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ABSTRACT: The present study systematically investigates the impact of strain-induced defects on the anisotropy of the critical
current density across wide temperature and magnetic field ranges. We focus on 0—10 wt % BaZrO; (BZO)-doped YBa,Cu;0,._,
(YBCO) thin films that are deposited on SrTiO; substrates with a 5° surface miscut. Our findings highlight the crucial role played by
these vicinal substrates in governing the growth of BZO nanorods within the YBCO films. Interestingly, we observe that the miscut-
induced surface step-edge terraces serve as preferred nucleation sites for BZO, resulting in controlled nanorod growth and a
significant enhancement in both the self-field and in-field critical current densities. Furthermore, we note that the optimal BZO
content for effective flux pinning varies considerably depending on the applied temperature, magnetic field, and its orientation. These
findings hold significant implications for the design and development of high-performance superconducting materials. The primary
objective in such endeavors is to construct an optimal flux pinning structure that can achieve a high critical current density at

relatively high magnetic fields.

B INTRODUCTION

In the high-temperature superconductor (HTS) films, the
insertion of artificial pinning centers (APCs) within the
YBa,Cu;0,_, (YBCO) matrix has been shown to have huge
potential for a great variety of future power applications.' ™
Notably, the controllable microstructures that form secondary
phase nonsuperconducting flux traps play a crucial role in
addressing the issue of excellent flux pinning performance of
HTS thin films and coated conductors. For instance, the
epitaxially c-axis-oriented YBCO films with strongly correlated
columnar defects such as BaZrO; (BZO), BaSnO; (BSO), or
BaHfO; (BHO) nanorods have been proved to attain the
remarkably improved in-field critical current density J.(B)
when the direction of the magnetic field is parallel to the
column.'™® Moreover, tilted nanocolumns or otherwise mixed
APC morphology within the YBCO Ilattice can reduce the
vortex hopping between the defects, increasing J. in a broad
angular range that can lead to improved overall vortex pinning
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and general angular isotropy, regardless of the direction of the
magnetic field.” ™’

Strain fields play a crucial role in determining the
configuration of APC, and it is shown that excessive strain
deteriorates superconducting performance, negatively impact-
ing the flux pinning reducing also the self-field critical current
density (J.) in BZO-doped YBCO films."""~"* Since the
presence of BZO nanorods together with oxygen non-
stoichiometry affects the crystalline quality of YBCO and
thus zero field superconducting properties, finding a balance
between the maximal crystalline quality and optimal
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morphology of self-assembled APCs seems to be one of the
most important challenges. To achieve the optimal level of
strain that can stabilize these conflicting requirements often
requires fine-tuning of growth conditions and processing
parameters.'® By utilizing vicinally cut substrates that consist of
step-terrace-like surface structure, in place of flat, along STO
(100) cut ones, intriguing discoveries have been made
regarding the impact of substrate surface morphology on the
growth mode and microstructure of YBCO films, offering a
promising solution to the problem.'®**

The vicinally grown YBCO films exhibit a range of unique
phenomena, including lattice misfit-induced defect modifica-
tions,'®*® anisotropic critical current density,”**” twin domain
modifications,”® vortex channeling,29 and c-axis tilt alterations
due to the combined strain from lattice misfit and surface-step
dimensions.*® Moreover, the interfacial and surface effects at
the substrate/film interface can significantly alter the alignment
and uniformity of the second-phase nanorod inclusions in the
YBCO films, providing a tool to fine-tune the vortex pinning
landscape for specific applications.’"** It has been found that
the superconducting properties are influenced by both lattice
misfit strain and surface-step dimensions, where the formation
of the nanocolumns further helps to accommodate the strain
and to reduce the defect density in the YBCO matrix.>*** To
gain a comprehensive understanding of the substrate surface’s
impact on the critical characteristics of YBCO film with regard
to the APC concentration, a more systematic investigation of
the growth mechanism is necessary.

Motivated by this, we deposited BZO-doped YBCO films of
varying BZO concentrations on 5°STO substrates using pulsed
laser deposition and investigated the effect of the substrate
surface on the crystalline growth of YBCO and formation of
BZO nanorods. The superconducting properties were studied
in wide temperature and magnetic field ranges, and the results
were compared with the detailed structural analysis to
understand the growth mechanism and the impact of the
lattice strain on the self-field and in-field critical current
densities. The comparison sample series was made with the
same BZO dopings on the YBCO films grown on typically
utilized STO(100) substrates.

