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Abstract: Microstructural analysis of the BaZrO3; (BZO)/YBa,Cu3;0;7 (YBCO) interface has
revealed a highly defective and oxygen deficient 2-3 nm thick YBCO column surrounding the
BZO one-dimensional artificial pinning centers (1D-APCs). The resulting semi-coherent
interface is the consequence of the ~7.7% BZO/YBCO lattice mismatch and is responsible for
the low pinning efficiency of BZO 1D-APCs. Herein, we report an interface engineering
approach of dynamic Ca/Cu replacement on YBCO lattice to reduce/eliminate the BZO/YBCO
lattice mismatch for improved pinning at a wide angular range of the magnetic field orientation.
The Ca/Cu replacement induces a local elongation of the YBCO c-lattice near the BZO/YBCO
interface, thereby ensuring a reduction in the BZO/YBCO lattice mismatch to ~1.4% and a
coherent BZO/YBCO interface. This has resulted in enhanced pinning at B//c-axis and a broad
angular range of B-field orientation. For example, the 6 vol.% BZO/YBCO film with interface
engineering exhibits Fj, ~158 GN/m? at 65 K and B//c-axis, which is 440% higher than the
~36.1 GN/m? for the reference 6% BZO/YBCO sample, and enhanced J. and F, in a wide
angular range up to ~ 80°. This result illustrates a facile scheme for engineering 1D-
APC/YBCO interface to resume the pristine pinning efficiency of the 1D-APCs.

Keywords: BZO/YBCO interface, pinning efficiency, strain field, lattice mismatch, vortex
pinning

1. Introduction

Artificial pinning centers (APCs) self-assembled in YBa>CuzO7x (YBCO) demobilize magnetic
vortices to enhance critical current density needed for high temperature superconductor (HTS)
applications. One-dimensional (1D) c-axis aligned APCs like BaZrO3; (BZO)[1-5], BaHfO3; (BHO)[6-
10], BaSnOs[11, 12] YBax(Nb/Ta)Oe[13, 14] etc. have been reported to effectively pin vortices for
magnetic field oriented along the c-axis. The APC material lattice mismatch with YBCO affects the
pinning efficiency of the APCs. BZO 1D-APC/YBCO interface has been reported to be semi-coherent
with high defect density a consequence of the ~ 7.7% BZO/YBCO lattice mismatch [15-17].
Meanwhile, a high-resolution electron microscopy study of the BZO/YBCO interface, has reported a
cylindrical YBCO shell with a thickness of a few nm surrounding the BZO 1D-APCs. This region has
been shown to contain a large concentration of defects such as dislocations with much reduced
superconductivity due to oxygen deficiency [18]. Since the pinning force per unit length of the BZO
1D-APCs is proportional to the radial derivative of the pinning energy at the BZO/YBCO interface
[19], the reduced superconductivity in this YBCO shell at the BZO/YBCO interface is expected to
degrade the pinning efficiency of the BZO 1D-APCs [18]. Experimentally, considerably higher
pinning efficiency, illustrated in the higher critical current density (J. ) and pinning force density (F}),
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have been observed on BHO 1D-APCs that form a coherent and almost defect-free interface with
YBCO [16]. Specifically, this is illustrated in a peak of J(0) centered at £=0, or B//c-axis (0 represents
the tilt angle of the B field away from the c-axis in the plane perpendicular to J:) in the 1D-
APCs/REBCO nanocomposites. A more recent study in probing the effect of the enhanced pinning
efficiency of 1D-APCs on the angular range of the enhanced pinning with the pinning efficiency,
through a comparison of the angular dependence of the peak pinning force density (Fyma) and its
location (Biuax) on the BZO 1D APC/YBCO and BHO 1D-APC/YBCO nanocomposite films [20, 21],
has revealed a broader angular range of enhanced pinning of 8>67° in the latter, suggesting the further
benefit of a coherent 1D-APC/YBCO interface in reducing the J. anisotropy with respect the B field
orientations.

