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ABSTRACT

High critical current (I.) in high magnetic fields (B) with minimal variations with respect to the orientation of the B field is demanded by
many applications such as high-field magnets for fusion systems. Motivated by this, this work studies 6 vol. % BaZrO;/YBa,Cu;0; (BZO/ §
YBCO) multilayer nanocomposite films by stacking two 10 nm thick Cag3Y,;Ba,CuzO; (CaY-123) spacers with three BZO/YBCO layers of &

eN 61

thickness varied from 50 to 330 nm to make the total film thickness of 150-1000 nm. The Ca diffusion from the spacers into BZO/YBCO 3
was shown to dramatically enhance pinning efficiency of c-axis aligned BZO nanorods, which yields high and almost thickness independent
critical current density (J.) in the BZO/YBCO multilayer nanocomposite films. Remarkably, enhanced J. was observed in these multilayer
samples at a wide temperature range of 20-80 K and magnetic fields up to 9.0 T. In particular, the thicker BZO/YBCO multilayer films out-
perform their thinner counterparts in both higher value and less anisotropy of J. at lower temperatures and higher fields. At 20K and 9.0 T,
I is up to 654 A/cm-width at B//c in the 6% multilayer (1000 nm) sample, which is close to 753 A/cm-width at B//ab due to the intrinsic
pinning. This result illustrates the critical role of the Ca cation diffusion into the YBCO lattice in achieving high and isotropic pinning in
thick BZO/YBCO multilayer films.
© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0231956
I. INTRODUCTION It is, therefore, important to achieve high J, in thick YBCO films at
High-temperature superconducting (HTS) materials have the high ma.gne.tic fields'""'" through self—asseTnb.ly of ‘.Jarilous types of
potential in a variety of electric power applications, such as trans- vortex-pllil}éng centers, known as art‘lﬁc1a1 pinning centers
mission cables, motors, and high-field magnets for large accelera- (APCS)' Among qthers, one-dimensional APCS (.ID'APCS)
tors and fusion systems as they can carry a large amount of current  aligned along the c-axis of YBCO have been studied intensively
in high magnetic fields (B).'™" One of the most widely used HTS since they can provide correlated pinning at the B//c-axis address-
materials is YBa,Cu;O,_, (YBCO), which has been used exten- ing the weak pinning associated to the layered structure of
sively in coated conductors and has demonstrated a high critical ~ REBaCu30;_ (RE regards rare earth elements of Y, Gd, and Sm).
current density (J.)."”” For practical applications, increasing the ~ Examples include BaZrO; (BZO), BaSnO; (BSO), BaHfO; (BHO),
thickness of YBCO to a few micrometers can improve critical and YBa,(Nb/Ta)Os 1D-APCs that have been grown in
current () and reduce manufacturing costs that will ultimately REBaCu;0;_, (RE regards rare earth elements of Y, Gd, and Sm)
impact the marketability of second-generation coated conductors.'’ films to provide strong correlated pinning at the B//c-axis.'>'"~*
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© Author(s) 2024


https://doi.org/10.1063/5.0231956
https://doi.org/10.1063/5.0231956
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0231956
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0231956&domain=pdf&date_stamp=2024-10-16
https://orcid.org/0000-0001-5111-7004
https://orcid.org/0000-0002-4895-3527
https://orcid.org/0000-0003-2812-7452
https://orcid.org/0000-0003-3226-2761
https://orcid.org/0000-0001-8173-9744
https://orcid.org/0000-0002-9715-5759
https://orcid.org/0000-0002-7397-1209
https://orcid.org/0009-0004-4740-2821
https://orcid.org/0000-0001-7040-4420
mailto:jwu@ku.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1063/5.0231956
https://pubs.aip.org/aip/jap

