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A B S T R A C T

Our study explores the relationship between BZO nanorod density and magnetic flux pinning in YBCO thin
films on coated conductor templates. We identified an optimal BZO doping level of 8%–10%, which maximizes
flux pinning and enables the highest critical current densities to be achieved across various temperatures and
magnetic field ranges, especially in new types of multilayer structures. Additionally, the formation of a 𝑐-axis
peak in the angular-dependent critical current curves at high BZO concentrations underscores the significance
of collective pinning mechanisms. These results are discussed using a simple pinning model that considers the
effects of nanorod spacing and fragmentation. Overall, our findings contribute to the development of high-
performance coated conductor layer structures for future power applications, where maximizing flux pinning
is essential.
1. Introduction

High-temperature superconducting (HTS) materials have attracted
significant attention due to their potential to revolutionize practical
applications such as power generation and transmission, energy storage
and microwave applications related to quantum technology [1–5].
Among the HTS materials, thin film and coated conductor technologies
have been developed for a wide range of power applications [3,6–
11], including HTS magnets for future fusion reactors [12,13]. HTS
materials and the technologies based on them are superior and offer
several advantages over conventional methods, including high criti-
cal current density and low losses, which enable more efficient and
compact devices. However, there is still room for improvement and
optimization, as the practical applications of HTS materials are limited
by weak flux pinning, leading to lower critical current density and
limiting the magnetic field they can sustain. Therefore, developing
techniques to enhance flux pinning properties has become an important
research area [14–22].

To maximize flux pinning and thus the overall critical current
density of HTS materials and coated conductors in various temperature
and external magnetic field ranges, several approaches have been de-
veloped, including intrinsic defects, nanostructured materials, various
substrates, multilayer structures, and artificial pinning centers [1,23–
25]. One controlled way to enhance flux pinning is to intentionally add
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various types of defects including nanodots, nanorods, nanoparticles
of different materials such as metal, oxides and fluorides [26–30].
Especially, the dopant as BaZrO3 (BZO), which during the pulsed laser
deposition forms through the film penetrating nanorods, has been one
of the most studied pinning center within the YBa2Cu3O6+x (YBCO)
lattice [31–33]. However, the effectiveness of BZO doping depends on
the concentration, distribution, diameter, length and direction of the
nanorods [11,34–37]. Therefore, for ensuring the isotropic improve-
ment of critical current density, the angular dependent studies have
been in a crucial role when maximizing 𝐽c for future applications. Re-
cently, a bilayer structure, where optimal crystalline quality producing
maximal self-field 𝐽c and, on the other hand, maximal flux pinning
structure related to in-field properties are implemented in separate
layers, have been of intensive study [25,38–40].

Coated conductors, which offer advantages such as greater flexibil-
ity and mechanical strength compared to thin films on single crystal
substrates, face many challenges because the substrate can negatively
affect the superconducting properties [28,41,42]. Numerous efforts
to improve the buffer layer stack on metallic templates have led to
compatible lattice structures, epitaxial growth of YBCO, and improved
crystal structures of the HTS layer [43,44]. However, challenges remain
in reducing thermal stress between the substrate and film, minimizing
grain boundary formation, and improving surface roughness of the
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Fig. 1. An advanced buffer layer structure used together with the metallic hastelloy
C276. The Gray YBCO layer on the top refers the YBCO doped with BZO nanorods of
different concentrations presented in this work.

films. Coordinating all these challenges, especially optimizing the arti-
ficial pinning center network in the buffered metal template to achieve
maximum flux pinning across various magnetic field ranges, will be one
of the biggest goals in the near future.

To promote the use of HTS coated conductors in future applications,
we investigated the effect of BZO doping concentration within the
YBCO matrix to achieve maximum magnetic flux pinning in thin films
deposited on buffered metallic templates. Strain relaxation and the
growth of YBCO and BZO nanorods were studied using x-ray diffraction
and transmission electron microscopy. These results were connected to
the magnetic and transport properties, along with theoretical calcula-
tions, to clarify the anisotropy of the critical current and the optimal
flux pinning properties in YBCO thin films with different BZO doping
levels.

