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capacity of BZO-doped YBCO multilayers
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Abstract—This study demonstrates a significant enhancement
in the in-field critical current density and its isotropy in BZO-
doped YBCO multilayer structures, achieved through improve-
ments in the crystalline quality of YBCO, which extend the
electron mean free path. The incorporation of undoped YBCO,
alongside alternating BZO-doped and Ca-doped YBCO layers,
revealed that the Ca-doped intermediate layer positively influ-
enced the interface quality, promoting better growth in the
subsequent layers. These improvements also enabled an increase
in total film thickness, thereby enhancing the current-carrying
capacity. Furthermore, the paper discusses the mechanisms
behind these enhancements and presents a model explaining how
nanorod pinning centres in different layers affect vortex pinning
behavior. These insights offer valuable guidance for designing
future YBCO coated conductor structures.

Index Terms—HTS, YBCO, multilayers, thin film growth,
crystalline quality, flux pinning, critical current density

HE development of high-temperature superconducting

(HTS) films, specifically YBasCu3Og4, (YBCO) films,
for use in advanced electrical power applications, demands
materials capable of operating efficiently under varied and
demanding conditions [1]—[7]. This requirement highlights the
need for YBCO films with high critical current densities (J)
that are resistant against magnetic fields at varying temper-
atures. Achieving elevated in-field J;(B) in YBCO involves
optimizing several material properties, chiefly among them are
the crystalline quality and the effectiveness of flux pinning
mechanisms [8]-[14].

Recent research underscores that while increasing the thick-
ness of YBCO films can enhance the absolute critical current,
it concurrently degrades crystalline quality and flux pinning
properties beyond a certain critical thickness [15], [16]. At
these greater thicknesses, the gradual relief of substrate-
induced strain leads to a significant increase in crystal defects,
which adversely affect the material’s superconducting prop-
erties. To circumvent these limitations, the focus has shifted
toward the design and fabrication of multilayer YBCO struc-
tures, where strategic layering is utilized to preserve crystalline
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integrity and enhance flux pinning without the adverse effects
of increased thickness [14], [17]-[21]. Advancements in this
field have shown that introducing an intermediate layer of Ca-
doped YBCO (Ca-YBCO) can significantly reduce microstrain
and other crystalline defects while preserving optimal oxy-
gen content in the lattice. Specifically, the Ca-YBCO layer
provides an ideal substrate for BZO-doped YBCO by reduc-
ing lattice mismatch by 30% when compared with undoped
YBCO, thereby effectively minimizing interlayer strain. This
improvement enhances both structural stability and overall
crystalline quality [21]-[24]. This configuration not only im-
proves the self-field J.(0) but also supports the growth of
BaZrO3 (BZO) nanorods. These nanorods serve as effective
flux pinning centers, ideally extending through the entire film
thickness in a well-ordered fashion [15], [25]-[30]. However,
maintaining the alignment and continuity of BZO nanorods
becomes challenging as film thickness increases, leading to
diminished pinning effectiveness when these structures frac-
ture or misalign [19], [28], [31], [32].

In this study, we aim to leverage previous findings by
constructing multilayer YBCO structures, integrating BZO-
doped YBCO layers with intermediate Ca-YBCO layers. This
approach is designed to examine the feasibility of stacking
multiple layers without degrading the films’ structural and
superconducting properties. Furthermore, we explore how
BZO nanorods, distributed across different layers, influence
overall flux pinning and how their arrangement might affect
the anisotropy of the critical current density. This investiga-
tion into the structural and superconducting performance of
YBCO multilayers doped with BZO aims to pave the way for
the next generation of HTS materials tailored for enhanced
performance in electric power applications.

