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Abstract: The BaZrO;/YBa,Cu;0,; (BZO/YBCO) interface has been found to affect the vortex
pinning efficiency of one-dimensional artificial pinning centers (1D-APC) of BZO. A defective
BZO/YBCO interface due to a lattice mismatch of ~7.7% has been blamed for the reduced
pinning efficiency. Recently, we have shown incorporating Ca3Y7Ba;CusO- spacer layers in
BZO/YBCO nanocomposite film in multilayer (ML) format can lead to a reduced lattice
mismatch ~1.4% through the enlargement of lattice constant of YBCO via Ca diffusion and
partial Ca/Cu replacement on Cu-O planes. In this work, the effect of this interface engineering
on the BZO 1D-APC pinning efficiency is investigated at temperatures of 65-81 K through a
comparison between 2 and 6 vol.% BZO/YBCO ML samples with their single-layer (SL)
counterparts. An overall higher pinning force (F},) density has been observed on the ML samples
as compared to their SL counterparts. Specifically, the peak value of F, (Fma) for the 6%
BZO/YBCO ML film is about ~ 4 times of that of its SL counterpart at 65 K. In addition, the
location of the F) e (Bmax) in the ML samples shifts to higher values as a consequence of
enhanced pinning. For the 6% BZO/YBCO ML sample, a much smaller “plateau-like” decrease
of the B,. with increasing temperature was observed, which is in contrast to approximately
linear decrease of B,... with increasing temperature in the 6% SL film. This result indicates the
importance of restoring the BZO/YBCO interface quality for better pinning efficiency of BZO
1D-APCs especially at higher BZO doping concentration.

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

1. Introduction:

High temperature superconducting (HTS) wires based on YBa,Cu3;O7 (YBCO) coated conductors are a
critical element to realize a broad variety of applications including power transmission cables,
transformers, fault current limiters, high field magnets, etc. [1-4]. The temperature and field regimes in
which these devices are operated are different, ranging in a few to tens of Teslas, depending on specific
applications. Improved magnetic vortex pinning via the addition of nanoscale impurity artificial pinning
centers (APCs) into the YBCO matrix has provided a viable approach towards achieving high critical
current density (Jc) at applied magnetic fields and temperatures [5, 6]. Various APCs of different
morphologies, including c-axis aligned one-dimensional nanorods (1D-APCs), ab-plane aligned two-
dimensional planar defects (2D-APCs), and three-dimensional nanoparticles (3D-APCs) have been
reported through the addition of secondary dopants like BaZrO; (BZO), BaHfO; (BHO), BaSnO;
(BSO), YBax(Nb/Ta)Os, Y203, etc. in YBCO (or other rare-earth variation of YBCO) to form
APC/YBCO nanocomposites films [7-15].

The self-assembly of the c-axis aligned 1D-APCs in the YBCO matrix via vertical epitaxy is driven
by a strain field that originates from the 1D-APC/YBCO interface due to their lattice mismatch at the
interface (in the direction of the c-axis of YBCO perpendicular to the film) [8, 16, 17]. In the case of
the BZO 1D-APC/YBCO nanocomposite films, the larger lattice constant of the BZO results in a
positive lattice mismatch of ~7.7% at the BZO 1D-APC/YBCO interface and hence a tensile strain on
the c-axis of YBCO [18]. This leads to a highly defective BZO/YBCO interface for reduction of the
interface strain [19]. In contrast, an approximately coherent BHO 1D-APC/YBCO interface with a
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much reduced interface defect concentration was observed and attributed to a smaller lattice mismatch
of ~6.7% and more adaptive elastic properties of BHO [13]. The higher pinning efficiency of BHO 1D-
APCs, as reflected in the more than twice higher maximum pinning force density F}, ne ~182 GNm™ at
65 K than that of BZO 1D-APCs, suggests a close correlation between the pinning efficiency of 1D-
APCs and the 1D-APC/YBCO interface quality [13]. Among others, BZO 1D-APCs have been
intensively studied after the pioneering work by Driscoll et al [7]. Despite a large BZO/YBCO lattice
mismatch, BZO 1D-APCs can form at fairly high concentrations proportional linearly to the BZO
doping approximately up to 10 vol.%, which is important to enhance pinning at high applied magnetic
fields [20-26]. In contrast, the concentration of the BHO 1D-APCs exhibits a nonlinear dependence on
the BHO doping and could not seem to be further increased above BHO doping of 4-5 vol.% [12, 13,
27]. In fact, when BHO 1D-APCs form coherent interfaces with YBCO, the accommodation of the
BHO and YBCO lattices leads to not only a large strain that hampers formation of high concentration
BHO 1D-APCs, but also degrades 7. of the BHO/YBCO nanocomposite films. At 6 vol.% BHO doping,
T. decreases to ~78 K, which results in much reduced J. in the temperature range of 65-77 K [13].

