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Vortex Pinning Centers in REBCO films ‘u'lcn(l:lgi

Great variety of nanometric pinning centers has facilitated
nanoengineering as a path towards improving vortex pinning

0OD-PC: Oxygen vacancies, element substitutions, point defects 1D-PC: Dislocations, nanorods

A. Llordes, Nat Mat (2012), A. Palau et al SUST (2018), F. Valles et al, Comm Mat (2022) T. Puig -ASC2024 2 /28
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Correlation between microstructure and vortex pining = €SIC

HoH//c (T)

T. Puig et al, Nat Rev Phys (2024), F. Valles et al, Comm Mat (2022)
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- 1D and 2D defects are more
effective at high temperatures

Vacancy

- 0D (and 3D) are more effective
at low (mid) temperatures

Nanorod or
Twin boundary

1 === |ntergrowth and

dislocation (nanostrain)

Nanoparticle

How can high growth rates affect?
- Generating disorder

- Misaligning vertical defects
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Epitaxial REBCO film Growth methods ‘v'lghégl?;

Supersaturation, o, is the driving force for crystallization: o oc G (growth rate)

Vapour-solid growth Solid-solid growth Liquid-solid growth
PLD,
TFA-CSD RCE-DR, TLAG-CSD

Y

Growing
Substrate crystal YBCO
0 = (Pag=Pade) / Pade o =f(In (Pye® IPhoo) 0 = (C5=Ce) / Ce
Pag = ad-atoms equilibrium pressure at surface P = HF partial pressure C. = RE equilibrium concentration in the liquid
growth front P..,o = Water partial pressure C8 RE actual concentration
P.4 = ad-atoms pressure at surface growth front

Growth rate: G= 0.5-25 nm/s G=0.5-5nm/s G=10-1000 nm/s

T. Puig -ASC2024 4 /28

T. Puig et al, Nat Rev Phys (2024), J. Driscoll et al, Nat Rev Mat (2021)
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A path towards cost reduction: Reaching high Growth Rate

Cost total cost per year €

Figure of merit: — =
Perfomance GxLxWx (I__ /d) kAxm
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G=growth rate
W= tape width

L= tape length
d=tape thickness
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High growth rates with nanorods vs nanoparticles wiICMAB?::~
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Nanorods by PLD

Nanoparticles are
less affected

Montecarlo simulations

Nanoparticles by PLD

EuBCO + HfBaO; nanorods
20-40 nm/s

A. Molodyk et al, Sci.
Rep 11 (2021)

Deposition rate [nm/h]

1000 1050 1100 1150 1200
T [K]
Y Ichino et al J.JAP 56 (2017)

50-2000 nm/s

Aligment and length of
nanorods are strongly
affected by high growth rates

L. Soler et al., Nat Comm (2020)
S. Rasi, et al, Adv. Science (2022)
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Fujita, S. et al. IEEE TAS 29 (2019)
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Transient Liquid Assisted Growth (TLAG) WICMAB/:"
+CSIC

Executive Agency

comamencos [\ QW high throughput non-equilibrium kinetically controlled growth process -

ff

/ ) Y203
'i csp N (Ba-Cu-0), 5 Solid-solid reaction
L. Saltarelli et al, ACS Appl. e % |
Mat. & Interf. (2022) - Substrate 8 o
Patent EP22382741 Nanocrystalline YBCO growth 2 tra.nsi.ent
- precursors liquid YBa,Cu30;
' Reaction coordinate
CSD: BaCOg3is)+ CuOgs) + Y203(s)
(mostly studied) . —(Ba-=Cu™-O)p+ Y2035 — YBa:CusOr-s
PLD: (Ba-Cu"-O), + Cu,O)+ Y20s(s) e Tiire
Low Temp PLD
A. Quetalto et al, SUST (2023) >
R m
_ w0 [2300 NS o
- High throughput _ 212 msfimage 2
- High growth rate (2300 nm/s demostrated) g uoj(10He) .
- High performance (2-5 MA/cm? at 77K) 8 |
- Uses simple reactor e 8 % 3
- Large area processing Vel N - ‘ -
. 298,8 298,9 299,0 299,1 i : INTERMED.IATES .. ] -~ 3 " |
- Low cost/performance ratio Time(s) : — T : :

