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Flux pinning property of
REBCO thick films
with artificial pinning centers
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Wire type
T (K)
B, (T)
Operation in LN, NO NO NO <1T <2T
Ductile compound YES NO NO NO NO
Flexible wires YES NO YES YES YES
ST | YES YES YES NO NO
Low cost YES =YES YES NO Not yet
— - —
LTS MTS HTS B htu.f




Power application of REBa,Cu;0, ;

w0} !

[+ LHe LN, :

1 : um-thick GABCO
+ | New Frontier -
30 \ : coated conductors

\- . Ag(~1 pm)

_— *: ------------ 9 (:dn(‘() (‘.l m)

LMO (20-25 nm

MgO (20-28nm
ALO Y, 0, (4560 nim)
Substrate (58 pm)

Magnetic Field (T)

New Frontier

40 60 100
Temperature (K)

Matsumoto et al, Supercond. Sci. Technol. 23 (2010) 014001 Choi et al, Supercond. Sci. Technol. 25 (2012) 105001

Superconductivity applications by using A schematic illustration of GdBCO CC
coated conductor (CC) technology tape manufactured by SUNAM Corp.

Power applications of CC require them to carry
high critical current (I ) in high magnetic field (H) L
CBNU




Issues need to be solved

> Field dependence of J_ > Thickness dependence of J_

Kinoshita et al, Physica C, 463 (2007)
Matsumoto et al, Supercond. Sci. Technol. 23 (2010)

70
10 T ‘ T 60 i
- APC-Introduced YBCO film (77 K, B/c) (2008) °
£
é’ 1 |5 NbTi(4.2 K) Nb;Sn(4.2K) 5.0
= % o o
= A 8
> BN '5 CRT
.'7, 0 1 B t‘ < 2 ! . (;dBCO
2 3 . =2 ‘
2 LatestYBCO tape X .
- (77 K, BAg) (2008) ~
c %, Epi YBCO film YBCO
g o.01 e (77 K, B/fc) (1992) 2.0 &
= .
= / NA\_‘
™ 1.0
2 0.001 | Initial YBCOtape " )
= (T7K, Bic) (1992) %
o “- 0.0 i 1 . 1 1 'l i 1 1 1 M i i L 1 1
56004 : ~ : 00 02 04 06 08 1O 12 14 1.6
' 0 2 4 6 10 Thickness (um)
Magnetic Field (T)

“As the film is grown thicker current-blocking d
efects such as misoriented crystallites, cracks o

r voids become more prevalent”.
Foltyn et al, Nature Materials (2007)
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Flux-pinning in HTS

» Importance of flux-pinning ¢
P ro b I e m MAGNETIC VORTICES,

As current flowing
* Lorentz forces act on vortices F, =J,, x B
* Vortices move and generate resistance

Solution
* Pinning of vortices by defect structures

* NeedF,>F,
> Flux pinning by natural defects

TYPE Il SUPERCONDUCTOR

In-plane misariented graing Threading Surface roughness or
Precipitates Twin boundaries and grain boundaries dislocations s graing
| AN | <
%’ \ é j £-axis
J @
'\—rh '\—u
T - .
—
I
‘ Planar defects, I
Point defects for example Misfit dislocations
stacking faults

| —
> Additions of artificial defects = Enhancements of ), CBNU




Experimental techniques

> Fabrications of GABCO films 3 Ar* jon-milling on pm-thick GdBCO

ReflectingMirror | Jcor Beam films
. | Y/
Quartsz;iow , - ‘ 3 keV'Ar+
' / ' beam
fTarget Substra:x_
_ | | _
===l e
- Ablation Plume - Removing
GdBCO layer
Rotatsi:aggZargetl T I Substrate Stage with 200 nm
Observation e ste P
Window :Q:Q:Q:ozozo=0:§:0:¢:0:$ 0.0‘0.
. .o.o.o.o.0.0.0’0.0’0.0.$:0:¢:¢:
I pulsed laser deposition system
= GdBCO film with and without = Surface SEM of GdBCO films
addition of BSO with residual film thickness
» GABCO films with varying " Microstructural evolution
inside the GdBCO films

thickness up to 1.5 um bond
protok CBNU




J. of GABCO films

> Field dependence of J_ »Thickness dependence of in-field J_

1.0
T=77K
—0.2 um
-0-04pm| 0.8
—=— 0.6 um NE
— 0.8 um S 0.6
—1.0um| =
—1.5um g 04}
vo
= 0.2}
A —O
0.0 » » » » 2 » »
3 4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

t (um)
= In-field J_ decreases with film thickness
= An inversion of J_ occurred at t ~ 0.6 um

= A peak is observed in the J -t behavior at t ~ 0.6 um L
CBNU




Microstructural evolution in GdBCO

» Surface morphology after ion-milling

S

e A ” " RAPLUS u " i
Signal A= Inl hote o, ~ 951 ILTRA PLUS Mo X
gual A< I [ ILTRA PLU g0 b Kxo o em

Thicker GdBCO films = lower surface temperature
=> Development of g-axis oriented grains

<

t~0.6 um

* a-axis grains start to grow

* Pores with size < 40 nm form
at intersections of
perpendicularly connected

grains CcB hl.u./




Qualitative analysis

-~ 50
:-2 4.0 L
: o
S 40 0.5 | 25 %
2 0.4} / a
® 30 ] e 43.0 ¢=D
R o
o — 0.3} 7
S 20 1.0 pm » — / 125 Z
V ‘/\ 0.8 p,m 0-2 B || ] 2.0 ;;
210 1\ 0.6 um D o N
2] 0.4 0.1¢ / 1.5 Ooo
c . 4 pum o
*2 of — ——————0.2pm ool = a o > 10 3&’
= 10 20 30 40 50 60 70 80 " A 1 " ) ~
(de ) 02 04 06 08 1.0
XLESS t (um)

