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Introduction 
• Effect of Interfacial strain on the self-assembly of 

artificial pinning centers (APCs)   
• Quantitative explain, predict and control the pinning 

landscape 
Development of strong 3D BZO APCs in YBCO 
• Vicinal + BZO variable concentration 
• Y2O3 +BZO variable  concentration  
• Low T growth BZO/YBCO + high-T post-anneal 
Summery 
  
Goal: strong and isotropic pinning 

Outline of this talk 
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Artificial Pinning Centers (APCs) landscape 

Matsumoto and Mele, topic review on Artificial pinning 
center technology to enhance vortex pinning in YBCO 
coated conductors, Supercond. Sci. Technol. 23 (2010) 
014001;  
Obradors et al, topic review on Growth, nanostructure and 
vortex pinning in superconducting YBa2Cu3O7 thin films 
based on trifluoroacetate solutions, Supercond. Sci. 
Technol. 25 (2012) 123001 

Exciting progress has been made in 
strain mediated self-assembly of APCs 
with different morphology 
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S. Kang, et al. Supercond Sci 
Technol. 18, 1553 (2005). 

M. Peurla, et al. Phys . Rev. 
Lett. 75, 184524 (2007). 

Strain-mediated self-assembly of APCs in epitaxial 
YBCO matrix:  Interfacial Strain Effect 

Two kinds of strained interfaces involved in self-assembly:   
• Dopant/YBCO matrix interface  (two different kinds may  
      exist in double doping case)—local 
• YBCO matrix/substrate  interface—global  
 

C. Cantoni et al. ACS Nano 6, 
4783 (2011). 

Oxygen deficient column around the 
BZO/YBCO strained interface-semi-
coherent    
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Presenter
Presentation Notes
The interplay of relevant strain fields plays a critical role in determining the morphology, orientation and dimension of the self-assembled artificial pinning centers. 



 
Specific questions: 
• Morphology: What impurity materials will form aligned 

nanorods (1D APCs) or nanosheets (2D APCs) and 
nanoparticles (3D APCs) in YBCO matrix? 

• Dimension: What determines the dimension of the APCs? 
• Orientation: What determines their orientations? 
• Strong and isotropic: how to obtain 3D pinning landscape?  
 
Approaches: 
Modeling + fabrication + characterization 
 

Understanding the Interplay of strains  
is important towards controlling  APCs 
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Presentation Notes
An integrated approach involving theoretical modeling/simulation experimental synthesis and advanced characterization is essential to reach a thorough understanding of the growth mechanism and hence controllable synthesis of APCs of desired morphology, concentration, dimension and orientation in APC/Re-123 nanocomposite  films and coated conductors. 



Correlating Effect of doping concentration and 
film/substrate strains on nanorod morphology 

Switch of nanorod 
orientation 

BZO nanorods switch 
from c-aligned to ab-
aligned at 45% BZO 
vol. portion 

BZO nanorods switch 
from c-aligned to ab-
aligned by introducing 
lattice mismatched 
substrates 

F.J. Baca, et al, Adv. Funct. Mat. 23, 4628, (2013);   J. Wu, et 
al, IEEE Trans. Applied Superconductivity 25, 1-5 (2015);  J. 
Wu et al, SUST 28, 125009 (2015). J. Shi and J.Z. Wu, 
Philosophic Magazine  92, 2911 (2012); 92, 4205  (2012).; J.Z. 
Wu, Endless Quests -- Theory, Experiment and Application of 
Frontiers of Superconductivity, Peking University Press (2015). 

Switch of nanorod 
orientation 
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Presentation Notes
The solid line in the figure is the theoretically calculated phase boundary based on the elastic strain model. The c-axis aligned linear defects are energetically favorable at smaller APC (such as BaZrO3, BaSnO3, etc.) doping concentrations rfilm and smaller miscut angle (which also means smaller lattice mismatch between substrates and the Re-123 films) below the phase boundary while ab-aligned APCs are preferred above the boundary. The symbols in the Figure are from experiment. As to be shown in the following few slides, three dimensional (3D) APCs can be obtained on or/and near the phase boundary due to co-existence of the c-axis aligned and ab-aligned APCs. 

The inset shows the linear relationship between the APC doping in PLD target rho_target and the APC concentration rho_film based on TEM analysis of the BZO/YBCO nanocomposite films. 



4 % 6 % 2 % 

BZO vol. concentration 2% 4% 6% 

Nanorod spacing (nm) 10.8 ± 3.2 nm 6.0 ± 2.7 nm 4.4 ± 0.7 nm 

Nanorod diameter (nm) 5.2 ± 0.5 nm 5.8 ± 0.6 nm 5.9 ± 0.9 nm 

Overlap of the strained matrix 
around BZO nanorods occurs at 
around ρ~45% volume portion  

• Wu, Judy; Shi, Jack,  Baca, Javier; Emergo, Rose; 
Wilt, Jamie; Haugan, Timothy, “Controlling BZO 
Nanostructure Orientation in YBCO Films for 
Three-Dimensional Pinning Landscape”, 
Supercond. Sci. Technol, 28, 125009 (2015).  

IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2016. 
Invited presentation 1MOr1B-01 given at ASC 2016; Denver,Colorado,USA, September 4 – 9, 2016.

7

Presenter
Presentation Notes
The experimental results (TEM) of the three rho_film below the theoretically predicted threshold (corresponding to rho_target of 2%, 4% and 6% shown as triangles in the figure on the last slide) confirm the c-axis alignment of the BZO linear APCs. 



Alignment switch at higher doping levels (nonvicinal)  

H. Yang et al, APL 106, 093914 (2009) 

YBCO:BZO=50%:50% 

BSO doping (Vol%) in YBCO 

6% 

12% 

25% 

S. Nagao et al, Physica C 470, 1304 (2010) 

A switch of BZO and BSO nanorods from c-align to ab-align  
occurs at large doping level  
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Presentation Notes
Above the threshold, the overlapped strain field leads to ab-alignment of the BZO (left) and BSO (right) energetically more favorably as confirmed in these TEM studies of the APC morphology in BZO/YBCO and BSO/YBCO nanocomposite films. This APC orientation switch by tuning APC doping level provides an approach for manipulation of the APC orientations. 




Correlating Effect of doping concentration and 
film/substrate strains on nanorod morphology 

Switch of nanorod 
orientation 

BZO nanorods switch 
from c-aligned to ab-
aligned at 45% BZO 
vol. portion 

BZO nanorods switch 
from c-aligned to ab-
aligned by introducing 
lattice mismatched 
substrates 

F.J. Baca, et al, Adv. Funct. Mat. 23, 4628, (2013);   J. Wu, et 
al, IEEE Trans. Applied Superconductivity 25, 1-5 (2015);  J. 
Wu et al, SUST 28, 125009 (2015). J. Shi and J.Z. Wu, 
Philosophic Magazine  92, 2911 (2012); 92, 4205  (2012).; J.Z. 
Wu, Endless Quests -- Theory, Experiment and Application of 
Frontiers of Superconductivity, Peking University Press (2015). 

Switch of nanorod 
orientation 
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Presentation Notes
At a fixed APC doping level, the film/substrate lattice mismatch provides another tuning parameter to switch the APC orientations. 



Local + Global strains: splay around c-axis and switch from c 
to ab orientation of BaZrO3 and BaSnO3 nanorods 

Baca et al. Appl. Phys. Lett. 94, 102512 (2009);  Emergo et al, SUST 23, 115010 (2010); Wu 
et al,  IEEE Applied Superconductivity 25 (3), 1-5 (2015). Wu et al, SUST 28, 125009(2015) 

2 vol% 
BZO doping 

4.5 vol% 
BSO doping 

Compressive 
strain in c-axis 

Tensile strain 
in c-axis 

Transition zone with 
mixed orientations 

of APCs  
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Presentation Notes
The samples in the top row are the red and green “circles” in the figure on the last slide. The BZO APC orientation switch from splayed  c-axis aligned at smaller miscut angle of ~ 5 degree (or smaller film/substrate lattice mismatch) to ab-aligned at larger miscut angle of 15 degree (larger lattice mismatch) confirms the theoretical prediction. Interestingly, a mixture of c-axis aligned and ab-aligned BZO APCs can be seen right at or near the theoretical phase boundary (transition zone). This means a three-dimensional APC landscape can be obtained with a single dopant.  A similar trend has been observed on  BSO doped YBCO films as shown in the bottom row. 



Enhancement of Jc in 3D BZO APC doped YBCO films  

Overall enhanced Jc in all H directions in BZO doped 
YBCO possibly due to 1) reduced strain on YBCO; 2)  
mixed orientations of BZO APCs 

H//c H//ab 
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Presentation Notes
The benefit of 3D APC landscape (red and blue curves)  is illustrated in the overall enhanced Jc values at all orientations  of the applied magnetic field as compared to c-axis aligned APCs (black curve).  



Correlating Effect of doping concentration and 
film/substrate strains on nanorod morphology 

Switch of nanorod 
orientation 

BZO nanorods switch 
from c-aligned to ab-
aligned at 45% BZO 
vol. portion 

BZO nanorods switch 
from c-aligned to ab-
aligned by introducing 
lattice mismatched 
substrates 

F.J. Baca, et al, Adv. Funct. Mat. 23, 4628, (2013);   J. Wu, et 
al, IEEE Trans. Applied Superconductivity 25, 1-5 (2015);  J. 
Wu et al, SUST 28, 125009 (2015). J. Shi and J.Z. Wu, 
Philosophic Magazine  92, 2911 (2012); 92, 4205  (2012).; J.Z. 
Wu, Endless Quests -- Theory, Experiment and Application of 
Frontiers of Superconductivity, Peking University Press (2015). 