Journal of
Applied Physics

In a recent study, we have found the pinning efficiency of
BZO 1D-APCs can be enhanced substantially by diffusing a small
number of Ca ions into the YBCO lattice in the BZO/YBCO nano-
composite thin films using a multilayer (ML) approach.*®
Specifically, Ca is provided from two thin spacers of
Cap3Yo,Ba,Cus0; (CaY-123) with 5-15nm in thickness grown
alternatively with three BZO/YBCO layers each of ~50 nm in the
thickness in the ML samples. Ca/Cu replacement on the Cu-O
planes of the YBCO lattice near the BZO 1D-APC/YBCO interface
was observed in a microstructure study using high-resolution scan-
ning transmission electron microscopy.”” The short segments of
stacking faults formed at the Ca/Cu-O planes leads to the c-axis
elongation of YBCO near the BZO 1D-APC/YBCO interface,
resulting in reduced lattice mismatch from ~7.7% to 1.4% and
hence an almost defect-free interface.”” " While a J. enhancement
by up to 440% was achieved on ~150 nm thick BZO/YBCO ML
films at 65K and 9.0 T, it remains a question on whether sufficient
Ca diffusion efficacy could be achieved in the same five-layer struc-
tured ML films when the film thickness >150 nm. In order to
answer this question, this work presents an investigation of 6 vol. %
BZO/YBCO ML samples as the constituent BZO/YBCO layer thick-
ness is varied from 50 to 330 nm or the total film thickness varied
from 150 to ~1000 nm with the same two CaY-123 spacers of a
fixed thickness of 10nm each. Remarkably, comparable J. was
observed in these films in a wide temperature range of 20-80 K and
field range of 0-9.0 T. Interestingly, thicker ML films outperform
their thinner counterparts in both J, values and reduced J. anisotropy
at lower temperatures and higher fields. These findings suggest that
Ca diffusion facilitated by the tensile strained BZO 1D-APC/YBCO
interface could be highly efficient in the BZO/YBCO ML samples of
large thicknesses with enhanced pinning for high I, values in a wide
temperature range at high magnetic fields.

Il. METHODS

A. Fabrication of multilayer BZO/YBCO
nanocomposite films

BZO/YBCO nanocomposite ML films with BZO concentra-
tion of 6 vol. % were fabricated using pulsed laser deposition (PLD)
from a BZO-doped YBCO target of the same nominal composi-
tions. Single-crystalline (100) oriented on SrTiO; (STO) substrates
were used. For the purpose of comparison, the same BZO-doped
YBCO target was also used to make BZO/YBCO single-layer (SL)
films of selected thicknesses using the same PLD condition, espe-
cially the same 8 Hz repetition rate. This means the ML and SL
samples would be otherwise the same except the former contains
two CaY-123 spacers of 10 nm each in thickness. In order to make
ML samples, a CaY-123 PLD target was adopted for PLD deposi-
tion (at repetition rate of 2 Hz) of the two CaY-123 spacer layers of
thickness ~10 nm each alternatively with BZO/YBCO layers. The
five-layer ML samples consist of three BZO/YBCO layers as the 1st,
3™, and 5th layer and two CaY-123 spacers as the 2nd and 4th
layer. Since the starting layer (or 1st layer) in the ML sample is also
BZO/YBCO, the same nucleation of BZO 1D-APCs on the STO
substrate is anticipated in the 1st BZO/YBCO layer of the ML
samples to that in the counterpart SL ones. While the BZO
1D-APCs cannot grow through the thin CaY-123 spacers, they
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have been found to continue in the BZO/YBCO layer on top of
thin CaY-123 spacers,” yielding comparable areal density and
diameter of the BZO 1D-APCs in ML and SL samples at the same
BZO doping. All samples were annealed in situ at 500 °C in one
atmospheric oxygen pressure for 30 min after the PLD deposition.
More details of the ML film growth were described in previous
studies.”*™*" The film thicknesses were measured using a Tencor
P-16 profilometer. The ML films have nominal thicknesses of 150,
300, 450, 600, 750, and 1000 nm, respectively, which were con-
firmed using a Thermo Fisher Scientific Tencor P16 3D surface
profiler to be within a few percents. The measured film thicknesses
were used for the calculation of J.. For convenience, these ML
samples are regarded as 6% ML (150 nm), 6% ML (300 nm), 6%
ML (450 nm), 6% ML (750 nm), and 6% ML (1000 nm) samples,
respectively, in the discussion below.

B. Characterization of multilayer BZO/YBCO
nanocomposite films

Scanning transmission electron microscopy (STEM) was
adopted to study the microstructures of the samples using a
Thermo Fisher Scientific Themis-Z TEM system which is an
aberration-corrected electron microscope with a spatial resolution as
small as 63 pm at an acceleration voltage of 300kV with combined
correctors. Energy dispersive x-ray spectroscopy (EDS) was used to
analyze the element distribution across the ML cross-sectional area.
Crystallinity and lattice parameters were determined by x-ray dif-
fraction (XRD) utilizing a Bruker D8 Discover diffractometer.

