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Abstract

We conducted experiments involving BZO-added YBCO/Ca-doped YBCO heterostruc-

tures with varying layer numbers to investigate the role of Ca-doping and the mech-

anism behind the enhanced Jc. Our findings reveal that the inclusion of Ca-doped

layers enhances the quality of the YBCO matrix within the BZO-added layer by reduc-

ing microstrain and the formation of other crystalline defects, while also optimizing the

oxygen content of YBCO with increasing layer number. These structural improvements

lead to a significant increase in self-field Jc(0), which is also observed to correspond to

an increase in in-field Jc(B) without directly impacting flux pinning. The remarkable

enhancement in Jc at 65K, can be explained by a theoretical model, where the improve-

ment in Jc at high temperatures is attributed to the more coherent interface between the
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BZO nanorods and the YBCO matrix. Therefore, we conclude that the overall enhance-

ment of Jc in the Ca-doped heterostructures is attributed to the improved crystalline

structure rather than enhanced flux pinning.

Keywords : YBCO, heterostructural film, Ca-doping, crystalline quality, self-field critical

current density.
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Introduction

The incorporation of artificial pinning centers (APCs) into high-temperature superconductor

(HTS) films, using secondary non-superconductive additives, has been shown to significantly

enhance in-field pinning and exhibit a pronounced anisotropy in the critical current angular

dependence. This development positions APC-doped HTS as a highly promising choice for

a wide range of power applications. Undoubtedly, YBa2Cu3O6+x (YBCO) stands out as

the leading material for superconducting coated conductors in power applications due to its

inherent ability to sustain exceptional current-carrying capacity, even in very high magnetic

fields. Furthermore, the utilization of APCs holds the potential for further performance

enhancements.

The integration of columnar structures created by secondary phases such as BaZrO3

(BZO),1 BaSnO3 (BSO),2,3 and BaHfO3 (BHO)4 into c-oriented epitaxial YBCO films is

associated with strong pinning effects that significantly enhance the in-field critical current

density Jc(B) when the magnetic field aligns with the columns’ axis. The influence of the

strain field on YBCO with a secondary phase has been found crucial in determining the

configuration of the secondary phase.5,6 Furthermore, the double perovskite-like BYTO and

BYNO, either individually or combined as Ba2Y(Nb/Ta)O6 (BYNTO), exhibit strong vor-

tex pinning efficacy across a broad temperature and magnetic field range, offering efficient

solutions for high-quality coated conductors, particularly in high fields.7,8 Among the sec-

ondary phase perovskites, chemically and structurally compatible BZO is currently the most

commonly used material for creating nanoscale pinning centers within the YBCO lattice.

However, achieving optimal pinning efficiency poses a formidable challenge due to the high

defect density at the semi-coherent BZO 1D-APC/YBCO interface caused by a significant

lattice mismatch of approximately 9%.9–11 Furthermore, the presence of substantial strain

not only affects the growth of APCs but also degrades the superconducting performance of

the YBCO matrix. This major obstacle hampers flux pinning and ultimately compromises

the attainment of high Jc values in YBCO.12–15
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To achieve optimal performance in high magnetic fields, it is essential to strike a per-

fect balance between Jc(0) and Jc(B) during the optimization of Jc. Thus, the persistent

challenge in the field of high-temperature superconductors (HTS) lies in finding the ideal

equilibrium between increased isotropic flux pinning and the avoidance of superconductivity

loss. Simultaneously, it is necessary to approach the depairing current and attain suffi-

ciently high Jc(0) levels. Studies on multilayered YBCO films, incorporating different types

of layers such as YBCO with secondary-phase materials,16–21 APC-added YBCO,13,22–24 and

multilayers with varying APC-added YBCO,25 have yielded promising results. These studies

have not only shown a significant increase in Jc and in-plane pinning forces, particularly in

high magnetic fields, but have also presented a viable approach for achieving the required

film thickness in coated conductor technology.19,23,26–28 Furthermore, recent research has re-

vealed that partially substituting Ca for Y in YBCO, along with incorporating Ca-doped

YBCO and YBCO into heterostructural multilayer films can considerably enhance Jc in

films with low angle grain boundaries.29,30 Like Ca-additions, incorporating Ag-additions in

a multilayered configuration within YBCO films has demonstrated improved microstructural

transparency, promoting supercurrent flow and resulting in a notable increase in Jc, partic-

ularly at relatively low fields.31 Additionally, the introduction of a Ca-doped YBCO spacer

layer to a BZO-doped YBCO layer can effectively improve the formation of a coherent BZO

1D-APC/YBCO interface by mitigating the lattice mismatch between BZO and YBCO.32

The objective of this study is to achieve the optimal equilibrium between Jc(0) and

Jc(B) during the optimization of Jc. To accomplish this, we have fabricated multilayer

structures with varying thicknesses by alternately depositing layers of BZO-doped YBCO

and Ca-doped YBCO. Through a comprehensive analysis of the structural, magnetic, and

resistive properties, we compare and discuss the characteristics of these multilayer structures

in relation to single-layer films of BZO-doped YBCO.
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Figure 1: Two types of multilayer YBCO thin films (hereafter 4L, and 8L respectively) with
alternating YBCO + 4%BZO and 30% Ca-doped YBCO with different thicknesses. A single
layer film of YBCO + 4%BZO (1L) was deposited for comparison.

