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Abstract. To maximize the flux pinning in high-temperature superconductor (HTS)
thin film applications, we have experimentally studied the effect of BaZrOsz (BZO)
nanorod density within the YBagCu3zOgy, (YBCO) lattice. Even though the BZO
decreases the self-field critical current density J.(0) and the absolute J.(B) at high
fields is observed being the highest for 4 % BZO doped YBCO, the maximized pinning
property is observed at the level of 10 % of BZO, when the distance between the outer
edge of the nanorods is in the order of the diameter of the nanorod. In general, as
also theoretically calculated, the flux pinning is increased even above 10 % of BZO, but
the improvement is limited by disturbance of the nanorod growth, weakening the flux
pinning and decreasing the absolute J. drastically. The results evidently show that
by maximizing the flux pinning using higher BZO doping concentration than earlier
expected and taking care of the maximum self-field J.(0), which is strongly dependent
on the electron mean free path, would offer the keys to resolve the challenges in the
future HTS power applications.

Keywords: BZO doped YBCO, thin film, HTS superconductors, flux pinning, critical
current density

1. Introduction

Among the high temperature superconductors (HTS), the YBayCu3zOg, (YBCO) thin
films and coated conductors have been proved to be optimal and thus promising
candidates for the future HTS technological power applications |1, 2, 3, 4]. The material
performance and e.g. critical current density in the high magnetic field and wide angular
and temperature ranges can be especially improved with artificially produced pinning
centers (APCs) which are composed within the YBCO matrix to pin the magnetic
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flux[5, 6, 7, 3, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17|]. However, the optimization of
vortex pinning dynamics by maximizing the pinning force [18, 19, 4] is not sufficient
enough, since the intrinsic properties of YBCO are doubt when trying to increase the
zero field critical current density J.(0) [18, 4]. To combine these two contributing factors,
also the multilayer structures of crystallographically perfect YBCO layers together with
optimally APC doped layers have been suggested [9, 14, 20, 1, 21, 22|.

So far, the secondary phase perovskite BaZrO3z (BZO) is the most used material to
generate nanoscale pinning centers within YBCO lattice by the virtue of its chemical and
structural compatibility with YBCO |23, 24, 25]. The BZO nanoinclusions have been
proved to be effective APCs that self assemble themselves into energetically preferred
nanorod arrays along the YBCO c-axis, leading to significantly enhanced critical current
density J., especially along the nanorod directions [23, 24, 26, 27, 17, 28, 29]. Therefore,
one of the critical issues that needs to be settled is the anisotropy of the flowing current,
which in some of the applications is expected to be as constant as possible in all
the applied magnetic field directions. Hence, the APC morphology with the mixed
alignments of effective pinning centers would indeed provide the formation of strong and
isotropic pinning landscape, leading to overall improvement of in-field critical current
density J.(B). For this reason, the numerous approaches for improvements of the highly
isotropic angular dependence of J. by controlling the morphology, dimension, orientation
and concentration of APC in the HTS film matrix have been attempted over the past
few years [23, 30, 27, 31, 32, 33, 34]. In addition, it has been shown [35, 36, 14, 37, 38, 39|
that by controlling the strain field between the film and substrate or between the host
material and dopant and, on the other hand, varying the dopant concentration of BZO,
the formation of either nanorods along the c-axis or planar nanopatches along the a/b-
plane can be tuned. However, the presence of significant strain not only affects the
growth of the mixed morphologies of APCs, but it also deteriorates the superconducting
performance that can adversely affect flux pinning and thus J. in YBCO [40, 41, 42, 43].
Therefore, it is still an ongoing challenge to manage the balance between the increased
isotropic flux pinning and, on the other hand, the loss of superconductivity, to also
approach the depairing current and thus produce the high enough J.(0) level.