For electrical transport measurements, two parallel micro-
bridges were fabricated on each film using standard photolithogra-
phy using the same protocol reported in our previous works.”"**
Wet etching in 0.05% of nitrous acid was adopted to complete the
fabrication of the two microbridges of bridge length of 500 um and
bridge width of 20 and 40 um, respectively. To make the electric
contact, Ag contact pads of ~1 mm in diameter and ~120 nm in
thickness were deposited through a shadow mask using DC magne-
tron sputtering before photolithography to prevent sample surface
contamination by chemicals and solvents used for lithography. The
electric power used for the Ag sputtering is 34 W, which yielded a
deposition rate of approximately 0.07 nm/s under the argon pres-
sure of 30 mTorr. The electrical connection to the microbridges
were completed by attaching platinum wires of 50 um in diameter
on the Ag pads using indium. J. was measured at different applied
magnetic fields B in the range of 0-9.0 T at temperatures in the
range of 20-80K in a Quantum Design Ever-Cool II Physical
Property Measurement System (PPMS). The standard four-probe
technique was used while measuring the transport properties
(T, and J,). Current-voltage (I-V) curves was taken using a HP
34420A nanovoltmeter and a Keithley 2430 1KW Pulse
Source Meter at different B field orientations ranging from 6 =0°
(B//c-axis) to 6=90° (B//ab-plane) in the plane with B perpen-
dicular to J. The J. values were determined by applying a
standard voltage criterion of 14V/cm on the I-V curves. The
pinning force density (F,) was evaluated by using the equation
F, =] x B. The maximum pinning force density (Fj, nax) and its
corresponding location of the magnetic field (Bp,,) were then
determined from the F,, (B) curves.
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I1l. RESULTS AND DISCUSSION

Figure 1 illustrates schematically the cross-sectional micro-
structures of BZO/YBCO SL and ML films with the same BZO
doping level. The SL film contains an array of c-axis aligned BZO
1D-APCs (black) grown throughout the entire film thickness of the
YBCO film [Fig. 1(a)]. The ML sample [Figs. 1(b) and 1(c)] has a
five-layer structure with two 10 nm thick CaY-123 spacers grown
alternatively with three BZO/YBCO layers each having thickness
varied in the range of 50-330 nm. This leads to the total film thick-
ness varied in the range of about 150-1000 nm. Since these ML
samples have the same CaY-123 spacers, the total amount of Ca
is maintained the same. However, since the same PLD growth
conditions, especially the same PLD repetition rate of 8 Hz for
BZO/YBCO layers, were applied to grow BZO/YBCO ML films of
different thickness, the diffusion time for Ca ions would increase
linearly with the BZO/YBCO layer thickness due to a longer
growth time required for PLD deposition at the same repetition
rate. The purpose of restricting the Ca amount is to minimize
reduction of Ca/Y replacement on YBCO lattice which leads to
reduced critical temperature T, due to the consequent overdoping
effect on YBCO.”™ This argument is based on strain-mediated
Ca substitutions of Y, Ba, and Cu from density function theory
simulation.”® Near the BZO 1D-APC/YBCO interface, the higher
tensile strain would make Ca diffusion and Ca/Cu replacement
more favorable energetically since Ca ion is about 30% larger in
size than Cu ion. If this hypothesis prevails, Ca diffusion along the
BZO 1D-APC/YBCO interface could proceed at a large thickness
of the BZO/YBCO layer considering only a small amount of Ca is
needed for the Ca/Cu replacement in the C-O plane to enlarge the
c-axis of YBCO near the BZO 1D-APC/YBCO interface and no
more Ca would be needed when the c-axis elongation is adequate.

Figures 2(a) and 2(b) exhibit STEM cross-sectional views of
6% BZO/YBCO ML samples of 150 and 600 nm total thicknesses,

