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Abstract: This work presents a comparison of different commercial tapes belonging to the second-
generation High-Temperature Superconductors (2G HTS) produced by SuNAM Co., Ltd., SuperOx,
and Shanghai Superconductors Technology Co., Ltd. (SST) companies. The aim is to investigate
pinning mechanisms responsible for best performances, looking at the anisotropy of the irreversibility
field and of the flux pinning energy. The irreversibility line states the upper limit of current-carrying
capacity, whereas the flux pinning energy explores the ability of material defects to act as weak
collectively or strong single vortex pinning centers. All investigated samples have artificial pinning
centers (APCs) included in the superconducting matrix: BHO-doped EuBCO for SST, Y,O3 in YBCO
for SuperOx, and Gd,O3 particles trapped in GABCO for SUNAM. Resistive transition curves were
measured in high magnetic fields up to 16 T for magnetic field orientations parallel and perpendicular
to the tape surface. We found that the anistropy of SST tape shows an overall independence both on
temperature and magnetic field, while the other two samples show a more complex behavior. This
leads to the conclusion that properly engineered APC optimization in coated conductors can further
reduce anisotropy of superconducting properties.

Keywords: flux pinning energy; irreversibility field; commercial REBCO tape; magnetoresistance
measurements

1. Introduction

In recent times, coated conductor (CC) based on Rare Earth Barium Copper Oxide
(REBCO) superconductors have attracted significant attention for their outstanding per-
formance in high-field and high-power applications given their ability to maintain high
current density in high magnetic fields in a temperature range where conventional super-
conductors fall short [1-5]. That’s why REBCO superconductors already are or will shortly
be employed in the manufacturing of cables, magnets, transformers, fault current limiters,
and rotating machines. Their ability to carry current at extremely high densities enables
them to not only reduce energy losses but also significantly decrease the weight and size of
devices in various applications [6-9].

REBCO-coated conductors are produced by advanced technological processes, typi-
cally involving multiple steps that require different fabrication techniques and sophisticated
equipment. By the way, the whole fabrication process must be reliable, scalable, and possi-
bly open to improvements in order to produce the long-length tapes needed for the majority
of applications [10-12]. Thus, REBCO CC tapes can be seen as a complex system with a
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multilayered structure where a series of buffer layers facilitate a kind of epitaxial growth
of the REBCO superconducting layer with a degree of crystallographic orientations that
realizes the functional properties of the superconducting tapes [9,13,14], preserving and
possibly improving the maximum electrical current that can flow through a superconductor,
that is the critical current, I, and its resilience against high magnetic fields [15-18]. Several
companies manufacture REBCO CC tapes, each employing specific combinations of materi-
als and fabrication techniques. These manufacturing processes offer a variety of conductors
with different properties, establishing REBCO CC tapes as a leading High-Temperature
Superconductors (HTS) on the commercial market [19-26].

Critical parameters, particularly the external magnetic field, have a considerable
influence on the superconductor critical current. The significant current decrease with
increasing magnetic field is due to the dissipative motion of the Abrikosov vortices driven
by the Lorentz force rising from the combined action of the current flowing through the
superconductor and of the externally applied, or self-induced, magnetic field. An effective
way to reduce this critical current drop is to strengthen the material capability to pin the
vortices. A suitable way to improve pinning properties is achieved by introducing defects
into the superconductor, which anchor the non-superconducting cores of the vortices
and which do not deplete significantly critical temperature at the same time [27]. The
effectiveness of vortex pinning is significantly influenced by microstructural defects [28,29].
Defects that result from high-energy particle irradiation of the superconductor [30-32],
deliberate inclusion of extrinsic compounds [33-37], and intrinsic defects produced during
the manufacturing process can all function as effective pinning centers. These defects
interact with the vortices while vortices are interacting with each other, establishing a
complex pinning landscape essential for maintaining high critical current under varying
magnetic fields and temperatures [38,39].

Given the important role of pinning properties, it is important to better understand
and characterize all the mechanisms leading to these properties in commercially available
superconducting tapes [40,41]. By studying the flux pinning energy behavior, it is possible
to add valuable information to this knowledge, which in turn is critical to improving
the performance of superconducting devices and ensuring their reliability in real-world
applications [40—43]. That is why the present study aims to investigate the pinning prop-
erties, and in particular flux pinning energy and its anisotropy in high applied magnetic
fields of coated conductors produced by SUNAM and SuperOx. Through detailed electrical
transport measurements, we seek to elucidate the performance and operational capabilities
of these coated conductors across a range of magnetic fields and temperatures. Our findings
will contribute to a broader understanding of vortex dynamics and pinning mechanisms in
commercial REBCO tapes, providing valuable insights for the development and application
of superconducting technologies.