B EXPERIMENTAL DETAILS

A set of BZO-doped YBCO thin films, with a thickness of £190 nm as
confirmed by transmission electron microscopy (TEM) measure-
ments, were deposited by pulsed laser deposition (PLD) on STO
(100) substrates having a miscut angle of 5° along the [010] direction
(Figure 1). BZO-doped YBCO targets with different BZO weight
percentages (x = 0, 2, 4, 6, 8, and 10 wt %) were used to introduce
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Figure 1. Schematic illustration of a BZO-doped YBCO film grown
on a 5°STO substrate.

APCs in the YBCO matrix. All PLD targets were done by the solid-
state reaction method. During the film deposition, all of the critical
PLD parameters such as substrate temperature of 750 °C and oxygen
partial pressure of 0.17 Torr were taken from our earlier
optimizations.12

The structural properties, such as crystal structure, purity, and in-
plane and out-of-plane crystallographic orientation of films, were
characterized by X-ray diffractometry (XRD). The defect formation
and microstructure of films were analyzed by employing Cs-corrected
JEOL JEM 2200-FS scanning transmission electron microscopy
(STEM) operated at 200 kV with a high-angle angular dark-field
(HAADF) detector. Crystallographic information was obtained by
high-resolution (HR)-TEM.

The magnetic measurements were performed with a quantum
design physical property measurement system (PPMS). The super-
conducting critical temperature, T,, and the width of the transition
were determined from the ac magnetization in the range 10—100 K
(in an ac field of 0.1 mT). From the dc measurement, the magnetic
field-dependent critical current density, J.(B), was calculated
according to the Bean model using the opening of the measured
hysteresis loop.>®

Transport properties were measured across the steps of the STO
surface via a standard four-probe technique using S0 ym wide bridges
made by standard optical lithography. The electrical contacts were
made by aluminum wire using a TPT HBOS Wire Bonder and the
measurement was done in the PPMS with a horizontal rotator option.
The angular-dependent critical current density (J.(6)) was measured
in a wide range of magnetic fields (B = 0.5, 1, 2, 4, 6, 8 T) and
temperatures (T = 10 and 65 K).

B RESULTS AND DISCUSSION

Crystalline Quality and Microstructure of the BZO-
Doped YBCO Films. High-resolution XRD was employed to
investigate the crystalline properties of BZO-doped YBCO
films on miscut STO substrates, with a focus on the in-plane
and out-of-plane texture evolution of YBCO and BZO dopant
in $°STO films, through various measurements such as (6—26)
scan, @-scan, two-dimensional (2D) (20—¢) scan, and
reciprocal space mapping. As can be seen in Figure 2(a), all
of the 6—20 scans showed only (00!) peaks from YBCO and
BZO, proving that the films on 5°STO are fully c-axis oriented
and epitaxially grown. The offset angle of 5° in the XRD
measurements reveals a seamless growth of YBCO with its c-
axis aligned along the (000) axis of the STO substrate, affirming
that there are no significant crystallographic misorientations
between the film and the substrate. In addition, regardless of
the substrate, the width of the YBCO (005) peak has an
increasing tendency (Table 1), and it is shifted to the lower
angles when the BZO content is increased up to 10 wt %,
indicating the gradually stretched c-axis, as also previously
demonstrated in YBCO films on STO substrate.'* However, in
comparison with STO films, the shorter c-axis of YBCO in the
S°STO preliminary indicates that the vicinal substrate affects
the structural evolution of the deposited film. For example, the
lack of clear variation in the position of the BZO (002) peak
and the monotonic increase in the width of the 20 peak with
increasing BZO content suggest that the BZO accommodates
the coherent strain in the film. Hence, in the vicinally grown
films, the strain produced by lattice mismatch between the
YBCO and BZO nanorods may slightly tilt the YBCO lattice
with respect to the STO substrate normal.***” Therefore, the
accommodated unit cells between the film and the terrace of
the substrate can lead to combined strain, which can have a
significant impact on the structural evolution of BZO nanorods
within the YBCO matrix.'®'%*%*°
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Figure 2. (a) Evolution of c lattice parameter with different BZO dopant concentrations for S°STO and STO films, and the inset figure shows the
room-temperature X-ray 6—26 diffractograms of BZO-doped YBCO films on S°STO substrates. (b) Reduced variation, Aw(5°STO) —
Aw(STO)/Aw(STO), along both out-of-plane and in-plane directions in S°STO films measured as widths of Awgys and Agh,y, peaks compared
with the films grown on STO and (c) the nonuniform microstrain, respectively, when the BZO dopant concentration is increased up to 10%.