For technological applications, the needed as high as possible J.(0) can be
implemented in different manners. Therefore in this work, we have fully ignored the
crystallographically arranged intrinsic YBCO and thus J.(0) and concentrated only on
maximization of the nanorod density to produce the optimized flux pinning at high
fields. The effect of nanorod density on J. is experimentally studied in wide angular
range with respect to the external magnetic field and the results are confirmed by
molecular dynamics simulations. Finally, the results are profoundly discussed in the
light of vortex dynamics theory.
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2. Experimental details

A series of superconducting YBCO films with a wide range of BZO (0, 4, 8, 10, 12, and
14 wt%) artificial pinning center concentration, hereafter 0BZO, 4BZO, 8BZO, 10BZO,
12BZO and 14BZO, was grown on single crystalline SrTiOs (STO) substrates by the
pulsed laser deposition (PLD) technique. The target used in the PLD was prepared by
the solid state reaction method, the detailed procedure for target preparation is given
elsewhere [44]. During the deposition of the films, the optimized deposition parameters
were maintained, as presented in our previous work [26]. The x-ray diffraction (XRD)
measurements were carried out by Panalytical Empyrean X-ray diffractometer with a
5 axis cradle to characterize the detailed structural properties such as the purity, in-
plane and out-of-plane crystalline orientations and lattice strain relaxation of the films.
The microstrain in the c-axis direction of the YBCO films was determined following
the Williamson—Hall (WH) method on the basis of the integral breadths of the (00[)
Bragg reflections [45]. The microstructure of YBCO films were analyzed by employing
Cs-corrected JEOL JEM 2200-FS scanning transmission electron microscopy operated
at 200 kV with high-angle annular dark-field (HAADF-STEM) detector. Cross-sectional
lamellae were prepared by the focused ion beam in an FEI Nova 600 Nanolab Dual Beam
scanning electron microscopy and extracted using the in situ lift-out procedure with an
Omniprobe extraction needle [46]. The YBCO/BZO column ratio was measured and
calculated via the image processing software ImageJ with the statistical measurement
of average spacing of YBCO and diameter of BZO in several cross-sectional areas (high
and low resolution images).

Measurements with a Quantum Design Physical Property Measurement System
(PPMS) was performed to study the magnetic and resistive properties.  The
superconducting critical temperatures (7.) of the films were determined by ac
magnetization measurements. By using the Bean critical state model, the critical current
densities J.s were calculated from the opening of the hysteresis loop up to 8T, as
obtained by dc¢ magnetization measurements [47]. The angular and field dependent
J. measurements were performed by a standard four-probe technique. Before the
measurement, the standard optical lithographic process was carried out to pattern the
50 pm wide bridges and aluminum wire contacts were made by TPT HB05 Wire Bonder
to prepare the electrical connections to the bridges. The angular dependent J. (6, H,
T) data were collected in the angular range from 0° to 360° using 3° step with the
field range of 1-8 T at temperatures of 10 K and 40 K. The measurements were done at
relatively low temperature to avoid the thermal fluctuation effects, especially since T,
is greatly decreased in samples doped with high BZO concentrations.

The angular dependence of the critical current density J. (f) was simulated using
molecular dynamics (MD) simulation in order to explain the measured .J. (f) curves by
modified pinning landscape related to density of BZO nanorods as observed in TEM
measurements. Details of the MD simulations were presented elsewhere [48, 28|. To
calculate the critical limit of nanorod density, Metropolis simulations were performed
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Figure 1. The dopant concentration dependence of ¢ and a lattice parameters (a) and
lattice coherent length (r.) and microstrain (ew ) calculated by WH method (b) for
BZO doped YBCO films.
[49].