L. Soler et al., Nat Comm (2020), S. Rasi, et al, Advance Science (2022) T. Puig -ASC2024 7/28
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REBCO TLAG film nucleation and growth WICMABY
Kinetically governed by RE liquid supersaturation CS]C
o= (Cs=C,)/C,

C. = RE equilibrium concentration in the liquid (thermodynamic parameter that depends on T, P,,, Ba/Cu lig. composition, RE ion)
Cs = RE actual concentration (kinetic parameter that depends on heating ramp, pressure ramp, ...)

Ichino, K. IEEE Trans. Applied Supercond. 13, 2735 (2003)

0.2 bar O,
T T T T T T T T T T T T T T N
o .
12 T, - T c-ais
© _ R Ry 1 | dN/dt, nucleation rate
ERCEE. = A o A
o
-?—J S 1 Poz / G, growth rate
< 11l 0,84 _
-'; g; ] A A A Kursomovig etal, APL 87, 252507 (2009)
= >\ Ba/Cu o A. Kursomovic et al, SUST 17, 1215 (2004)
2 0,6+ e C -
= > O Y123 +L
E
= 0,4 - BaO-CuO . A
O i)
n L QO | rRE o) ??
b2 e
02- 7 o 6~ 1000 (C5=10%)
om0 ey | c
T T T

— T — —2— (gt TLAG conditions

1080 1040 1000 960 920 880 840 800 L.

Temperature (°C) data is in progress) A compromise is needed between To and epitaxy
for each method

Krauns, Shiohara; Z. Phys. B 96, 207-212 (1994) (MTG at 0.2 bar O,)
Kursumovic, MacManus-Driscoll; Appl Phys Letters 87, 252507 (2005) (HLPE at 0.2 bar O,) T. Puig -ASC2024 8 /28
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TLAG-CSD: Versatile, large epitaxial window CSIC

GdBCO/STO YBCO/STO

100
» Epitaxial YBCO
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S
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Tiu ("6} Conditions from Lab furnace

RE solubility defines the supersaturation values, nucleation density, growth rate and epitaxial window
T. Puig ~ASC2024 10 /28
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Allows for fast screening of compositions and process parameters
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Growth rate dependence on TLAG growth conditions
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Magnetic moment (emu)
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From magnetic granularity analysis of TLAG films  ICMAB?::

) YBCO/STO ~CSIC
grain size
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High growth rates (high supersaturation
conditions) are beneficial for TLAG films

Grain size, a, ¥ if Py, (and T) T
(in agreement with T nucleation density and T supersaturation) T Puig ~ASC2024 13 /28
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Microstructure of TLAG pristine films at high growth rates W ICMAB ¥~

Main defects: STEM-HAADF  YBCO/STO

_SF o density
-partial disloc. High density of long SFs
-strain of long

-TB intergrowths | =

-oxygen and (SF) = = " High density
cluster s o - ~ ofshort SFs
vacancies High density : e '

of short SFs Medium

density of
, long SFs
Low density

of long SFs , High density
| | of short SFs

Strain accumulated at
the partial dislocation
sorrounding the SF

(NANOSTRAIN)

Also measured by XRD disloc.
(Williamson-Hall)

T. Puig -ASC2024
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STEM-HAADF from TLAG films at different conditions YICMAB?::
YBCO/STO | “CsIC

D .....

B 350 nm, J (77K)=2.5 MA/cm? s

Stablishing the correlation between defects microsctructure, process
conditions, supersaturation and growth rate is the next step

750 nm, J (77K)=2 MA/cm?

