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2Relevance to DOE Superconductivity 
Program and Technical Targets

“R&D Needs/Knowledge gaps” identified in the 
DOE Coated Conductor Technology Development 
Roadmap and addressed in this project:

Enhancing flux-pinning in superconductors
Growth of epitaxial layers
Understanding of microstructural factors affecting
critical current density
Developing better and improved buffer layers
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Specific Objectives/Milestones

Correlate HTS properties with the level of BaZrO3 incorporated in 
films as 3D, self-assembled, columnar nanodot arrays. 

Fabricate films of REBCO with and without nanoparticle additions
and compare pinning characteristics with YBCO with nanoparticle 
additions.

Continue optimizing nanoparticle substrate surface modifications for 
flux-pinning in thick in situ and ex situ YBCO on RABiTS, and 
extend to YBCO on IBAD Templates.

Conduct detailed measurement and analysis of the wide-range 
thickness dependence of critical currents in ex situ YBCO on 
RABiTS.

Continue fundamental studies of epitaxial growth of multifunctional 
buffers on textured substrates.
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Presentation Outline

FY 2006 Results

Flux pinning in YBCO & REBCO films with columns of 
insulating, self-assembled nanodots (Goyal)

Systematics of YBCO with BZO nanodots (Christen)
Jc analysis for Y2O3 doped YBCO ex situ vs thickness
Nanoparticle substrate decoration for Jc enhancements

Epitaxial growth of buffer layers (Parans)

FY 2006 Performance and FY 2007 Plans (Parans)
Research Integration



5FY2005: Performance requirements for many large-scale 
applications can be met by incorporation of self-assembled 
insulating nanodots
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FY2006: Can we improve the performance further by 
changing the matrix around the columnar defects?

Science, 311(5769) 1911-1914, 2006 

What about REBCO films doped columns of self-assembled BZO nandots?
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90 mJ (1.8 J/cm2)Laser energy

REBCO and REBCO+
2 vol.% BZO target

Target

RABiTS: CeO2/YSZ/Y2O3/NiW
IBAD:
LaMnO3/IBADMgO/Hastelloy

Substrate

200 mTorr800 mTorrPressure

Pure O21%O2/Ar
Processing 

gas

800oC760oCTs

4 cm7 cmT-S distance

Condition 2Condition 1

Condition 1

Condition 2

PLD used to incorporate self-aligned nanodots & nanorods
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Sample I.D.

Texture of films is good

High-Jc observed in thin Nd-123 films for the first time



9NdBCO films are less sensitive to applied magnetic 
fields than YBCO films
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Defects in NdBCO film on RABiTS

YSZ

CeO2

NdBCO

50 nm

Defects near
the interface

Antiphase
boundary

Tc of film is reduced from 
96K to 93K.  Some site 
substitution must be occurring!
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0.15~0.17 µm thick SmBCO and GdBCO films
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Pinning is very sensitive to growth conditions for Sm-123 films

Pinning properties controlled via PLD processing  condition (condition 1 and 2)

SmBCO #1 (0.15 μm) : Tc = 92.2 K
SmBCO #2 (0.32 μm) : Tc = 93.2 K
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For condition 2, Sm-123 films have few defects

YSZ

CeO2

SmBCO

CeO2

Ni-3at%W
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Pinning properties controlled via PLD processing  condition (condition 1 and 2)

GdBCO #1 (0.15 μm) : Tc = 91.6 K
GdBCO #2 (0.35 μm) : Tc = 92.4 K

More pronounced effects seen for Gd-123 films



15Film with H//ab peak has long stacking faults and film with 
dip for H//ab, has a highly defected film

YSZ

CeO2

GdBCO

Condition 1

YSZCeO2

GdBCO

Ni-3at%W

Condition 2

In pure REBCO films, a range of drastically different
defect structures form depending upon deposition condition

and these have pronounced effects on pinning



16Effect of incorporation of columns of self-assembled 
BZO in 0.2 µm thick Nd-123 films on RABiTS
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NdBCO (~0.6 µm) with and w/o columnar defects of BZO
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NdBCO+BZO samples : 0.6~0.7 µm thick films

3.24.042.121.69on IBAD

6.47.094.454.09on RABiTS
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For both films α is much smaller than for YBCO+BZO

For YBCO + BZO: α ~ 0.3

Does this significantly
lower α imply a very
different defect structure
in the film?
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NdBCO

Hastalloy
Al2O3

NdBCO film with 2vol%BZO on IBAD is very defected with 
strain contrast everywhere in the film!

LaMnO3

MgO

NdBCO film is very highly
defected perhaps due to
significant strain!



21NdBCO film on RABiTS show a finely spaced BZO nanodot 
columns everywhere in film

YSZ

CeO2

NdBCO

Pt

NdBCO

Self-assembled BZO nanodot columns similar to that
observed previously for YBCO films.
For the same vol%BZO addition, columns are more
homogeneously distributed everywhere and the density
appears much higher!