I. EXPERIMENTAL DETAILS

The multilayers comprised an APC-free YBCO layer
(OBZO, ~40nm), with an increasing number of alternating
layers: 4% BZO-doped YBCO layers (4BZO, ~65nm) and
30% Ca-doped YBCO layers (Ca-YBCO, ~15nm). These
layers were deposited using pulsed laser deposition (PLD)
onto single crystal SrTiOs (STO) substrates, as depicted in
Fig. 1(a) [7], [21]. Film thicknesses were measured by atomic
force microscopy on strips etched for resistivity measurements,
with individual layer thicknesses calibrated from transmission
electron microscopy images. The naming convention for the
multilayers was based on the number of 4BZO layers, denoted
as 2x4BZO, 3x4BZO, 4x4BZ0O, and 5x4BZO, with total
thicknesses of approximately 185nm, 265nm, 345nm, and
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Fig. 1. (a) The schematic depicts multilayer structures, initiated with a
~40nm thick APC-free YBCO layer (0BZO) deposition on STO substrates,
followed by an increasing number of alternating /65 nm thick BZO-doped
YBCO layers (4BZO) and ~15nm Ca-doped YBCO layers. These multilayer
samples are denoted by the number of BZO-doped YBCO layers, namely
2x4BZ0, 3x4BZO, 4x4BZO, and 5x4BZO, thereby augmenting the total
thickness of the multilayer structure. Additionally, individual layers of 0BZO
and 4BZO were grown for comparative purposes, with their thickness match-
ing that of the 5x4BZO multilayer structure. (b) Evolution of the Cu K1 /42
XRD 26 (005) peak pairs in YBCO multilayer structures, along with single-
layer 0BZO and 4BZO films for comparison.

425 nm, respectively. Additionally, single-layer films of 0BZO
and 4BZO, with thicknesses of approximately 280nm and
285 nm, respectively, were deposited for comparative analysis.

The crystalline quality was assessed using x-ray diffractom-
etry (XRD) performed on a PANalytical Empyrean diffrac-
tometer operating in Bragg-Brentano mode. Scanning trans-
mission electron microscope (STEM) imaging were performed
using a Thermo Fisher Scientific Osiris electron microscope
(EMAT group, University of Antwerp) with bright-field (BF)
detector operated at 200kV at a camera length of 115 mm.
The EDX-STEM datasets were acquired with a 233 pA beam
current and a total time acquisition of ~5 min. For the STEM
measurements, a cross-sectional FIB lamella was prepared as
described earlier [33].

The magnetic properties of the films were characterized
using a Quantum Design Physical Properties Measurement
System (PPMS). The critical temperatures were determined
from ac magnetization curves, while the magnetic field de-
pendencies of the critical current densities were obtained
by employing the Bean model for rectangular films J. =
2Am/[a(l — a/3b)V], where Am is the opening of the
hysteresis loop, a and b are the width and the length of the
film, and V is the volume of the film [34]. The accommodation
field B*, defined as the upper limit of the low-field plateau of
Jo(B), was determined using the criterion J(B)/J.(0) = 0.9
[35]. Angular-dependent transport properties were measured
over a 360° range at 40K and a wide magnetic field range
using the horizontal rotation option of the PPMS.

II. RESULTS AND DISCUSSION
A. Improved crystalline quality and microstructure

Analysis of the XRD results compiled in Fig. 1(b) and
Table I reveals that the out-of-plane lattice parameter remains

TABLE I
STRUCTURAL PROPERTIES OF THE YBCO MULTILAYER STRUCTURES AND
SINGLE-LAYER FILMS AS DETERMINED BY XRD MEASUREMENTS. THE
FIRST FIVE COLUMNS PERTAIN TO THE YBCO (005) OR (102) PEAKS,
WHILE THE LAST COLUMN DENOTES THE BZO (002) PEAK. THE TERM
Iiatio REPRESENTS THE INTENSITY RATIO OF PEAKS [(005)/1(004),
INCREASE OF WHICH IS CLOSELY ASSOCIATED WITH OXYGEN DEFICIENCY
WITHIN THE YBCO LATTICE [36].

Sample  c(d)  AIC) A¢C) Aw®) Latic  Abpzo(°)
0BZO 1165 0.15 1.89 0.36 16.1

4BZO 1171 022 1.98 0.46 166 114
2x4BZO 1170 0.15 1.88 0.32 152 1.09
3x4BZO 1170 0.15 1.89 0.33 150  1.08
4x4BZO 1170  0.14 1.88 0.36 144 107
5x4BZO 1170  0.16 1.87 0.35 143 1.14
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Fig. 2. (a) STEM image of the multilayer film with inverse FFT from the red
square area shows the high-quality interface between Ca-doped YBCO and
BZO-doped YBCO, highlighted by yellow dashed lines. (b) The magnified
STEM image with inverse FFT from the red rectangular area displays the
coherent interface between the YBCO matrix and BZO nanorod. (c) EDX
mapping from (a) confirms that Ca is concentrated within the Ca-doped YBCO
layers.

