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Balancing Structure and Performance: Optimized
BZO Nanorod Doping in Ca-Interlayered
YBCO Multilayers
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Abstract—This study demonstrates the enhancement of critical
current density over a wide temperature and magnetic field range
in BZO-doped YBCO multilayer structures using a Ca-doped
YBCO intermediate layer. Compared to single-layer BZO-doped
YBCO films, the Ca-doped interlayer improves crystalline quality
and reduces non-uniform strain, particularly at low BZO doping
concentrations, and promotes better growth of BZO nanorods. Ad-
ditionally, multilayering slightly increases YBCO’s oxygen content
across all BZO concentrations, contributing to a higher critical
temperature and zero-field critical current density. Besides of this,
multilayering enhances critical current density across the magnetic
field range, especially at low fields and high BZO concentrations.
However, the highest absolute zero-field critical current density is
achieved in undoped multilayered YBCO, whereas in fields above
2 T and up to 50 K, the best performance is obtained with 4% BZO-
doped YBCO layers separated by Ca-doped interlayers. At around
1T, 2% BZO doping yields the highest critical current density. This
paper also explores the possible mechanisms behind these effects,
proposing that multilayering BZO-doped YBCO with a crystal
structure-balancing interlayer could be key to next-generation
YBCO coated conductors for high-temperature superconductor
applications. Optimising the BZO concentration is crucial when
tailoring YBCO compositions for different operating conditions.

Index Terms—HTS, YBCO, Ca-doped YBCO, multilayers,
crystalline quality, flux pinning, critical current density.

1. INTRODUCTION

HE high temperature superconductor YBa 5 Cu3Ogy,

(YBCO) is widely used in the development of second-
generation coated conductors, flexible, high-performance tapes
that serve as the foundational components for numerous ad-
vanced applications, including high-field magnets for future fu-
sion reactors, rotating machines, and energy storage systems [1],
[2], [3]. The ability of these coated conductors to carry large
currents in strong magnetic fields is critical to their performance
and commercial viability.
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One of the most effective strategies for enhancing in-field per-
formance is the introduction of artificial pinning centers, partic-
ularly through doping YBCO with BaZrO3 (BZO). During film
growth, BZO self-assembles into vertically aligned nanorods
that penetrate the YBCO matrix, significantly improving flux
pinning and increasing the critical current density (.J.) under
applied magnetic fields [4], [5], [6], [7], [8], [9]. However,
high BZO concentrations can induce strain and microstructural
imperfections, leading to reduced crystalline quality and a drop
in zero-field J.(0) [10], [11], [12], [13].

To mitigate these issues, this work explores a multilayered
architecture, where differently BZO-doped YBCO layers are
alternated with Ca-doped YBCO interlayers [14], [15], [16],
[17]. These intermediate layers act as structural buffers, relaxing
accumulated strain, compensating for oxygen deficiencies, and
promoting higher-quality epitaxial growth. As a result, both the
zero-field and in-field J. are enhanced across a broad range
of temperatures and magnetic fields [18], [19], [20], [21]. This
study demonstrates that combining the optimal BZO nanorod
doping concentration with Ca-doped multilayering offers a ro-
bust pathway to optimizing the structural and superconducting
properties of YBCO films. The approach provides a promising
route toward next-generation coated conductors tailored for
high-performance applications in strong magnetic field environ-
ments.

II. EXPERIMENTAL DETAILS

Multilayer YBCO films incorporating BaZrO 3 (BZO) at
concentrations ranging from 0 wt.% to 10 wt.% in 2 wt.%
increments (designated as M0, M2, M4, M6, M8, and M10)
were fabricated with 30% Ca-doped YBCO spacer layers (Y. 7
Cap 3Ba 9 Cu3O ¢4,) using pulsed laser deposition (PLD) on
StTiO3 (STO) substrates, as illustrated with layer thicknesses
in Fig. 1 [20], [22]. The films were deposited at 750°C using a
KrF excimer laser (. = 248 nm) operated at a repetition rate of
5 Hz and a laser fluence of 1.3 J cm ~2 under an oxygen pressure
of 0.175 Torr. After deposition, the films were post-annealed in
situ at 725°C in 1 atm of oxygen for 10 min. For comparison,
single-layer films with identical BZO concentrations (labelled
S0, S2, S4, S6, S8, and S10) were also prepared under the same
conditions.