For NdBCO films on IBAD, columns are almost overlapping
Perhaps the many sub-grain boundaries in IBAD substrates
result in nucleation of finer spaced columns, resulting in many
more c-axis correlated defects along with significant 
disruption of the ab-planes
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23For 2.1 µm thick film on IBAD substrate, similar 
transport behavior is observed
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24Sub-grain morphology is easily observable in the 2.1 µm 
thick PLD film on IBAD LMO/MgO/Hastalloy substrates
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SUMMARY REBCO films: Columns of self-assembled 
nanodots of BZO within REBCO films result in significant 
enhancement in the critical current density for H//c. 



26Why does self-assembly of nanodots occur? What dictates 
the size of nanodots and the orientation of columns? 

20 nm 25 nm

2 vol% BZO addition 4 vol% BZO addition

Some increase in column width with vol%BZO

More tilted away
from c-axis

Imaging
conditions
different
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For the same volume fraction of BZO, column width 

increases with film thickness

2 vol% BZO addition 2 vol% BZO addition

0.2 µm 3.0 µm

Column size increases with thickness Different deposition
conditions
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What controls the orientation of columns?

NdBCO + BZO film on RABiTSYBCO + BZO film on RABiTS

What controls the column termination?
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Island formation due to lattice mismatch

Strained 
layer

Substrate

0.5656nm

0.5431nm

Ge

Si

substrate

substrate

Wetting layer

coherent quantum dots

wetting layer

Example: Ge/Si

SelfSelf--Organization of Coherent Islands in Organization of Coherent Islands in 
Multilayer Heteroepitaxial GrowthMultilayer Heteroepitaxial Growth

J. Zhong
ORNL

preferential nucleation 
location

substrate

spacer 
layer

Strain field 

substrate

spacer 
layer

Vertical Alignment

Strain-induced Vertical Alignment of 
Embedded Quantum Dots in Simple Systems 

during in-situ multilayer growth

Strain-Mediated Phase Ordering
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Growth process of islands in Si / Ge system

Interaction of Strain Fields and Self-Organization of 
Coherent Islands in Multilayer Heteroepitaxial Growth

1. Island nucleates at the central 
region of the tensile strain given 
by embedded island.

2. Island grows in size and 
generates additional compressive 
strain. Island continues growing 
in the region of tensile strain of 
the total strain field. 

3. Island stops growing when
there is no tensile strain 

at surface.

Control of ordering and size by changing: 
Density of nanodots
Spacer-layer thickness
Growth conditions

Sparse distribution: vertical ordering

Dense distribution:
vertical and lateral ordering
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Substrate

Stress-mediated ordering
in multilayer sequential deposition

Multi-targets

Preferential nucleation

Si-Ge: Phase Ordering

Substrate

Stress-mediated ordering 
in simultaneous deposition

Single target

Preferential phase separation
& nucleation

BZO-YBCO: Simultaneous Phase 
Separation & Phase Ordering

We have an internal research proposal to understand 
self-assembly via SPSO using atomistic and continuum 
models and also accounting for kinetics via 
Monte-Carlo simulations
(with Malcolm Stocks, J. Zhong and Y. Gao).  

The required fundamental work can also be performed 
in this program if the committee recommends it and the 
funding is available
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Presentation Outline

FY 2006 Results

Flux pinning in YBCO & REBCO films with columns of 
insulating, self-assembled nanodots (Goyal)

Systematics of BZO doped YBCO (Christen)
Jc analysis for Y2O3 doped YBCO ex situ vs thickness
Nanoparticle substrate decoration for Jc enhancements

Epitaxial growth of buffer layers (Parans)

FY 2006 Performance and FY 2007 Plans (Parans)
Research Integration



33Goal: Correlate YBCO/RABiTS properties 
with BaZrO3 doping levels

• Determine systematic effects of BZO concentration on 
superconducting properties Tc, Jc(H,T)

For series of films, volume fraction x of BZO varied up to 8%

• Analyze results in terms with recent theoretical models 
for effects of columnar defects

BZO nanoparticles stacks are approximate columnar defects
Account for effects on both pinning and equilibrium properties

• From this analysis, generate predictive guidance for 
optimization of Jc of coated conductors

Objectives and Approach:
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PLD from YBCO-2%BZO target

Nanodots and nanorods 
self-assemble during growth

Has been extended to short
samples of 2G wire

PLD from YBCO-2%BZO target

Nanodots and nanorods 
self-assemble during growth

Has been extended to short
samples of 2G wire

Cross-section TEM of YBCO/RABiTS

SelfSelf--assembly during PLD of BaZrOassembly during PLD of BaZrO33 in YBCOin YBCO
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PLD from YBCO-2%BZO target

Nanodots and nanorods 
self-assemble during growth

Has been extended to short
samples of 2G wire

PLD from YBCO-2%BZO target

Nanodots and nanorods 
self-assemble during growth

Has been extended to short
samples of 2G wire

Cross-section TEM of YBCO/RABiTS
Plan view TEM of YBCO/RABiTS

20 nm

BZO nano-particle stack area density:
~3.9×1011 cm-2 matching field BΦ ≈ 8T

Particle radius b0 = 1.3 – 2.5 nm good 
match to vortex core ~ξ

BZO nano-particle stack area density:
~3.9×1011 cm-2 matching field BΦ ≈ 8T

Particle radius b0 = 1.3 – 2.5 nm good 
match to vortex core ~ξ

SelfSelf--assembly during PLD of BaZrOassembly during PLD of BaZrO33 in YBCOin YBCO
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Effect of CDs on penetration depth λ:
Wahl, Buzdin, et al. [Physica C (1995)] 
showed theoretically that adding CDs 
increases λ (and reduces the line 
energy) as 