2. Materials & Methods
2.1. Samples

In this study, we focused on analyzing samples from SuperOx Japan LLC (SuperOx Japan
LLC, Sagamihara Incubation Center (SIC-3), Sagamihara, Kanagawa 1880-2 Kamimizo, Chuo-
ku 252-0243, Japan) and SUNAM Co., Ltd. (SuNAM Co., Ltd., 52 Seungryang-gil, AnSeong,
Republic of Korea) and comparing them with Shanghai Superconductors Technology Co.,
Ltd. (Shanghai Superconductor Technology Co., Ltd. (SST), 781 Kangwei Road, Pudong
District, Shanghai, China) ones, very recently investigated [41]. In addition, we include a plain
YBCO film just studied recently as reference material [44]. Commercially coated conductors
are built on two fundamental components: a biaxially textured template and an epitaxial
REBCO layer. The textured template, consisting of a flexible metallic tape coated with a
multifunctional oxide barrier, is achieved through one of two methods: deforming the
metal substrate using rolling-assisted biaxially textured substrate technology (RABiTS) or
texturing the buffer layers deposited on the metal substrate via ion beam assisted deposition
(IBAD) and its variant, alternating beam assisted deposition (ABAD) [24,27].
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The epitaxial REBCO layer is produced using either chemical or physical deposition
methods. Chemical routes include metal organic deposition (MOD) and metal organic
chemical vapor deposition (MOCVD), while physical routes encompass pulsed laser deposi-
tion (PLD) and reactive co-evaporation (RCE). The deposition and conversion of precursors
into the REBCO layer can occur in a single step (in situ process), as seen with MOCVD and
PLD, or in two steps (ex situ process), as with MOD and RCE [10,11,24,27].

To complete the conductor, a few micrometers of a standard high-performance electri-
cal and thermal conductor, such as silver or copper, are added for moisture protection and
for thermal and electrical stabilization.

As anticipated, in this work we consider three samples in the form of coated conduc-
tors. The first sample is a BHO-doped EuBCO 4 mm wide tape produced by Shanghai
Superconductor Technology Co., Ltd. (see [41] for additional details); in the following, we
will refer to this sample as SST. The second sample is a 4 mm wide tape from SuNAM (batch
#SCN-04-200) based on GdBCO fabricated using the RCE-DR (Reactive Co-Evaporation
by Deposition and Reaction) process on IBAD substrate, with tapped Gd,Oj3 particles; in
the following we will refer to it as SUNAM. Both these samples are fully structured-coated
conductors, i.e., they have both silver and copper protective coatings on top of the super-
conducting layer. As a third sample, we consider a YBCO 12 mm wide tape with Y,03
inclusions from SuperOx (batch #5T-12-450-400) produced by PLD on IBAD. In this case,
we acquired data both on a piece of sample with a silver protective coating (in the following
SuperOx WS) and on a piece without any protective cap so that the superconducting layer
is directly exposed (in the following SuperOx NS).

2.2. Experimental Details

In this work, we carried out extensive magnetoresistance measurements across a wide
range of temperatures and magnetic fields, with the fields oriented both parallel ((Bl)) and
perpendicular ((B1)) to the surface of the coated conductors. We employed a Cryogen Free
Magnet (CFM) system from Cryogenic, Ltd. (Cryogenic Limited, Head Office: Unit 6, Acton
Park Industrial Estate, The Vale, London W3 7QE, UK) featuring a variable temperature
insert and an 18 T superconducting magnet at ENEA Frascati Research Center, whereas a
CEM system equipped with a 16 T superconducting magnet at MaSTeR-Lab in CNR-SPIN
Salerno. For the SUNAM and SST tapes, the connections were made using a low-melting
solder alloy without exposing the superconducting layer. For the SuperOx tape, two pieces
were considered. On one of these pieces (SuperOx NS), we removed the protective coating
layer by a catalytic process to expose the superconducting layer. The other piece (SuperOx
WS) has the silver coating on top of the superconducting layer. On both pieces, we prepared
the connections by using silver paste.