Experimental details

Multilayer films comprising heterolayers of 4wt.% BZO-doped YBCO and 30wt.% Ca-doped

YBCO were deposited on SrTiO3 (100) single crystal substrates using the pulsed laser depo-

sition (PLD) technique. The multilayer structures consisted of 4 and 8 layers of BZO-doped

YBCO (4L and 8L), with approximately 20 nm thickness of Ca-doped YBCO layers de-

posited between them, as illustrated in Fig. 1. The total thickness of BZO-doped YBCO

was maintained at around 360 nm throughout the deposition. For comparison, a single layer

of BZO-doped YBCO (1L) was also prepared. The material was ablated from the targets

using a XeCl excimer laser (λ = 308 nm) with a laser energy density of 1.3 Jcm−2 and a

repetition rate of 5Hz. The ablation took place in a vacuum chamber with a pressure of

0.17Torr. Sequential deposition of each layer was achieved by changing the PLD target in

situ.20 The substrate temperature was maintained at a constant 750 ◦C during deposition,

and the films were post-annealed in an oxygen environment at 750Torr for 10 min before be-

ing cooled to room temperature. Further details regarding the PLD system and deposition

parameters can be found elsewhere.33

X-ray diffraction (XRD) measurements were conducted using a Philips Empyrean system

to investigate the detailed structural properties, including in-plane and out-of-plane crystal-

lographic characteristics of the deposited films. For high-resolution transmission electron

microscopy (HRTEM), a JEOL JEM-2200FS electron microscope equipped with a 200 kV
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Figure 2: (a)Room temperature x-ray 2-θ diffractograms of a single layer 1L and multilayer
4L and 8L films, the gray star symbol denotes minor peak linked to the reflection of YBCO
(110)-oriented grains. (b) The normalized XRD rocking curves (ω-scans) of the YBCO(005)
peaks (the main panel) and the insets show the reciprocal space mapping (RSM) of the films.

field emission gun (FEG) and an in-column energy filter (Omega filter) was employed. Ad-

ditionally, a probe-corrected scanning transmission electron microscope (STEM) utilizing

high-angle annular dark-field imaging (HAADF STEM) was employed using a Titan 80–300

microscope operating at a voltage of 200 kV. The magnetic properties were measured using

a Quantum Design Physical Property Measurement System (PPMS). The critical tempera-

tures and critical current densities of the films were determined by analyzing ac magnetiza-

tion curves and hysteresis loops based on the Bean model, which is suitable for rectangular

films.34 The angular dependence of the critical current density (Jc) was investigated using a

standard four-probe method. Measurements were performed across a 0–360 ◦ angular range

with 3 ◦ steps using the horizontal rotation option of the PPMS. The measurements were

carried out at temperatures of 10K, 40K and 65K in various magnetic fields.
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Results

Effect of multilayering on the crystal quality

The x-ray diffractograms presented in Fig. 2(a) demonstrate the epitaxial growth of YBCO

with a dominant orientation along the c-axis, as indicated by the intense (00l) peaks. Ad-

ditionally, the presence of minor peaks around 2θ ≈ 43◦ confirms the formation of epitaxial

BZO nanophase in all deposited films. The c-axis lattice parameters, obtained from (θ–2θ)

scans of the (005) peaks, were found to be 11.724(2)Å and 11.719(3)Å for the 4L and 8L

films, while the lattice constant of the 1L film was 11.728(1)Å. (Note that the numbers in

the parentheses of c -axis lattice correspond to the standard deviations of the least significant

digits of the parameter values.) Consistent with our previous observations,33,35,36 the pres-

ence of BZO, with its larger lattice constant, results in tensile strain along the YBCO c-axis,

leading to a slight extension of the c-axis in the doped samples compared to undoped YBCO

(11.655(2) Å).6 However, in the case of the multilayer films, the c lattice parameter is slightly

shorter, and the YBCO (005) peak width in the 8L film is the narrowest. The 2D (2θ–ϕ)

scan of the (102) peak confirmed that there is no systematic increase in the amount of a-axis

oriented grains in any of the deposited films. To assess the in-plane and out-of-plane texture

quality, ϕ-scan of YBCO (102) and BZO (110) peaks, as well as ω-scan of YBCO (005)

and BZO (002) peaks, were performed. As shown in Table 1, the multilayered films exhibit

excellent texture quality for both YBCO and BZO, with small full width at half maximum

values of ∆ω and ∆ϕ. Conversely, the widths of BZO peaks in the 1L film are noticeably

larger compared to the multilayered films, which can be attributed to decreased in-plane and

out-of-plane texture quality in the 1L film, likely due to enhanced strain and/or a higher

number of defects in the YBCO. Furthermore, the lattice coherence length rc = 1/π ·d/l∆ω,

calculated from the width of the (005) rocking curve,37 is longer in the multilayered films,

as shown in Fig. 2(b).