Switch of nanorod 
orientation 
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Presentation Notes
At a fixed miscut angle, the APC doping concentration can also be used to tune the APC orientations as indicated by the vertical red arrow. 




Global strain adds additional tuning parameter on nanorod 
morphology through interaction with the local strain field 

Wu et al, SUST 28, 125009(2015) 
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Without miscut angle (top row), BZO APCs remain to be c-axis aligned (top row) at rho_target of 2-6 vol% BZO  while at 5 degree miscut angle (bottom row), a switch from splayed c-axis aligned at rho_target ~2 vol% BZO to ab-aligned at rho_target ~6 vol% BZO is clearly revealed in the TEM images. Again, BZO APCs with mixed orientations are visible between these two cases at  rho_target ~4 vol% BZO.



1D BZO APC 

1D+2D BZO APC 

2D BZO APC 

Controlling the 
interplay between 
local and global 
strains 
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This means controlling the interplay of the local strain at the BZO/YBCO interface and global strain caused by the film/substrate mismatch provides tuning of the APC morphology and orientation, which allows 3D APC landscape to be achieved at the theoretically calculated phase boundary. 



Much smaller reduction in Tc in vicinal samples indicates 
reduced strain on YBCO lattice—favorable to high Jc  

Wu et al, SUST 28, 125009(2015) 
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Presentation Notes
One benefit of avoiding perfectly c-axis aligned APCs is to reduce the lattice strain, which causes reduced of the Tc. The figure in this slides compares the Tc vs. BZO doping (target) level for perfectly c-axis aligned BZO APCs (blue with large Tc reduction) and splayed/3D BZO APCs (red with negligible Tc reduction). The trends correlate well with the c-axis lattice constant change and the resistivity change trends (red), suggesting the much reduced strain field overlap in the latter case.   



Wu et al, SUST 28, 125009(2015) 

3D BZO APCs 
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Presentation Notes
The reduced strain field overlap on samples with splayed and 3D APCs show much improved Jc and pinning force density Fp values  (solid) as compared to their 1D (c-axis aligned) APC counterparts. 



χ∝ρ (doping  
concentration) 

χ=2R/(D+2R) 

Wu, et al, Supercond. Sci. Technol,  27, 044010 
(2014); Shi and  Wu, JAP 118, 164301 (2015).  

Effect of APC concentration and growth 
temperature on the 1D APC  diameter 

2MOr1C-06 
Tomorrow 
10:15am 
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The effect of strain on the dimension of the 1D APC has been investigated theoretically and the figure compares the theory (solid lines) and experiment (symbols) in terms of the nanorod diameter as function of the APC concentration rfilm. The theory and experiment agree well. Interestingly, the increasing strain at higher  rho_film leads to larger nanorod diameter.  



Diameter of Nanorods remains a constant 
Increased nanorod density with increased dopant concentration 

4 % 6 % 2 % 

BZO vol. concentration 2% 4% 6% 

Nanorod spacing (nm) 10.8 ± 3.2 nm 6.0 ± 2.7 nm 4.4 ± 0.7 nm 

Nanorod diameter (nm) 5.2 ± 0.5 nm 5.8 ± 0.6 nm 5.9 ± 0.9 nm 

The diameter of the nanorod is determined by the semi-
coherent “ultrathin” interface between the dopant and 
matrix and is almost a constant at low to moderate 
doping level 
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Presentation Notes
The TEM images are for the blue symbols in the figure shown in the previous slide. Since the increase of the BZO nanorod diameter is moderate, increasing the BZO doping level in BZO/YBCO nanocomposite films leads to primarily increase of the nanorod concentration.  While this rend holds in the optimal growth temperature, it may not be true at other growth conditions as shown in the next slide.  



Temperature Effects in Nanorod Formation 

• Y2O3  hinders c-axis aligned BZO nanorods formation 
• Large amount of small-size BZO APCs may not be even visible 

B. Maiorov, et al. Nature 
Mat. (2009). 

Baca et al, Adv. Func. 
Mat., (2013) 

2%BZO+5%Y2O3 doping 2% BZO doping 
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Presentation Notes
The comparison of the BZO nanorod morphology and concentration in YBCO films with BZO and Y2O3 double-doping (left column of TEM) and BZO single-doing (right column of TEM). A quantitative summary of the BZO nanorod length (upper right) and spacing as well as the matching field (lower right), respectively, shows PLD growth temperature plays a critical role in formation of the BZO APCs. Specifically, the nanorod length is shortened both at lower growth temperatures and with secondary doping such as Y2O3. Since 2 vol% BZO (target) was used in all these samples, the reduced BZO APC volume portion at lower growth temperatures and in presence of Y2O3 suggests smaller size, irregular shaped BZO APCs may form but not clearly visible in the TEM shown. 