(a) BZO/YBCO SL film

BZO nanorod

YBCO film

(b) BZO/YBCO ML film (thinner)

aY-123 spacer _

CaY-123 spacer

BZO/YBCO
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respectively. The five-layer structure consisting of two CaY-123
spacers and three BZO/YBCO layers can be clearly seen in both
cases. Through the film thickness, each BZO 1D-APC has three
segments due to the presence of the two CaY-123 spacers. The seg-
ments align well on top of each other through the entire film thick-
ness in both 150 and 600 nm thick ML samples. This means that
the presence of the thin spacers does not seem to perturb the mod-
ulated strain field formed in the BZO/YBCO layers, which is
driving force in nucleation and evolution of the c-axis aligned BZO
1D-APCs. Furthermore, since the first layer of the ML samples is
BZO/YBCO fabricated in the same way as in the BZO/YBCO SL
samples, the nucleation of the BZO 1D-APCs is expected to be the
same in the SL and ML samples. This means the same morphology,
dimension and concentration of BZO 1D-APCs are expected in SL
and ML samples under the same BZO doping. This argument is
supported by the quantitative analysis of TEM data. For example,
the diameter of the BZO 1D-APCs in the ML samples is around
5-6nm and the center-to-center spacing (d) between BZO
1D-APCs is around 12nm for the 6% ML (600 nm) sample
[Fig. 2(c)]. The BZO 1D-APC linear density is hence ~83/um,
which is comparable to that for their SL counterpart and that in
the 6% ML (150 nm) sample.n’27 The BZO 1D-APC concentration
allows the estimation of the accommodation field defined as
B*=®,/d* ~143T, where ®,=2.07x10""°Wb is the flux
quantum. Figures 2(d)-2(f) show the EDS maps of Ca, Zr, and Y
on the 6% ML (150 nm) sample in Fig. 2(a), the elemental distribu-
tions agree well with the expectation. In particular, the amount of
Ca remaining in the two spacers is fairly high, which suggests the
amount of Ca ions diffused into the BZO/YBCO layers is most
probably limited. This is not surprising as no obvious defective,
and hence efficient, diffusion channels are present in the ML
samples. In the case of YBCO films on bicrystals, grain boundaries
are highly defective and are found to serve as highly efficient

(c) BZO/YBCO ML film (thicker)

) “ Ca23er : i

Ca-123 spacer _

BZO/YBCO

SrTiO; SI'TIO3

FIG. 1. Schematic diagrams of (a) BZO/YBCO film SL and BZO/YBCO ML films with two 10 nm thick CaY-123 spacers and three thinner (b) or thicker (c) BZO/YBCO

layers each having thickness in the range of 50-330 nm.
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FIG. 2. Cross-sectional STEM images of the 6% BZO/YBCO ML films of (a) 150 and (b) 600 nm thicknesses, respectively. (c) Zoom-in view of (b) for a quantitative
analysis of BZO 1D-APC concentration of ~83/um. EDS mappings of Ca, Zr, and combined Ca, Y, and Zr are shown in (d)—(f) for the 150 nm and (g)—(i) for the 600 nm

thick ML samples.

diffusion channels for Ca.”” Relatively, the BZO 1D-APC/YBCO
interface may be more efficient for Ca diffusion due to the pres-
ence of defects, such as dislocations, on the interface, allowing
Ca diffusion to extend to BZO/YBCO layers of large thicknesses
along the BZO 1D-APC/YBCO interface.’®*’ Similarly, the
EDS maps of Ca, Zr, and Y on the 6% ML (600 nm) sample in
Fig. 2(b) are exhibited in Figs. 2(g)-2(i). Interestingly, Ca is shown to
have a considerably higher concentration in the two CaY-123 spacers
than in the BZO/YBCO layers, indicating again only the amount of Ca
diffusing out of the spacers into the BZO/YBCO layers is moderate,
which is preferred to minimize significant reduction of T via Ca/Y

replacement’” while facilitate Ca/Cu replacement on the Cu-O planes
of YBCO lattice near the BZO 1D-APC/YBCO interface for the benefit
of interface lattice mismatch via c-axis elongation of the YBCO near the
interface.”>”’ Also included in Table T are the c-axis lattice constants
measured on 6% ML samples of different thicknesses using XRD 6-26
scans. The values are in the range of 11.77 to 11.72 A, which are com-
parable to 11.73 A for the 6% SL (300 nm) reference sample.

Figure 3 shows J.(B) curves measured on four 6% ML films of
different thicknesses of 150 nm [Fig. 3(a)], 450 nm [Fig. 3(b)],
750 nm [Fig. 3(c)], and 1000 nm [Fig. 3(d)], respectively, at B//c in
the field range of 0-9.0 T at temperatures of 50, 65, 68, 74, 77, and
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TABLE 1. Summary of properties of 6% BZO/YBCO ML films with variable thickness in the range of 150-1000 nm. All ML samples have five-layer structures schematically
shown in Figs. 1(b) and 1(c). A 6% BZO/YBCO SL film of 300 nm in thickness is included for comparison.