The findings of this study provide compelling evidence of the remarkable improvement
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Table 1: Structural properties determined from the XRD measurements for multilayered of
BZO doped YBCO samples 1L, 4L and 8L deposited on STO substrates: FWHM of YBCO
2θ(005) peaks (∆θ005), FWHM of YBCO(005) rocking curve (∆ω005), FWHM of YBCO
ϕ(102) peaks, I(005)/I(004), the lattice coherence length (rc), FWHM of BZO(002) rocking
curve (∆ω002) and FWHM of BZO ϕ(110) peaks.

Film ∆θ005(◦) ∆ω005(◦) ∆ϕ102(◦) I(005)/I(004) rc(nm) ∆ω002(◦) ∆ϕ110(◦)
1L 0.16 0.46 1.91 16.6 9.2 3.01 5.10
4L 0.16 0.45 1.94 14.3 9.5 2.85 4.97
8L 0.15 0.35 1.89 12.9 12.1 2.72 4.81

in both in-plane and out-of-plane crystallographic quality in the multilayered films, with the

8L film demonstrating exceptional enhancements. To investigate the strain effect on the film

in more detail, x-ray reciprocal space map (RSM) analysis was conducted, and the results

are shown in the inset of Fig. 2(b). The observed three main peaks, namely YBCO (108),

STO (103), and BZO (103), indicate the orientation relationship of the film. These plots also

enable the simultaneous determination of the in-plane and out-of-plane lattice parameters

from the components of the scattering vector q of the selected (hkl) XRD reflection. The

lattice constant values obtained from RSM scans align well with those from the (θ–2θ) scans.

No significant variation is observed in the lateral and transverse directions (along the qx and

qz directions) in the multilayered film, indicating a lack of increased disorder within the

ab-planes and the c-axis. This suggests that the deposited films exhibit highly epitaxial

growth. In contrast, the lateral direction (qx) is observed to be shifted to a higher value in

the 1L film compared to the multilayer films. A careful analysis of the figure reveals that

this shift of the qx component in the 1L film indicates its partially relaxed state, whereas the

almost exact qx match with the STO (103) peak in the multilayered films provides evidence

of the coherent growth of the YBCO matrix. As concluded in Table 1, the intensity ratio

of the (005) and (004) reflections is clearly decreased by multilayering, indicating that Ca

doping may decrease the ratio or it can be related to decreased oxygen deficiency δ and thus

increased average oxygen concentration of YBCO.38
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Figure 3: Cross-sectional STEM images of 1L (a), 4L (b) and 8L (c) films. The enlarged
images indicated by the green circle and the FFT-filtered images from the blue square
area of enlarged images shown on the right side bottom show the formation of the BZO
nanorods, and the structural distortion together with the existence of misfit dislocations at
the YBCO/BZO interfaces.

To investigate the distribution of the BZO secondary phase in the YBCO matrix and

the associated defects caused by the dopant structures, STEM studies were conducted on

all the films. Fig. 3(a-c) displays cross-sectional STEM images of the 1L, 4L, and 8L films.

It is evident that BZO nanorods with a diameter of 6–8 nm are embedded in the YBCO

matrix, and the vertically aligned growth of the BZO nanorods throughout the respective

film layer thickness is observed in all deposited films. In 1L and 4L films, the average spacing

between nanorods, estimated from STEM images, is ≈19 nm, whereas in the 8L film, it is
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≈18 nm. The interfaces between the layers are barely distinguishable at the crystal lattice

layer scale (enlargements in Fig. 3(a-c)). The hetero-multilayered structure of the films

directly affects the length of the nanorods. The 4L and 8L films exhibit shorter nanorods

of approximately 55 nm and 30 nm, respectively, compared to the 1L film, which has the

longest nanorod length of approximately 85 nm. The enlarged images of the deposited film

reveal the presence of lattice disorder and defects, including stacking faults and dislocations,

uniformly across all films due to strain. Additionally, localized dislocation-like contrast can

be observed along the interface between BZO and YBCO through the inversed fast Fourier

transform (IFFT) image shown in the inset of the figure. As observed in the IFFT figures, the

multilayered films exhibit a considerable number of dislocations and the formation of defects

at the interfaces, although their quantity appears to be significantly lower compared to the

single-layer film. Based on the structural results, it can be concluded that the multilayered

films on averages exhibit lower lattice distortion induced by strain and accompanying defect

density and thus improved crystallinity, which may lead to an improved coherence at the

interface between YBCO and BZO.