Table 1. Structural Properties Determined from the XRD Measurements for BZO-Doped YBCO Samples Deposited on §°
STO and STO Substrates”

film YBCO BZO
S°STO Abs(deg) Awgos(deg) Ag,(deg) 1(005)/1(004) strain (%) Awg,(deg) A,1o(deg)
0BZO 0.14 0.49 1.80 15.63 0.11
2BZO 0.18 0.51 1.83 15.21 0.18 2.01 3.76
4BZ0 0.17 0.54 1.84 16.46 0.23 2.13 391
6BZ0O 0.16 0.57 1.85 14.77 0.27 2.30 3.92
8BZO 0.17 0.59 1.87 15.30 0.33 2.44 3.98
10BZO 0.20 0.62 191 15.28 0.44 2.44 4.01
STO Agoos(deg) Awoos(deg) A¢102(deg) 1(005)/1(004) strain(%) Aa’ooz(deg) Ag, 10(deg)
0BZO 0.08 0.23 1.88 15.18 0.11
2BZ0O 0.11 0.28 1.90 16.41 0.12 2.27 3.90
4BZ0O 0.11 0.26 1.92 14.74 0.16 2.35 4.51
6BZ0 0.10 0.29 1.95 14.64 0.19 2.60 4.55
8BZO 0.21 0.30 1.93 15.53 0.27 2.47 5.12
10BZO 0.21 0.28 1.96 14.97 0.27 2.47 5.21

“FWHM of YBCO 26(005) peaks (A6ys), FWHM of YBCO(00S) rocking curve (Amy,s), FWHM of YBCO ¢p(102) peaks, I(005)/I1(004), strain
values as well as FWHM of BZO (002) rocking curve (Awyy,), and FWHM of BZO ¢(110) peaks.

~5° tilted

c-axis

~30%tilted

Figure 3. Cross-sectional STEM images of 2 wt % (a) and 10 wt % (b) for the BZO-doped YBCO films deposited on S°STO substrates. (a) Two
examples of differently tilted BZO nanorods in 2BZO film with nanorod tilting angles of 5° (on the top) and 30° (at the bottom), and the white
arrow indicates the c-axis direction of YBCO. (b) 10BZO films on 5°STO showing a great number of through the film distributed BZO nanorod-
like defects lengthened along the in-plane and out-of-plane directions. The examples of these defects are marked with yellow (in-plane) and blue
(out-of-plane) ovals. The white arrows indicate the c-axis and ab-plane directions of YBCO.
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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 10 K for S°STO (a)
and STO (b) films. The inset in (a) shows the comparison between the dopant concentration dependence of ].(0) and the inset in (b) shows the
comparison between the dopant concentration dependence of the accommodation field, B* for BZO-doped YBCO films on 5°STO and STO
substrate. (c) Dopant concentration dependence of the critical temperature T and the transition width AT, and (d) improvement of ], in S°STO
samples at temperatures 10 and 65 K in different magnetic fields of 0, 1, and 3 T compared with the values of BZO-doped YBCO films on

nonvicinal STO substrate.