constant across all multilayers, closely mirroring the value
observed in 4BZ0O. However, surprisingly the YBCO peak
widths in all 8-, ¢-, and w-directions of the 4BZO multilayers
are consistent with those of 0BZO and notably narrower than
those of single layer 4BZO. This suggests that the Ca-YBCO
layer aids in strain relaxation, restricts defect formation, and
enhances the out-of-plane lattice ordering of YBCO, facili-
tating the growth of thicker BZO-doped YBCO layers with
improved crystallographic properties through multilayering.
Furthermore, examination of the A# values for the BZO(002)
peaks indicates minimal variation in the BZO unit cells,
suggesting optimal nanorod growth in the 4x4BZO sample.
Additionally, the intensity ratio of the peak 7(005)/1(004)
decreases in the multilayers, and with an increasing number of
layers, signifying an improvement in the degree of oxidation
within the YBCO lattice facilitated by multilayering.

As indicated by the STEM analysis in Fig. 2, BZO nanorods
with a diameter of ~5nm and an average distance of ~15nm
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Fig. 3. (a) Magnetic field dependencies of J. measured at 10K up to
8T, along with normalized ac magnetizations (inset), for both multilayer
structures and single-layer films. (b) Magnetic field-dependent pinning force
data F},(B)/Fp,max, accompanied by J.(0) and accommodation field B*
values, as well as fitting parameters Bmax, Fp,max, and p, which are
associated with actual flux pinning.

extend through the BZO-doped YBCO layer, originating di-
rectly from the layer interface without the presence of a dis-
torted region typically observed in single BZO-doped YBCO
layers on various substrates [21]. Both the Ca-doped and BZO-
doped YBCO layers are strained, but the overall lattice mis-
match between these layers is relatively small. This is because
Ca doping modifies the lattice parameters of YBCO, making
them more compatible with BZO-doped YBCO. Although
the interface quality between the BZO nanorods and the
YBCO matrix varies significantly, it can be relatively coherent,
as illustrated in Fig. 2(b). Furthermore, the EDX mapping
analysis (Fig. 2(c)) indicates that elemental Ca is concentrated
within the Ca-doped YBCO layers, with no evidence of Ca
diffusion to the interface between the BZO nanorods and the
YBCO matrix [37].

B. Effect of multilayering on superconducting properties

The temperature-dependent ac susceptibilities reveal that the
multilayering of 4BZO with Ca-YBCO significantly elevates
T., nearly reaching the level of 0BZO with Tt onset =~ 89.7K,
as depicted in the inset of Fig. 3(a). Notably, the T¢ onset
obtained from resistivity measurements for 0BZO is 90.1 K,
while for the 4BZO film and all multilayers, it is approxi-
mately 89 K.
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Fig. 4. Enhancement of J. in the 4x4BZO multilayer structure at various
temperatures and magnetic fields (0, 1, and 5T), compared to single-layer
samples 0BZO and 4BZO.

Upon examining the J.(B) curves at 10K depicted in Fig.
3(a), notable differences emerge in the pinning performance
profiles above the low-field plateau between 0BZO and 4BZO
[38], [39]. Conversely, the J.(B) curves of the multilayer
structures fall between these two samples. While the low-
field J.(0) is akin to that of OBZO, the shape of the high-
field range resembles that of 4BZO. Although the J.(0) may
surpass that of 0BZO, reaching its maximum in the 4x4BZO
sample, the increase in B* is marginal, as illustrated in
Fig. 3(b). Furthermore, by fitting the scaled pinning force
function with the Dew-Hughes formula [40] F,/F}, max using
F,(B) = BJ,(B) [41], [42], we ascertain that both the
maximum pinning force and the flux pinning exponent p attain
peak values in the 4x4BZO sample. As shown in Fig. 4, the
4x4BZ0 sample exhibits clear superiority over 0BZO in high
magnetic fields, exceeding 200% improvement, particularly
at 60 K. Similarly, when compared to the 4BZO sample, the
4x4BZ0 sample outperforms it across the entire magnetic field
range, with the most significant enhancement exceeding 100%
observed in the zero-field region. These results clearly support
the observed structural improvements in crystalline quality
in the multilayered 4BZO films, resulting in a remarkable
enhancement of J;(0).