2. Experimental details

A set of superconducting YBCO thin films doped with artificial pin-
ning centers of BZO concentrations 0, 2, 4, 6, 8, 10 and 12 wt.%; here-
after 0BZO, 2BZO, 4BZO, 6BZO, 8BZO, 10BZO and 12BZO, respectively,
were deposited by pulsed laser deposition (PLD) on buffered metal
hastelloy C276 with an advanced Al2O3/Y2O3/IBAD-MgO/LaMnO3/
CeO2 buffer layer (Fig. 1) [11]. The details of the growth process
together with applied deposition parameters are presented in our pre-
vious works [11,45,46].

The crystallographic properties of the films were studied by x-ray
diffraction (XRD) using PANalytical Empyrean diffractometer in Bragg–
Brentano mode. High-resolution transmission electron microscopy
(HRTEM) was performed with a JEOL JEM-2200FS electron microscope
combined with a 200 kV field emission gun (FEG) and in-column
energy filter (Omega filter). Additionally, a probe-corrected scanning
TEM using high-angle annular dark-field imaging (HAADF STEM) was
performed with Titan 80–300 at the voltage of 200 kV. The magnetic
measurements were implemented using a Quantum Design PPMS sys-
tem, where the critical current densities were calculated from the
openings of the hysteresis loops using the Bean model [47]. The angular
dependent critical current densities 𝐽c(𝜃) of the films were done at 40 K
and magnetic fields up to 8 T by the standard four-probe measurements
for 50 μm stripes using horizontal rotation option of PPMS.

The correspondence between the results of the structural and mag-
netic measurements are quantitatively discussed using a numerical
pinning model in accordance with the Ginzburg–Landau theory.
2

Table 1
Structural properties of the differently BZO-doped YBCO thin films determined by XRD
measurements.

Sample 𝑐 (Å) 𝛥𝜃 (◦) 𝛥𝜙 (◦) 𝛥𝜔 (◦) LM (%) 𝜀WH (%) 𝐼(005)/𝐼(004)

0BZO 11.70 0.12 2.12 1.80 0.17 0.15 13.4
2BZO 11.72 0.22 2.37 1.70 0.34 0.31 15.4
4BZO 11.74 0.18 3.66 2.27 0.51 0.25 14.9
6BZO 11.75 0.17 2.71 1.91 0.60 0.30 12.1
8BZO 11.78 0.26 3.49 2.29 0.86 0.37 15.3
10BZO 11.79 0.32 3.41 2.28 0.94 0.35 16.4
12BZO 11.81 0.58 3.90 2.55 1.11 0.27 16.1

3. Results and discussion

3.1. Growth of YBCO lattice and BZO nanorods

The influence on BZO doping on the purity and crystalline quality of
YBCO and BZO nanorods were studied by XRD 𝜃-2𝜃-, 𝜙- and 𝜔-scans of
the films, and the most critical parameters are collected in Table 1. In
the 𝜃-2𝜃 diffractograms (not shown here) only peaks from YBCO, BZO
and CeO2 were obtained, which is a clear indication of sufficient purity
although the positions and widths of the peaks change as a function of
BZO concentration. Particularly, the (00𝑙) peaks are shifted to lower
2𝜃 values with increasing BZO concentration, indicating significantly
lengthened YBCO 𝑐-axis and thus increased uniform strain in YBCO
lattice. The same effect can also be seen in calculated lattice mismatch
values, as shown in Table 1.