J. (MA cm™) at

Sample ID T. (K) C-lattice constant (A) Fymax (GN/m®) at 65K  J. (MAcm™?) at 65K, 9T (B//c) 50K, 9T (B/lc)
6% SL (300 nm) 86.5 11.73 824 0.527 1.82
6% ML (150 nm) 84.0 11.77 158 1.69 2.48
6% ML (300 nm) 83.5 11.73 123 1.30 1.69
6% ML (450 nm) 86.0 11.74 130 1.33 3.57
6% ML (600 nm) 83.0 11.73 99.1 0.785 2.44
6% ML (750 nm) 85.0 11.76 111 1.25 3.72
6% ML (1000 nm) 84.5 11.72 110 1.24 3.58

81 K. Overall, all four ML samples have high J. values while more
noticeable differences are present at higher temperatures. It should
be noted that the T, values are comparable at 84, 86, 85, and 84.5K,
respectively, for the 150, 450, 750, and 1000 nm thick ML samples
(Table T). Therefore, the moderate differences, especially the better
J«B) in thicker ML samples, may not be explained by the T. effect.
Moreover, the thicker ML samples outperform their thinner coun-
terparts at high fields and low temperatures. For example, at 50 K
and 9.0 T, the J, values of 3.57, 3.72, and 3.58 MA/cm’, respectively,
were observed for the 450, 750, and 1000 nm thick BZO/YBCO ML

N ‘ 3
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films, which are considerably higher than 2.48 MA/cm?® for the 6%
ML (150 nm) sample (Table I).

Figures 4(a)-4(c) present a comparison of the J(B) curves of
the same four 6% BZO/YBCO ML films of different film thick-
nesses of 150 nm (black), 450 nm (red), 750 nm (blue), and
1000 nm (purple) at 77, 65, and 50 K, respectively. For comparison,
the J(B) curves of a reference 6% BZO/YBCO SL sample of
150 nm in the thickness are also included in Figs. 4(a) and 4(b)
(open black). Compared to its ML counterpart of the same thick-
ness (solid black), the J.(B) values of the two sample are

(b)

.
oo,
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FIG. 3. J.(B) curves measured at temperatures of 50-81 K on 6% BZO/YBCO ML films of nominal thicknesses of (a) 150, (b) 450, (c) 750, and (d) 1000 nm, respectively.
The J, measurements were taken at the B/c-axis.
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FIG. 4. J,(B) comparison of 6% BZO/YBCO ML samples of different thicknesses of 150 nm (black), 450 nm (red), 750 nm (blue), and 1000 nm (purple) at (a) 77
and (c) 50K, respectively. J.(B) curves measured on a reference 6% BZO/YBCO SL sample (open black) has also been included in (a) and (b). (d)

and 9.0 T (open) of the same four ML samples in (a)—(c).

comparable at 77K and fields ~3.0T or lower while the ML
sample exhibits considerably higher J.(B) values at B>3.0 T and
the J.(B) enhancement increases with increasing field. At 9.0 T, the
J«(B) enhancement is about one order of magnitude, suggesting the
improved pinning in the ML sample. At 65K, the similar trend of
the enhanced J.(B) in the ML sample can be observed in the entire
range of the magnetic fields. Overall, high and comparable J.(B)
values are demonstrated on the four ML samples within a factor of
2-4 across in the B field range of 0-9.0 T as the film thickness is
varied in the range of 150-1000 nm. No obvious trend is observed
on the thickness dependence of J.(B). For example, at 77 K, subtle
differences of the J. values for the four ML samples are mainly at
lower B fields below 6-7 T. In contrast, at 65K, the differences of
the J. values appear at higher B fields. Specifically, the J,. values at
B=9.0T are 1.69, 1.33, 1.25, and 1.24 MA/cm?, respectively, for the
ML samples of 150 nm (black), 450 nm (red), 750 nm (blue), and
1000 nm (purple) in thickness. These ], values are remarkable
when compared to results from the literature reported APC/
REBCO nanocomposite films in the range of 0.7-0.9 MA/cm?""~"
With further decrease in temperatures, the thicker ML samples
exhibit higher ], values. As shown in Fig. 4(c), the three thicker ML