In order to achieve a coherent BZO/YBCO interface, this work explores reduction of the
BZO/YBCO lattice mismatch via enlarging the c-axis constant of YBCO locally near the BZO 1D-
APCs. Specifically, we explore a partial replacement of smaller Cu+2 ions on the Cu-O planes of
YBCO lattice with larger Ca+2 ions (by 30%) for enlarged c-axis lattice constant locally through
formation of planer defects or stacking faults. In order to control the amount of Ca in YBCO in the
BZO 1D APC/YBCO nanocomposite films, two Cao3Yo7Ba:CusO7.x (CaY-123) spacers of only 10
nm in thickness were inserted into the 2 vol.% (and 6 vol.%) BZO 1D APC/YBCO nanocomposite
thin films of ~ 150 nm in thickness. In these multilayer (ML) samples consisting of three 50 nm thick
BZO 1D-APC/YBCO and two CaY-123 layer each of 10 nm in thickness stacking alternatively,
diffusion of Ca from the spacers into YBCO increases the c-axis lattice of the YBCO dramatically to
allow coherent BZO 1D APC/YBCO interface[22] to form. This coherent interface has a profound
effect on the pinning efficiency of the BZO 1D-APCs as illustrated in the almost double to quadruple
of the F}, values in the ML samples as compared to the reference single-layered BZO 1D-APC/YBCO
samples of the same BZO doping. In addition, significantly reduced pinning anisotropy was observed
especially at high magnetic fields.

2. Experimental

Pulsed laser deposition (PLD) was used to deposit 2-6 vol.% BZO doped YBCO nanocomposite films
on (100) SrTiO; (STO) single crystal substrates[1, 23, 24]. To isolate the Ca doping effect, one set
consisting of single-layer (SL) YBCO films doped with 2% - 6% BZO in the range of 2-6 vol.% (2-
6% BZO/YBCO-SL) were fabricated as reference samples. The other set consists of two additional
Ca-containing spacer layers inserted in each BZO doped YBCO nanocomposite film to form a multi-
layer (ML) structure. The ML structure has three 50 nm thick BZO doped YBCO layers separated by
two ~ 10 nm thick Cag3Yo7Ba:CuzO7.« (CaY-123) spacers (Figure 1). The CaY-123 spacers were
deposited with a PLD repetition rate of 2 Hz. All samples were deposited in 300 mTorr oxygen (O2)
at a substrate temperature of ~825 °C[1]. The BZO/YBCO layers were deposited at a repetition rate of
8 Hz in both sets of the samples. For the ease of discussion, the SL and ML samples are aliased as xSL
and xML respectively where x is either 2% or 6%. Post deposition, the samples were annealed for
about 30 minutes dwell time at 500 °C in one atmosphere O pressure. The film thicknesses were
measured using a Tencor P-16 profilometer. For electrical transport measurement, Ag contact pads
were sputtered on the samples through a shadow mask. The samples were then patterned using standard
photolithography (Leica) to create two microbridges of length ~500 um and width of 20 and 40 pm
respectively. The details of the patterning and sample wiring for the transport measurement can be
found in our previous works.[25, 26] The samples were mounted on a oxygen-free Cu stage using Ag
paste and resistance—temperature (R-7) and current-voltage (/-V) characteristic curves were measured
as function of temperature 7 (65K-77 K) and the magnetic field B (up to 9.0 T) applied in the c-axis
of the BZO/YBCO films in a Quantum Design Ever-Cool II Physical Property Measurement System
(PPMS). To minimize the heating at high currents, a pulsed current source (Keithley 2430 1KW Pulse
Source Meter) was adopted with the pulse width of ~ 500 ms for the /-V curves. J. was determined by
applying 1 pV/cm standard criterion.[26-28] The microstructural images of the films were acquired
via Cs-corrected transmission electron microscopy (TEM) and scanning transmission electron
microscopy (STEM). The TEM and STEM results were achieved using a 1.6 A resolution Thermo
Fisher Scientific TALOS F200X TEM. All STEM images were captured using a high angle annular
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dark field mode (HAADF). Furthermore, a new generation Thermo Fisher Scientific microscope was
used to acquire high-resolution STEM (HRSTEM) images with a resolution ~ 63 pm.