2 2 2
0

0

21 1 1
( ) (0)

c B
B

π
λ λ

Φ

Φ

⎡ ⎤⎛ ⎞ ⎛ ⎞
= −⎜ ⎟ ⎢ ⎥⎜ ⎟ Φ⎝ ⎠⎝ ⎠ ⎣ ⎦

Combining these expressions (and 
assuming that increasing dopant level x
increases CD radius, not BΦ) gives

( )2 22( ) ln 1 1 2c
c pb

BJ x J k x k x
BΦ

⎡ ⎤
≈ + −⎢ ⎥

⎣ ⎦

Jc: For non-interacting vortices at low 
temperatures, Nelson and Vinokur [PRB 
(1993)] have      
with pinning energy 

Here c0 = effective radius of CD = 
kb0 ∝ k√x where k ≈ 1 and 
x = dopant concentration. 
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YBCO + x vol% BaZrO3
on AMSC RABiTS

t = 200 nm
T = 30 K

  µ0H = 3 T
  µ0H = 1 T

model for Jc(x)

Here k ≈ 2 => effective radius c0 > nominal 
size based on continuous BZO stacks..  

As with irradiation tracks, changes in 
equilibrium properties − λ − strongly affect 
the pinning of vortices [J.R. Thompson et al, 
Phys Rev B (2004)].  

Model for Jc vs. BZO dopant fraction 
x
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• Constraints of model are obeyed (e.g., H<<BΦ)
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Predictive guidance for Jc, assuming: 

• Processing can control BZO nanoparticle size and column 
density where, x = k co

2 BΦ
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• Deposit co-evaporated Y-rich BaF2-YBCO on RABiTS

• Determine defect size and distribution

• Series of films with thickness range from 28nm to 1.5 µm 

• Jc(H,T) measured for H||c

• Analyze and compare with model calculations                     

[Ijaduola et al., PRB 73, 134502 (2006)]

Goal: Conduct measurements and analysis of Jc
wide-range thickness dependence of ex situ YBCO

Objectives and Approach:
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500 nm

15 nm

45 nm

30 nm

Xueyan Song

Plan-view TEM: Y2O3 precipitates in
2.0 µm PVD BaF2 ex-situ YBCO 

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY
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500 nm

15 nm

45 nm

30 nm

Xueyan Song

Plan-view TEM: Y2O3 precipitates in
2.0 µm PVD BaF2 ex-situ YBCO 

500 nm

0.12 µm YBCO on RABiTS Jc(77K)= 3.5-4 MA/cm2

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY
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500 nm
Xueyan Song

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

Observed nanostructureObserved nanostructureObserved nanostructure
• Secondary phases of Y2O3 and some Y-Cu-O

• Defect size, D, roughly log-normal distribution 
~2/3 of particle diameters in the range (28 ± 11) nm

• Defect density, nd, approximately 5 × 1015 cm-3

• Twin spacing in the range of 35 to 50 nm 

• Spherical pores faceted along the (110) & (100) planes 
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 Y rich

No correlated pinning near No correlated pinning near cc--axis in axis in ex situex situ films films −−
““flatflat”” JJcc vs. angle vs. angle 

0.7 µm YBCO on AMSC RABiTS 
(PVD-BaF2 process)

For magnetic field H near the 
c-axis, no angularly selective 
pinning is discernable; this 
rules out correlated disorder 
along the c-axis as dominant 
pinning mechanism for this 
orientation.

(However, for H near the ab
planes, a peak commonly 
attributed to “intrinsic 
pinning” or planar defects is 
evident.)



43

0.01 0.1 1 10
1E-3

0.01

0.1

1

10

100

 

 

34 nm

J c (M
A

/c
m

2 )

H (T)

 5 K
 30 K
 50 K
 65 K
 77 K

0.01 0.1 1 10
1E-3

0.01

0.1

1

10

100

 5 K
 30 K
 50 K
 65 K
 77 K

 

 

500 nm

0.01 0.1 1 10
0.01

0.1

1

10

100

 5 K
 30 K
 50 K
 65 K
 77 K

 

 

1450 nm

J c (M
A/

cm
2 )

0.01 0.1 1 10

0.01

0.1

1

10

100

 

 

170 nm

J c (M
A

/c
m

2 )

H (T)

 5 K
 30 K
 50 K
 65 K
 77 K

Jc(H,T) for ex situ YBCO: 
analysis and interpretation
JJcc((H,TH,T) for ) for ex situ ex situ YBCO: YBCO: 

analysis and interpretationanalysis and interpretation
• Eleven samples with thicknesses from 28 nm to 1.5 µm [Feenstra]

• Temperature and field dependencies for H||c  [Ijaduola, Thompson, et al.]
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Jc ∝ H-α

• Nearly field independent low-field Jc (H<H*)
• power law dependence Jc ∝ H-α (H*<H <Ha)
• Rapid decay to Jc 0 at Hirr<Hc2