, (b) 65,
J (T) at 5.0 T (solid)

samples with thicknesses of 450, 750, and 1000 nm have compara-
ble and high J. values across the entire B field range at 50 K, which
are considerably higher than that of ML (150 nm). It should be
noted that the ML samples outperform the SL counterparts in
terms of the J(B) values. At B=3T and both 77K and 65K, J.
values of the ML samples is up to 0.41 and 2.4 MA/cm? respec-
tively, which are higher than that reported in the literature.*>**>
For instance, YBCO films with surface decoration using CeO, and
a BZO-doped YBCO film or with a 30% Y-rich precursor have J.
values of 0.12-0.13 and 0.7-1.5 MA/cm?, respectively, at 3 T and at
77 and 65K, respectively.“’m Figure 4(d) shows J. vs temperature
curves at 50T (solid) and 9.0 T (open) for the same four ML
samples. The decreasing J. trend with increasing temperature is
clearly observable in all the films at both fields as anticipated while
the crossing of the J.(T) curves for thin and thick ML samples is
associated to the higher J.(B) at lower Ts for the latter. The increas-
ing temperature susceptibility of J. with increasing temperature is
attributed to T approaching T..

Figures 5(a)-5(c) display the F,(B) curves for the same set of
four 6% BZO/YBCO ML films of different thicknesses in Fig. 4 at
77, 65, and 50 K. At higher temperatures, the FP(B) curves exhibit a
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and (c) 50 K, respectively; and (d) Fy max @s a function of ML film's thickness at 65 K (red) and 77 K (black).

bell-shape and the value of F,(B) at the peak location of B,y is
defined as Fymax- At 77K, the F max values are 13, 20, 4.8, 11, and
14 GNm™ for 150nm (black), 450 nm (red), 750 nm (blue),
and 1000 nm (purple) thick ML films, respectively [Fig. 5(a)].
Again, there seems to be no trend in the Fy iy values vs sample
thickness. At 65K, the 150nm ML sample has the highest
Fp max~ 158 GNm™>, which is followed with 130, 111, and
110 GNm 2 for the 450, 750, and 1000 nm ML films, respectively
[Fig. 5(b) and Table I]J. It should be noted that the
Fp max ~ 82 GNm ™ for the reference 6% SL (300 nm) samples is
considerably lower at 65K (Table 1).”* The enhanced Fp max> as
well as the B, values ranging from 7.0 to 9.0 T for the four ML
samples in contrast to ~5.0 T in the 6% SL (150 nm),””~* illustrate
the benefit of Ca ion diffusion in the BZO/YBCO ML samples.
Nevertheless, the By, values in the ML samples are still lower than
the accommodation field B*~14.3 T estimated from the areal
density of the BZO 1D-APCs in 6% BZO/YBCO nanocomposite
samples, suggesting a considerable portion of the BZO 1D-APCs
generated need to be activated for further improved pinning at
65 K. With further decrease of the temperature to 50 K, the Fj, max
could not be determined since Fj,(B) increases monotonically with
increasing B in the range of 0-9.0 T, which means B, >9.0T.
Nevertheless, the overall high F,(B) values were observed on all 6%
BZO/YBCO ML samples. At 50K, the highest F, value of

337 GNm™ was obtained at B=9.0T in the ML samples. These
values are larger than the 80-140 GNm ™ reported on 120-220 nm
thick BZO/YBCO SL films,”"> illustrating the benefit of the ML
approach in enhancing J. and pinning in thicker films. Figure 5(d)
summarizes the data. It shows Fj, n.« measured at 65K (red) and
77 K (black) as a function of the ML film thickness. The fact of
comparable F, qx values obtained on the ML samples of different
thicknesses suggests that the diffusion of Ca ions is fairly effective
through a large BZO/YBCO thickness in the five-layer ML structure.