When looking at the peak widths (FWHM) in the in-plane and
out-of-plane directions, we notice that 𝛥𝜃, 𝛥𝜙 and 𝛥𝜔 all increase
remarkably with increasing BZO concentration. Especially, the nonuni-
form strain along the 𝑎𝑏-plane of YBCO is clearly increased, since
the peaks in 2𝜃 direction are drastically broadened with BZO con-
centrations above 6%. Variation in 𝜙 and 𝜔 directions is not that
clear although an increasing tendency in peak widths is still evident.
Therefore, we can conclude that increased BZO content modifies the
in-plane growth of YBCO, increasing the width of XRD peak in 𝜙-
direction, and thus leading to increased number of low-angle grain
boundaries [48–50], as well as weakened lattice ordering along the
YBCO 𝑐-direction as broadened 𝜔 peaks demonstrate. However, since
the similar tendency is not that clear in the microstrain 𝜀WH calculated
from the Williamson–Hall analysis [51], we can conclude that the effect
of non-coherent domain size somehow compensates the nonuniform
microstrain in the YBCO lattice. As can be seen in Table 1, the intensity
ratio 𝐼(005)/𝐼(004) does not significantly vary, being well below 20,
indicating that all the films regardless of BZO doping concentration are
well-oxygenated [52].

Evolution of the YBCO microstructure and growth of the BZO
nanorods with increasing dopant concentrations were investigated by
HRTEM, and the most important results are shown in the TEM images
of Fig. 2 and collected in Table 2. As evident from the TEM images,
all measured BZO concentrations exhibit intrinsic structural defects,
including stacking faults, alongside BZO nanorods oriented approxi-
mately along the out-of-plane direction of the films. However, the size,
number, and distribution of these defects vary significantly depending
on the BZO dopant concentration.

As depicted in Table 2, the diameter of the nanorods undergoes an
insignificant change, and the tilting angle of the rods remains nearly
constant as the BZO concentration increases. However, as anticipated,
the average distances between nanorods decrease significantly with
an increase in the BZO concentration, leading to a greater number of
nanorods within the film. Moreover, the average length of nanorods
experiences a substantial decrease with an increasing BZO concentra-
tion. In sample 4BZO, the nanorods’ length is approximately half the
thickness of the entire film, while in sample 12BZO, it reduces to only
a quarter of the film’s thickness. These alterations in both the number
and length of nanorods hold great significance for flux pinning.
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Fig. 2. Cross-sectional HR-TEM images of samples 4BZO, 10BZO, and 12BZO are presented. The metallic substrate’s top buffer layer is visible in the bottom right corner, while the
film surface can be observed in the upper left corner. The BZO nanorods are clearly visible in all samples, although their lengths and distributions differ significantly, as indicated
in Table 2. Additionally, the lengths of the stacking faults along the 𝑎𝑏-plane, denoted by pink arrows, exhibit significant variations depending on the concentration of BZO doping.
Table 2
A collection of the most important TEM results related to the film thickness, the length and distribution of the stacking faults
(SF) as well as the critical parameters of the BZO nanorods such as their average diameter (𝑑), length (𝑙), spacing (𝑠) and
tilting angle (𝑡).
Sample Film thickness SF length SF 𝑑 𝑙 𝑠 𝑡

(nm) (nm) (nm) (nm) (nm) (◦)