Flux pinning theory of Ovchinnikov and Ivlev Flux pinning theory of Ovchinnikov and Ivlev [[PRBPRB4343]]
ReRe--expressed and interpreted by van der Beek expressed and interpreted by van der Beek et al. et al. [PRB[PRB6666]]

General Characteristics for AnalysisGeneral Characteristics for Analysis
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General Characteristics for AnalysisGeneral Characteristics for Analysis

• Nearly field independent low-field Jc (H<H*)
• power law dependence Jc ∝ H-α (H*<H <Ha)
• Rapid decay to Jc 0 at Hirr<Hc2

Jc ∝ H-α

Flux pinning theory of Ovchinnikov and Ivlev Flux pinning theory of Ovchinnikov and Ivlev [[PRBPRB4343]]
ReRe--expressed and interpreted by van der Beek expressed and interpreted by van der Beek et al. et al. [PRB[PRB6666]]



46Interpretation of dataInterpretation of dataInterpretation of data

• . 
Observed power-law α in range 0.56 – 0.69 

For all sample thicknesses and temperatures

but, magnitude of Jc too small by factor ~ 20

9/ 4 5/8( ) ; *c d aJ H n D H H H H−∝ < <

• Jc ∝ [1-(T/Tc)2]m, consistent with m=7/6 for single-vortex pinning
by normal precipitates (“δTc” pinning) [Griessen et al., PRL72]

• Thickness dependence:
Crossover to thickness independent: 

/c i pJ d n DU∝
* 1/ 2( )p dd U n −∝

Flux pinning theory of Ovchinnikov and Ivlev Flux pinning theory of Ovchinnikov and Ivlev [[PRBPRB4343]]
ReRe--expressed and interpreted by van der Beek expressed and interpreted by van der Beek et al. et al. [PRB[PRB6666]]

• .  
Temperature dependence described for T >30 K

* 2 2ln[1 / 2 ( )]dH n D Tξ∝ +

For large, sparse normal-state defects,
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by normal precipitates (“δTc” pinning) [Griessen et al., PRL72]
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34 nm film
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• Nearly field independent low-field Jc (H<H*)
• power law dependence Jc ∝ H-α (H*<H <Ha)
• Rapid decay to Jc 0 at Hirr<Hc2

Jc ∝ H-α

General Characteristics for AnalysisGeneral Characteristics for Analysis



49Interpretation of dataInterpretation of dataInterpretation of data

• . 
Observed power-law α in range 0.56 – 0.69 

For all sample thicknesses and temperatures

but, magnitude of Jc too small by factor ~ 20

9/ 4 5/8( ) ; *c d aJ H n D H H H H−∝ < <

• Thickness dependence:
Crossover to thickness independent: 

/c i pJ d n DU∝
* 1/ 2( )p dd U n −∝

Flux pinning theory of Ovchinnikov and Ivlev Flux pinning theory of Ovchinnikov and Ivlev [[PRBPRB4343]]
ReRe--expressed and interpreted by van der Beek expressed and interpreted by van der Beek et al. et al. [PRB[PRB6666]]

• .  
Temperature dependence described for T >30 K

* 2 2ln[1 / 2 ( )]dH n D Tξ∝ +

For large, sparse normal-state defects,
• Jc ∝ [1-(T/Tc)2]m, consistent with m=7/6 for single-vortex pinning

by normal precipitates (“δTc” pinning) [Griessen et al., PRL72]
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Temperature dependence of crossover field H*Temperature dependence of crossover field Temperature dependence of crossover field H*H*
• H* not sensitive to film thickness
• Approximate agreement with TEM-determined nd and ~D
• Consistent with Jc magnitude
• Low-T upturn due to weak collective pinning?
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• Nearly field independent low-field Jc (H<H*)
• power law dependence Jc ∝ H-α (H*<H <Ha)
• Rapid decay to Jc 0 at Hirr<Hc2

Jc ∝ H-α

General Characteristics for AnalysisGeneral Characteristics for Analysis



52Interpretation of dataInterpretation of dataInterpretation of data

• . 
Observed power-law α in range 0.56 – 0.69 

For all sample thicknesses and temperatures

but, magnitude of Jc too small by factor ~ 3 - 20

9/ 4 5/8( ) ; *c d aJ H n D H H H H−∝ < <

• Thickness dependence:
Crossover to thickness independent: 

/c i pJ d n DU∝
* 1/ 2( )p dd U n −∝

Flux pinning theory of Ovchinnikov and Ivlev Flux pinning theory of Ovchinnikov and Ivlev [[PRBPRB4343]]
ReRe--expressed and interpreted by van der Beek expressed and interpreted by van der Beek et al. et al. [PRB[PRB6666]]

• .  
Temperature dependence OK for T >30 K

* 2 2ln[1 / 2 ( )]dH n D Tξ∝ +

For large, sparse normal-state defects,
• Jc ∝ [1-(T/Tc)2]m, consistent with m=7/6 for single-vortex pinning

by normal precipitates (“δTc” pinning) [Griessen et al., PRL72]