Two approaches to develop 3D BZO APCs: 
• BZO+Y2O3/YBCO at high BZO concentration  
• Low T growth BZO/YBCO + high-T post-anneal 
 

PLD at 790 C followed with 
post anneal at 825 C 

PLD at 825 C with 
increasing BZO 

2% BZO/YBCO 

3% Y2O3 + 2-6% 
BZO in YBCO 

BZO 
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Presentation Notes
Considering the hypothesis from the previous slide, two new approaches are proposed here, both are for generation of 3D APC landscape. One aims at 3D BZO APCs using high BZO doping in BZO+Y2O3 double doping. The other employs low PLD growth temperature to reduce formation of c-axis aligned BZO nanorods, followed with high temperature post annealing to promote those small-size, irregular shaped BZO APC growth for them to become strong APCs. 



Significantly enhanced overall Jc and Fp in 6% 
BZO+Y2O3/YBCO samples 
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Jc(H) and Fp(H) at H//c (0 degree), 45degree, and H//ab (90 degree) curves are presented for 4% and 6% BZO+3% Y2O3 double-doped samples. The overall better performance was shown on the latter at all three orientations. This is in contrast to the BZO single-doped YBCO film case shown in Slides 15-16, where 6% BZO shows the worst performance due to seriously overlapped strain field and much reduced Tc.



Much reduced Jc anisotropy observed in 6% 
BZO+Y2O3/YBCO samples  

Chen et al, submitted 
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Presentation Notes
Besides higher Jc values, almost no angular dependence of Jc was observed in the 6%BZO+3%Y2O3 sample (black) at 65 K.



Fit the Fp (H) using the model by 
Dew-Hughes and Kramer, 1-P=α,  

𝐹𝐹𝑝𝑝(𝐵𝐵) = 𝐹𝐹𝑝𝑝0 �
𝐵𝐵
𝐵𝐵𝑐𝑐2

�
𝑝𝑝

�1 −
𝐵𝐵
𝐵𝐵𝑐𝑐2

�
𝑞𝑞

 

Besides overall high Fp in 6% BZO+Y2O3, the low 1-P 
value at 45 deg orientation indicates 3D BZO APCs 
can be strong pins at low temperatures  

Chen et al, submitted 
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Gautum et al, preprint 
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The post annealing at 825 C for shorter times of 3 min (blue) and 5 min (purple) results in  reduced Jc(H) as compared to the as-synthesized sample (black). In contrast, longer annealing time of 7 min. (red) leads to significantly improved Jc(H) as shown the left figure. On the normalized scale (right figure), a much reduced α value can be seen on the red curve as well. 



Figure 2 a,b,c,d 
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Post anneal at 825 C promotes growth of weak 0D 
BZO-APC to strong 3D BZO-APCs  
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The much reduced α value explains the enhanced Fp value and the Fp peak position on the red curves measured at H//c (0 degree) and 45 degree. 



5.E+02

5.E+03

5.E+04

5.E+05

-20 -10 0 10 20 30 40 50 60 70 80 90 100

J c
(A

/c
m

2 )
 

Angle (degree) 

Jc Vs theta at 77 K 
UA 1 T

UA 5 T

A3 1 T

A3 5 T

A5 1 T

A7 1 T

A7 5 T

2.E+05

2.E+06

-20 -10 0 10 20 30 40 50 60 70 80 90 100

Jc
(A

/c
m

2 )
 

Angle (degree) 

Jc Vs theta at 65 K 
UA 1
T
UA 5
T
A5 1
T
A5 5
T
A7 1
T

Besides higher Jc and Fp values, strong 3D BZO-APCs 
also improve isotropic Jc 

Gautum et al, preprint 
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An additional benefit of the post annealing is the reduced Jc anisotropy, especially at higher fields. 



Summary 
Understanding the Interfacial strain (local and 
global) provides means to control APC’s 
morphology, orientation and dimension:  
 Local YBCO/dopant interfacial strain (lattice mismatch, 

elastic constants) determines the morphology and 
dimension of the APCs in the YBCO matrix film   

 Global substrate/film interfacial strain add additional 
tuning to the APC landscape (nanorod alignment from 
c-aligned, to splayed, and to ab-aligned) 

 Controlling interplay between local and global strains 
allows  generation of strong and isotropic BZO APCs 
using three approaches: 

• Vicinal + BZO variable concentration 
• Y2O3 +BZO variable  concentration  
• Low T growth BZO/YBCO + high-T post-anneal 
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