3. Results and Discussions

Figure 1. HRSTEM cross-section images
of the ML film. Figure la indicate the
. growth of c-axis aligned BZO 1D APCs
through the film’s thickness. The
BZO/YBCO interface lattice distortions
= around the APCs suggesting a coherent
BZO/YBCO interface. This coherent
BZO/YBCO interface occurs because of the
increase in YBCO c-lattice parameter as a
result of the formation of stacking faults in
the Ca rich regions (enclosed in ellipse
Figure 1b) due to the dynamic Ca/Cu
replacement.

Figure 1 displays the HRSTEM cross-section images of the ML films. Figures 1a shows c-axis aligned
BZO 1D-APCs embedded in the films. This is consistent with the expectation that Ca/Cu replacement
takes place after the APCs are formed and hence would not interrupt the epitaxial growth of the APCs.
Nevertheless, Figure 1a indicates that the APCs in the ML are segmented by the CaY'123 spacers but
the relative thinness (~ 10 nm) of the spacers may ameliorate some of the pinning detriments associated
with truncated APC growth in multilayer YBCO structures with much thicker YBCO spacers [29-31].
Furthermore, significant YBCO lattice distortions are largely absent in the ML. This distortion in the
YBCO lattice of SL film, which have been reported previously [32-36], arises from the strain around
the BZO/YBCO interface as a result of the ~ 7.7% BZO/YBCO lattice mismatch. The absence of these
defects in the ML may be attributed to the stacking faults formed in the Ca rich region (enclosed in
ellipse in Figure 1b) of the ML film. The formation of the stacking faults, via Ca/Cu replacement,
locally extends the YBCO c-lattice parameter thereby reducing the BZO/YBCO lattice mismatch
around the BZO/YBCO interface and hence the interfacial strain.

Figure 2 compares the XRD 6268 spectra of 2% doped (a and b) and 6% doped(c and d) films. The
black and red lines represent the SL and ML films respectively. The appearance of the YBCO (001)

Intensity(a.u)

Figure 2. 6-20 scans of SL (a and ¢) and ML (b and
d) films at BZO doping of 2% (aand b) and 6% (c
and d). The ML films were fabricated with
structure or/and PLD growth conditions of: ¢

spacer

=10nm, and R =2Hz . Cu-ko radiation of

spacer

wavelength 1.54 A was used. The symbols #, + and
* represent the YBCO (001), STO substrate (100)
and major BZO (001) peaks respectively.
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peaks (#) confirms the c-axis orientation of the BZO/YBCO nanocomposite films on the (100) STO
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substrates (+). Also, a major BZO (001) peak at ~ 46.5° appears in all three samples. The c-lattice
constants were estimated from the YBCO (001) peaks. The c-lattice constants were 11.746 A and
11.819 A for the 2% and 6% SL films respectively, confirming the increase in tensile strain as BZO
doping concentration is increased. This increase in tensile strain is most probably due to the increased
strain field overlap [37, 38]. Conversely, the same c-lattice constants of 11.766 A observed on both
the 2% and 6% ML samples may indicate a tempering down of the BZO doping induced strain field
overlap effect by the ML scheme. Clearly, the enlargement of the YBCO c-axis lattice constant occurs
only locally near BZO 1D-APC/YBCO and YBCO/STO interfaces due to formation of stacking faults
induced by Ca/Cu replacement on Cu-O planes as revealed in the HRSTEM study in Figures 1b.
Figure 3 is the J. (B) and F}, (B) curves of the 2% doped films (3a-3c) and 6% doped films (3d-3f)
along various orientations of B at 65 K. The SL films (open symbols) are compared to the ML films
(solid symbols) at B//c (Figures 3a-3b and 3d-3e) and at other B orientations (Figures3c and 3f).
Comparisons of J. (B) and Fp (B) curves along B//c confirm enhancement of pinning for magnetic field
applied along the c-axis. The Fp (B) data taken along other B orientations confirm the extension of the
pinning enhancement beyond B//c. For the 2% doped films, J. enhancement can be observed over the
entire B field range up to 9.0 T. For example, at 1.0 T, 5.0 T and 9.0 T, the corresponding J. values of
4.39 MA/cm?, 1.58 MA/cm? and 0.59 MA/cm? for the ML sample are respectively about 1.7, 1.8 and
2.7 times of that of the SL film. Qualitatively, both F» (B) curves exhibit an inverted bell shape with a
peak value of Fua located at B (Figure 3b). Interestingly, the 2% ML and 2% SL samples have
comparable B values of 3.0 T, which is smaller than the accommodation field (~5.0 T) calculated
from B* =n*®,, based on the flux quantum ®, ~2.07*10'> Wb and areal density n* of the BZO 1D-
APCs acquired from TEM characterization[ 1, 16]. Therefore, the insertion of the CaY-123 spacer layer
does not seem to affect the self-assembly of the BZO 1D-APCs in the 2% ML samples. The Fpnax
along B//c of ~ 97.7 GNm for the 2% ML sample at 65 K is 1.7 times of the Fpmar of ~57.1 GNm
in the 2% SL sample and surpasses the ~ 80 GNm™ of the 2% BHO-YBCO SL sample [16]. It should
be noted that the Fjma values for the 2% SL sample are comparable to that reported in literature [5,
39-41]. Indeed, Ca2+/Y3+ substitution could be energetically preferred in strain-free or low-strain
conditions at low BZO doping. This means that Ca/Cu and Ca/Y substitutions may occur
simultaneously in the 2 vol.% BZO doped BZO/YBCO nanocomposite films with the former near the
BZO 1D-APC/YBCO interface as confirmed in Fig. 1 while the latter, away from the interface. The
Ca/Y substitution is well known to overdope YBCO as illustrated typically in the 7. decrease with the
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substitution. Based on the moderately lower Tc of 87.5 K which is ~ 1 K lower than that of its SL