When looking at Table 1, the texture of YBCO characterized
by the 2D (26—¢) scans of the YBCO (102) peak shows that
the difference in the in-plane direction is insignificant and thus
the vicinal substrate has no importance in the formation of the
low-angle grain boundaries. In addition, based on the intensity
ratios between 1(005)/I(004) peaks, all of the films regardless
of the substrate are similarly oxygenated.40 Instead, when
compared with the films on STO, the broadening of the
®(005) peak in S°STO films is striking, the Aw values are
roughly doubled, indicating that the growth of YBCO on the
top of the terraces is disturbed leading to clearly weakened out-
of-plane ordering of the YBCO unit cells. However, the XRD
peaks of BZO in both the in-plane and out-of-plane directions
are obviously narrower in the S°STO films, indicating that the
growth of nanorods is clearly improved within the YBCO
lattice (Figure 2(b)). As can be seen in Figure 2(c) and in
Table 1, an increasing tendency of nonuniform strain in the
YBCO lattice with increasing BZO concentration can be in
films on both substrates 5°STO and STO. However, at all
BZO concentrations, the uniform strain related to XRD peak
shift and thus average lattice parameter(Figure 2(a)) is smaller
in films on 5°STO, indicating that the use of miscut substrates
as a strain mediator may help to alleviate the impact of lattice
mismatch-induced strain in BZO-doped YBCO film. There-
fore, S°STO substrate offers a tool to first improve the
crystalline quality of BZO-doped YBCO and second further
assist the formation of BZO nanorods, having simultaneously a
great impact on the self-field J.(0) and in-field J.(B).

To understand the effect of the vicinal substrate on the
growth of YBCO as well as on the formation of BZO nanorods,
HAADEF-STEM measurements were applied to the samples
2BZO and 10BZO on 5°STO substrates, as can be seen in
Figure 3. In general, the thicknesses of both films are £#190 nm,
and there is a 10 nm thick strained zone next to the substrate
interface. When looking at the details of sample 2BZO in
Figure 3(a), the YBCO structure is 5° tilted when compared
with the STO substrate. This means that also the stacking
faults within the YBCO matrix, which are more numerous
close to the substrate, are 5° tilted and parallel to the STO
substrate surface.

When compared with the BZO-doped films on the STO
substrate investigated earlier,"**"** an average diameter of the
BZO nanorods here on 5°STO substrate is slightly increased
from ~6 to ~6.9 nm. In addition, the nanorods are on average
longer than in the case of STO substrates, penetrating mainly
through the whole film thickness, and they are slightly more
randomly distributed, not as homogeneously as in films on
STO substrate, though having an average spacing between the
nanorods ~23 nm. The most striking difference compared to
the STO substrate is that depending on the location of the
film, the nanorods of the 2BZO sample on 5°STO are
significantly splayed from the out-of-plane direction of YBCO.
The nanocolumns are mostly tilted by 5°, but some nanorods
with approximately ~30° tilt were observed on the top of the
strained zones as shown in the bottom left figure.

In the sample with a high BZO concentration of 10 wt %
(10BZO) grown on 5°STO, the structure of YBCO is tilted
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Figure S. Resistively measured critical current anisotropies for samples with varying BZO concentration at 10 K under applied fields of 2 T (a, c)

and 6 T (b, d).

similarly as in the 2BZO sample, 5° compared to the STO
substrate. Instead, as can be seen in Figure 3(b), the BZO
nanorods are not aligned along the YBCO c-axis, but the
relatively short BZO nanorods are situated in both in-plane
and out-of-plane directions, which could be attributed to the
reduced strain field by splaying and/or altering their
orientation. As a result, the vicinal films cause a great number
of defects throughout the whole film, which, on the other hand,
may be the reason for the isotropic enhancement of the
superconducting properties.

Strain-Affected Superconducting Properties. Figure
4(c) presents the dopant concentration-dependent onset T,
and transition width AT, for the BZO-doped YBCO films on
S°STO and STO substrates. The T, of both film sets was
observed to decrease in a fairly linear relationship with
increasing BZO concentration. This can be linked to the
increase in intrinsic strain field with increasing volume fraction
of BZO within the YBCO matrix.">*® However, the
suppression of T is clearly smaller in 5°STO, especially at
high BZO concentrations, being roughly S K higher at 10 wt %
BZO than in films on STO. This means that at a high BZO
content, the surface terraces may release the strain in the
YBCO lattice, thus slowing down the reduction of the T.. In
the 0BZO sample, T. of S°STO is slightly reduced when
compared with STO, which can be explained by the similar
strain-relaxing mechanism that the formation of BZO nanorods
can produce. Furthermore, another promising finding in
S°STO films is that the transition width AT, especially in
high BZO contents is clearly smaller than that in STO samples.
These results suggest that the S°STO films have slightly better
overall crystalline quality when they are doped with BZO.