- | 1528
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TLAG nanocomposites with Multifunctional Colloidal Inks """~ g5~
Hybrid Hydrolitic-Solvothermal Synthesis (H2S2)

BaMO, (M= Zr, Hf)

N. Chamorro et al, RSC Adv. (2020) J‘ =c
s, L R

Colloidal- metalorganic ink =g e couner
Y, Ba, Cu stable for months and scaled
Salts up to 1L

S (Patent EP22382741)
@ See 5MOr2A-02, C. Pop

High performance up to 24%M BMO

NP solution _
YOBCO/STO 0.4-0.9 um thick
4
Ng 35 -
$ 304 .
; 254 o 9 °
~ . e N w 207° 0 ¢
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4 72nm i )
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. /U? (&]
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g 201 . . @ ° o 0 s
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Microstructure of TLAG nhanocomposite films WICMAB
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]

Main defects: . . -
SF BZO NPs in YBCO 550 nm films *Cgl(m:
-partial disloc. STO
-strain BHO NPs in YBCO
-TB STEM-HAADF
-oxygen and
cluster  Highdensity
. of long SFs
vacancies = (14nm BZO __
- | is epitaxial) = ' :
NP High density ‘ , . =
of short SFs (23 nmiis Q | L
: : s (BCO =
nanocomposite = = es—— = random) S =
"""""" oo | BZO NPs in YBCO
pristine : :

Medium densit i
of long SFs

T. Puig et al, Nat Rev Phys (2023), L. Soler et al., Nat Comm (2020) T. Puig -ASC2024 17 /28



High throughput TLAG-CSD epitaxial superconducting iyjcmAB? =~
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nanocomposite films $suma

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

BZO

(random)

BZO = ______ 2

BZO
B%g)m)

(epitaxial) (ran

BZO Epitaxial NPs (7-11 nm < 20 nm)

(epitaxial) Favourable to rotate at the liquid/solid interface

Random NPs =20 nm

T. Puig -ASC2024 18 /28

T. Puig et al, Nat Rev Phys (2024), L. Soler et al., Nat Comm (2020)



IEEE-CSC, ESAS and CSS] SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 57, Oct 2024. Presentation given at ASC 2024, Sept 2024, Salt Lake City, Utah, USA.

EXCELENCIA

Wy e
TLAG Coated conductors WO 59 SUNAM "g"c’:‘g'??c

See 2MOr1C-05, R. Vliad

YBCO NC /Sumitomo tape

Slot die YBCO
now with 40 mm-width 200 nm LMQ

. ey Buffer layer
printhead capabilities

Bz0——

Microstructure is reproduced in 250-750 nm CC

YBC_O/STGNAM”‘tape
» High superconducting properties: J (77K) =1.7-2 MA/cm?

Furnace for 40 mm-width tape on going
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YBCO TLAG-CSD nanocomposite films with small nanoparticles ‘WICMAB i~
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[ NPlayer w
5 ____NP layer FIB Au protective Jayer

Pristine SEED
STO

200 nm

-Small nanoparticle (5 nm) tend to promote some pushing effect
-A pristine thin cap layer is able to avoid it

-The different liquid viscosities and densities (Pristine vs NC with the additional NPs solid part)

might be at the origin of liquids non-miscibility T. Puig -ASC2024 20 /28




Superconducting properties of YBCO Nanocomposites with
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small BZO Nanoparticles
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Superconducting properties of YBCO Nanocomposites with

BZO Nanoparticles
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Superconducting properties of YBCO Nanocomposites with
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BZO Nanoparticles
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Pinning Model Analysis
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Doping REBCO films WICMAB %5
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JC(nH, T, H) in the Overdoped state: where Condensation energy and (JICMAB 2
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Improving vortex pinning in Coated Conductors by APC WICMAB 7t
and electronic charge carriers ~CSIC
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Conclusions

- High growth rate methods, like TLAG, are the future for making CC a persistent enabling technology

- TLAG is a high-throughput low-cost method compatible with solution deposition methods,
nanocomposites growth and coated conductors

- The kinetic character enables additional versatility though increasing understanding complexity, thus
in-situ growth characterizations and fast screening methods are being employed

-  REBCO TLAG films expand to a very broad epitaxial window where supersaturation determines
nucleation and growth rate, grain size, microstructure defects and critical currents

- They present a rich microstructure interesting for vortex pinning which efficiency is increased by
overdoping

Tomorrow:
5MOrlB “Get together: Challenges and Opportunities of Superconducting Materials”
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