ICMC 2021

IOP Conf. Series: Materials Science and Engineering

1241 (2022) 012022

counterpart’s, we suspect the Ca/Y substitution induced overdoping effect (negative) is minor. This
argument is consistent with the in-field pinning enhancement in 2 % ML over the 2% SL counterpart.

Therefore, the improved pinning by the BZO 1D-APCs in the 2% BZO-YBCO ML sample could
be attributed to the coherent BZO/YBCO interface of the ML film. The data indicate that the
enhancement of pinning in the 2% ML film clearly extends beyond 0°. The pinning improvement in
the 2% ML sample is illustrated in the overall higher F» values almost over the entire B field range
(Figures 3b-3c). The Fpma along 22°- 67° in the 2% ML samples are larger than the corresponding
values in the 2% BZO-YBCO SL film. For example, along 22° Fpa is ~ 74.3 GNm™ for the 2% BZO-
YBCO ML and only 55.3 GNm for the 2% BZO-YBCO SL sample. Also, along 67°, the Fa. of ~
70.0 GNm™ measured on the 2% BZO-YBCO ML is ~70% more than the value measured on the 2%
SL film. This pinning enhancement close to the ab-plane may be largely attributed to the ab-plane
aligned stacking faults generated by the Ca/Cu replacement in YBCO. The extension of pinning
enhancement beyond B//c is not limited to the 2% ML as can be seen in the J. (B) and Fp (B) data on
the 6% doped films in Figures 3d-3f. Similar to the 2% doping case along B//c, 6% ML sample exhibits
enhanced J«(B) over the entire B field range of 0-9 T as compared to their 6% SL film and the
enhancement increases with the applied B fields (Figure 3d). For example, an enhancement factor of
2.0 and 5.0 can be observed at B= 1.0 T and 9.0 T respectively (Figure 3d). Clearly, J.(B) curve for
the 6% ML sample exhibits much reduced B-field susceptibility as compared with the 2% ML film
and hence more enhanced pinning in a larger B field range. This is expected as the 6% ML film has
three times the concentration of the BZO 1D-APCs as the 2% ML sample. The improved J«(B) leads
to an improved F}, (B) in the ML samples as shown in Figure 3e. While the Bmay is similar in the 2%
doped films, the enhanced Bmax ~ 8.0 T along B//c in the 6% ML sample is 60% more than that of the
6% SL sample. Furthermore, the enhanced Fpmax~ 158 GN/m?® in the 6% ML sample (which is more
than 4 times that of the 6% SL sample) is the best reported so far in BZO 1D-APC/YBCO
nanocomposites films[5, 17, 42-45]. Figure 3f indicates that, similar to the 2% ML, pinning benefits
in the 6% ML extends well beyond B//c and up to ~ 67°. As mentioned above, this extension of benefits
close to the ab plane may be attributed to the formation of 2D planar defects induced by the Ca doping.