Improvement of critical current density from magnetization mea-

surements

The YBCO films, whether single or multilayered, exhibited nearly identical onset critical

temperature (Tc,onset) of ≈ 89K when analyzed via resistive temperature dependencies, even

with the integration of extra Ca-doped YBCO layers in a multilayer configuration, as seen in

the inset figure of Fig. 4(d). However, the 1L film displayed a wider magnetically measured

∆Tc of 3.4 K compared to the multilayered films, where the ∆Tc values were 2.6 K and 2.1K

for the 4L and 8L films, respectively.

The smaller ∆Tc in the multilayered architecture can be attributed to increased crystalline

quality, in contrast to the broader ∆Tc observed in the single-layer film, which confirms

our earlier discussion on the deformation of the YBCO matrix structure. The remarkable
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Figure 4: Magnetic field dependencies of Jc determined from the hysteresis loops measured
at 10 K (a) 40K (b) and 65 K (c) for 1L, 4L and 8L films. The insets show the Jc behaviour
measured at different magnetic fields (B = 0, 0.5, 1, 1.5 and 3T) when increasing the
number of YBCO layers from 1L to 8L. (d) The improved Jc in multilayered films at different
temperatures when compared to the Jc values of 1L. The inset figure depicts a graph of
normalized resistivity versus temperature.

consistency of Tc and the smaller ∆Tc values across the hetero-multilayered YBCO films

suggests that processing conditions had an impact on their superconducting properties, due

to the effective enhancement of grain boundary coupling through Ca-doping, which resulted

in a reduction in ∆Tc of these films. Hence, the lattice healing induced by Ca-doping is the

key factor behind the improved performance of the multilayered films, as demonstrated by

the XRD data showing a notable increase in rc and a significant reduction in peak widths.

The critical current density as a function of magnetic field at 10K, 40K, and 65 K,

calculated from the openings of the measured hysteresis loops using the Bean critical state

model, is presented in Fig. 4(a-c). Remarkably, the multilayer films consistently exhibit
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higher Jc compared to the single-layer film across all studied magnetic fields and temperature

ranges, as seen in the inset figure of Fig. 4(a-c). The similarity in the behaviour of Jc in the

multilayer films suggests that the nature of the pinning sites is likely the same. However,

the decrease in Jc(B) observed in the multilayered films is slightly faster than in 1L. This

result can be attributed to the inclusion of nanorods in the deposited film architecture, where

segmented nanorods formed by the hetero-multilayered structure slightly reduce correlated

pinning.25,39–41 Notably, the single-layer film exhibits a strong c-axis pinning and a weak

field dependence of Jc, despite having a lower absolute Jc compared to the multilayered

films. This is due to strongly correlated pinning by the more extended nanorod inclusions.

The lowest Jc observed in the 1L film across all temperatures and fields can be attributed

to the poorer structural quality of the YBCO matrix caused by the presence of numerous

pinning sites. This is supported by the accommodation field (B∗), denoting the critical mag-

netic field strength where the transition shifts from individual to collective vortex pinning.42

The value of B∗, representing the upper limit of low-field plateau of Jc(B), is determined

based on the criterion Jc(B)/Jc(0) = 0.9.33,43 At 10K, the higher B∗ value of 367mT in

1L when compared with the values of 105mT and 103mT in films 4L and 8L attributed to

the formation of greater number of individual nanoscale defects. Conversely, the decrease

in B∗ values observed in the multilayered films can be confidently attributed to the gradual

healing of the lattice with thinner layers, which ultimately reduces the number of available

pinning sites. Moreover, the slightly smaller α-values observed in the multilayer films, -0.22

and -0.23 for 4L and 8L when compared to -0.19 of 1L, as calculated from the decay of

Jc(T,B) = A(T )Bα with the power-law, can be effectively attributed to the reduction in

nanorod length,13,40 resulting from decreasing layer thickness. Furthermore, the behaviour

of the pinning force strongly depends on the temperature in magnetic fields higher than the

matching field which is estimated from nanorod spacings of the TEM images to be ≈6T for

1L and 4L and ≈7T for 8L. As can be seen in Fig. 4(b-c), a slight upturn in the Jc(B)

curves around 1T is observed in multilayer films, particularly in the 8L at temperatures 40K
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and 65K. This can be explained by the presence of strong pinning centers (such as very co-

herent nanorods within 8L sample), where the vortex-vortex interactions enable some of the

vortices to get trapped outside the nanorods. This is possible when several strongly pinned

vortices form an energy minimum within the superconductor due to repulsive vortex-vortex

interactions where a vortex can get trapped. This effect can take place in a rather narrow

field range, since one has to have i) enough vortices to enable the outside nanorod pinning

but ii) not too many vortices so that all of them can get effectively pinned.44

Figure 4(d) illustrates the improved percentage of Jc at different magnetic fields (0, 1, 2,

and 3T) observed in the multilayered films. It is evident that the multilayered films exhibit

a remarkable enhancement in Jc across varying magnetic fields and at low temperature the

improved in field Jc would be mainly related to significant increase of Jc(0) in multilayered

films. However, when the magnetic field exceeds 1 T (B > 1T), there is a notable and

significant enhancement in the Jc observed in the 8L film as the temperature is increased to