Crystallographic characterization was carried out using
a PANalytical Empyrean x-ray diffractometer operating in
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Fig. 1. Schematic illustration showing the structural differences between
a single-layer S (a) and a multilayer M (b) YBCO film deposited on STO
substrates, where BZO forms nanorods penetrating through the layer. In the
multilayer samples, two ~170 nm thick 4BZO layers were grown on top
of ~30 nm thick 30% Ca-doped YBCO layers. The total thickness of the
single-layer films is ~350 nm, regardless of the BZO concentration.
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Fig.2.  Evolution of the Cu K1 /o2 XRD 26 (005) peak pairs in single-layer
(solid lines) and multilayer (dashed lines) YBCO films with varying BZO dopant
concentrations.

Bragg—Brentano geometry. High-resolution transmission elec-
tron microscopy (HRTEM) was performed with a JEOL JEM-
2200FS microscope equipped with a 200 kV field emission
gun (FEG) and an in-column Omega energy filter. Magnetic
characterization was carried out using a Quantum Design Phys-
ical Property Measurement System (PPMS) magnetometer. (J..)
was extracted from the opening of the magnetization hysteresis
loops, applying the Bean model for rectangular thin films [23].

III. RESULTS AND DISCUSSION
A. Effect of Ca-Doped Spacer Layer in Crystalline Quality

Comprehensive XRD characterization, including 6-26, w,
and 2D (6-¢) scans, was carried out to assess the crystalline
phase composition, identify potential impurities, and evaluate
both in-plane and out-of-plane structural quality. As illustrated
in Fig. 2, increasing the BZO concentration results in broadening
and systematic shift of the 260 peaks towards lower angles, which
suggests the presence of enhanced microstrain and uniform
lattice strain [24], [25]. These observations are consistent with
the elongation of the out-of-plane lattice parameter c, as detailed
in Table I. Moreover, the significantly higher diffraction peak
intensities observed in the multilayer samples, compared to their
single-layer counterparts, imply that the intermediate Ca-doped
YBCO layer promotes improved epitaxial growth, thereby en-
hancing the overall crystalline quality. This beneficial effect of
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TABLE I
STRUCTURAL DIFFERENCES OF SINGLE-LAYER AND MULTILAYER YBCO
FILMS WITH VARYING BZO CONCENTRATIONS, AS DETERMINED BY XRD.

Sample c(A)  AOC)  A¢(°)  Aw®) ewn(%) Iratio
SO 11.65 0.10 1.92 0.32 0.092 14.5
S2 11.68  0.09 1.89 0.30 0.093 14.9
S4 11.70  0.10 1.92 0.31 0.104 14.4
S6 11.71  0.10 1.94 0.30 0.099 14.1
S8 11.73  0.13 1.93 0.49 0.154 14.2
S10 11.75 0.18 2.08 0.70 0.224 14.3
MO 11.65 0.11 1.94 0.30 0.098 12.4
M2 11.68  0.09 1.86 0.27 0.088 14.0
M4 11.70 ~ 0.08 1.86 0.29 0.094 13.7
M6 11.71  0.12 1.89 0.27 0.151 133
M8 11.72 0.20 1.87 0.29 0.269 12.7
M10 11.74  0.33 1.92 0.31 0.443 12.8

Fig.3. Cross-sectional TEM images of (a) single-layer S4BZO and (b) multi-
layer M4BZO films. BZO nanorods (green arrowheads), stacking faults (white
arrows), and dislocations (yellow markers) are identified. Insets show inverse
FFT enlargements of marked regions, highlighting structural differences.

multilayering is further supported by the narrower peak widths
observed in both the ¢- and w-scan directions, particularly at
higher BZO concentrations (Table I). We also determined the mi-
crostrain values, ey, from Williamson—Hall analysis [25]. The
results show that, with increasing BZO dopant concentration,
the non-uniform microstrain remains approximately constant in
both the single-layer and multilayer film series up to a BZO
content of about 6%. Above this concentration, the microstrain
increases rapidly, with a more pronounced increase observed
in the multilayer films. Additionally, the intensity ratio of the
XRD reflections I(005)/1(004), I atio, is consistently lower in
the multilayer films across all BZO doping levels. This trend is
indicative of enhanced oxygen incorporation in the BZO-doped
YBCO layers, likely due to oxygen diffusion from the underly-
ing Ca-doped YBCO Ilayers, as previously proposed in related
studies [21], [26], [27].