53Interpretation of dataInterpretation of dataInterpretation of data

• . 
Observed power-law α in range 0.56 – 0.69 

For all sample thicknesses and temperatures

but, magnitude of Jc too small by factor ~ 20

9/ 4 5/8( ) ; *c d aJ H n D H H H H−∝ < <

• Thickness dependence:
Crossover to thickness independent: 

*( ) ;c i pJ n DU d d d∝ <
* 1/ 2( )p dd U n −∝

Flux pinning theory of Ovchinnikov and Ivlev Flux pinning theory of Ovchinnikov and Ivlev [[PRBPRB4343]]
ReRe--expressed and interpreted by van der Beek expressed and interpreted by van der Beek et al. et al. [PRB[PRB6666]]

• .  
Temperature dependence OK for T >30 K

* 2 2ln[1 / 2 ( )]dH n D Tξ∝ +

For large, sparse normal-state defects,
• Jc ∝ [1-(T/Tc)2]m, consistent with m=7/6 for single-vortex pinning

by normal precipitates (“δTc” pinning) [Griessen et al., PRL72]
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Thickness (nm)

Dependence of Jc on thicknessDependence of Dependence of JJcc on thicknesson thickness
• Jc peaks at thickness d ~ 120 – 140 nm
• Jc(d) is nearly temperature and field independent

Decrease at small d not thermal effect?
• Observed low-T Jc/d ≈ 5 ×108 A/cm2/µm-thickness
• Decay at large d not predicted; calculated d*~40 nm

Jc ~ d-1/2



55Goal: Continue optimizing substrate surface Goal: Continue optimizing substrate surface 
modification for flux pinning enhancementsmodification for flux pinning enhancements

Background and Motivation:
• Pre-treatment of substrate surfaces with nanoscale 

particles can lead to improved flux pinning in YBCO 

• For extension to coated conductors, optimize:
Different species

Decoration techniques

Properties improvements



56Substrate preSubstrate pre--treatment with nanoparticlestreatment with nanoparticles

Approach:Approach:
Modify single crystal SrTiO3 & biaxially textured tape
templates by applying second-phase nanoparticles using:

PVD-based (sputtering) Iridium  
Solution-based (MOD)            MgO & BaZrO3
Suspension-based                 CeO2, BaTiO3, BaZrO3 (pre-formed)

Advantages:Advantages:
Applicable to any substrate template 
Simple technique for induced growth defects in HTS
Easy control of number density & size by adjusting the process parameters

Substrate

YBCO (PLD) 

Nanoparticles

YBCO thickness = 0.2-0.3 µm



57Nanostructured templates: Interfacial engineering byNanostructured templates: Interfacial engineering by
substrate surface decoration substrate surface decoration 

BZO/textured tape

10 x 10 µm

BZO/textured tape

10 x 10 µm

Sputter deposited Solution (MOD) processed

BZO/textured tape

Suspension deposited
Pre-formed

Size= 200 nm
Density,n = 10 µm-2

Bφ=nφo= 0.2 Tesla

10 x 10 µm

Size= 250-500 nm
Density,n = 2 µm-2

Bφ=nφo= 0.004 Tesla

Size= 250 nm
Density,n = 3.2 µm-2

Bφ=nφo= 0.007 Tesla



58Angular dependence of Angular dependence of JJcc: : (FY 2005 result)(FY 2005 result)
With/without nanoparticle modificationsWith/without nanoparticle modifications
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B = 1 T
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For Ir: Uncorrelated, random isotropic defects acting over large angular regime
For CeO2: c-axis correlated pinning by extended defects, smaller α ~ 0.3

Sputter deposited Ir nanoparticles Suspension deposited preformed
CeO2 nanoparticles

Single crystal substrates
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BTO/CeO2/IBAD YSZ

10 x 10 µm

BaTiO3 nanoparticles induces additional
c-axis correlated defects

Excellent properties obtained usingExcellent properties obtained using prepre--formedformed nanoparticlesnanoparticles
BaTiO3 nanoparticles on CeO2/IBAD-YSZ template

Standard PLD YBCO on LMO/IBAD(MgO or YSZ) shows both c-axis & ab-plane peak
Improved in-field Jc performance is related with broad peak about c-axis



60Surface BTO nanoparticles produce distortion of YBCO Surface BTO nanoparticles produce distortion of YBCO 
planes leading to subgrain boundariesplanes leading to subgrain boundaries

YBCO[010] pattern
above BTO particle

YBCO[010] pattern
away from  BTO particle

Film
normal

YBCO/CeO2/IBAD YSZ
• TEM analysis shows extended

defects along c-axis
Distortion of YBCO planes
Low-angle subgrain boundaries
BTO particles are not epitaxial
No reaction between BTO/YBCO
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Increased particle
density

Similar inSimilar in--field performance is obtained by using prefield performance is obtained by using pre--formed formed 
BaZrOBaZrO33 nanoparticles on SuperPower nanoparticles on SuperPower LMO/IBADLMO/IBAD--MgOMgO

α = 0.39

 

• Improved Jc-B performance, smaller α ~ 0.39
• Strong pinning by defects distributed over large angular range 



62Scaling behavior of pinning force density Scaling behavior of pinning force density FFpp;;
FFpp shows consistency of pinning mechanism wrt temperature  shows consistency of pinning mechanism wrt temperature  
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Scaling provides a powerful tool for predicting Jc at arbitrary B,T