Figures 6(a)-6(d) compare the J.(6) curves of the same four
6% ML films of different thicknesses in Fig. 4 at 77 and 65K and
several selected magnetic fields. Two peaks at 6 around 0° (B//c)
and 90° (B//ab) can be clearly seen in all samples. The former cor-
responds to the enhanced pinning by the BZO 1D-APCs, while the
latter, the intrinsic pinning by ab-planes in YBCO. The 6% ML
(450 nm) film has the highest J. values and lowest ], anisotropy in
the entire angular range at 77 K and 3.0 and 5.0 T magnetic fields.
In contrast, the 150 nm ML film has the lowest J.(6) values as com-
pared to the thicker ML films although it outperforms its SL coun-
terpart considerably.”® Interestingly, the differences between the
J(6) values of the four ML samples with different thicknesses
reduce at lower temperature of 65 K. Furthermore, the correlated
pinning by the BZO 1D-APCs is stronger in all ML films as com-
pared to the intrinsic pinning at the B//ab-plane as exhibited by the
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77Kand 5.0T, (c) 65K and 5.0 T, and (d) 65K and 9.0 T, respectively.

higher peak value of J.(6) around 6 ~ 0° than at 8 ~ 90° at 65 K. At
5.0 T, the ratio between these two peaks is in the range of 2.1-2.3 at
5.0 T and it is around 1.8-4.1 at 9.0 T.

Figures 7(a) and 7(b) compare the J.(6) curves of 6% ML
films of thicknesses of 450 nm (red), 750 nm (blue), and 1000 nm
(purple) with that of a reference 6% SL sample of 300 nm in thick-
ness (black) at temperatures of 50 and 30 K, respectively, in mag-
netic field of 9.0 T. Note the 6% SL (300 nm) sample is included for
comparison because J. in undoped and BZO/YBCO SL films
decreases monotonically with the thickness.”> While BZO
1D-APCs are shown to reduce the thickness dependence, the
highest J. is observed in undoped and BZO/YBCO SL films of
thickness 150-300 nm.”**> Almost in the entire 8 range, the ML
samples have higher J.(0) than their SL counterpart. At 50 K and
9.0 T, for example, the peak J. ~ 3.6-3.7 MA/cm® for the 750 and
1000 nm ML samples at the B//c-axis is twice of that (1.8 MA/cm?)
for the SL film [Fig. 7(a)]. In addition, the ratio between the J.(6)
peaks at 6=0° (B//c) and 6=90° (B//ab) is in the range of 1.1-1.2
at 9.0 T for the ML samples while it is ~0.9 for the SL sample. The
higher J, values and higher J.(6=0°)/J.(6=90°) ratios in the ML
samples can be attributed to the Ca diffusion induced pinning
enhancement of BZO 1D-APCs. With further decreasing

temperature to 30K, the J.(6) peak ratios for all ML and SL
samples become comparable at ~0.72 [Fig. 7(b)], indicating more
effective intrinsic pinning at low temperatures and high fields.
Despite comparable J(6) peak values for the ML and SL samples at
6=0° (B//c) and 6 =90° (B//ab), the ML samples have considerably
reduced J. anisotropy with respect to the orientation of B field.
This means the benefit of enhanced pinning by Ca diffusion in
the ML samples at higher temperatures of 65-77 K (Fig. 6) can be
extended to lower temperatures. As shown in Fig. 7(b), the
maximum and minimum J.(6) values are 5.7 MA/cm” (at = 90°
or B//ab) and 3.1 MA/cm? (at 6 ~ 30°), respectively, for the ML
samples at 30K and 9.0 T, which yield J. anisotropy estimated
from the ratio of (Jomax — Jomin)/Je,min to be 84%. For the 6% SL
(300 nm) sample in Fig. 7(b), the maximum and minimum J.(6)
values are 5.5 MA/cm? (at 8=90° or B//ab) and 2.1 MA/cm? (at
6 ~ 30°), respectively, leading to higher J. anisotropy or smaller
ratio of (Jomax — Je.min)/Je,min around 160%.

Figure 8(a) exhibits the J. vs film thickness curves measured
on 6% BZO/YBCO ML films at B=9.0 T (B//c-axis) and 65 K (red)
and 50 K (blue), respectively. At 65K, a moderate drop of J. values
was observed with increasing thickness from 1.67 MA/cm® at
150 nm to 1.24 MA/cm® at 1000 nm thickness. Interestingly, this
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trend is altered at the lower temperature of 50 K as an increase of J,
appears at larger film thickness above ~450 nm. Specifically at 50 K
and 9.0T, the 6% ML (150 nm) sample has J.~2.48 MA/cm?,
which is increased to 3.61 MA/cm?® for the 6% ML (450 nm)
sample, above which the J. values exhibit almost no thickness
dependence. This is desired for practical applications at low tem-
peratures and high fields that require high I.. Figure 8(b) shows the
thickness dependence of the I. per cm-width at 50K (blue) and
40K (red) in B fields of 7.0 T (dash) and 9.0 T (solid), respectively,
at B//c-axis. Overall, I, increases approximately linearly with the
ML film thickness at 50 K. At lower temperature of 40 K, the I, vs
thickness curves become more nonlinear due to the increase of J.
value with increasing thickness and hence a larger increase of I,
with the thickness in thicker ML samples. Specifically, at 7.0-9.0 T,
the I, increases by a factor 2.7-3.6 as the ML thickness increases
from 150 to 1000nm at 40-50K reaching to 360-480 A per
cm-width desired for practical applications.”®”

