The final 7, remained up to 3 K
lower than the pristine starting material. Annealing improved
the critical current across all temperature, field, and field angle
conditions relative to the freshly irradiated samples.

C. Critical Current Measurement

Transport critical current (/) was measured for each sample
in a SuperCurrent Measurement System [ 15]. The magnetic field
was applied in the standard maximum Lorentz force condition,
i.e., always in the plane perpendicular to the transport current.
Magnetic fields of 0 T to 8 T, sample temperatures of 15 K to
90 K, and field angles of 0° to 360° could be applied. Transport
currents of up to 1200 A were available, but typically less than
200 A was sufficient to reach /. due to the narrow current bridges.

III. RESULTS AND DISCUSSION
A. Critical Current Anisotropy

The critical current anisotropy I.(0) at 65 K, 8 T is shown in
Fig. 2 for the pristine sample and samples irradiated with Ag
ions at four different energies to a fluence of 4 x 10'! ions/cm?.

The pristine sample has quite an isotropic critical current at
this condition, except for a sharp ab-plane peak associated with
the planar stacking faults and the onset of intrinsic pinning where
1. reaches about 60% higher than the background level. Weak
features emerging from a nearly isotropic background include a
small c-axis peak and intermediate peaks at £60°, £120° that
we will attribute to broad c-axis directed pinning in Section III-B
below.
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Fig. 2. Critical current anisotropy measured at 65 K, 8 T for the pristine

unirradiated sample and samples irradiated at normal incidence (0°) with Ag
ions at four different energies each to a fluence of 4 x 10'! jons/cm?.

Upon irradiation with Ag ions there is a clear evolution of
features with increasing beam energy. 50 MeV Ag irradiation
qualitatively retains the features of the pristine sample; the main
change relative to pristine being an overall lift of the isotropic
background by about 50%. The small c-axis peak already present
in the pristine sample does not increase in strength, but the
intermediate peaks become slightly more pronounced. 75 MeV
irradiation sees the clear emergence of a strong c-axis peak while
also retaining the intermediate peaks. This is a clear signature of
a transition from isolated point-like defects for 50 MeV to c-axis
correlated extended discontinuous columnar tracks at 75 MeV.
The c-axis peak further strengthens and sharpens for irradiation
at higher energies of 100 MeV and 150 MeV indicating that
the tracks become more and more columnar in nature, trending
towards continuous columns. At 100 MeV and 150 MeV itis also
notable that the intermediate peaks are significantly diminished
to the point where /.. in their vicinity is lower than that of the
pristine sample.

B. Maximum Entropy Model Fits

The maximum entropy vortex-path model has been shown to
be a useful method for quantifying trends in angle dependences
of I. [16], [17], [18], [19], [20]. This is a conventional function-
fitting approach as opposed to a field-scaling approach which
cannot meaningfully describe any of the data shown in Fig. 2.

Two maximum-entropy functional forms are available,
namely an angular Lorentzian:

1. (0) = 22 — )
cos? (6 — 6y) + (1/r) sin2 (6 — 6o)

and an angular Gaussian:

I. (0) _M> 2)

Iy 1
~ V2r T cos? (6 —6g) P ( 212

where in both cases I' is a peak shape parameter (loosely, peak

width), Iy an intensity parameter and the peak is centered at
0 = 0y. Lorentzians are best restricted toI' < 1 with' = 1 a
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limiting case giving a constant, fully isotropic /. over all angles.
I" > 1 results in the same functional forms as the reciprocal
values but with the peak shifted by 90° and is usually best
avoided for simplicity of interpretation.