• Model fits data very well
• α is ~ independent of T
• Fp peaks at B/Birr ≅ 0.25
• Bo(T) scales with Birr(T)
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Combine substrate surface modifications + Combine substrate surface modifications + 
compositional BZO nanoparticle additionscompositional BZO nanoparticle additions

• Jc is dominated by c-axis  
correlated defects

• Defects are operative 
over wide angular range

BZO nanoparticles on BZO doped PLD YBCO on LMO/IBAD-MgO
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BZO doped YBCO: (α = 0.31)
 on BZO nanoparticles

Undoped YBCO:
 on BZO nanoparticles, (α = 0.39)
 on LMOIBADMgO, (α = 0.48)

α = 0.31

α = 0.48

T = 77 K
B // c-axis

J c (A
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B (Tesla)

Jc improved
for all B

Similar self-field Jc 
but, smaller α

Large Jc improvement 
but, similar α = 0.31



64Nanoparticle surface modifications extended to thicker Nanoparticle surface modifications extended to thicker 
SuperPower MOCVD YBCO (1.1 SuperPower MOCVD YBCO (1.1 µµm)m) films: Transport films: Transport JJcc

BTO & BZO nanoparticles on LMO/IBAD-MgO

Surface nanoparticles produce improved
Jc over control LMO/IBAD-MgO
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 MOCVD YBCO(1.1 µm)
 BTO nanoparticles/LMO IBADMgO
 Control LMO IBADMgO
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)
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SAMPLE ID: End-to-end Ic (A):

Control LMOIBADMgO 168
TBTOLMOIBADMgO-5 213
TBTOLMOIBADMgO-6 203
TBTOLMOIBADMgO-7    187
TBZOLMOIBADMgO-3 210
TBZOLMOIBADMgO-4 183
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Presentation Outline

FY 2006 Results

Flux pinning in YBCO & REBCO films with columns of 
insulating, self-assembled nanodots (Goyal)

Systematics of BZO doped YBCO (Christen)
Jc analysis for Y2O3 doped YBCO ex situ vs thickness
Nanoparticle substrate decoration for Jc enhancements

Epitaxial growth of buffer layers (Parans)

FY 2006 Performance and FY 2007 Plans (Parans)
Research Integration
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Epitaxial Growth of Buffer Layers

MOD CeO2 cap development
Need to reduce the formation of BaCeO3 with MOD-YBCO 
to match the performance of all-PVD buffers

Is La2Zr2O7 (LZO) the best MOD barrier layer to scale up?
Ic of 266 A/cm achieved on slot-die coated LZO 

FY06 Objective: Fundamental studies of epitaxial growth of 
multifunctional buffers on textured substrates.

•Goal: To demonstrate an Ic comparable to that of standard PVD buffers

Ni-5W
PVD-Y2O3

PVD-YSZ
PVD-CeO2

MOD-YBCO

Seed; W barrier; improves out-of-plane texture
Excellent barrier for Ni

Compatible with MOD-YBCO
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MODMOD--YBCO/PVDYBCO/PVD--CeOCeO22/MOD/MOD--LZO/YLZO/Y22OO33/Ni5W/Ni5W

What is limiting the performance of MOD CeO2 cap layers?

Ni-5W

PVD-Y2O3

MOD-LZO

PVD-CeO2

MOD-YBCO

FY05: 255 A
FY06: 266 A

Ni-5W

PVD-Y2O3

MOD-LZO

MOD-CeO2

MOD-YBCO

FY05: 200 A



68MOD CeO2 cap layers on MOD LZO react 
completely to form BaCeO3

Ni-5W

PVD-Y2O3

MOD-LZO

MOD-CeO2

MOD-YBCO

FY05: 200 A

Ni-O and
Ni-W-O
(Polycrystal)

YBCO

La2Zr2O7

CeO2
converted to 
BaCeO3
(Polycrystal)

Ni-W

Ni-O and
Ni-W-O
(Polycrystal)

YBCO

La2Zr2O7

CeO2
converted to 
BaCeO3
(Polycrystal)

Ni-W

YBCOYBCO

BaCeOBaCeO33

Optimization of MOD CeO2 cap layer is in progress
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SIMS depth profiling shows that 75 nm LZO is necessary to be an 
excellent Ni and W diffusion barrier

Is MOD LZO the best barrier layer for scale-up ?

Ni-5W
PVD-Y2O3

PVD-YSZ
PVD-CeO2

MOD-YBCO



70Controlling RH during coating has resulted in processing MOD LZO
at wider temperature ranges
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MOD LZO films with good texture was obtained under
RH range: 40-60% (during coating) at temps. 900-1100 °C

0 10 20 30 40 50 60 70 80 90
-5

0

5

10

15

20

25

30

35

40

 % random
 % cube texture

Relative Humidity (%)

%
 R

an
do

m 
or

ien
tat

ion

55

60

65

70

75

80

85

90

95

100

%
 Cube texture

0 10 20 30 40 50 60 70 80 90

5

10

15

20

25

30

35

 

 

%
 ra

nd
om

 p
ol

yc
ry

st
al

lin
ity

Relative Humidity (%)