3. Results and discussion

3.1. BZO content induced nanorod growth

The structural results characterized by x-ray diffraction 6260 and 2D (6—¢) scans show
that all the deposited films are epitaxially textured with intense (00l) peaks of YBCO
phase and an additional BZO (200) peak at 20~43.3°. The detailed discussion of
XRD results is presented in the supplementary information (SI). As can be seen from
the lattice constant dependence on the BZO dopant concentration in Fig. 1(a), the
BZO lattice parameter is found to be smaller than the bulk value (4.193A), being
fairly constant through the whole BZO range. For the YBCO, the c lattice parameter
linearly increases with the BZO content and the elongation in 14BZO is obvious. On
the other hand, the a/b lattice constant is only slightly decreased with increasing BZO
concentration. These facts indicate that the strain induced by the APCs is significantly
increased when the BZO concentration is increased within the YBCO matrix. To confirm
the produced microstrain in our nanocomposite films, the strain analysis was carried
out by the Williamson—Hall method and the results are presented in Fig. 1(b). Clearly,
the microstrain is observed to increase with increasing BZO content. Furthermore,
the oxygen deficiency, d, estimated from the intensity ratio of the 26 (005) and (004)
reflections, gives nominal oxygen stoichiometry, i.e. (0.10<§<0.13) [50] (SI), for all
the BZO concentrations, indicating that the lengthening of c-axis is not related to
oxygen non-stoichiometry. The out-of-plane texture quality determined from the width
of FWHM of (005) rocking curve (Aw) also shows the increasing tendency of Aw with
increasing BZO content. The larger Aw (0.27-0.40°) values in BZO doped films when
compared with the 0BZO (0.23°) (see SI) is an indication of the enhanced efficiency
in the strain generation, when the BZO doping is increased in the films |26, 51|. In
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Figure 2. Cross-sectional STEM images of 4 wt.% (a), 8 wt.% (b) and 12 wt.% (c)
BZO doped YBCO films. Some of the BZO columns are labeled and the yellow vectors
depict stacking faults.
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Figure 3. STEM image of 12 wt.% BZO doped YBCO film, indicating that on average
10% of BZO nanorods, usually on the top of the film, are oriented along the in-plane
direction of the film. The white arrows show the direction of BZO column.

fact, the coherence length (r.) along the c-axis linearly decreases with increasing BZO
concentration, as can be seen in Fig. 1(b). Hence, in the YBCO/BZO nanocomposite
films, the increased strain field produced by the BZO disturbs the YBCO growth, leading
to weakened unit cell ordering along the YBCO c-axis.

To get insight into the crystallization behaviour of the BZO doped YBCO films,
a scanning transmission electron microscopy (STEM) study is carried out. The cross-
sectional STEM images of the 4BZ0O, 8BZO and 12BZO films are presented in Fig. 2.
It is clearly visible that when the BZO content increases, the number of stacking faults
(SF) and the volume ratio between BZO columns and YBCO (Table 1) is increased.
This is in line with the increased Aw values (out-of-plane texture) with increasing BZO
content. The BZO nanorod diameter and length (shown in Table 2) slightly decrease
when BZO content is increased. It also leads to less tilted BZO nanorods and higher
BZO nanorod density in the YBCO matrix. The increasing trend of A¢ with increased
BZO content indicates that the in-plane texture of YBCO matrix starts to degrade with
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Table 1. A compilation of general TEM results such as film thickness, stacking fault
(SF) length and distribution, and volumnar ratio between YBCO and BZO columns
in4 wt.% , 8 wt.% and 12 wt.% BZO doped YBCO films.

Films  Film thickness (nm) SF length (nm) Remark SF YBCO/BZO column ratio

4BZO 240 £5.5 38.9 +13.2 Not whole matrix, often bottom 66%YBCO/34%BZ0O

8BZO 233 £5.5 33.4 £14.2 short of ~10nm (above 150 nm), 56%YBCO/44%BZ0O
often with ~35nm (below 150 nm)

12BZ7.0 230 £6.5 37.2+£9.9 often whole film 53%YBCO/47%BZO

Table 2. The parameters of BZO nanorods measured from TEM images for 4 wt.%,
8 wt.% and 12 wt.% BZO doped YBCO films. In 12BZO, approximately 90 % of
BZO form YBCO c-axis aligned nanorods and 10 % of them are aligned along the ab-
plane. The splay angles in 12BZO are given from the directions of c-axis and ab-plane,

respectively.
BZO nanorods Diameter (nm) Length (nm) Spacing (nm)  Splay (°)
4BZ0O 5.9 £0.7 49.9 £4.7 17.6 16
8BZO 55 £1.1 32179 7.1 14
12BZ0O(90 % out-of-plane) 5.4 £1.0 29.8 £15.0 5.6 10
12BZO(10 % in-plane) 9.9 £1.3 25.5 +5.3 14.5 0-20

higher BZO content (SI). As shown in Fig. 3 and Table 2, in the film grown with the
highest BZO content of 12 wt.% (12BZO), approximately 10% of nanorods are aligned
along the ab-plane and thus only 90% of them are directed along the YBCO c-axis. This
clearly shows that the absolute maximum for getting maximized nanorod density along
the YBCO c-axis is around 10 wt.% of BZO in the deposition target.