Considering the advantages of BZO in generating high-concentration 1D-APCs in BZO/YBCO
nanocomposite films, repairing the BZO/YBCO interface may recover the pinning efficiency of the
BZO 1D-APCs. In a recent exploration, we have developed a multilayer (ML) approach by inserting
two Cap3Yo7Ba;CusO7. (CaY-123) spacer layers in BZO/YBCO nanocomposite film for improving the
BZO/YBCO interface after BZO 1D-APCs form in BZO/YBCO nanocomposite films. In the ML films,
Ca from the spacer layers can diffuse dynamically during the film growth to YBCO layers. While
replacements of Y, Ba and Cu with Ca are all possible, the Ca/Cu replacement is most favorable, as
compared to the other two options on tensile strained YBCO lattice (in c-axis due to formation of BZO
1D-APCs). This is because Ca/Cu replacement can lead to elongated c-axis lattice constant of YBCO
up to 1.24 nm when the Cu cations of smaller size (by 30%) on the Cu-O planes are partially replaced
with larger Ca cations. This prevents formation of interface defects, such as dislocations, and leads to a
coherent BZO/YBCO interface owing to the reduced lattice mismatch up to ~1.4%. Considerably
enhanced pinning efficiency of BZO 1D-APCs has been observed [28]. It should be noted that the Ca
diffusion and Ca/Cu replacement occur dynamically during the growth of the BZO 1D-APCs with a
minimum impact on the nucleation (or the concentration) of the BZO 1D-APCs. In this paper, a
systematic study of the pinning efficiency of the BZO 1D-APCs in 2% and 6% BZO/YBCO ML
samples as a function of temperature in the range of 65-81 K is presented using single-layer BZO/YBCO
(SL) samples as a reference. Significant J. enhancement is obtained in the temperature range of 65-81
K as illustrated in the overall higher pinning force density (¥),) and reduced temperature dependence of
pinning in ML samples as compared to their SL counterparts’, which can be attributed to the formation
of coherent BZO 1D-APC/YBCO interface and thereby restoration of the pristine pinning efficiency of
the BZO 1D-APCs.

2. Experimental

In this work, 2 and 6 vol.% BZO doped YBCO nanocomposite films were deposited on (100) SrTiO;
(STO) single crystal substrates. One set of samples were made as reference samples, which included
single-layered YBCO films doped with 2 and 6 vol.% BZO (BZO/YBCO-SL). These samples are
referred as 2% SL and 6% SL, respectively, in the rest of the paper. The other set of samples is the same
except incorporation of two calcium containing Cao3Y07Ba,CusO7 (CaY-123) spacer layers inserted in
each BZO doped YBCO nanocomposite film. These samples have a multilayer structure with three ~50
nm thick BZO doped YBCO layers separated by two alternating ~10 nm thick spacer layers and will be
regarded as BZO/YBCO-ML and which are denoted by 2% ML and 6% ML in rest of the paper. All
samples were made using pulsed laser deposition (PLD) technique. A KrF excimer laser was employed
for PLD at the laser wavelength ~248 nm, with a pulse energy ~450 mJ. The optimal PLD repetition
rates were 8 Hz and 2 Hz for BZO/YBCO and the CaY-123 spacer layers respectively. During the
sample deposition, the oxygen pressure was maintained at ~300 mTorr whereas the sample temperature
was set at 825°C [29]. After the PLD deposition, the films were annealed at 500 °C in 1 atmospheric
oxygen pressure for 30 minutes. The details of the BZO/YBCO SL film fabrication have been reported
previously [27, 30, 31]. The film thicknesses were measured using a Tencor P-16 profilometer. The
thicknesses of SL and ML samples are around 150 nm and 170 nm respectively. Crystallinity and lattice
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parameters were determined by x-ray diffraction (XRD) utilizing a Bruker D8 Discover diffractometer.
In both SL and ML samples, c-axis aligned BZO 1D-APCs have been confirmed using transmission
electron microscopy [28] with a diameter ~5 nm and comparable concentrations at the given BZO
doping.