The main panels of Figure 4(a,b) present double-logarithmic
plots for the dependence of J. on applied magnetic field
between 0 and 8 T measured at 10 K for 5°STO and STO
samples. As can be seen for 5°STO, a clear overall increase in J,
is observed in 2BZO, 4BZO, and 6BZO samples when

compared with sample OBZO, whereas 8BZO and 10BZO
show increased J, only at high magnetic fields. In 0BZO, J.(B)
is the smallest above 1 T although the J. is larger than that in
8BZO and 10BZO in low magnetic field region B < 300 mT.
Particularly, the J. observed in 2BZO is clearly the highest of
all up to 1 T, indicating the improved crystalline quality of
YBCO grown on the 5°STO substrate. However, above 1 T,
the J. of 2BZO drops significantly faster than that of 4BZO.
Above 3 T, there is also a crossover in ], between the films
4BZO and 6BZO, leading to the fact that the highest J.(B) in
the high magnetic field range is in sample 6BZO. In the
samples 8BZO and 10BZO, J. is higher above 0.2 and 0.8 T,
respectively, when compared with the sample 0BZO, even
though they show extremely poor ], behavior in the low-field
region. The crossovers visible in the J. curves at high fields
between different samples indicate the effectiveness of the
defect density with the higher BZO concentrations. When
looking at the J.(B) curves of films on STO in Figure 4(b), the
highest self-field J.(0) can be observed in film 0BZO, while the
highest J.(B) in the high field range above 300 mT is
unequivocally in sample 4BZO. Obtaining the difference
between the samples grown on 5°STO and STO substrates at
10 K (inset of Figure 4(a)), we can conclude that the self-field
J.(0) is clearly increased in S°STO in all of the samples
containing BZO doping, and the in-field J(B) is also improved
in films grown on 5°STO when the BZO dopant concentration
exceeds 4%. In addition, the low-field plateau of J.(0) is clearly
lengthened in 5°STO samples regardless of the BZO doping,
as can be seen in the inset of Figure 4(b).

Summarizing the temperature-dependent J. at different
magnetic fields, we have collected histograms illustrating the
improvement of J. in $°STO samples when compared with the
samples grown on a traditional STO substrate. When looking
at the results at 10 K, the samples S°STO generally beat all of
the BZO-doped samples deposited on STO, with 60—80%
improvement in sample 10BZO in a wide magnetic field range
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Figure 6. Resistively measured critical current anisotropies for samples with varying BZO concentrations measured at 65 K under applied field of 2

T (a) and 6 T (b).

Figure 7. Cross-sectional STEM images for the substrate/film interface between 4BZO/STO, 12BZO/STO, 2BZ0O/5°STO, and 6BZO/5°STO.
The white dotted line indicates the strained region next to the 5°STO substrate interface, and the yellow arrow indicates the c-axis direction of
YBCO. The magnified image of interface between 6BZO/S°STO substrate and the terrace widths (4.92—5.99 nm) are also presented on the right

panel.

up to 3 T. The predominance of 5°STO samples is even more
pronounced at a high temperature of 65 K, where especially at
high BZO concentrations the superiority is emphasized, having
for example almost 200% improvement in 6% BZO-doped
sample measured in field of 1 T. It is good to mention that at
high temperatures the greater improvement in J_ is obtained
already at lower BZO concentrations, and thus clearly the best
BZO content of 4% in films on STO substrates loses its
meaning when using the vicinal substrates. The results indicate
that both crystalline quality and flux pinning are obviously
improved in films grown on 5°STO substrates, especially at
high BZO concentrations. These are in good agreement with
our TEM results, where longer and significantly splayed BZO
nanorods together with slightly tilted stacking faults have been
observed in 5°STO films.

Angular-Dependent Flux Pinning. To investigate the
vortex pinning landscape in 5°STO and STO films, the
angular-dependent critical current densities were measured at
temperatures of 10 and 65 K and in magnetic fields up to 8 T.
As can be seen in Figure S, the correlated pinning related to
the BZO nanorods is clearly visible in both 5°STO and STO
samples, since clear evolution of the peak in both directions,
the magnetic field parallel to the YBCO c-axis (6 = 0°) and
parallel to the YBCO ab-plane (6 = 90°), is obvious. When
looking at the absolute values of J.(6) at 10 K, the 5°STO

samples demonstrate better J. performance throughout the full
angular range, not only along the BZO nanorods in parallel to
the YBCO c-axis. In addition, the variation in the sizes and
shapes of the peaks of J.(6) in samples 2BZO, 4BZO, and
6BZO clearly has magnetic field dependence, as illustrated in
Figure 5(a,b).