3.2. Nanorod density governed magnetic properties

Fig. 4(a) presents double-logarithmic plot of J. as a function of applied magnetic field
measured at 10 K for all the deposited films. As can be seen in Figs. 4(a) and 5(b), the
self-field J.(0) is clearly the highest in samples 0BZO and 4BZO, while a dramatic drop
between 4BZO and 8BZO can be obtained, having almost a linear decrease in J.(0)
above BZO content of 8%. This is in line with the nanorod density results of APCs,
where the BZO dopant induced strain field distorts the YBCO lattice and crystalline
quality, by forming dislocations at the interface of BZO and YBCO and decreasing the
volume fraction of perfect YBCO [51, 52, 53, 29]. Almost similar but linearly decreasing
tendency is observed for T, within the whole BZO doping range, as can be seen in Fig.
5(a), while the widening of the transition AT is obvious, especially above the BZO
content of 6%.

When looking at the shapes of the J.(B) curves in Fig. 4(a), we see that the
0BZO exhibits a clear power-law region above the accommodation field with the low-
field plateau below it. The value of B* determined from the relation J.(B*) = 0.9.J.(0)
[54] for all films are listed in the inset of Fig. 4(a). The maximum B* value is observed
in 4BZ0 and B* is decreased with increasing BZO content. When compared with
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Figure 4. Double-logarithmic plot of the critical current density(J.) as a function of
the applied magnetic field measured at 10K (a), and magnetic field dependence of the
pinning force F}, for BZO doped YBCO films calculated from the normalized J; values
to show the actual differences in terms of pinning. The pinning force is calculated from
the relation F,= J.*B. The table in (a) shows the accommodation field, B*, values
for BZO doped YBCO films.
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Figure 5. The dopant concentration dependence of the critical temperature T, and
the transition width AT, (a), and the self-field J.(0) and the power-law fit exponent
a (b) for the BZO doped YBCO films.

pristine YBCO, all BZO doped films except 14BZO show higher B* value and this
can be explained by the formation of greater number of individual nanoscale defects.
Moreover, the matching field (By) values estimated from nanorod spacings of the TEM
images are ~ 7T for 4BZO, ~ 41 T for 8BZO and ~ 66 T for 12BZ0O. When introducing
the 1D nanocolumnar defects into the YBCO matrix, the shape of the J.(B) curve
changes dramatically, having similar type of pinning behaviour from 4BZO to 14BZO
samples. In the presence of applied magnetic field, the 4BZ0O shows unambiguously the
highest J. in the whole applied magnetic field range and a clear decreasing tendency
in the in-field J. with increasing BZO dopant concentration can be seen in Fig. 4(a).
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However, the decrease of J. in high magnetic field range seems to be associated with
the matching field linked BZO nanorod density, since the drop of J. in the 4BZO is
observed to be faster at fields above 3T, while in samples 8BZO, 10BZO and 12BZO
reduction with increasing field is clearly smaller.

To examine the pinning strength in the YBCO films with different BZO nanorod
densities, the pinning force (F}) is calculated from the normalized .J. as a function
of magnetic field measured at 10K (Fig. 4(b)). It is worth noting that the pinning
performance of 8BZO, 10BZO and 12BZO is clearly stronger in comparison with 4BZO
in the magnetic fields above 2.5T. The similar behaviour with maximized pinning
property around 10% BZO doping can be obtained in Fig. 5(b), where the exponent
a in the J.(B) power-law region increases rapidly up to the BZO concentration of 8%,
being almost constant until the formation BZO nanorods transforms their shape, as
discussed earlier in the section of growth mechanisms.

The magnetic results clearly indicate the effectiveness of the nanocolumnar defects
in the YBCO matrix, which evidently provide enhanced correlated pinning along the
applied magnetic field up to the maximum nanorod density with ~10%BZO until the
formation of other types of defects starts to be too powerful.