The five angle dependences of Fig. 2 are reproduced in
Fig. 3(a)—(e) with fits to these functional forms. Two Lorentzians
and two Gaussians are used in each case as well as an isotropic
component. The two Lorentzian components fit the ab-plane
peak at 90° (intrinsic pinning [20] or stacking faults [21]) and
the c-axis peak at 0° which is weak in the pristine sample
but becomes strong for high-energy irradiations. The £60° and
+120° intermediate peaks can be fitted with a Gaussian centered
at 0° (on the c-axis). A feature of the angular Gaussian lineshape
is that when it becomes broad (I' > 1/+/2) a local minimum
develops at line center and the peak bifurcates symmetrically
into two peaks. This is notable since it successfully describes
the intermediate peaks observed here which otherwise have no
reasonable explanation in terms of inclined elongated defect
structures. Instead we can interpret these peaks as arising from
a broad distribution of available vortex paths with a weak c-axis
bias and therefore centered at 0°. The presence of such vortex
paths could be associated with grain- or twin- boundaries for
example in the pristine sample and with slightly elongated
defects or strings of correlated defects in irradiated samples.
Such slightly elongated or correlated defects are created by
50-75 MeV Ag irradiation [22]. Fitting with a single Gaussian
gives qualitatively convincing fits, however here we have used
two Gaussians both centered at 0° but with [" parameters con-
strained to differ by a factor of two—a pairing of lineshapes
that appears to be common in conductors of this type. This
use of two Gaussians yields very good and unambiguous fits
and allows us to quantify the intensity and lineshape parameters
of the dominant components—the two main Lorentzians—with
some confidence. Selected fit parameters are plotted in Fig. 4 as
a function of the incident ion energy.

Features that are clear from these fit parameters include:

¢ the intensity of the isotropic component associated with
point-like pins increases upon irradiation at 50 MeV and
75 MeV but then decreases for 100 MeV and 150 MeV
(Fig. 4(a)),

e the intensity of the c-axis Lorentzian associated with
columnar defects is barely changed for 50 MeV but then
grows (Fig. 4(a)) and sharpens (Fig. 4(b)) as the energy
increases from 75 MeV, and

¢ theintermediate peaks fitted by c-axis bifurcated Gaussians
associated with weakly c-axis directed pinning strengthen
upon irradiation at 50 MeV and 75 MeV but then almost
disappear at 100 MeV and 150 MeV (Fig. 4(c)).

All of these observations are consistent with the crossover in
dimensionality from point-like defects giving nearly isotropic
pinning at 50 MeV to slightly elongated defects giving both
isotropic and c-axis enhanced pinning at 75 MeV to very elon-
gated defects at 150 MeV giving strongly preferential c-axis
pinning. The very broad c-axis directed Gaussian components
are enhanced for a specific range of energies (from 50 to 75 MeV)
as the new pinning centers are sufficiently short in their c-axis
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Fig. 3. Fits to the critical current anisotropy data of Fig. 2 using maximum
entropy angular Lorentzian and angular Gaussian functions.

elongation to still contribute to pinning over a wide angular
range. These features are then lost in favor of the sharper c-axis
Lorentzian component as the defects become more elongated at
higher energies.
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Fig.4. Selected parameters of the maximum entropy fits of Fig. 3: (a) Intensity
parameter /o of the isotropic and two Lorentzian components, (b) Lineshape
parameter 1" of the two Lorentzian components and (c) Intensity parameter of
the two broad Gaussian components.

IV. CONCLUSION

We have irradiated (Y,Dy)BCO coated conductors with Ag
ions with incident energies ranging from 50 MeV to 150 MeV.
Characterization of the critical current anisotropy shows
qualitatively different outcomes over this energy range with a
clear progression of additional pinning centers. 50 MeV largely
increases the isotropic pinning component with no increase
of the c-axis peak. At 75 MeV a strong c-axis peak appears
in conjunction with the isotropic component, indicating the
creation of slightly elongated ion tracks. At the higher energies,
100 MeV and 150 MeV, the c-axis peak grows sharper and the
broad and isotropic components fall away indicating a gradual
transition from point-like to elongated track defects. At the
temperature and field condition examined, 65 K and 8 T, the
lower ion energies of 50 MeV to 75 MeV are most effective for
enhancing the angular minimum /. whereas the higher energies
promote perpendicular-field pinning at the cost of pinning at
intermediate angles, especially immediately adjacent to the
sharp ab-plane peak.

A full characterization of these effects across all temperatures
and fields will open the way to using combined irradiation
schemes to produce tailored pinning landscapes.
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