In the 2 T field, the 2BZO film has a greatly increased c-axis
peak in the S°STO sample, while the peak shapes do not
remarkably change in either the $°STO or STO samples with 4
and 6% BZO concentrations. Evidently, 4 and 6% BZO
samples on both substrates exhibit a dip in J.(0) along the ab-
plane, accompanied by distinct shoulders, which may be
attributed to the fluctuating step length of vortices along the
ab-plane, particularly when a sparse population of vortices is
present at lower magnetic fields.**

Instead, the results at 6 T show that the highest c-axis peak is
in 6BZO 5°STO sample and J.(#) curves of STO exhibit a
clear double peak along the c-direction for both 4BZO and
6BZO samples, while 2BZO displays nearly flat angular
dependence of J.. Obviously, the J.(9) curves of S°STO
show the absence of peaks along the c-axis when the BZO
concentration increases to 8 and 10%, as shown in Figure 5(c).
However, a broad ], peak along the ab-plane is observed in
S°STO samples with 8 and 10% BZO concentrations,
indicating enhanced correlated pinning along the in-plane
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Figure 8. (a) Tabulated lattice parameters of YBCO, BZO, and STO unit cells, along with a schematic illustration of their relative sizes along the a
and c-directions. (b) Schematic illustration of pure YBCO grown on the vicinal STO substrate. The step-edge can be considered to induce lattice
defects in its vicinity. (c) Illustration of BZO unit cells within the YBCO matrix. (d) Ilustration of YBCO + x%BZO growth on the vicinal STO
substrate. The formation of BZO nanorods is enhanced by the step edges, consequently enhancing the overall crystalline quality of the surrounding

YBCO.

direction. Contrarily, the nanocolumns in STO samples with
higher BZO content serve as a strong pinning source for
vortices with magnetic field applied along the c-axis, leading to
a more pronounced J, peak in the c-axis direction, especially in
the high field range.

Consequently, the J.(0) curves of 8 and 10% BZO-doped
STO films display a more pronounced ] peak in the c-direction
at 6 T when compared with the S$°STO samples, as
demonstrated in Figure 5(d). This is nicely in accordance
with our TEM finding, where the nanorods start to deviate
from the direction of the c-axis to the ab-plane direction in
5°STO samples with high BZO concentrations, resulting in
stronger effective pinning along the ab-plane and broader ab-
peak as seen in the J.(6) curves.

As the temperature rises to 65 K, as shown in Figure 6(a),
the J.(0) peaks along the YBCO c-axis in STO films experience
a drastic decrease at 2 T. Notably, the S°STO samples exhibit
distinct c-axis peaks in J.(8) curves of 2BZO, 4BZO and 6BZO
dopant concentrations in both magnetic fields 2 and 6 T. At
the 6 T field, the clearly separated double peaks in the J.(6)
curves for STO 4BZO and 6BZO samples can be seen, while
2BZO exhibits an almost concave curve. We can conclude that
the combination of substrate miscut and real lattice mismatch
in $°STO samples induces significantly enhanced strain,
leading to improved BZO nanorod configurations and stronger
flux pinning, which also results in clearly improved J.(0)
performance when compared with the films deposited on
STO(100) substrates.

Improved Flux Pinning by Step-Edge Strain-Induced
BZO Nanorod Growth. In the STO film, the predominantly