Increasing the residual film thickness t

* Lower surface temperatures
* Remarkable development of the a-axis grains
* Increase in the formation of nanopores
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Intrinsic pinning property of Gd

F (GN/m°

p

» Pinning force F versus t » Position of F .,
0.22
5} T=77K T=77K
—0.2um 0.20¢ An increase of h of F,,,
al ~O—0.4 ym X 0.18 ‘\.__.
3t L 0.16} \
© o
21 = 0.4
012}
0.10} °
00020406081.01.2141.6
t (um)

*F,att~0.6 um>F att~0.4 um
* Shifts of F to lower/higher h = Less/more effective pinning

pmax
* Nanopores: effective pinning centers

* Strong current blocking by a-axis grains at thick films Lo
CBNU




1D-APCs Linear defects 2D-APCs Planar defects

8 “I’b

3D-APCs |

Nanoparticles

- 1D-APCs:

nanorods, columnar defects

- 2D-APCs:

grain boundaries,
surfaces of large precipitates

- 3D-APCs:

nanoparticles,
second phases of & scale
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Growth of BaSnO; defects

= BaSnO; (BSO): Barium-based perovskite structure,
self-assembling property

BSO nanoparticles (3D) BSO nanorods (1D)
Separated targets
2 wt. % BSO-doped
f BSO and GdBC
° an ° GdBCO target

GdBCO
buffer layer

nanoparticles

Laser pulses: 10-120 \
(AFM image of 40 pulses)




Comparison of 1D and 3D defec

ol
&

=

J (MA/cm?)

o C

\ NYIOTA
Higher J_ enhancement by : \l z ) ‘ /
addition of BSO nanorods i
1% . .
Pinning by
1D defects
T=77TK
pure GABCO
1} —«— BSO nanoparticles L WA TF T
—=— BSO nanorods \ (\} l\ /) /
. (_\ ,‘ l,( () /
0 2 3 '
H(T) ‘
Pinning by
3D defects
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J. of BSO-added GdBCO films

> Field dependence of J_

»Thickness dependence of in-field J_

_ BSO-doped GABCO films 1.4
T=77K o 02 S
—-—-04um 1.2 L
—&— 0.6 ym —{1—0.5T GdBCO
— 1F ——0.8um 1.0} l —8 0.5 T BSO-added GdBCO
NE \ — 1.0 um E —(O—1.5T GdBCO
o A N Pure GE;S'?“?“'“ o 08} —@— 1.5 T BSO-added GABCO
\ = =1.5um 2
2 )77 0.6
= 0.1 \ =
~ ,0.4
© -
B 0.2}
0.0 . L, G - . .
0.01 5 s y 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
H(T) t (nm)
= J_increases in BSO-added GdBCO = Strong pinning via BSO nanorods =
ilm up to 1.5 um-thic invalidation of the collective pinnin
fil p to 1.5 um-thick lidat f th llective p g
theory

= Aninversion of J_occurred again at t ~

= A peak at t ~ 0.6 um might be related
0.6 um

to evolution of BSO defects
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Evolution of BSO defects

» Surface morphology after ion-milling

= g-axis grains are significantly reduced
in thick films

New types of
nanostructures :

Pore & meandering grain
boundary

Distribution of meandering
grain boundary does not
depend on film thickness




Qualitative analysis of BSO defects

STO

TEM image of 0.6 um-thick
BSO-added GdBCO films

= Segments of BSO nanorods/nanopores

® Meandering grain boundaries are
extended to the surface of film

5 45
D o
g al m {40
ooc v
ot —5 135 2
X 3 ° o
> ] 130 E
= N
c 2 = 125
o >
o ¢ |20 3
e 1 L [ | ) N’
O
n_ M M M M M M M 15
0.2 0.3 04 05 06 0.7 0.8
t (um)
= Sjze of nanopores increases with

thickness

" Nanopores open and close at certain t
—> variation of the pore density versus‘ J
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1

Correlation of defects & in-field

-~

A5 IIIIIIIIIIIIIIIIIIIIIIIIII L4I§I IIIIIIIIIIIIIIIIIIIIIIIII a
£l i Increase in
o4 T ore densit
2 135 © P 4 y
%3 S| ® -
>,3 : 130 0 1.9 T=77TK
"5 €« g “1 —— 0.5 T GdBCO
d:J 2t n 25 _ 1.0 —— 0.5 T BSO-added GdBCO
© [ ) 5 E ) —(O—1.5T GdBCO
o 1l = ° 120 = T 0.8 —@— 1.5 T BSO-added GdBCO
o
n_ M M M M M M M 15
0.2 03 04 05 06 0.7 0.8 g 0.6
0.22 ovr
T=77K i
0.20f | | 0.2}
ﬂol,ls I \‘—_.\ 0.0 » » p 3 " M §
3 ° 0.0 0.2 0.4 06 0.8 1.0 1.2 14 1.6
L~ 0.16] \. . :t (um)
© 0.14} o Increase In !
< .. .
0.12| \ pinning force
0.10 - efrnnnEEnnEEERRREmEmERRREmEERRREE

0.0020406081.01.21.4 1.6

t (um)




Summary

» Pure GdBCO

* Uncorrelated pinning in thin & thick film regions
* Correlated pinning in 0.6 um-thick film

> BSO-added GdBCO

* Two types of nanostructure formed: nanorod & meandering grain
boundary

* Both field dependence and thickness dependence of J. are
reduced by BSO addition

e Strongly correlated pinning through whole thickness range due to
the formation of meandering grain boundary

CBNU’