   900 C
 1000 C
 1100 C

MOD LZO films with good texture was obtained under
RH range: 40-60% (during coating) at temps. 900-1100 °C
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Both crystallinity and % cube texture improves with higher % RH during coating

(222) LZO Pole figures for films processed at 900 °C
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No big change in texture with % RH

RHEED and SEM analysis of MOD LZO surface processed at 900 and 
1100 °C under 20% RH and 40% RH during coating

1100 °C; 20% RH                    1100 °C; 40% RH                1100 °C; 40% RH1100 °C; 20% RH                    1100 °C; 40% RH                1100 °C; 40% RH
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Smooth films at higher % RH during coating and 900 °C
Process conditions transferred to slot-die coating conditions
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88.10%5.983.114.23LZ801100

92.60%6.74.396.72LZ601100

94.70%6.633.745.37LZ501100

94.50%6.644.737.51LZ401100

64.90%5.873.85.6LZ301100

57.10%6.425.097.71LZ201100

61.20%5.94.26.04LZ101100

Cube 
texture

LZO 
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Phi         
deg.

LZO 
(004) 

Phi=90  
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LZO 
(004) 
Phi=0 
deg.Sample ID

Both crystallinity and % cube texture improved with higher % RH during 
coating for LZO films processed at 1100 °C 

No big change in texture  except % cube texture with % RH

(222) LZO Pole figures

20 % RH                        30 % RH 40 % RH

60 % RH                           80 % RH

(222)

Poly
crystalline

(222) LZO Pole figures

20 % RH                        30 % RH 40 % RH

60 % RH                           80 % RH

(222)

Poly
crystalline
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Ra 0.5 nm900 (15)

Ra 2.0 nm1100 (10)

Ra 1.9 nm1050 (15)

Ra 1.9 nm1000 (20)

Ra 1.5 nm950 (30)

Surface 
roughness

Temp./time 
(°C/min)

Highly textured and smooth LZO films obtained at 900 °C

• HTXRD @ various T
• LZO (00l) nucleate at 850°C
• LZO crystallization 
complete at 900°C in 15 min.

28 29 30 31 32 33 34 35

K
1200 CJ

1100 CI
1000 CH

950 CG
900 CF

850 CE
800 CD

750 CC
700 CB

600 CA
400 C

 

2-Theta (deg.)
Co

un
ts

 (a
.u

.)

LZO (004)

LZO (222)

We will now follow-up with MOD CeO2/MOD YBCO

MOD-LZO @900° C/Y2O3/NiW

PVD CeOPVD CeO22/MOD LZO 900/MOD LZO 900ººCC
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77K77K
0

20

40

60

80

100

-40 -20 0 20 40 60 80 100 120
Angle (deg)

H//cH//c

H//abH//ab

77K, 1T77K, 1T

10

100

0.001 0.01 0.1 1
Field (T)

IIcc/W (sf) = 266 A/cm/W (sf) = 266 A/cm

JJcc (sf) ~ 3.3 MA/cm(sf) ~ 3.3 MA/cm22

266 A/cm achieved on a continuously processed slot-die 
coated LZO films at 1100°C

This demonstrates that LZO is an excellent barrier material
Optimization of MOD CeO2 cap is in progress

Ni-5W

PVD-Y2O3

MOD-LZO

PVD-CeO2

MOD-YBCO

FY05: 255 A
FY06: 266 A
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NiNi--W 3% (ORNL)W 3% (ORNL)

MOD LZO (100 nm) MOD LZO (100 nm) 
(ORNL)(ORNL)

PVD CeOPVD CeO22 (70 nm)(70 nm)
(AMSC)(AMSC)

MOD YBCO (0.8 MOD YBCO (0.8 µµmm))
(AMSC)(AMSC)

Ic = 266 A/cm-width
Jc = 3.3 MA/cm2

FY2006: LZO via highFY2006: LZO via high--speed Slotspeed Slot--die die 
coating coating –– continuous process.continuous process.
Annealing conditions: 1100 Annealing conditions: 1100 ººC, 15 min.C, 15 min.

PVD
10nm Y2O3

NiNi--W 3% (ORNL)W 3% (ORNL)

MOD LZO (75 nm) MOD LZO (75 nm) 
(ORNL)(ORNL)

PVD CeOPVD CeO22 (70 nm)(70 nm)
(AMSC)(AMSC)

MOD YBCO (0.8 MOD YBCO (0.8 µµmm))
(AMSC)(AMSC)

Ic = 314 A/cm-width
Jc = 3.9 MA/cm2

FY2006: Short spinFY2006: Short spin--coated sample.coated sample.
Annealing conditions: 900 Annealing conditions: 900 ººC, 15 min.C, 15 min.