In order to study the electrical transport properties, two parallel microbridges with length of 500 pm
and width of 20 or 40 um were patterned on each film using standard photolithography. The details of
the patterning and sample wiring for the transport measurement can be found in our previous works
[27,30,31]. Briefly, Ag contact pads of ~ 120 nm in thickness were deposited through a shadow mask
using DC magnetron sputtering at the deposition rate of approximately 0.07 nm/second under the argon
pressure of 30 mTorr. The electrical connection to the microbridges were made by attaching platinum
wires of 50 um in diameter on Ag pads using Indium. The J.(B) measurement were taken at 6 = 0° (B//c-
axis) and at temperatures of 65-81 K. Quantum Design Ever-Cool II Physical Property Measurement
System equipped with a 9 T magnet was used for the electrical transport measurement. Standard four-
probe technique was used in the measurement of the transport properties including resistance-
temperature (R-T) curves from which 7. can be determined, and J.(B) curves. The J. values were
determined by applying a standard criterion of 1 uV/cm. The pinning force density (F,) was calculated
from the equation F, = J. x B. The maximum pinning force density (Fpma) and its location (Bj..x) were
determined from the F,(B) curves.

3. Results

Figure la and 1b compare the XRD & -28 spectra of the 2% and 6% SL and ML films. The SL films
are denoted by black and ML in red respectively. The appearance of the YBCO (001) peaks (#) indicates
the c-axis orientation of the BZO/YBCO nanocomposite films on the (100) STO substrates (+).
Additionally, both SL and ML spectra show the major BZO (001) peaks at 26 ~ 46.5°. The c-lattice
constants estimated from the YBCO (001) peaks for the 2% and 6% SL films are 11.74 Aand 11.81 A,
respectively. The larger lattice constant in the 6% SL film confirms the increased tensile strain with
increased BZO doping most probably attributed to the increased strain field overlap at higher BZO
doping [16, 32, 33]. Meanwhile the same c-lattice constants of 11.76 A is observed on both the 2% and
6% ML films. This may be attributed to the combined effects from interfacial strain and partial Ca/Cu
replacement as shown in our recent works. Basically, the replacement is mostly happening around the
BZO/YBCO interface where maximum tensile strained occurs. This has been confirmed via High
resolution transmission electron microscopy images with the elongated c-axis lattice constant of YBCO
up to 1.24 nm as described in the previous work [28]. A coherent BZO/YBCO interface was formed
owing to the reduced lattice mismatch up to ~1.4%.
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Figure 1: X-ray diffraction. (a) -2 scans taken on 2% SL (black) and 2% ML (red) with the inset
showing rocking curves of the YBCO (005) peak for the 2% SL (black) and ML (black) films. (b) &-
2 @scans taken on 6% SL (black) and 6% ML (red) with the inset showing rocking curves of the YBCO
(005) peak for the 6% SL (black) and ML (red) films. The spectra were generated using Cu-ka radiation
of wavelength 1.54 A. The symbols #, + and * represent the YBCO (001), STO substrate (100) and
major BZO (001) peaks respectively.
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This Ca/Cu replacement on YBCO’s Cu-O planes resulting in strain reduction is evidenced in the
microstrain evaluation in XRD data shown in figure 1. In the 6% ML film, the c-lattice constant
decreases as compared to its SL counterparts. This can be explained via higher reduction of microstrain
as revealed in its FWHM values evaluated from (005) YBCO rocking curves. These are shown in the
inset of figure la and 1b for 2% and 6% SL and ML (SL as black and ML as red curves) sample
respectively. This has been confirmed from the smaller full width at a half maximum (FWHM) of
YBCO (005) rocking curves on the 2% and 6% ML samples. The FWHM values for the 2% SL and
ML samples are 0.35° and 0.32° respectively, which correspond to ~ 10% reduction in the microstrain
in the latter as opposed to the former. In the 6% SL and ML samples, the FWHM values are 0.59° and
0.38° respectively. This means that a reduction of 35% of microstrain is obtained in the 6% ML film
as compared to its counterpart. In addition, the c-lattice constant of 6% ML sample is the same as that
of the 2% ML sample. This result therefore suggests the benefit of the ML approach is more significant
in BZO/YBCO nanocomposites with higher BZO doping concentrations, in which strain field overlap
is more significant and the impact on the nanocomposite performance is more severe.