TEM analysis reveals key differences in the microstructural
evolution of YBCO films with embedded BZO nanorods, as
shown in Fig. 3. While both the single layer S4 and multilayer
M4 films contain BZO nanorods with an average diameter of
6 nm and edge-to-edge spacing of 12 nm, notable contrasts
emerge in defect structures and overall ordering. In S4, the
nanorods are poorly aligned, often deviating from the YBCO
c-axis and showing irregular spacing. This disordered growth
extends through the film thickness and is accompanied by a high
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Magnetic field dependence of J.., illustrating the differences between single-layer and multilayer YBCO films across a wide range of magnetic fields and

temperatures: (a) without BZO doping (0BZO), (b) with intermediate BZO doping (4BZO), and (c) with high BZO doping concentration (§8BZO).

density of dislocations, stacking faults, and local strain, not lim-
ited to the YBCO/STO interface. Conversely, the M4 multilayer
displays a much more ordered architecture. The BZO nanorods
are well-aligned along the c-axis within each layer and grow
coherently across the Ca-doped YBCO interlayers. This results
in reduced defect density and improved crystallinity across the
entire film. The enhanced structural quality is attributed to the
periodic strain relaxation and interface smoothing provided by
the Ca-doped YBCO spacers, which support uniform nucleation
and guide nanorod alignment.

B. Improved Critical Current Densities by Multilayering

The temperature-dependent resistivity measurements in zero
dc magnetic field (not shown) indicate that the critical tem-
perature decreases with increasing BZO dopant concentration
(from 0 to 10 wt.% BZO), similarly from ~91 K to ~86 K in
both the single-layer and multilayer film series. However, the
superconducting transition width increases over the same BZO
concentration range, from <1 K to ~9 K in the single-layer films
and from <1 K to ~6 K in the multilayer films.

Using the Bean model [23], the magnetic hysteresis loops
were analyzed to derive the J.(B) dependence on applied mag-
netic field across a range of temperatures up to 50 K. Represen-
tative J.(B) curves for three BZO doping levels, 0BZO, 4BZO,
and 8BZO, are presented in Fig. 4. A general trend is observed
whereby the zero-field .J.(0) decreases and the overall shape of
the curves alters with increasing BZO content.

In particular, the power-law-like decrease in J.(B) observed
in the undoped (0BZO) films after the initial plateau changes
markedly at higher doping levels, indicating enhanced flux pin-
ning and improved in-field performance above approximately
100 mT. In moderately BZO-doped samples, such as 4BZO and
6BZO, a noticeable enhancement in the .J.(B) characteristics
emerges above approximately 1 T, particularly at elevated tem-
peratures above 20 K. This temperature-dependent divergence
in J. behaviour provides strong evidence for the increased
effectiveness of flux pinning centers in the multilayer structures,
especially at high temperatures [20], [22].

Comparing single-layer and multilayer films reveals that at
lower BZO concentrations, the introduction of multilayering
significantly increases .J.(0). However, this enhancement di-
minishes progressively with increasing magnetic field. The most

notable improvements due to multilayer architecture are found
in the heavily doped samples, 8BZO and 10BZO, where the mul-
tilayer configurations consistently exhibit higher .J. values than
their single-layer counterparts over the full temperature and field
ranges examined. These findings align well with the structural
improvements highlighted in the XRD analysis. As illustrated
in Fig. 5, although M4 achieves the highest absolute .J. at high
fields, the relative gain due to multilayering is comparatively
modest. This leads to the conclusion that multilayering is most
effective in enhancing J. at high BZO concentrations. This is
likely because increased BZO content introduces greater struc-
tural disorder, providing more scope for Ca-doping to counteract
these defects and support improved crystalline quality.

C. Optimal BZO Doping Concentration in Various Magnetic
Fields and Temperatures

The enhancements in J. discussed in the previous section
do not capture the complete picture. Although samples M8
and M10 exhibited the largest relative improvements, sample
M4 consistently achieved the highest absolute .J. under most
measurement conditions. As illustrated in Fig. 6, sample MO
yielded the highest .J. values at zero field and in low fields below
1 T across the entire temperature range. In contrast, within the
intermediate field range of approximately 1 T to 2 T, particularly
at elevated temperatures, sample M2 demonstrated the best
performance. At magnetic fields exceeding 2 T, sample M4
clearly outperformed all others, delivering the highest absolute
J. throughout the full temperature range.

These findings suggest that at low magnetic fields, the
improved crystalline quality and enhanced oxygenation, at-
tributable to the Ca-doped spacer layer, are the dominant factors
influencing J.. However, as the magnetic field increases, flux
pinning induced by BZO nanorods becomes increasingly impor-
tant. There is, nevertheless, an optimal concentration threshold:
excessive BZO content, as in samples M8 and M10, appears
to deteriorate the YBCO matrix quality and ultimately compro-
mises current-carrying performance.