The measurements were conducted using a bias current of 40 mA for the SUNAM and
SST samples and 10 mA for both the SuperOx pieces, optimizing the tape configuration to
maximize the Lorentz force. The resistance as a function of temperature and magnetic field
was measured using a standard four-probe technique, with connection configurations as
illustrated in the pictures of the samples reported in Figures 1 and 3.
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Figure 1. Selection of the resistance measurements as a function of temperature at different applied
magnetic fields for field applied perpendicularly for the piece of the SuperOx sample with silver
coating (a) and the piece without any coating (b). In the upper panels, they are marked with open
circles the points at which the normal state resistance value is evaluated. In the lower panels, the
lines corresponding to 1%, 5%, and 10% of Ry criteria are shown on top of the data.

3. Results & Discussions
3.1. Criteria Choice

A crucial parameter for real-world applications is the irreversibility field (Bj). This
is the critical field above which vortices become unpinned and free to move, causing
dissipations even under a small current bias. To analyze this parameter from the point
of view of practical implementation, we estimated the irreversibility field both parallel

Bi”rr and perpendicular B-. to the CCs surface using resistivity measurements. The Bjy
values can vary depending on the measurement techniques used, such as probing different
physical quantities like magnetic moment or electric field-current density, E — |, charac-
teristics. Additionally, the criteria applied for these measurements can also affect the B,
values obtained [44]. In this work, we estimate the irreversibility field from resistance
measurements as a function of the temperature, R(T). We define the normal state resis-
tance Ry as the resistance value where the experimental data begin to deviate from linear
behavior, as shown in Figure 3 in the case of the SuperOx sample pieces. In particular, for
SuperOx WS, the Ry estimation is conducted for each set of field data due to the presence
of non-superconducting components on top of the superconducting layer, i.e., the silver
coating. Indeed, the presence of a metallic layer on top of the superconductor affects
resistance measurements in the normal state at low temperatures in a way that the onset of
the superconducting transition is shifted toward lower temperature values (see upper panel
of Figure 1a). In contrast, for the SuperOx NS piece, we estimate Ry from the zero-field
data since the onset of the superconducting transition is the same regardless of the applied
magnetic field, resulting in a fan-shape broadening of the transition itself. In other words,
the different shape of the transition (shifted for SuperOx WS, fan-like for SuperOx NS)
should be here ascribed to the presence, or absence, of a metallic cap and not to changes
in the flux pinning effect of various artificial pinning centers as reported, for example, by
Zhang et al. [45].

Once defined the criteria to estimate the normal state resistance in the two different
cases of a sample with a metallic layer on top of the superconducting one and the case
of a sample without a metallic cap, we proceeded to evaluate the irreversibility field at
different temperature values. To ensure our data remained safely above the noise level,
we adopted a 10% criterion of the normal state resistance. Since in the SuperOx WS case
1%Ry lines fell well within the noise level, while the line given by the 5% criterion is too
close to the noise band (see lower panel of Figure 1a). We opted for a 10% criterion for all
the samples for sake of estimation uniformity; that is, we estimated B;,, at 10%Ry; also for
the piece SuperOx NS. At this point, it is worth nothing that the presence of the metallic
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stabilization layer on top of the superconducting layer, as in the case of SuperOx WS, causes
a sensible decrease in normal state resistance compared with that of a bare sample such as
SuperOx NS. As a result, the same criterion corresponds to actual different threshold values.
Anyway, it can be seen in Figure 2a that the B;..(T) curves obtained for SuperOx NS and
SuperOx WS with the 10% criterion follow the same behavior. Further confirmation comes
from the comparison of the anisotropy factor i,y behaviors. Given that 7;,, is defined as

the ratio between BiHrr and BiJr_r’ in Figure 2b it is shown that the ;. (T) curves for SuperOx
NS and SuperOx WS show similar features. From these results, we can conclude that the
presence of a metallic cap does not alter the general behavior of the physical parameters,
which are estimated well below the superconducting transition middle point. Thus, in
the following, for sake of simplicity, we will refer only to the SuperOx NS piece, which
represents a sample in between a coated conductor and the reference thin film.
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Figure 2. Irreversibility Field (a) and its anisotropic factor (b) as function of the temperature for the
SuperOx sample: open symbols refer to the NS piece without the silver coating; full symbols refer to
the WS piece with silver coating on top of the superconducting layer.