4BZO 220 ± 10 35/12 Bottom half 6.3 ± 0.6 98 ± 20 20.5 ± 3.5 9 ± 5
10BZO 195 ± 5 7.5 Only a few 5.8 ± 0.7 85 ± 20 6.3 ± 1.5 10 ± 6
12BZO 215 ± 5 8.5 Great number 5.7 ± 0.8 55 ± 15 5.7 ± 1.8 9 ± 6
Changes in the lengths of nanorods, i.e. nanorod fragmentation,
may be related to the length of the stacking faults, but particularly
to their number. The systematic study on the size and distribution
of stacking faults was performed using cross-sectional TEM, with the
findings summarized in Table 2. In sample 4BZO, stacking faults are pri-
marily concentrated in the lower layers of the film, resulting in longer
average lengths along the 𝑎𝑏-plane direction, approximately 35 nm.
Conversely, on the surface layer of sample 4BZO, only a few stack-
ing faults are present, and even those that exist are notably shorter,
measuring around 12 nm. Sample 10BZO exhibits an average stacking
fault length of approximately 7.5 nm, but their overall count is quite
low. In contrast, the number of stacking faults significantly increases
in sample 12BZO, which likely contributes to the limited growth of
BZO nanorods. The results clearly show that the stacking fault density
is influenced by strain relaxation and accommodation resulting from
the complex interaction between the crystal lattice, strain, and self-
assembled APCs [53]. An 8% lattice mismatch between YBCO and
BZO leads to 1D nanocolumnar defects [54,55], with optimal strain
at 10% BZO, which minimizes the number of stacking faults. Higher
BZO content increases strain and defect density due to excessive APC
formation. This aligns with our XRD results and previous studies [37],
indicating that 10% BZO doping is optimal for reducing defects and
maintaining nanorod alignment along the 𝑐-axis.
3

Table 3
Superconducting properties determined from the ac susceptibilities, resistivity
measurements and magnetic hysteresis loops measured at 10 K.

Sample 𝑇c,mag 𝛥𝑇c,mag 𝑇c,res 𝐽c,0 T,10 K 𝐵∗
10 K

(K) (K) (K) (MA/cm2) (mT)

0BZO 87.9 1.1 91.6 60.8 95
2BZO 84.9 3.6 89.9 35.6 323
4BZO 83.1 2.7 89.6 35.9 453
6BZO 80.5 3.7 89.6 21.6 305
8BZO 76.9 4.1 89.6 10.1 235
10BZO 71.0 5.7 88.8 5.2 104
12BZO 65.2 7.5 88.1 3.4 67

3.2. Superconducting properties with increased BZO concentration

From the ac susceptibility measurements, we have defined super-
conducting critical temperatures 𝑇c,mags and transition widths for all
the YBCO films doped with different BZO concentrations. As can be
seen in Table 3, onset 𝑇c,mag decreases linearly with increasing BZO
concentration, having values of ≈88K for undoped YBCO, ≈83K and
≈65K for 4BZO and 12BZO, respectively. The transition widths 𝛥𝑇c,mags,
defined by the temperature difference between 10% and 90% points
of the full transition curve, increase almost linearly with increasing
BZO content, from barely 1 K for undoped YBCO up to just over 7 K
in 12BZO film. These results are well in line with our XRD results,
where increased amount of disordering decreases 𝑇 and broadens
c,mag
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Fig. 3. The magnetic field dependences of 𝐽cs determined from the opening of the
agnetic hysteresis loops measured at 10 K for the differently BZO-doped YBCO films
eposited on buffered metallic templates (a). (b) shows the relative in-field (3, 5 and
T) 𝐽c(𝐵)s measured at temperatures 10 K and 40 K when compared with the 𝐽c(0)

values.

the superconducting transition. However, upon comparing the 𝑇c,mag
values with the resistively measured 𝑇c,res, it becomes evident that in
relatively thin small-scale samples, the optimal current path leads to
significantly increased 𝑇c in resistivity measurements [11,56].

When concentrating on the field dependent 𝐽c(𝐵) curves deter-
mined from the magnetic hysteresis loops carried out at 10 K and 40 K,
we have obtained that the self-field 𝐽c(0), i.e. 𝐽c at 0 T and 10 K,
decreases significantly with increasing BZO concentration, as can be
seen in Table 3 and Fig. 3. In addition, the low-field plateau, where
𝐽c decreases only marginally and single vortex pinning dominates,
reaches the maximum value of 𝐵∗ = 453mT in 4BZO film. With higher
BZO concentration, 𝐵∗ starts to decrease linearly, indicating that the
anorod fragmentation can modify the vortex distribution and their
utual interaction even at smaller magnetic fields [57,58]. As can be