3.3. Field dependent critical current density

The resistively measured critical current anisotropy curves J.(6) under 0.5-8 T applied
fields are presented in Fig. 6(a-d). One can observe substantial variation between the
shapes of the measured J.(#) curves, such as evolution of the ¢- and ab-peaks as the
field is increased. In the case of 0BZO, the characteristic anisotropy of YBCO can
be observed. When comparing the J.(f) curves of the doped samples to 0BZO, one
can observe remarkable differences resulting from the vortex pinning limited J.. In
particular, the differences in the evolution of the increased J. near § = 0° and ¢ = 90°,
that are the c- and the ab-peaks, respectively, suggest major differences in the pinning
mechanisms between the differently doped samples. Recalling the previously discussed
results of the TEM images, only the 4-10% BZO doped samples have well defined c-
axis oriented nanorods, while for the 12% and 14% the pinning structure becomes more
complicated as regions of ab-oriented BZO start to appear. This may be a reason why
the measured J.(0) curves for 12BZO and 14BZO resemble the characteristic anisotropy
obtained for the 0BZO. Notice, that absolute value of the J. for the 12BZO and the
14BZ0O are also remarkably lower when compared with other samples over the whole
angular range.

We focus the discussion related to the shapes of the J.(0) curves to 4-10% doped
samples, for which clear c-axis oriented nanorods were observed. We try to undestand
the observed differences by considering a simple model based on the vortex paths
[55]. We argue that the J.(#) is directly proportional to the product of the associated
pinning strength and the probability of a vortex meeting a pinning center. The pinning
strength is maximized when 6 = 0° or 6 = 90°, where former results from the vortices
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Figure 6. The resistively measured critical current anisotropies for samples with
varying BZO concentration at 40 K under applied fields of (a) 0.5 T (b) 1T (¢) 4T and
(d) 8 T. The # = 0° corresponds to the direction along the c-axis of the YBCO unit
cell.

aligning themselves parallel to the nanorods, while the latter is because of increased
multicolumn pinning. The strength of the multicolumn pinning, in particular, is
inversely proportional to the substantially varying spacing of the nanorods between
the differently doped samples. Moreover, the probability of vortex meeting a pinning
site intuitively increases as a function of §. In the high field range near § = 0° and
6 = 90°, where the pinning strength is maximized, it is possible that the vortices get
stabilized outside the nanorods via the repulsive vortex-vortex interactions [28]. This
seemingly increases the pinning efficiency and manifests as more pronounced c- and
ab-peaks in the high field range. The interplay of the above mentioned processes can
intuitively explain the shapes of the J.(0) curves of differently doped samples.

In the case of the 4BZO doped sample, the c-peak is present in all of the measured
magnetic fields, while the ab-peak slightly emerges around 1 T and increases as a function
of field up to 8 T. As the ab-peak is completely absent at 0.5 T, we conclude that the J,
is limited by the vortex pinning on the full angular range. The absence of the ab-peak
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in the low field range can be explained by the large spacing of the nanorods (17.6 nm)
as obtained from the TEM images. As mentioned above, the spacing of the nanorods
is inversely proportional to the strength of the multicolumn pinning for high 6. In the
case of 4BZ0, the multicolumn pinning is negligible and the c-axis pinning dominates
the J. even for high 6 values. The ab-peak rises as the magnetic field is increased due
to increasing vortex-vortex interactions which magnify the pinning probability for high
6.

For the 8BZO, the J.(0) is extremely flat in the low field range, while the ¢- and ab-
peaks start to slowly emerge as the field is increased up to 4 T. The flat J.(6) curve at the
low field range can be explained by the particular nanorod spacing (7.1 nm), for which
the strength of the multicolumn pinning is comparable to the single column pinning in
the full angular range. The slightly reduced pinning force for high # is compensated by
the increased pinning probability. In the high field range, the vortex-vortex interactions
start to enhance the pinning efficiency in particular for s where the strongest pinning
occurs, that are near c- and ab-directions. Thus, the c- and ab-peak emerge in the high
field range.