65K. This intriguing result suggests that the 8ML film is particularly responsive to changes

in temperature, and it exhibits a slower decline in Jc as temperature rises, when compared

to the 1L film. This disparity in the behaviour of Jc with temperature serves as compelling

evidence for the effectiveness of pinning mechanisms in multilayered films, especially at higher

temperatures. This finding aligns with the recent theoretical model45 which emphasizes the

increasing efficacy of pinning centers with rising temperature. We will explore this issue

further in the discussion section.

Angular dependence of critical current density

To conduct a comprehensive analysis of the shape and anisotropy of Jc as a function of angle

(θ), we measured Jc(θ) curves at magnetic fields of 2 T, 4T, and 8T for temperatures of 10K,

40K and 65 K. However, since we observed similar behaviour across the entire magnetic field

range and at 10K and 40K temperatures, we focus our attention on the results obtained at

the highest field of 8T and temperatures of 40K and 65 K. Figure 5 illustrates the presence

13



 7.7

 7.9

 8.1

 8.3

 8.5

 8.7

−135 −90 −45  0  45  90  135

(a) 8 T

T= 40 K

J
c
 (

1
0

9
 A

/m
2
)

θ (°)

1L
4L
8L

 5.2

 5.6

 6

 6.4

−135 −90 −45  0  45  90  135

(b) 8 T

T= 65 K

J
c
 (

1
0

9
 A

/m
2
)

θ (°)

1L
4L
8L

Figure 5: The angular dependencies of Jc measured in 8T field at temperatures 40K (a) and
65K (b) for films 1L, 4L and 8L. The angles θ = -90◦ and 90◦ correspond to the ab-plane
and θ = 0◦ the YBCO c-axis.

of distinct peaks along the c-axis in the Jc(θ) curve, providing evidence for the existence

of a network composed of continuous nanorod-type APCs.46,47 Notably, the multilayer films

exhibit higher Jc values across the entire angular range. However, it is observed in trans-

port measurements that the absolute Jc values are lower compared to those from magnetic

measurements, a phenomenon attributed to the chosen voltage criterion and variations in

the n-value, especially notable under high-temperature and magnetic field conditions.48 At

40K and in 8T field, a noticeable difference can be observed in the Jc(θ) curves between

the films. In the 1L film, the relatively narrow and intense c-axis peak can be qualitatively

explained by the alignment of nanorods along the c-axis. Previous observations have also

noted the presence of numerous edge dislocations around the BZO nanorod, which could

accommodate an increased number of vortices at high fields, thereby narrowing the c-axis

peak while intensifying it.36,49 The multilayered films exhibit a sharper Jc peak along the ab-

plane, which, together with the broadening of the c-axis peak and its double peak structure,

can be attributed to enhanced pinning parallel to the ab-plane or the presence of shortened

and tilted nanocolumns, as suggested previously.50

As shown in Figure 5(b), there is no significant difference in the shape of Jc(θ) when the

temperature is increased to 65K. However, the multilayered films exhibit remarkably higher
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absolute Jc compared to the single-layer 1L film. This improvement can be attributed to the

significantly enhanced pinning performance of the multilayered films at high temperatures,

which contains a greater number of effective pinning centers. These results indicate the more

intricate structural response of these films under high magnetic fields. The findings presented

in this study align with earlier research on multilayer structures, demonstrating a consistent

trend in the variation of Jc(θ) along the c-axis and in the vicinity of the ab-direction. The

increased sharpness and strength of the ab-peaks observed in the multilayered films, achieved

by decreasing the layer thickness while increasing their number, are strongly associated with

a reduced intensity of the c-axis peaks, as discussed in previous studies.21,23,25,51–53

Discussion

Mechanisms behind improved self-field Jc with Ca-doped intermedi-

ate layers

To comprehend the potential mechanisms underlying the enhancement of the self-field critical

current density, we have categorized this matter into three phenomena substantiated by our

experimental findings: (i) enhanced crystalline growth through the interruption of the growth

process via a multilayer structure, (ii) the impact of lattice mismatch and altered growth

at the interface of the Ca-doped YBCO layer, and (iii) oxygen diffusion into the altered

environment surrounding the BZO nanorods.

Previously, we have both experimentally and theoretically determined that the crystalline

quality of YBCO thin films can be enhanced through the use of multilayering (Fig. 6(a)).