een in Fig. 3(a) and (b), the in-field 𝐽c(𝐵) and thus the flux pinning
roperties are remarkably changed with increasing BZO concentration.
lthough the absolute 𝐽c(𝐵) is highest in 4BZO film among all the
ZO doped YBCO films in whole magnetic field range, the relative

mprovement in 𝐽c(𝐵) when compared with the 𝐽c(0) at 10 depends on
he magnetic field range. Particularly, the highest improvement in 𝐽c
elow BZO concentration ≤4% is obtained at ≈3 T, while at higher BZO
oncentrations, the relatively highest 𝐽c occurs at higher fields. Instead
t 40 K, the relative improvement in 𝐽c is always maximal around 3 T,

regardless of the BZO doping concentration.
To study the effect of actual flux pinning, by extracting the effect of

𝐽c(0) which always has an important role in absolute 𝐽c(𝐵) value, we
have precisely investigated the shapes of the 𝐽c(𝐵) curves above 𝐵∗.
First, we have determined the scaled pinning force function 𝐹p/𝐹p,max
4

by using the formula 𝐹p(𝐵) = 𝐵𝐽c(𝐵), which allows us to express the
Fig. 4. The magnetic field dependent pinning force data fitted to Eq. (1) for all the
YBCO films doped with different BZO concentrations. The inset shows how the actual
flux pinning related exponent 𝑝 and the magnetic field value 𝐵max, where 𝐹p reaches
ts maximum, depends on the number of the BZO nanorods.

ormula in its simplified form [59–61]

𝐹p(𝐵)
𝐹p,max

=
(𝑝 + 𝑞)𝑝−1𝑝𝑞

𝑞𝑞

(

𝐵
𝐵max

)𝑝(
𝑝 + 𝑞
𝑝

− 𝐵
𝐵max

)𝑞

, (1)

where we have only two free parameters 𝑝 and 𝑞 related to the size
and number of the pinning centers together with their impact on
vortex lattice (Fig. 4). The parameter 𝑞 is obtained being very close
to value 1.1 [61] and thus we have collected the most important flux
pinning related parameters in the inset of Fig. 4. Here, the field 𝐵max,
where the fitted 𝐹p function reaches its maximum value well beyond
the measurement range (main panel of Fig. 4), has a maximum of
approximately 30 T around a BZO concentration of 8%–10%, which
clearly corresponds to the highest number of BZO nanorods. In ad-
dition, the flux pinning related exponent 𝑝 reaches its maximum of
≈0.85 around BZO content of 4% and it stays roughly the same up
to the highest dopant concentration of 12%. Interpreting these results
together, we can draw the conclusion that for the flux pinning alone,
it would be optimal to choose a BZO dopant concentration of 8%–10%
for the applications, where the YBCO thin films have been grown on
a buffered metallic substrate. This BZO content is also consistent with
the previously attained level of 10% for YBCO films on single crystal
STO substrates, which has been found to maximize pinning when the
distance between the outer edge of the nanorods is on the order of the
diameter of the nanorod [37].

3.3. Angular dependent critical current densities

In the in-field angular dependent 𝐽c(𝜃) analysis (Fig. 5), we have
limited the measurements on the most relevant BZO doping concen-
trations, since the main focus has been in finding the maximal BZO
content that can be used in different magnetic field ranges. In general,
we can conclude that the absolute 𝐽c values (not shown here) decrease
with increasing BZO doping concentration, which is obviously related
to the reduction of the effective volume of the superconducting YBCO
and shortened electron mean free path, since the lattice periodicity
is disturbed by the BZO dopant induced defects [24]. Moreover, one
remarkable feature is that 𝐽c is always largest in the direction of
the 𝑎𝑏-plane. This can be seen in all samples regardless of the BZO
concentration and external magnetic field. However, the broadening of
the 𝑎𝑏-peak is also substantial with increasing BZO content. These issues
can be explained by the YBCO intrinsic pinning by the CuO2 planes
as well as the BZO induced relatively short and randomly distributed
stacking faults, as also observed earlier at high fields [34].