D. Mechanism of Multilayering on Crystallinity and Flux
Pinning

The lattice mismatch between BZO-nanorod and the sur-
rounding YBCO matrix is around 7.7%. It has been shown that
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Fig.6. Samples exhibiting the highest absolute .J.; at various temperatures and
magnetic fields, considering all single-layer and multilayer films.

the introduction of the Ca-spacer layers increases the length of
the c-axis of YBCO and consequently reduces the lattice mis-
match down to 1.4% [17], [28], [29]. The diffusion of Ca [17],
[28] and oxygen [21], [26], [27], [30], [31], [32] (Section III-A)
along with lattice mismatch related interface effects [21] have
been proposed as the leading cause behind observation. To quan-
titatively discuss the resulting effects, we will adopt the model
of critical thickness for the YBCO/BZO interface, defining the
distance over which strain relaxes via the formation of disloca-
tions. In the simplest approximation the critical thickness, here
distance d, from the YBCO/BZO interface along the surface
of the film, is inversely proportional to the lattice mismatch f,
thatis d. oc f~1 [33], [34]. In consequence, the Ca-spacer layer
can decrease the d. in multilayer samples (M) up to 5.5-fold
(de/des = fs/ fm) when compared with single films (S).

In our previous work [20], we have quantified the coherence of
the YBCO/BZO interface via distance o over which the value of
superconducting order parameter increases from ¢(x = 0) = 0
to its maximum value (ideally ¢ (z = o) = 1), where x =0
corresponds to the YBCO/BZO interface. In other words, o
represents the distance over which the dislocation density and
strain measured from the nanorod interface decreases to a level
corresponding to a homogeneous superconducting lattice. A
sufficiently large o results in the maximum ) < 1 between
the nanorods, which reduces the associated potential barrier
Aw and thus favors vortex creep (see Fig. 7). As rigorously
calculated in [20], Au(c =3.5nm)/Au(c =0)~0.9 and

Temperature (K)

30 40 50
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20

30 40 50

Enhancement of J. in multilayer films, (a) MO0, (b) M4, and (c) M8, relative to single-layer films with corresponding BZO doping concentrations, measured
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Incoheérent BZO
Coherent BZO

Fig. 7. A schematic illustration of how the coherence of the YBCO/BZO
interface affects the hopping potential determining the creep rate.

Au(o =7nm)/Au(c =0) = 0.7 for a wide temperature
range, suggesting a temperature independent non-linear de-
crease of Au as a function of . Assuming that o o d, i.e.
the addition of Ca-spacer layer results in 5.5-fold decrease in
o, we can conclude that the effect of the spacer layer on the
coherence of YBCO/BZO interface must be significant. Evi-
dently, the effect is most prominent for the M8, where the spacing
between the nanorods is smallest (Fig. 5(c)). The rather small
improvement for M4 can be explained by the fact that the o in the
corresponding single layer films was already reasonably small,
and consequently the main improvement in .J. comes solely
from the improvement of J.(B = 0) resulting from reduced
strain. This conclusion aligns with the observation (Fig. 5(b)—
(¢)) that the J.(B > 0) of M4 remains somewhat constant as a
function of temperature, while for M8 increasing temperature
dependence can be seen. The observed exponentially improved
J. as a function of temperature in Fig. 5(c) aligns well with
the suggested model as the vortex creep rate is given by I' o
exp(—Au/kpT), where Au o d.. This can result in exponen-
tially increasing creep rate as a function of temperature aligning
with the observed trend for the improved J.(B > 0), together
with the linearly decreasing J..(B = 0) for which vortex creep is
absent.

IV. CONCLUSION

This work demonstrates that introducing a Ca-doped
YBCO interlayer into BZO-doped YBCO multilayer structures
significantly enhances the in-field critical current density across
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a wide range of temperatures and magnetic fields. The Ca-doped
layer improves structural quality, mitigates strain, and facili-
tates more uniform BZO nanorod growth, effects that become
increasingly important at higher BZO concentrations. While the
highest zero-field J..(0) is achieved in undoped multilayers, the
optimal in-field performance is attained with 4% BZO doping at
fields above 2 T, and 2% BZO near 1 T. These findings highlight
the importance of combining controlled nanostructuring with
compositional tuning to balance flux pinning and crystalline
integrity. Such multilayer architectures offer a promising path-
way for advancing the performance of YBCO-based coated
conductors in real-world high-field applications.
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