3.2. Irreversibility Field

Figure 3 shows a selection of the R(T) curves for SuNAM, SST, and SuperOx tapes,
obtained under varying applied magnetic fields, with the applied magnetic field parallel
and perpendicular to the surface of the coated conductor. The results demonstrated that the
resistive transition broadens with increasing magnetic field strength in both orientations
and shows the anisotropic behavior in the resistive transition. It is worth to recall that
SuNAM and SST samples have a metallic stabilization layer on top of the superconducting
layer, as in the case of SuperOx WS. Thus, also for SuNAM and SST samples, the onset
of the superconducting transition is shifted towards lower temperature as the applied
magnetic field increases. Thus, for both SUNAM and SST tapes, Ry is estimated for each
set R(T) curve. In contrast, for the SuperOx NS sample, we estimate Ry from the zero-field
data as reported previously (Figure 1b).

From data reported in Figure 3b, the resulting B;;; behaviors for SUNAM and SuperOx
NS are evaluated and reported in Figure 4, together with the SST CCs data presented
in our recent work [41]. In particular, we can observe the temperature dependence of
the irreversibility field anisotropy parameter 7;.. This is an important parameter to be
considered, since a too high value (>10) typical of highly anisotropic materials such as
BiSCCO requires special attention when designing devices in which the orientation of
the magnetic field with respect to the tape cannot be fixed along the whole conductor
(e.g., magnets for particle accelerators) [24,27]. Once 7,y data are reported as a function
of the reduced temperature t = T /T, with T, being the critical temperature evaluated at
50% of Ry for each R(T, H) curve, the three tapes show not that different behaviors. In
particular, in the case of SST, the anisotropy is almost constant around a value of 4 with just
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a slight increase near ¢ = 1, while for SuUNAM and for SuperOx it is almost constant for
t < 1, but with higher values. Anyway, the values of 7;,, are always well below the typical
values for high anisotropic superconductors for all three tapes, which can be then defined
as moderately anisotropic CCs.
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Figure 3. Selection of the resistance measurements as a function of temperature at different applied
magnetic fields for field applied parallel (a,c,e), and perpendicular (b,d,f) to the tape surface of
SuNAM (a,b), SST (c,d), and SuperOx NS (e,f), respectively. In panel (a), the SUNAM sample is
shown with the electrical connections realized on top of the metallic stabilization layer. In panel (e),
the same for the SuperOX NS piece, but with wires connected directly to the superconducting layer.
SST sample looks very similar to SuUNAM since electrical connections are soldered on the metallic
layer as well.
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Figure 4. Irreversibility field along directions (a) parallel and (b) perpendicular to the CCs sur-
face for both SuUNAM and SuperOx samples in comparison with the SST data extracted from [41].
Inset in (a) shows the comparison of the irreversibility field anisotropic parameter behavior as a
function of the reduced temperature for the three samples.

3.3. Flux Pinning Energy

For a superconductor below its transition temperature, the resistance can be described
by the equation R(T, B, ]J) = Roexp[U(T, B, ])/kpT], where kg is the Boltzmann constant.
With a fixed current density J, the flux pinning energy U(T, B) can be estimated using an
Arrhenius plot, which involves plotting the logarithm of the resistance against the inverse of
the temperature. Therefore, flux pinning energy as a function of the applied magnetic field
can be derived by analyzing the R(T) curves at various magnetic fields using Tinkham's
model [46]. According to this approach, U can be factorized U(T, B) = Uy(B)g(t), with
g() = (1-£)(1— )12,

Figure 5 illustrates the relationship between the obtained flux pinning energy and the
applied magnetic field along parallel (Ul) and perpendicular (U") to the CCs surface of
SuNAM, SST, and SuperOx samples. The flux pinning energy is always higher when the
magnetic field is applied parallel to the tape surface apart for the SUNAM tape. Although
for both SuperOx and SST CCs the flux pinning energy trend is almost the same regardless
of applied field orientation, for the SUNAM tape an unexpected crossover occurs around
0.2 T, as it can be appreciated in the panel (d) of Figure 5.

By standard modeling the magnetic field dependence of U as a power law U(B) o
B™% [47], the exponent « indicates the vortex pinning regime actually operating in the
specific field range. Generally, at higher magnetic fields, the vortex spacing becomes much
smaller than the penetration depth, leading to a decrease in the flux pinning energy. Indeed,
even a faster decrease in U is observed in the case of SUNAM tape, reaching an exponent «
larger than 1 at high fields, as sometimes found in HTS materials [42,43], which marks a
collective vortex pinning regime with strong vortex interactions. On the other hand, it is
very well established that « value close to zero is the signature of a single vortex pinning
regime [48,49], which indeed is strictly achieved here only in the case of SUNAM tape for
the field direction parallel to the sample surface. Instead, in the case of the SuperOx sample,
a hint of a single vortex pinning regime at low field can be noted for both field orientations.