Since we are more interested in flux pinning and not the absolute
value of 𝐽c, we focus on comparing the shapes of the 𝐽c(𝜃) curves and
the formation of the 𝑐-peak, as shown in Fig. 5. At lower BZO doping
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Fig. 5. The angle dependent critical current densities 𝐽c measured under 2 T (a) and
8 T (b) fields at 40 K for YBCO films doped with different BZO concentrations. The
angles 𝜃 = 0◦ and 𝜃 = ±90◦ correspond the YBCO 𝑐-axis and 𝑎𝑏-plane, respectively. The
𝐽c(𝜃) curves have been shifted in the 𝑦-direction to compare the detailed shapes of the
curves.

concentrations of 4 and 6%, there appears to be 𝑐-axis pinning in the
2 T measurements, as the 𝐽c level in the vicinity of 0◦ is larger than in
he 8 T measurements. In 2 T, the BZO nanorods pin the small number
f vortices in the 𝑐-axis direction, but in 8 T, the BZO rods are too few
ompared to the number of vortices, causing bending of the vortices,
hich in turn widens the 𝑎𝑏-peak observed in 𝐽c(𝜃) [15,19,62,63]. At
igh BZO concentrations of 8 and 10% in a high magnetic field of
T, a clear peak in the 𝑐-axis direction is formed in the 𝐽c(𝜃) curve,
hich clearly indicates a growing collective pinning along the 𝑐-axis as

he number of vortices increases [35,63,64]. This is in good agreement
ith the previously presented TEM results, where the number of BZO
anorods oriented along the 𝑐-axis in the YBCO lattice is at a maximum
t a BZO concentration of 10%. At BZO concentration of 12% (not
hown here), the critical current is dramatically decreased, and the
𝑏-peak in the 𝐽c(𝜃) curve exhibits significant broadening, while the
-axis peak is entirely absent [63]. This observation aligns with the
indings from the TEM measurements, which clearly indicate a higher
oncentration of stacking faults and thus fragmented BZO nanorods
ithin the film [34,62].

.4. Mechanism behind maximized flux pinning

We have earlier concluded that, in BZO-doped YBCO films grown
n single crystalline SrTiO3 substrate, the vortex pinning performance
nd consequently the 𝐽c is fundamentally limited by the density of the
anorod lattice [37]. For the BZO nanorods on STO substrate, closely
imicking an idealized situation, the critical limit is set by nanorod
ensity at which the nanorod average spacing equals to their diameter.
ncreasing the nanorod lattice density above this point degrades the
opping potential energy barrier between adjacent nanorods, making
5

r

he thermally activated flow of vortices (hopping) increasingly more
ronounced. Here, however, the fragility of the metallic substrate
egrades the coherent structure of the BZO nanorods making the con-
lusion about the critical density of the nanorod lattice [37] invalid for
he samples studied herein. In particular, the effects of stacking fault
nduced nanorod fragmentation should not be ignored [37]. In order
o investigate the effect of BZO concentration (nanorod spacing) along
ith the observed nanorod fragmentation, we have considered a simple
-dimensional pinning model only considering nanorod and vortices
oth oriented parallel to YBCO 𝑐-axis. The pinning potential associated
ith a single nanorod of radius 𝑅 centered at 𝑥 = 𝑥′ has been addressed
sing the formula [65]

0(𝑥, 𝑥′) = 𝜖0 ⋅
𝑅2

2 ⋅ (𝑥 − 𝑥′)2 + 4𝜉2
, (2)

where 𝜖0 is pinning energy coefficient and 𝜉 ≈ 1.5nm is the low-
temperature superconducting coherence length for YBCO. It is impor-
tant to note that 𝜖0 scales with the length of the nanorod. That is, the
depth of the pinning potential for a single piece of 𝑓 -times fragmented
nanorod would be 𝜖0∕𝑓 . If the fragments would be perfectly aligned
on top of each other, their total pinning potential would equal to 𝜖0.
Otherwise, both the depth and the shape of 𝜖(𝑥) would be altered with
respect to an ideal nanorod penetrating through the whole film.