IOP Publishing
doi:10.1088/1757-899X/1241/1/012021
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Figure 2: (a) Comparisons of J (B) curves of the 2% SL with 2% ML nanocomposite films at B//c. (b)
Comparisons of J (B) curves of the 6% SL with 6% ML nanocomposite films at B//c. F,(B) plots at
different temperature for (c) 2% SL and ML films (d) 6% SL and ML films.

The T. values are determined to be 89.2 K, 87.5 K from the R-T curve measurement on the 2% SL
and ML samples. Similarly, the 7. values of 86.9 K and 84.0 K, respectively, were observed on the 6%
SL and ML samples. The slightly reduced 7, values in the ML samples indicates a minor Ca diffusion
is happening in the YBCO matrix due to the Ca diffusion from the CaY-123 spacers [34, 35]. Figure 2a
compares the J.(B) curves of the 2% SL and ML films at B//c in the field range of 0-9 T and temperature
range of 65-81 K. The ML samples exhibit overall higher J. values in high field range despite a lower
T. (by ~1.0 K) in the ML samples. For example, at 65 K, a J. enhancement of 2.9,2.4,2.1, and 2.1 times
is observed on the 2% ML samples at 1 T,3 T, 5T and 9 T respectively over the 2% SL samples. At 77
K, the J. enhancement factor of 2.5, 3.1 and 2.2 is observed at 1 T,3 T and 5 T respectively. Similarly,
at 81 K, the 2% ML sample has 1.7,2.2 times higher J. at self-field and at 1 T. Furthermore, the J.(B)
curve for the 2% ML sample exhibits much reduced B-field susceptibility as compared with the 2% SL
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sample at all temperature study conducted. These results suggest the benefits of ML approach in
enhancing the J. via restoration of pristine pinning efficiency of BZO 1D-APCs. Figure 2b compares
the J.(B) curves of the 6% SL and ML films at B//c in the field range of 0-9 T and temperature range of
65-81 K. A similar trend of enhanced pinning has been observed in the 6% ML sample as compared to
its SL counterpart. At 65 K, the ML samples show J. enhancement factors of 2.5,2.6,2.9, and 4.3 times
over its SL counterparts at 1 T,3 T, 5 T and 9 T respectively. At 77 K, ML sample has 0.95,0.72, and
1.2 times higher J, than SL counterparts at 1 T,3 T and 5 T respectively. Similarly, at self-field and 1
T, J. enhancement of 1.6 and 0.11 is observed for ML samples at 81 K. It should be noted that the
higher J. values for the 6% ML sample were observed in the entire field range at almost all temperatures.
It is seen from J.(B) plots, magnetic field susceptibility for 2% ML sample is higher than 6% ML
samples. This suggest that a larger number of BZO 1D-APCs are efficient for pinning in the 6% ML
sample, which is expected from the higher concentration of BZO doping in BZO/YBCO
nanocomposite. In addition, the J.(B) enhancement increases with the applied B fields. For example, at
a temperature of 65 K and 68 K, the J. value for the 6% ML sample is about 4.3 times of that of the 6%
SL counterparts at 9 T, which is in contrast to ~2.1 in the 2% case at the same condition.

The enhanced J.(B) leads to an enhanced F,(B) in the 2% ML sample in the entire temperature range
of measurements as shown in figure 2c. The F,(B) curves are of a characteristic bell shape for both SL
and ML samples and the peak value of F}, (Fymax) locates at By.... For the entire temperature and field
range higher F, values can be observed for ML sample. At 65 K, the Fpmax’s for the ML and SL samples
locate almost at the same locations of Bmax~3.0 T despite an enhanced Fpmax value by approximately
96% from ~39.8 GN/m? for the 2% SL sample to ~78.1 GN/m? for the 2% ML sample. At 1 T,5 T and
9 T, an enhancement factor of 2.3, 2.1, and 3.2 times has been observed on the ML sample over its SL
counterpart’s. At 77 K, approximately ~2 times higher F,at 1 T,3 T and 5 T observed for 2% ML
sample as compared with SL counterparts. In comparison with 2% case, the 6% ML sample shows
much more enhanced F, which is shown in figure 2d. At 65 K and fields of 1 T,5 T, and 9 T ML sample
has F, values 2.5,2.9 and 4.1 times of SL counterparts respectively. In addition, an overall higher B«
values can be seen in 6% ML sample as compared to the 6% SL sample. At 65 K, the By ~8 T is
approximately 33% higher than that of the 6% SL sample. At 77 K, F, values are comparable and little
better for ML samples compared to SL counterparts. For example, F, enhancement of 0.95, 0.72 and
1.2at1T,3 Tand5 T respectively observed at 77 K. The F,,’s enhancement are consistent with the J.’s
enhancement observed in figure 2a and 2b.
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Figure 3: Pinning force density (F,..) as a function of reduced temperature (7/7.) plots for (a) 2% SL
and ML sample (b) 6% ML and SL sample. B,..x vs T/T, plots for (c) 2% SL and ML sample (d) 6% ML
and SL sample.
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Figure 3a and 3b compare the Fp ... values as a function of reduced temperature (7/7.) for the 2%
and 6% SL and ML samples, respectively. Overall, high F), ... values are observed on ML samples as
compared to their SL counterparts’. At 7/T. = 0.755, the F, ... values ais 78.1 GNm?, and at T/T. =
0.769, F, .: values is 157.7 GNm? for 2% and 6% ML samples, which are 1.9 and 3.9 times of their
SL counterparts’. At 7/T. = 0.91, the ratios between F ... values of ML and SL samples are 1.6 and
3.6 for 2% and 6% samples. Although the SL and ML samples exhibit a similar temperature dependence
of Fpmax, the higher Fp ... values in the ML samples imply an extension of the temperature range for
applications of the BZO/YBCO nanocomposites.