semicoherent interface strain'®*>*® caused by YBCO/BZO
leads to a decrease in the overall quality of the YBCO matrix
between the BZO nanorods. This is due to the formation of a
high density of misfit dislocations. The film/substrate strain
plays a minor role (Figure 7). However, in the vicinal film, the
substrate/film interface strain behaves differently. The miscut
of the substrate results in clearly visible tetragonally distorted
substrate terraces and anisotropic crystallinity. This is in
contrast to the isotropic strain observed in YBCO grown on
well-oriented STO substrates. As a result, there is a stronger
deviation from the perfect alignment of the c-axis in the
orthogonal direction of the interface region. The step edges of
the YBCO film exhibit waviness and meandering, which are
distinct from those in the (100) oriented substrates. These
observations are consistent with the substantial broadening of
X-ray diffraction rocking curves observed in the 5°STO film.
The microstructure of the films improves as the distance
from the substrate increases. The required layer thickness for
microstructure relaxation significantly exceeds the critical
thickness of c-axis-oriented YBCO films on pristine STO."
Unlike the pristine substrate, the additional strain induced by
the miscut substrate, anisotropic crystallinity, and mismatch
between the film unit cells and substrate terrace width cannot
be released through edge dislocations. Therefore, this strain is
stored in the epitaxial films. Furthermore, the step-flow growth
of YBCO on 5°STO* reduces the likelihood of developing
defects compared to the island growth mechanism. In
conclusion, the strain relaxation in YBCO is less pronounced,
which restricts the formation of defects and facilitates
improved growth of BZO nanorods in both in-plane and
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out-of-plane directions. This is supported by larger YBCO
strain values and narrower BZO @(002) and ¢(110) peaks in
films on the vicinal substrate. The improved growth is achieved
by reduced mismatch strain between YBCO and BZO, leading
to the preservation of a coherent interface between these two
materials.

To understand the differences between the undoped and
BZO-doped YBCO films on normal STO(100) and $°
vicinally cut STO substrates, we concentrate on two
experimentally observed features that can be considered to
be rather self-evident. First, the fact that pure YBCO has
increased superconducting properties on normal STO when
compared with the S°STO can be easily related to the step-like
structure of the vicinal substrate. Since cygco > csro (Figure
8(a)), dislocations and other defects are more probably formed
in the vicinity of the steps due to decreased adhesion energies
of the YBCO unit cells as schematically illustrated in Figure
8(b). Thus, the overall crystalline quality can be expected to be
decreased, which is directly reflected in the observed decreased
T, and ] for the vicinal substrate when compared to the
normal one. Second, the linear decrease of ], as a function of
BZO concentration, which is observed for both substrates
(Figure 4(a)), can be approximately explained by the reduced
superconducting cross-sectional area.*” That is, increasing the
amount of nonsuperconducting BZO decreases the super-
conducting cross-sectional area for the supercurrent to pass
through. Since the ] , is nevertheless derived by measuring the
critical current (I.o) and the overall dimensions of the
associated film, the linear decrease of J., as a function of
BZO concentration evidently follows. Obviously, the nanorod-
induced strain also degrades the superconducting properties,
but this effect is elusive to estimate quantitatively. However,
this could be considered to be incorporated within the above-
described simplified model.*’

The remaining question is why the BZO-doped YBCO
grows better on the vicinal substrate and in particular for the
higher BZO concentrations. Obviously, this has to be related
to the interaction between the BZO unit cell and the step-like
structure of the vicinal substrate. Perhaps the simplest
quantitatively assessable physical quality related to the quality
of the film growth is the critical thickness (t.), defining the
thickness above which the substrate-induced strain is released
by the formation of dislocations. The f. is ultimately
determined by the lattice mismatch (f) between the substrate
and the film, and by the simplest approximation ¢, « f~1.°° We
argue that the quality of the BZO nanorod growth correlates
with the associated ¢, for BZO, which again is reflected in the
overall quality of the surrounding YBCO matrix. In order to
address this more quantitatively, the lattice parameters of the
associated unit cells need to be evaluated.

The effective c-parameter within the YBCO + x%BZO
superlattice can be calculated as the geometric average of the c-
axis parameters associated with the individual YBCO and BZO
unit cells, resulting in

Cr = %°(3¢z0) + (1 = %) cypeo (1)

where we have taken into consideration that ¢ypco & 3 - cgy0 as
schematically illustrated in Figure 8(c). Thus, the effective c-
parameter for a single BZO unit cell within the superlattice is

cgzo = C/3. Similarly, one can calculate the effective b-
parameter as
b = xbpzo + (1 = %)-bygco (2)

The YBCO-induced strain along the b-axis affects the a-
parameter of the BZO unit cell according to the Poisson ratio
(v = 0.3) as

g0 = apzo + 2+(byzo — b)) (3)