Finally, in the case of the 10BZO, the ab-peak can be observed to be present in the
full magnetic field range, while the c-peak emerges only at the high field range. In this
case, the nanorod spacing is smaller when compared with the 8BZO and we can expect
substantially increased pinning efficiency as 6 is increased due to increased multicolumn
pinning and pinning probability. Again, the ¢- and the ab-peaks emerge in the high
field range as the vortex-vortex interactions remarkably increase the pinning probability
along these directions.

The highest absolute value of the J. is obtained for 4BZO in all of the measured
magnetic fields. This is due to optimal BZO concentration which balances the reduced
J.(B = 0) with the good vortex pinning performance. However, based on the analysis of
the J.(0) curves, the 4BZO does not seem to have the best pinning performance despite
the transcendent J.. The optimization of the density of the nanorod lattice in terms of
the pinning performance is discussed in the following section.

4. Optimizing the flux pinning by increased nanorod density

In order to support the obtained experimental results, according to which approximately
10% BZO concentration produces the maximal flux pinning and thus optimal BZO
nanorod density, we have theoretically studied the relation between the vortex dynamics
limited J. and nanorod density. We express the nanorod density via a more useful
quantity, that is the nanorod spacing (s) illustrated in Fig. 7(a). The simplest way
to study the s dependence of J. is to calculate 1-dimensional vortex potential energy
distribution for a system of NV, = 2 nanorods of radius R separated by various s. We
have done this for nanorods of radius R = 3nm, corresponding to BZO, using the widely
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Figure 7. (a) A schematic illustration of nanorods within the superconducting lattice
along with the defined length measures. (b) The 1-dimensional potential experienced
by a single vortex created by two nanorods of radius R = 3nm separated by distance
s. (c) The vortex hopping potential as a function of the nanorod separation calculated
from similar potential curves that is presented in (b). (d) The results of the Metropolis
simulations. The data points represent obtained minimum values of 30 statistical
repetitions for specific 5. The dashed line represents the critical distance of 2R = 6 nm.

used pinning potential [18]
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€p(r Z|r—r|2+2£2 (1)

where the index i labels the nanorod, ¢y = ®2/(4mupA?) is an energy constant and \
and ¢ are the magnetic penetration depth and coherence length along the ab-plane of
YBCO, respectively. The results are presented in Fig. 7(b), where one can clearly
observe a drastic decrease in the vortex hopping potential (AFE) as s is decreased.
The corresponding AFEs as a function of s are presented in Fig. 7(c). As the
J. ~ exp(AE/EkT), where k is the Boltzmann constant and 7" is the temperature, the
obtained AFE(s) curve suggests a rapid decrease of J. as the s is decreased.

In order to demonstrate this more profoundly, we have performed Metropolis-
Hastings method based vortex dynamics simulations in a 2-dimensional A = 100 x
100nm? grid oriented parallel to the ab-plane of YBCO, along which periodic boundary
conditions are applied. The system was first initialized by placing a desired number of
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Ny, nanorods of radius R = 3nm within the grid. The number of nanorods is related to
the average nanorod separation (3) by a formula s = \/A/N,,—2R. After this, a number
of N, = BA/®, YBCO c-axis oriented vortices, where @, is the magnetic flux quantum
and B = 1T, were placed one by one at the calculated energy minimum positions of
the grid. This requires the calculation of the vortex potential energy distribution over
the grid which was done by evaluating the pinning potential at position r using Eq.
(1). Moreover, we have also taken into account the vortex-vortex interactions using the
formula [18]

) = i iy Ko (Iy(;;\) : when |r; — 1| > ¢ )
vV — oLf
o 2K, <%> , when |r; —r| < ¢,

where the index i labels the already placed vortices and K is the zeroth order modified
Bessel function. Finally, the applied potential manifesting as the current density J
through the superconductor was taken into account by a simple relation

€appl ™~ J.Z', (3)

where x is the position of the vortex along the z-direction of the grid. The total potential
at position r thus becomes the sum of Eqs. (1)—(3).