We have studied this effect by the overall pinning energy landscape
given by

𝐸(𝑥) =
𝑓
∑

𝑓=1

𝑁
∑

𝑖=1

𝑢0(𝑥′ = 𝑥𝑖−1 + 𝛥𝑥 + 𝑈 (−2𝑅, 2𝑅))
𝑓

, (3)

where 𝑓 equals to the number of nanorod fragments, 𝛥𝑥 = (𝑥𝑁 −
𝑥0)∕(𝑁−1), in which 𝑁 represents the total number of nanorods (unre-
lated to 𝑓 ), and the function 𝑈 (𝑎, 𝑏) represents a function that returns
uniformly distributed random numbers between 𝑎 and 𝑏. Looking at
the TEM images in Fig. 2, we have allowed the center of a fragmented
nanorod to shift a maximum distance of 2𝑅, so that in the extreme case
the edges of the fragments would line up. The considered fragmentation
of the nanorod is schematically illustrated in Fig. 6(a), while examples
of the resulting pinning potentials for solid and fragmented nanorods
are shown in Fig. 6(b). The fragmentation clearly has a striking effect
on the periodicity of the pinning potential.

Next, we aim to relate the nanorods average edge-to-edge spacing
(𝑠) and fragmentation (𝑓 ) to the experimental observations presented
in the inset of Fig. 4. The experimentally measured 𝐵max is defined as
the field where the maximum value of the 𝐹p is reached. Since the
𝐹p(𝐵) represents the overall pinning force within the sample, its value
ncreases with the number of sufficiently pinned vortices (∼ 𝐵). The

decrease of 𝐹p(𝐵) will be observed after a new induced vortex cannot
ocate a sufficiently strong pinning center to get trapped. Instead, the
ortex–vortex interactions start to perturb the pinning of the previously
inned vortices and 𝐹p(𝐵) consequently decreases. The value of 𝐵max is
hus proportional to the number (density) of the effective pinning sites.

hile increasing the field naturally affects the overall pinning potential
andscape via more prominent vortex–vortex interactions, 𝐵max is ulti-
ately limited by the number of effective potential wells under zero

ield. By effective pinning centers we refer to potential wells whose
epth exceeds a given limit. While this limit is evidently temperature
ependent, here it can be considered completely arbitrary, since we are
ot considering the temperature dependence nor the absolute values
f 𝐵max and the corresponding experiments were conducted at a fixed
ow-temperature limit (Fig. 4).

Based on the above discussion, we have numerically calculated the
verage number of potential wells (∼ 𝐵max) with depth smaller than
0∕2 resulting from Eq. (3). The calculations were performed in a 1-
imensional grid comparable to a size of 1000 nm (𝑥0 = −500nm,
N = 500nm) using a total of 2 ⋅ 104 points corresponding to a
esolution of 0.05 nm. The number of nanorods positioned within
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Fig. 6. (a) A schematic illustration of the considered fragmentation (here 𝑓 = 3) of the nanorod lattice. (b) An example of the calculated pinning potentials (Eq. (3)) for
1-dimensional array of solid (𝑓 = 1) and fragmented (here 𝑓 = 3) nanorods.
the grid evidently determines the average 𝑠. The positions ((𝑥,𝐸)-
coordinates) of the local energy minima and maxima were determined
as the points where the derivative of the 𝐸(𝑥) curve changes from
negative to positive (minimum) and vice versa (maximum). The depth
of the potential well was then determined as the difference between
two adjacent energy minimum and maximum. Note, that only one of
the maximums surrounding a potential well was used to determine the
energy difference since the direction of vortex motion would in any case
be biased by the applied current. This enables the efficient calculation
of the number of effective pinning potentials as the average of five
statistical repetitions. As an example, the overall shapes of the studied
pinning potentials resulting from Eq. (3) are illustrated in Fig. 6(b).