This, in turn, extends the electron mean free path and consequently, the self-field Jc(0).54–56

Utilizing a multilayer structure allows for precise control over critical factors such as uniform

and non-uniform strain relaxation, as well as the formation of dislocations and other defects

in layers with constrained thicknesses. This approach offers the opportunity to increase

the overall thickness of the film while maintaining improved crystalline properties. The
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Figure 6: Schematic illustration of the mechanisms, which may lead to improved crystalline
quality and decreased number of dislocations and YBCO lattice distortions, and thus result
in increased self-field Jc(0). (a) represent the effect of multilayering, where strain relaxation,
increasing number of lattice distortions and critical thickness play a key role, the orange
color indicates the strained regions at the substrate/film interface, (b) the effect of lattice
mismatch and the epitaxial growth at the layer interface, when compared the effect of Ca-
doped YBCO layer with the interface of CeO2 layer, and (c) diffusion of the mobile oxygen
atoms from the equilibrium state in Ca-doped YBCO layer to compensate for the oxygen
vacancies formed around the BZO nanorods by strain.

implementation of a multilayer structure can be achieved, for instance, by incorporating a

CeO2 interlayer or by periodically interrupting the film growth through sequential vacuum

treatment. These techniques have been shown to enhance the crystalline quality of each

sublayer, reducing the likelihood of defect formation in subsequent deposition intervals.55,56

Secondly, the underlying Ca-doped YBCO layer serves as an ideal foundation for the 4%

BZO-doped YBCO layer. Notably, Ca-doped YBCO exhibits average in-plane and out-of-

plane lattice parameters (a = 3.83Å, b = 3.88Å, and c = 11.71Å) that closely match those of

BZO-doped YBCO. This match is much closer than what is observed with undoped YBCO.

Consequently, this significantly minimizes the strain induced by the layer below. This is evi-

dent in earlier shown TEM images (see Fig. 3(b-c)), where the growth of BZO-doped YBCO

directly above the Ca-doped YBCO layer occurs smoothly, epitaxially through the interface,

without the presence of any distorted layers next to it (Fig. 6(b)). In contrast, when for
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example using a CeO2 interlayer, a strained region several nanometers thick consistently

forms above the CeO2 interlayer.56

Finally, based on the literature, the partial substitution of Ca2+ ions at Y3+ sites in YBCO

alters the carrier concentration and affects the transfer of charges from the CuO chains

to the conducting CuO2 planes.57,58 The fixed charge is entirely offset by oxygen defects,

resulting in a slightly reduced equilibrium oxygen content, which also contributes to a lower

superconducting transition temperature.59 However, various aliovalent atomic substitutions

in YBCO have been found to increase the oxygen diffusion rate by up to a factor of 100.57,58

Since it has been demonstrated that within the interface region, spanning a few nanometers

between BZO nanorods and the YBCO matrix, substantial strain and misfit dislocations lead

to an increase in oxygen vacancy concentration,15,60 we can infer that thermodynamically

driven mobile oxygen can readily migrate into these vacant sites (Fig. 6(c)). Consequently,

this process modifies the distorted BZO/YBCO interface, bringing it closer to the optimal

YBCO state. Moreover, research has demonstrated that Ca-doping up to 30% can elevate

the self-field critical current densities in grain boundaries of both polycrystalline YBCO and

YBCO superlattices and bilayers.30,61 Such findings carry notable implications for coated

conductor technology, where the influence of grain boundaries must be carefully considered.

Temperature dependent vortex pinning mechanisms

The high-field Jc of the 8L film with respect to the conventional 1L film increases in an

exponential manner with temperature (Fig. 4), reaching over 250% improved Jc at 65K. At

the same time, the zero-field Jc improvement can be observed to decrease with temperature.

These observations undeniably suggest that the underlying mechanism behind the superior

high-field Jc of the 8L film is related to seemingly temperature dependent vortex pinning. The

BZO nanorods within the Ca-doped films have been previously observed to have significantly

more coherent BZO-YBCO interface when compared with the conventional films.32

The temperature dependence of vortex pinning has been considered to results from two
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distinct mechanisms.62,63 These include the intrinsic effects resulting directly from the tem-

perature dependence of the penetration depth (λ) and coherence length (ξ) along with ther-

mal fluctuations associated with random depinning of the vortices. These two mechanisms

behave opposite to each other. The intrinsic effects increase the size of the vortex core as

temperature is increased resulting in deeper pinning potentials of the lattice defects (see Eqs.

(1)–(2) and below discussion). That is, intrinsic effects enhance the pinning of the vortices as

a function of temperature. Note, that in the context of this work the intrinsic effects exclude

all kinds of multi defect pinning. On the contrary to the intrinsic pinning, the thermal fluc-

tuations inherently decrease vortex pinning efficiency at higher temperatures due to thermal

unpinning of vortices. It should be further noted, that the Jc(B) is ultimately governed by

the properties of the strong pinning centers within the superconductor and consequently the

effects of vortex-vortex interactions, that are also the similar between the samples, can and

will be neglected in the upcoming discussion.