A more detailed comparison among all three tapes can be performed by looking at
this flux pinning energy anisotropy by introducing an additional parameter, defined as
qy = Ul /U that is plotted in Figure 6, together with the same parameter evaluated for a
plain YBCO film. In this case, the three samples show slightly different behaviors. Figure 6a
shows the yy behavior for the SST sample; it can be seen that at high field (>5 T), the
anisotropy value oscillates around a value of 2. A similar behavior is observed for sample
SuperOx, but with a vy oscillating around a slightly higher value (Figure 6c). It is worth
mentioning that in SUNAM tape, a larger variation of the anisotropy can be expected due
to the unexpected crossing occurring between the Ul and the U*, as shown in Figure 5.
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Pinning Activation Energy (eV)

Indeed, for SUNAM tape, yy first increases from 2 to 3 as the field approaches about 5 T,
suddenly decreasing to about 1.5 at higher magnetic fields. Looking at the variations in gy
of the different tapes with respect to that of the YBCO plain film, it can be noted that in the
case of the tapes, trends that are different from the increasing trend of the plain film are
shown. Although the yy(H) trends for the tapes are not pronounced, it can be drawn that
regardless of the nature of Artificial Pinning Centers, i.e., customized or naturally grown,
they affect the anisotropy of the pinning landscape in a way that, by increasing the applied
magnetic field, a decrease of the yy value can be achieved. Thus, there is still room for
improving performance by reducing pinning anisotropy by means of proper engineering
of APC in the tapes.

SuperOx NS

B
u
{
®

100 ¢

SuperOxNS @ O

B' B

Pinning Activation Energy (eV)

0.01

Applied Magnetic Field (T)

0. 1 10 0.01 0.1 1 10
Applied Magnetic Field (T)

Figure 5. Flux pinning energy as function of magnetic field applied parallel (a) and perpendicular
(b) to the CCs surface for all samples under investigation. SST data are extracted from [41]. The
fitting curves with the specific & values obtained for SuperOx and SUNAM samples are displayed in
the panels (c,d), respectively.

Comparing yy and 7y, we must observe that ¢y values are analyzed as a function
of the applied magnetic field, while the «;, are reported as a function of temperature.
Anyway, also in the case of -y, we can recognize small values of the parameter in the whole
considered range of field, thus confirming the moderate anisotropy of the pinning in all
three samples, with SuperOx and SST tapes showing the most robust anisotropy against
field changes.

A deeper analysis of the flux pinning energy behavior, in particular of its anisotropy
YU, would require an explicit analytical relation with the anisotropy of the irreversibility
field and that of the critical current. Unfortunately, such an explicit relation is still lacking
in literature. Such an analysis is beyond the scope of the present work, but it could improve
our knowledge on the superconducting properties of the commercial tapes, each one
produced by its own fabrication process, with or without artificial pinning centers included,
and with a chemical composition strictly related to a proper choice of each manufacturer.
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Error bars are estimated as 10% of the estimated yy value.

4. Conclusions

In conclusion, from the general point of view of the pinning anisotropy that becomes
a critical parameter in choosing the superconducting tape suitable for a specific application,
it is relevant not only looking at the irreversibility field anisotropy but also to the flux
pinning energy anisotropy trend. Since the former gives information on the temperature
window in which the tape can be operative, the latter can offer the magnetic field range of
best performance. In the present work, three different REBCO coated conductors produced
by SuperOx, SUNAM Co., Ltd., and Shanghai Superconductors Technology Co., Ltd. have
been analyzed. We found that all three samples can be considered moderately anisotropic
conductors, although with some slight differences. Indeed, all three samples show varia-
tions of the anisotropy factor for the irreversibility field as a function of the temperature.
In the case of the flux pinning energy anisotropy, the SST and SuperOx samples show the
most resilient behavior against field variations, while the SUNAM sample shows a more
complex behavior. Our findings lead to the conclusion that there is still room to strengthen
pinning resilience against high temperature and magnetic field through APCs, regardless
of the native or external nature of engineered APC.
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