Figure 3c and 3d compare the B... as a function of 7/T. for the 2% and 6% samples, respectively.
At the lower BZO doping of 2 vol.%, the B,... values for the SL. and ML samples are comparable in the
lower T/T. range up to ~0.85, while higher B,... values are observed in the ML sample. This illustrates
the benefit of the BZO/YBCO interface engineering using the multilayer approach. Specifically, the
removal of the defective YBCO interfacial layer would lead to reduced degradation of the T, value at
the interface. A sharper BZO/YBCO interface is critical to the pinning efficiency of BZO 1D-APCs
[36]. Specifically, the higher B,.. values in the 2% ML sample implies more BZO 1D-APCs remain
efficient at elevated temperatures. A similar but more dramatic trend can be observed in 6 vol.%
samples. In fact, the B,... vs T/T. curves for SL and ML samples differ qualitatively, besides much higher
B,..x values for the ML sample over the entire range of 7/7.. At 7/T. ~0.76, the By ~8 T for the ML
sample is 1.3 times of that for the SL sample. At 7/T, ~0.95, this ratio is increased to 2.2. In contrast to
the approximately linear decreases of the B,... vs T/T. in the SL sample, a more or less plateau can be
seen in that for the ML sample at lower 7/7, followed by a sharp decrease of the B,... when approaching
T/T. =1. For example, in 2% ML, B, drop sharply to 0.4 T at 7/T. ~1 from B, of 2.5 T when T/T.
equals to 0.91. Similarly in 6% ML film, Bp.x drops to 3 T at T/T, ~1 from 5.5 T at T/T, ~0.95. This
observation suggests that the BZO 1D-APCs lose their pinning efficiency at elevated temperatures in
SL samples, while they remain efficient pins in a wider temperature range in the ML sample. In
contrast, the more dramatic enhancement of the pinning 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.

4. Conclusions

A newly developed ML scheme by inserting two ~10 nm thick CaY-123 spacer layers in 2% and 6%
BZO 1D-APCs/YBCO nanocomposite films has shown to enhance the pinning efficiency of BZO 1D-
APCs by reducing the BZO/YBCO interface lattice mismatch and hence interfacial defect
concentration. Significant J. enhancement has been observed on ML samples as compared to their SL
counterparts in the temperature range of 65-81 K. For example, a J. enhancement of 4.3 times in 6%
ML film has been observed at 65 K and at magnetic field of 9 T in comparison with 6% SL counterparts.
The overall J, enhancement has led to enhanced F,m.x Value by approximately 96% for the 2% ML and
296% for the 6% ML samples, respectively. The pinning enhancement in the ML samples is also
illustrated in their higher B,. values in the temperature range of 65-81 K. Furthermore, a qualitatively
different temperature dependence of B,... has been observed on 6% ML sample as compared to the 6%
SL one. Specifically, a much smaller decrease of the B,... values with increasing temperature has been
observed in the ML sample, suggesting that the majority of BZO 1D-APCs remain efficient in pinning
at temperatures close to 7. This result indicates the importance of the BZO/YBCO interface on pinning
efficiency of BZO 1D-APCs.
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