Fig. 7(a) presents the calculated normalized 𝐵max as a function of
average nanorod separation for different fragmentations. Vice versa,
Fig. 7(b) presents 𝐵max as a function of fragmentation for different
nanorod separations. These results give a clear picture about the com-
bined effect of 𝑠 and 𝑓 . Firstly, for small fragmentations 𝑓 ≤ 2,
𝐵max decreases as a function of 𝑠. This is evident, as the increasing
𝑠 is equivalent of decreasing the density of the nanorod lattice. It is
interesting to observe that this effect gets diminished for high nanorod
fragmentations 𝑓 ≥ 3. In fact for 𝑓 = 5, 𝐵max can be observed to
slightly increase with 𝑠. This happens because the fragmentation of the
nanorods disturbs the periodicity of the pinning potential particularly
for small nanorod separations, manifesting as the presence of large
number of shallow ineffective pinning potentials giving rise to more
prominent thermal vortex creep. Fig. 7(b) demonstrates how efficiently
the nanorod fragmentation degrades the number of efficient pinning
centers. One can observe that increasing 𝑓 from 1 (no fragmentation)
to 2 results in significant decrease of 𝐵max observed for all nanorod
spacings, although for small values of 𝑠 this is clearly more prominent.
For 𝑓 ≥ 2, 𝐵max corresponding to all 𝑠 decrease monotonically in a
similar fashion. Clearly the fragmentation affects 𝐵max already at very
small extent.

The above presented results could explain the experimentally ob-
served behavior of the pinning parameter 𝑝 and 𝐵max as a function
of BZO content (∼ 𝑠) presented in the inset of Fig. 4. The observed
increasing 𝐵max as a function of BZO content up to 10% would then
suggest that below this dopant concentration the nanorod fragmenta-
tion is negligible. The observed decrease in 𝐵max for 12% BZO would
result from the stacking fault induced nanorod fragmentation supported
by the TEM results (Table 2). At the same time, the pinning parameter 𝑝
does not show signs of degradation as a function of BZO content since
effective pinning centers are still present despite the fragmentations,
only their number is reduced. These observations are in line with the
above theoretical model. In conclusion, the presence of stacking faults
results in increased nanorod fragmentation, which degrades the value
of 𝐵 , and consequently 𝐽 under large fields.
6

max c
Fig. 7. 𝐵max as a function of (a) average nanorod separation (𝑠) for different
fragmentations (𝑓 ) and (b) as a function of nanorod fragmentation for different average
separations. 𝐵max has been considered proportional to the number (density) of effective
pinning potential 𝑢(𝑥) resulting from Eq. (3) for which min(𝑢(𝑥)) < 𝜖0∕2.

4. Conclusions

In conclusion, our comprehensive investigation into the influence
of BZO nanorod density on magnetic flux pinning in YBCO thin films
has provided significant insights. Through detailed structural analysis,
we have identified distinct alterations in grain boundaries and nanorod
distribution with varying BZO concentrations. Notably, the supercon-
ducting properties, including critical current density, have exhibited
a discernible dependence on BZO concentration, particularly in high
magnetic fields. Our findings highlight an optimal BZO doping level
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of 8%–10% for maximizing flux pinning in YBCO films on buffered
metallic substrates. Furthermore, the emergence of a 𝑐-axis peak in
the angular dependent critical current curves at elevated BZO concen-
trations underscores the importance of collective pinning mechanisms.
The quantitative discussion on the effects of nanorod spacing and
fragmentation complemented our experimental observations, offering
deeper insights into the underlying mechanisms driving the observed
enhancements in flux pinning. Overall, our study contributes signif-
icantly to advancing the understanding and optimization of YBCO
thin films for high-field applications, laying the groundwork for the
development of high-performance coated conductor layer structures.
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