On a normal STO substrate, the corresponding lattice
mismatch would be f, = (a0 — asro) /asro- However, on
the vicinal substrate, the BZO a-parameter is further modified
as the step-edge of the substrate strains the BZO along the c-
direction as illustrated in Figure 8(d). A simple calculation
reveals that the step height of the 5° cut STO substrate
corresponds to a single STO unit cell (cgro). Consequently,
the BZO a-parameter is changed to

agz0 = agzo + 2+(c/3 = cs70) Y 4)

and the associated lattice mismatch becomes f, = (agzo —
asro) /asro- Figure 9 presents the evaluated lattice mismatches

= YBCO+x%BZO on STO
0.125 A =— YBCO+x%BZO on 5°STO
1751771 . S s
* 0123 S N
0.122
0.121 4
0 2 4 6 8 10
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Figure 9. Evaluated lattice mismatches of YBCO+x%BZO as a
function of dopant concentration on normal and vicinal substrates.

of YBCO + x%BZO superlattices as a function of the dopant
concentration x based on the above considerations. While f
decreases linearly as a function of the dopant concentration for
normal substrate, in the case of the vicinal substrate the f
remains approximately constant. As a result, the f is smaller for
the vicinal substrate when compared with the normal one up to
x & 6%. This suggests that the crystalline quality of YBCO + x
%BZO would be increased on the vicinal substrate when
compared with the normal one for dopant concentrations x <
6%, excluding x = 0%. Above this limit, the normal substrate
would be more preferable when the crystalline quality of the
film. This is in slight contradiction with the experimentally
observed results, where the superconducting properties of
YBCO + x%BZO were observed to be increased on vicinal
substrates for all measured x > 0%. This can be attributed to
the fact that the nanorods are not exclusively composed of
BZO, but they also contain distorted YBCO or other
compounds. The phenomenon also explains the observed
difference between the BZO content and the nanorod
density.'”"'**" In this case, the observed results would coincide
with the experimental observations in the sense that the YBCO
+ x%BZO can be concluded to grow better on the vicinal
substrate.

In summary, our calculations suggest that the step edges
within the vicinal substrate strain the BZO unit cells along the
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c-direction resulting in decreased lattice mismatch along the
ab-plane. This leads to better formation of the BZO nanorods
and is reflected in the improved superconducting properties of
YBCO + x%BZO superlattices on vicinal substrates when
compared with normal ones.

B CONCLUSIONS

The research presented in this article highlights the significant
advancements in controlled BZO nanorod growth and the
subsequent improvements in flux pinning observed in YBCO
films grown on vicinally miscut STO substrates. Through a
detailed analysis of the structural and superconducting
properties, we have established several key findings related to
the successful manipulation of nanorod alignment and density,
leading to enhanced vortex pinning and critical current density
in the superconducting films.

First, the utilization of vicinal substrates has led to improved
BZO nanorod growth. These nanorods exhibit slightly greater
diameters, increased lengths, and more extensive penetration
through the YBCO film. Furthermore, they are found to be
more randomly distributed and significantly splayed, which
enhances flux pinning. Second, the superconducting properties
of YBCO films grown on vicinal STO substrates exhibit
substantial improvements. Both the zero- and in-field critical
current densities demonstrate remarkable enhancements across
a wide temperature range and in the presence of external
magnetic fields. This signifies the effectiveness of utilizing
vicinal substrates in promoting superior superconducting
behavior. Lastly, we propose a semiquantitative model that
provides insights into the underlying mechanisms responsible
for the observed improvements in flux pinning. This model
suggests that the enhanced flux pinning is attributed to the
combined effects of step-edge strain and modified lattice-
mismatch-induced BZO nanorod growth. These factors
contribute to the formation of an optimized pinning landscape,
resulting in the observed improvements in the critical current
densities.

Overall, our findings highlight the significance of utilizing
vicinal STO substrates for the growth of YBCO films with
improved flux pinning properties. This is particularly
significant because it can be linked to the coated conductor
technology, where the IBAD process generates an inclined
surface that corresponds to the vicinal substrates. These results
contribute to advancing our understanding of flux pinning
mechanisms and pave the way for the development of more
efficient superconducting devices with enhanced critical
current densities.
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