As shown in Fig. 5, multilayering improves the high-field
I. across the entire angular range. At the relatively high
temperature of 40K, the highest absolute I. is achieved in
the 4xBZO sample, while in the 5xBZO sample, I. decreases
despite the increased overall thickness. However, the 4xBZO
and 5xBZO samples exhibit the best I. isotropy.

C. Suggested mechanisms for improved film growth

To understand the significance of growth mechanisms in
enhancing superconducting properties, we must first examine
the mechanisms that improve crystalline quality, which is
directly linked to critical temperature and self-field J.(0)
(Fig. 6). Previous experimental and theoretical studies have
demonstrated that the crystalline quality of YBCO thin films
can be enhanced through multilayering. This approach can
extend the electron mean free path, thereby increasing J.(0)
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Fig. 6. Schematic illustration of the proposed mechanisms behind the
improved crystalline quality and the resulting increase in J.(0). The left
diagram depicts the effect of multilayering with Ca-doped YBCO intermediate
layers, which influence strain relaxation and reduce absolute defect formation
when compared with the single layer film. The right diagram shows how
the diffusion of mobile oxygen atoms from the Ca-doped YBCO layer can
compensate for strain-induced oxygen vacancies in the vicinity of BZO
nanorods.

[13], [16], [18]. Multilayer structures allow for precise control
over critical factors such as uniform and non-uniform strain
relaxation. Techniques such as incorporating a CeO; interlayer
or periodically interrupting film growth with sequential vac-
uum treatment are examples of this approach. Additionally,
the underlying Ca-doped YBCO layer has been found to
provide an optimal foundation for depositing the 4% BZO-
doped YBCO layer. This is primarily due to its highly com-
patible lattice parameters, which create a smooth and epitaxial
interface.

Ca-doped interlayers can also improve the weakened YBCO
properties in the environment of BZO nanorods. Particularly,
the partial substitution of Ca?* ions for Y** in YBCO
has been found to alter the carrier concentration, affecting
the charge transfer from the CuO chains to the conducting
CuOs planes [43], [44]. This substitution is counterbalanced
by oxygen defects, slightly reducing the equilibrium oxygen
content and lowering the superconducting transition temper-
ature [45]. However, various aliovalent atomic substitutions
in YBCO have been shown to increase the oxygen diffusion
rate by up to a factor of 100 [43], [44]. Significant strain

and misfit dislocations at the interface between BZO nanorods
and the YBCO matrix lead to increased oxygen vacancy
concentration [46], [47]. Thermodynamically driven mobile
oxygen can migrate into these vacant sites, modifying the
distorted BZO/YBCO interface closer to the optimal YBCO
state. This concept aligns well with the XRD results, where
the lower intensity ratio observed in the multilayer structures
(Table 1) indicates a higher oxygen concentration within the
YBCO matrix.

D. Effect of crystalline quality on critical current density

The field dependence of critical current density at a fixed
temperature can be generally described by the relation J(B)
Jeo - B™%, where J. o is the zero-field (temperature limited)
critical current and o € RT is an unitless parameter associ-
ated with vortex pinning. The value of J.(B) is ultimately
determined by the strongly correlated parameters J. ¢ and c.
Consequently, achieving the optimal .J. under given B requires
one to find a balance between these two parameters.

Improvement in vortex pinning (decreasing «) via inclu-
sion of coherent artificial pinning centers (APC) within the
YBCO matrix unavoidably comes with a cost of decreased
Je,0 and vice versa. This ultimately results from two distinct
mechanisms; i) degradation of the crystalline quality of the
superconducting lattice and ii) reduced superconducting cross-
sectional area. While the crystalline quality can be maximized
(in theory) via optimized choice of materials and deposition
processes, the APC limited cross-sectional area for the super-
current to pass through ultimately limits the J.. o. However, one
is technically able to increase this limit in carefully optimized
YBCO/YBCO+APC bilayer films that are associated with an
increased effective superconducting cross-sectional area when
compared with standard YBCO+APC single layer films [14],
[19], [20]. This, of course, comes at the cost of reduced
vortex pinning efficiency, but our previous results indicate that
one can afford to make this trade-off up to very high fields
[21]. This effect can be considered to take place in the films
studied herein, despite the used thickness of the APC-free film
with respect to the overall film is significantly smaller when
compared with the previously observed optimums. A more
significant effect is likely be caused by the seed-layer effect
[48], where the APC-free layer absorbs the substrate induced
strain and consequently provides enhanced growth platform
for the above deposited YBCO+BZO layers improving their
crystalline quality.