As a further confirmation of the extension of improved pinning beyond B//c in ML films, Figure 4a-
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4b compares the J. (6, 65K) data for the samples in Figure 3. The 2% (Figures 4a) and 6% (Figures
4b) are compared at 5.0 T (circle) and 9.0 T (square). The solid and open symbols correspond to the
ML and SL films respectively. Essentially, each ML film has higher J. than its corresponding SL
sample over the entire #range. Case in point, the maximum J¢(6 < 85°) of 2% ML sample is almost
double and about 1.5 times that of the 2% SL film at 5.0 T and 9.0 T respectively. J. (6) enhancement
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is even more pronounced at a higher BZO doping of 6 vol.%. In the range < 85°, enhancement factors
as high as 2.8 and 4.5 are seen at 5.0 T and 9.0 T respectively. Furthermore, the F), na. values of the
ML were normalized to that of the SL counterpart at different 6 angles. In Figure 4c the normalized
F, max values (solid symbol and left axis) at 65K were plotted as function of & for 2% (circle) and 6%
(diamond). The data shows a monotonic decrease in the normalized F), . with & and the highest
enhancement factors along B//c of 1.7 and 4.4 for the 2% ML and 6% ML respectively. When B is
oriented to ~ 67° these factors are reduced to ~ 1.0 and 1.5 respectively. Similar to the F), ax, the
normalized B (open symbol and right axis) was calculated and plotted on the same figure (Figure
4c). In contrast to Fy,mar, the B enhancement is largely insignificant (enhancement factor mostly ~
1.0 ) for both BZO doping levels. The only significant Bi..« enhancement is the 1.6 value observed
along B//c for the 6% ML film. The dramatic enhancement F), e and Bua: along B//c in the 6% ML
sample is not surprising considering the expected benefits of improved BZO/YBCO interface and
reduced strain field overlap at high concentration of the BZO 1D APCs. This angular enhancement in
ML films is comparable to what has been reported on the BHO/YBCO nanocomposite films in which
the 1D-APC/YBCO interface is coherent[20, 21].

4. Conclusions

In summary, a Ca doped BZO/YBCO nanocomposite ML scheme has been employed to extend
angular width of pinning to ~ 67° - 85° for 2% and 6% BZO doped YBCO nanocomposites by
promoting the formation of stacking faults and coherent BZO/YBCO interfaces. The Ca source is
provided from the two ~10 nm thick CaY-123 spacers inserted into the 2% and 6% BZO/YBCO
nanocomposite films of 150 nm in total thickness to form the ML structures. The coherent interface
was induced by a reduction in the lattice mismatch at the BZO/YBCO interface as a result of the
formation of the stacking faults. Microstructural analysis using HRSTEM confirms the formation of
the stacking faults and the coherent BZO/YBCO interface. Remarkably, the BZO 1D-APCs with a
coherent interface with YBCO matrix exhibits wide angular pinning enhancement as demonstrated in
the higher transported J. (6) and F, (6) at 65 K. For example, at B=5 T and 9 T, the J. data in the ML
films are significantly higher than those of the SL films up to ~ 85°. Furthermore, F, s data show
pinning enhancements up to at least ~ 67°. Similarly, along B//c the F), ... enhancements are 1.7 and
4.4 for the 2% ML and the 6% ML respectively. The 6% ML also has 60% bigger Bmax than the Bmax
of ~ 5.0 T of the 6% SL film. These results, together with the remarkable enhancement in pinning
along B//c, demonstrates not only the critical importance of the BZO/YBCO interface in specific
pinning efficiency of 1D-APCs, but also points to a viable approach to achieve it.
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