75nm Y2O3

PVD Y2O3 (75 nm) PVD Y2O3 (75 nm) 
(ORNL)(ORNL)

LZO processing temperature reduction raises Jc

Solution buffer yields similar performance as PVD buffersSolution buffer yields similar performance as PVD buffers

DOE Milestone of 300 A/cm on solution buffer met!DOE Milestone of 300 A/cm on solution buffer met!
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FY2006 Performance
High-Jc Nd-123, Sm-123, Gd-123 films 
were fabricated on technical substrates

REBCO films have better pinning than 
YBCO films

Incorporation of columnar defects 
comprised of self-assembled BZO 
nanodots within REBCO films, results in 
significant enhancement in pinning

Thick REBCO films with columnar 
defects have a values as low as 0.2. 
This is because of a high density of      
c-axis correlated defects

FY 2006 Plans and Performance
FY2006 Plans

• Fabricate films of REBCO with 
and without nanoparticle 
additions and compare pinning 
characteristics with YBCO with 
nanoparticle additions

• Further develop nanoparticle 
additions in the appropriate 
volume fractions to optimize 
pinning properties of YBCO at 
different temperatures         
(i.e., 77K, 65K, and 40K).
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FY2006 Performance
Self-assemble linear stacks of BZO 
nanoparticles approximate columnar 
defects along c-axis. Tc is progressively 
suppressed by dopant fraction x. 
Analysis suggests targets for 
optimization wrt columnar stack size 
and density

Nanostructure of PVD ex situ 
YBCO/RABiTS controlled by 
composition and processing: large, 
sparse Y2O3 precipitates. Flux pinning 
by Y2O3 precipitates analyzed with 
model of Ivlev & Ovchinnikov: 
Temperature, Field and Thickness 
dependence

FY 2006 Plans and Performance
FY2006 Plans (cont’d)

• Correlate HTS properties with 
the level of BaZrO3
incorporated in films as 3D, 
self-assembled, columnar 
nanodot arrays. 

• Conduct detailed measurement 
and analysis of the wide-range 
thickness dependence of 
critical currents in ex situ
YBCO on RABiTS.
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FY2006 Performance
Substrate surface pre-treatment 
has been extended to decoration 
of metal template surfaces

Enhancement in Jc observed for 
all field orientations

Demonstrated further Jc
improvements via combination of 
nanoparticle BZO surface decoration 
and YBCO doping

SuperPower has evaluated ORNL 
nanoparticle treatment of IBAD-MgO 
templates: Jc improvements in 1.1um 
MOCVD YBCO

FY 2006 Plans and Performance
FY2006 Plans (cont’d)

• Continue optimizing nanoparticle 
substrate surface modifications 
for flux-pinning in thick in situ 
and ex situ YBCO on RABiTS, 
and extend to YBCO on IBAD 
Templates.
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FY2006 Performance

Ic of 266 A/cm or a Jc of 3.3 MA/cm2

was demonstrated on slot-die coated 
LZO using a fully continuous process

Ic of 314 A/cm or a Jc of 3.9 MA/cm2

was demonstrated on a short spin-
coated sample with the LZO annealed 
at 900ºC.  PVD performance matched.

SIMS studies showed that LZO is still 
the best MOD barrier layer for scale-up

FY2006 Plans (cont’d)

• Fundamental studies of epitaxial 
growth of multi-functional buffer 
layers on textured substrates

FY 2006 Plans and Performance
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FY 2007 Plans

• Conduct fundamental studies of epitaxial growth of simplified and multi-functional buffers on 
technical substrates.

• Perform experiments to verify and refine predictive model to explain pinning by columnar defects.

• To introduce columnar defects without significant reduction in H //ab on technical substrates.

• Fabricate 3-5 µm with 3D self-assembled nanodots to exceed performance requirements for 
applications.  Demonstrate an Ic of 300 A/cm @ all field angles and 65 K; 3T.

• Create columnar defects on substrates followed by infiltration by superconductor via in-situ and 
ex-situ techniques.

• Extend nanoparticle decoration to thicker REBCO films on technical substrates.
• Investigate size, density and material performance on LMO/IBAD-MgO templates.

• Continue correlation of HTS properties in thicker REBCO films with 3D, self-assembled linear 
nanodot arrays. 

• Extend the theoretical model developed for BaF2 coated conductors to commercial 2G wires.

• Understand the mechanisms of 3D self-assembly of nanodots to enable better control of defect 
structures to further optimize pinning characteristics. (if committee recommends and funding is 
available)
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Interaction with companies; universities and national labs.

Communications:
• Many publications
• Numerous presentations
• Nano50 Award 
• Patents issued and filed disclosures 
• Information also dispersed via regular CRADA teleconferences/meetings/

annual reports/ ORNL websites:
http://www.ornl.gov/sci/htsc/publications.htm

• Work on IBAD substrates – Part of ORNL-SuperPower CRADA
• Work on RABiTS substrates – Part of ORNL CRADA interactions with AMSC and Oxford
• MetOx – Provide characterization support for the development of low-cost MOCVD buffers/HTS
• University of Tennessee: T. Aytug, J.R. Thompson, S. Sathyamurthy
• University of Florida: D.P. Norton
• University of Kansas: J.Z. Wu
• University of Wisconsin-Madison: E. Hellstrom, D. Larbalestier, M. Feldmann
• Columbia University: Sui-Wai Chan
• University of Houston: R. Meng, I. Rusakova, C.W. Chu
• University of Oslo, Norway: T.H. Johansen
• University of Alabama at Mobile: A.A. Gapud
• Los Alamos National Laboratory: P.N. Arendt, L. Stan, T.G. Holesinger
• National Renewable Energy Laboratory: R.N. Bhattacharya
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