The effect of crystalline quality to the J. o can be under-
stood via mean free path of the Cooper pairs (I) [10], [13].
In particular, degradation of the crystalline quality of YBCO
reduces | by disrupting lattice periodicity and increasing
electron scattering, which in turn affects the superconducting
coherence length via the relation proposed by Pippard [49]

1 1 1

A + €))
where &, represents the clean limit superconducting coherence
length. The [ also modulates the coherence length by

A:AM/H%‘), )
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is considered to be the limiting case of [ in the studied samples based on the
nanorod separations observed in the TEM images.

where \g is again the clean limit value for the superconducting
penetration depth. The values of the A and the ¢ ultimately
determine the zero-field critical current density as [13]

1] @ A\ 1
e (m(3)+3)] @

JC’() X b\

It should be pointed out that the depairing current (Jqp) is
independent of [, and in practice the above defined J. o limits
the low-field performance of the YBCO films (J. o < Jgp).
Fig. 7 shows how the J. o changes as a function of [. The plot
is normalized by dividing the calculated datapoints with the
highest obtained J. o within the interval [ € [0nm, 20 nm],
where the upper limit is considered to be the limiting case
of [ in the studied samples based on the ~15nm edge-to-edge
separations of the BZO nanorods observed in the TEM images.
The J. o(!) increases steeply for [ < 5, after its slope starts to
saturate towards zero. However, the increase of [ from 10 nm
to 20 nm increases the J,. o approximately 10%. Comparing the
scale of the nanorod separations observed in our samples with
the J. o(l) curve in Fig. 7, it is plausible that the coherence
of the YBCO-BZO interface can have a significant effect on
Je,0 via [ given the observed length scales. In our previous
work [21], we have demonstrated how the Ca-doping (via layer
structures) particularly improves the YBCO-BZO interface
coherence consequently resulting in significant improvement
of J.o. Moreover, we further concluded that this resulted
in significant improvement in vortex pinning performance of
the studied samples via increased the hopping potentials for
the vortices between adjacent BZO-nanorods. This improved
coherence between the YBCO-BZO interface thus suggests to
be the main factor affecting the overall J.(B) in the samples
studied in this work.

Other mechanism behind the improved mean free paths of
the Cooper pairs associated with our samples may include film
relaxation effects between layer depositions. In our previous
work [16], we concluded that our proposed sequential vacuum-
multilayering PLD deposition technique resulted in significant
improvement of the crystalline quality of intrinsic YBCO

films when compared with conventional films deposited in a
single setting. This was mainly attributed to the desorption
of weakly bound atomic species, associated with crystalline
imperfections in their vicinity, during the vacuum treatment.
The resulting effect mimics the above mentioned seed-layer
effect that results in improved growth conditions for following
ablation interval. The vacuum-multilayering technique was
observed to result in YBCO films with almost 40% improved
Je,0 when compared with films grown using the conventional
PLD process. While multilayer films studied in this work were
not vacuum treated between the ablation intervals, the same
effect may still take place to some extent in any multilayer
structures.

III. CONCLUSIONS

This study demonstrates that incorporating Ca-doped YBCO
intermediate layers into BZO-doped YBCO multilayer struc-
tures significantly enhances the in-field critical current density
and its isotropy. The improved crystalline quality and op-
timised distribution of BZO nanorods, particularly at lower
temperatures and in mid-range magnetic fields, enable in-
creased film thickness and greater current-carrying capacity.
The proposed mechanisms are thoroughly discussed, highlight-
ing how enhanced crystalline quality affects the electron mean
free path of Cooper pairs and, consequently, the zero-field
critical current density. These findings offer valuable insights
for developing advanced YBCO coated conductors for various
high-temperature superconducting power applications, suited
to a range of temperature and magnetic field conditions.
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