Once the initial state has been created, the system was evolved using the Metropolis-
Hastings algorithm [49], that is by iterating the following set of rules: i) Calculate the
total energy of the system in the initial state (Ep). ii) Create ezcited state by changing
the position of randomly chosen vortex in random direction by Ar. iii) Calculate the
new total energy of the system after the displacement (E,). iv) If By < Ey, accept the
excited state to be the new initial state of the system. Else, accept the excited state
with probability of p = exp(—AE/kT), where AE = E; — Ej.

In this work, we set Ar = 0.037 nm, so that the acceptance probability for J = 0
was around 10% and increases up to ~50% for currents in the range of the obtained J.s
at 7' = 10K. The J. was determined using the bisection method as the J, for which
the average position of the vortices changes more than R over N, - 500 iterations. The
simulations for a single J.(5) were repeated for 30 times, from which the lowest obtained
value was determined as the final J.(3S) presented in Fig. 7(d). The J. can be observed
to decay rapidly from a somewhat constant value once 5 < 2R. This suggests that there
exists an universal critical nanorod density corresponding to s = 2R, above which the
vortex dynamics limited J. is decreased due to the reduced hopping potential between
the adjacent nanorods. This result is perfectly in line with the experimental observations
presented in previous sections.

Increasing the nanorod concentration up the critical limit is typically observed to
increase the vortex dynamics limited J. accordingly. This effect, however, is absent in
the simulated J.(3) curve presented in Fig. 7(c), where the J. appears to be somewhat
constant for 5 > 2R. This is, however, expected as the increase of J. for this region is
due to increased probability of a vortex coming across a pinning site (p). Explicitly, one
can write J. ~ p and p ~ 3. The p does not have an effect in our simulation, as the
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Figure 8. The simulated c-peaks for various BZO doping concentrations using the
MD based vortex dynamics model presented in [48] and SI.

system was initialized by placing the vortices into the minimum energy positions of the
grid in the first place. However, we have demonstrated this effect by running molecular
dynamics (MD) method based vortex dynamics simulations using the model presented
in [48] and SI. This simulation model allows the simulation of the J. anisotropy in
the vicinity of the YBCO c-axis and takes also into account the pinning probability
p. The MD simulations were performed in a 150 x 150nm? grid using 10 adjacent
layers with pinning structures consisting of varying number of YBCO c-axis oriented
nanorods, the number of which is calculated from the desired concentration (o) using
the formula ¢ = N, mR?/(A — N, mR?), where A is the area of the associated grid
along the YBCO ab-plane. The c-peak under 1T applied field was simulated for 4%,
8% and 12% BZO doped samples and the results are presented in Fig. 8. The critical
current can be observed to increase as the nanorod concentration is increased up to
12%, corresponding to the critical nanorod density. This is, in particular, due to the
increasing p as a function of the number of nanorods below the critical limit. Again, we
want to point out that as the dopant concentration dependency of the J.(B = 0) has
not been taken into account, the simulated J.s are purely related to the vortex pinning
performance of the associated grid. These results are fully in line with our experimental
observations, where the maximal pinning was observed for pinning structures for which
the distance between the outer edges of the nanorods is roughly equal to the nanorod
diameter.

In summary, we have theoretically proven that the vortex pinning limited J. obtains
the highest value in a pinning structure where the nanorods of radius R are separated
by a distance s ~ 2R.

5. Conclusions

In this work, we have varied the BZO concentration within the YBCO matrix to
manufacture the optimal nanorod density, which again could produce the maximal flux
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pinning for high field applications. Although the flux pinning increases as a function of
nanorod density, we observed the maximum BZO concentration of approximately 10%,
above which the growth mechanism is strongly modified, turning the c-axis oriented
BZO nanorods growing along the ab-plane thus reducing the effective pinning force
dramatically. Based on our experimental results and theoretical simulations, in reality
the maximal flux pinning is reached when the nanorod density is such that the distance
between the nanorods is approximately the same as the diameter of the nanorod. This
result clearly gives a hint that improving the crystalline quality of the YBCO film for
example forming multilayer structures with layers having the optimal electron mean free
path, higher BZO concentration can be used in some other layers for getting the best
possible combined effect for reaching superior critical current density for desired HTS
power applications.
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