The pinning potential associated with an ideally coherent columnar defect can be gener-

ally calculated as62,63

u(xv) ∝ ϵ0(T ) ·
∫ R

0

1− |ψv(x− xv)|2dx, (1)

where ϵ0(T ) ∝ λ(T )−2 is the characteristic pinning energy, R is the radius of the defect

centered at x = 0 and ψv(x) is the spatially varying complex order parameter in the vicinity

of the vortex core located at x = xv. The ψv(x) can be approximated as ψv(x) = ψv,0(x) ·eiθ,

where θ is the phase of the complex valued wave function and64

ψv,0(x) =
x

(x2 + 2 · ξ(T )2)1/2
. (2)

In the above equation the superconducting coherence length has temperature dependence

ξ(T ) = ξ0 · (1 − T/Tc)
−1/2 with ξ0 ≈ 1.5 nm, that is characteristic for YBCO. The previ-

ously introduced λ has similar temperature dependence with corresponding λ0 ≈ 150 nm for

YBCO.65 The temperature dependence of intrinsic pinning ultimately results from ξ(T ) and
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λ(T ). Note, that the presented model of a vortex remarkably differs from the simplistic, but

still quite widely used, model where the dynamics of a vortex is determined by its core, that

is considered to be a uniform region of diameter 2 · ξ(T ) where ψ = 0. The main difference

between this simplistic model and the more advanced model used in this work (based on

Eq. (2)62–64) is how one considers the temperature dependent size of the vortex. While the

simplistic model explicitly assigns the vortex a certain size, this is not well defined in the

advanced model used in this work. Instead, the advanced model results in increasing flatness

of the ψv,0(x) in the vicinity of its minimum point as the temperature is increased. This

increasing flatness is then analogous to the increase of the core diameter as a function of

temperature in the simplistic model.

While Eq. (1) holds for ideally coherent interfaces between the columnar defect and

the superconducting matrix, it fails to take into account the existence of several experimen-

tally observed structural deformations in the vicinity of the columnar defect, making the

associated interface non-coherent. Most prominently, this includes the increased number of

dislocations and oxygen vacancies located in the vicinity of the columnar defects, such as

particularly observed for the 1L film in this work. The effects of such deformations on the

depth of the pinning potential could be taken into account by introducing an effective radius

Reff to be used as the upper limit for integration in Eq. (1). However, the effects on the

spatial shape of the pinning potential will still be neglected. The only plausible way to take

these effects into account is to generalize Eq. (1) as

u(xv) ∝ ϵ0(T ) ·
∫ +∞

−∞
χ(x) ·

[
1− |ψv(x− xv)|2

]
dx, (3)

where we have introduced a dimensionless form factor χ(x) representing the spatial varia-

tion of magnetic permeability in the vicinity of a columnar defect. Following the two-fluid

model of superconductivity, this can be related to the superconducting order parameter as

χ(x) = 1 − |ψ(x)|2. Calculating the pinning potential thus becomes simply the matter of
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Figure 7: Schematic illustrations of how the form factor (∼magnetic permeability) (Eq. (4))
is considered to change in the vicinity of a 3 nm radius nanorod with (a) ideally coherent
interface with ω ≈ 0 and (b) incoherent interface characterized by a width ω = 3 nm over
which the µ is degraded from its maximum value inside the nanorod down to zero within
the ideal superconducting lattice.

approximating the χ(x) in the vicinity of a defect.

For the lack of better analytic function, the simplest way to associate χ(x) with the

morphology of the columnar defects and the associated interface is to define it step-wise as

(assuming that the center of a R-radius nanorod is located at x = 0)

χ(x,R, ω) =



0 when |x| ≥ R + ω

χ0

ω
· x+ χ0·(R+ω)

ω
when − (R + ω) < x < −R

χ0 when −R ≤ x ≤ R

−χ0

ω
· x+ χ0·(R+ω)

ω
when R < x < R + ω

, (4)

where the parameter ω represents the distance over which the assumably temperature in-

dependent, form factor degrades from χ0 = 1 inside the nanorod to zero within the super-

conducting lattice. The ω is to be treated as a phenomenological parameter that is directly

proportional to the coherence of the interface between nanorod and the superconductor. The

correspondence between the nanorod-superconductor interface and the shape of χ(x) (Eq.
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Thermal

depinning

Δu

Figure 8: (a) The spatially varying form factor (red curve) for a system of two ideally coherent
nanorods (ω = 0 nm) and the associated pinning potential (blue curve) according to Eq. (3).
The figure also illustrates the hopping potential (∆u) associated with thermal depinning of
a vortex. (b) The same as previous but for incoherent nanorod interfaces (ω = 7nm > 0).
(c) The calculated hopping potentials as a function of temperature for two nanorod systems
associated with different interface coherence parameters (ω).