Figure 8(c) exhibits the I(6) per cm-width curves of the 6%
ML (1000 nm) film at 9.0 T and low temperatures of 20-50 K.
Interestingly, the peaks of I. at both 8=0 (B//c) and =90° (B//ab)
are clearly visible at all temperatures. The former indicates the cor-
related pinning by BZO 1D-APCs remains effective at low tempera-
tures and the latter is associated to the intrinsic pinning of YBCO.
With decreasing temperatures, the amplitudes of the two peaks
switch positions from a higher I. peak by BZO 1D-APC pinning at
higher temperatures to a higher I, peak by the intrinsic pinning at
lower temperatures. At 50K, the I, peak by BZO 1D-APCs is
~359 A/cm-width which is 1.1 times of that by the intrinsic
pinning. At 20K, the I, peak at B//c by BZO 1D-APCs is ~654 A/
cm-width while that by the intrinsic pinning is 1.15 times higher at
753 A/cm-width. However, both peaks seem to be broad in a wide
6 range at lower temperatures, which is beneficial to reduce the I,
anisotropy Ic min/Icmax €stimated to be 0.35 at 50K to 0.44 at 20 K.
Figure 8(d) compares the I.(0) per cm-width curves of the 600,
750, and 1000 nm thick 6% BZO/YBCO ML films and the 300 nm
thick SL reference film at 9.0 T and 30 K. Besides the high I.(6)
proportional to the thickness due to comparable J. for ML samples
of different thicknesses, an interesting difference between ML
samples and SL counterpart is in the ratio between the two I, peaks
by BZO 1D-APC pinning and the intrinsic pinning. In contrast to
I. (B//ab)/I. (Bl/c) ~ 1.5 for the SL sample, smaller ratios of 1.3-1.4
were observed for the ML samples, illustrating the enhanced
pinning of the BZO 1D-APCs due to Ca ion diffusion.

IV. CONCLUSION

In summary, this work reports an exploratory study of
microstructure and superconducting properties on the 6%
BZO/YBCO ML films of variable thickness in the range of
150-1000 nm. The same five-layer structure was employed with
two CaY-123 spacers of 10 nm in thickness to enable Ca ion dif-
fusion from the spacers into the three BZO/YBCO layers each
having a thickness varied from 50 to 330 nm. A few interesting
insights have been obtained in this study. First, the five-layer may
provide a scheme to introduce a small amount of Ca ions into
BZO/YBCO layers by diffusing Ca from 10nm thick CaY-123
spacers to BZO/YBCO of a layer thickness up to 330 nm.

ARTICLE pubs.aip.org/aip/jap

Second, the amount of the diffused Ca is small as suggested by
the TEM/EDS study as a significant amount of Ca remains in the
CaY-123 spacers. Third, the effect of the diffused Ca ions in
BZO/YBCO layers is illustrated in the high J. obtained in a wide
temperature range of 20-80 K at magnetic fields up 9.0 T, con-
firming a large improvement of pinning in the ML samples as
compared to their SL counterparts. Finally, and more interest-
ingly, with decreasing temperatures and increasing B field, the J.
improvement is more significant in thicker ML films as illustrated
in the increasing J. with the ML film thickness together with
decreasing J. anisotropy with respect to the orientations of B
fields. This leads to large I. values in the 6% BZO/YBCO ML
films. At 20K and 9.0 T, the I, is up to 654 A/cm-width at B//c in
the 6% ML (1000 nm) sample, which is close to 753 A/cm-width
at B//ab due to the intrinsic pinning. The high performance of the
6% ML BZO/YBCO thick films illustrates the efficacy of Ca ion
diffusion through a large BZO/YBCO layer thickness, suggesting
further enhanced pinning of BZO 1D-APCs may be achieved
through engineering the microstructure of the BZO/YBCO
nanocomposites.
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