(4)) is schematically illustrated in Fig. 7(a)–(b). It should be further noted, that in the limit

ω → 0, corresponding to ideally coherent interface, Eq. (3) becomes equivalent to Eq. (1).

Looking at Eq. (3) it becomes evident that the pinning potential gets deeper when ω

is increased regardless of the temperature range. More intuitively, the increase of ω can be

considered as an increase in the effective radius of the nanorod which consequently increases

its pinning force. Naturally, this also improves the tolerance for thermal depinning of vortices.

From these observations one can conclude that the experimentally observed increased pinning

performance of the Ca-doped films cannot result from the pinning performance of individual

vortices, but rather from their collective effect.
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To illustrate this, consider a system of two nanorods with R = 3 nm separated by a

distance s = 15 nm (edge-to-edge) based on the TEM measurements. The spatially varying

µ(x) and the resulting pinning potentials for this particular system associated with ω = 0 nm

and ω = 7 nm at 40K temperature are presented in Figs. 8(a)–(b), respectively. One can

observe that the potential hill between the nanorods (∆u) significantly decreases with ω. The

∆u represents the hopping potential of the vortices associated with their thermal depinning.

Given that the rate of the thermal depinning increases with temperature as ∝ exp(−∆u/kT ),

one can conclude that the thermal depinning is significantly decreased for nanorods with more

coherent interfaces, that is for small ω. Fig. 8(c) further illustrates the evolution of ∆u with

temperature for nanorods associated with ω = 0 nm, ω = 3.5 nm and ω = 7 nm. While these

values for ω are arbitrary, without a direct link to quantitative structural measurements of

the studied samples, we still consider their range very plausible for the associated physical

systems. This is, at least to the extent that we can reliably conclude ∆u significantly

decreasing over the whole temperature range when the BZO-YBCO interface becomes more

decoherent. This is seen in Fig. 8(c) as the perfectly coherent nanorods (ω = 0) can be

observed to be significantly higher over the full temperature range compared to other cases

with higher ω. Consequently, the rate of thermal depinning, particularly at high temperature

range, will be significantly lower for nanorods associated with improved interface coherence

(small ω). This is in line with the experimental observations (Fig. 4(d)), where the Ca-doped

films, associated with lower ω when compared with normal films, achieve by far the greatest

Jc improvement particularly at the highest measured temperature of 65K.

In summary, the nanorods in the Ca-doped films can be assumed to have more coherent

BZO-YBCO interface when compared with the conventional samples. This improved coher-

ence of the nanorod-superconductor interface ultimately leads to better tolerance against

thermal depinning of vortices, consequently improving the vortex dynamics limited Jc par-

ticularly at high temperature range.
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Conclusions

In conclusion, our study focused on the investigation of enhanced crystalline quality and self-

field critical current properties in YBCO and Ca-doped YBCO heterostructural multilayers.

Through our experimental findings, we have uncovered significant improvements in both the

structural and superconducting properties of these multilayers.

Regarding the structural properties, we observed a remarkable enhancement in crys-

talline quality, particularly in the in-plane and out-of-plane textures of both YBCO and BZO

nanorods. This improvement was evidenced by the smaller x-ray diffraction peak widths,

indicating reduced lattice distortion. Moreover, the hetero-multilayered films exhibited su-

perior out-of-plane coherence, despite the shorter length of BZO nanorods. These findings

suggest that the process of multilayering contributes to the overall reduction in lattice dis-

tortion. Moving on to the superconducting properties, we observed a substantial increase

in the self-field critical current density due to the multilayering. Furthermore, the in-field

properties, especially at high temperatures, demonstrated significant improvement. These

enhancements indicate an improved crystalline structure of YBCO, facilitating the superior

growth of BZO nanorods.

To explain the observed results of improved crystalline quality and increased self-field

critical current densities, we have suggested three contributing mechanisms. Additionally, we

have discussed the role of BZO nanorods and their effective contribution to the flux pinning

at high temperatures. In summary, our findings pave the way for further advancements

in the design and fabrication of high-performance superconducting materials for various

applications.
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Enhanced critical current density in heterostructural

YBCO/Ca-doped YBCO multilayers

Moe Moe Aye, Elmeri Rivasto, Hannu Huhtinen, and Petriina Paturi

This work investigates how adding Ca-doped YBCO layers to multilayer structures of

BZO-added YBCO enhances critical current density (Jc). Experimental findings demon-

strate that these Ca-doped layers improve the YBCO matrix quality within the BZO-added

layer by reducing microstrain and crystalline defects, while also optimizing oxygen content

with increasing layer number. This enhancement significantly boosts self-field Jc(0) and

in-field Jc(B) without directly impacting flux pinning, underscoring the crucial role of het-

erostructures in optimizing the performance of BZO-doped YBCO multilayer films.
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