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1. Flux pinning Centers

(c) 3D-PC
Flux Quantum (FQ) (ex. Precipitates, low-T_ regions etc.)

(a) 1D-PC

(ex. dislocations etc.)
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Fig. Some kinds of PCs in a superconductor.




Simulation of FQ motion (2D)
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Simulation of FQ motion (2D)
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1.2 Self-organization of flux pinning centers in REBCO films
INJLAL—H—3&3E % YBCO + BazZrO, = YBCOHZBZOF/#&:& A B C#E#1t

Ref. J. Driscoll et al., Nature mater. 3 (2004)439
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Fig. Cross-sectional TEM images of BaHfO5 (BHO) doped SmBCO film.
Ref. Tsusuta et al., (2014)

Ba-M-O (BMO) : M = Zr, Sn, Hf, Nb FQD YA XEREBEL=OD.
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Effect of BMO addition on J-B in SmBCO films
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Fig. J-B curves of BMO-doped SmBCO films.
Ref. A. Tsuruta et al., Supercond. Sci. Technol. 27(2014)065001



Effect of growth temperature on nanorod configurations

7,=750°C | | | T, = 840°C |y

& Upper layer

deposited at different substrate temperatures (7.s).
Ref. S. Miura et al., J. Phys. 507(2014)022021
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2.1 Nucleation
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Nucleation (2D Monte Carlo simulation)

T,=1,023 K (low growth temperature) T, =1,193 K (high growth temperature)
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Ref. M= XREIERREI(EFERE, 2006), §7.3,7.4

Number density of nucleus and growth conditions

Diffusion equation of particles on a substrate

, Incident flux F [{&/m?s
aC (7, t) o s [{8l/m?s]
Y = D(T,)V-C(r,t) + F
C (7, t) : concentration of the particles [/m?] | T
D(T,) = Do, exp (— Ea ):diffu. const. [m?/s] 4\N\Q
kpTs O/\N\b
E4:activation energy [J]
T : substrate temperature [K]
F = V4, /vy incident flux [/m?s] < >
V4, :deposition rate [m/s] | ~ (diffusion Iength)

Vy.c. : unit cell volume [m3/unit cell]

Dimensionless diffusion equation = r------------mmomomoom oo oo o

¢ means a dimensionless parameter.
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Crystal growth modes

(a) Volmer-Weber (VW) mode (b) Frank-van der Merwe (FM) mode
or 3D-island mode or layer-by-layer mode
2D-island

Misfit dislocations
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(c) Stranski-Krastanov (SK) mode (d) 2D-island mode (REBCO films)
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2.2 Simulation of film crystal growth

REBCO » Coordination energies of the particles
BMO - Isotropic bond energy density
A - Counting bonds between the nearest neighbors
a] -$a AE=E,-E E, : initial state
2 Za E; : final state
desorption / /
_ » Particle motions
adsorption - Two types of particles are deposited onto
| the substrate.
24 - One of adsorption and diffusion motions is
randomly chosen by a probability of R.
Substrate (# of adsorp. in unit time)
“— . = T
(particle As) (# of diffu. in unit time)
_ Fa? _ Fa* F: incident flux [/m?2s]
P2} D/a? D D: diffu. const. [m?2/s]

diffusion , , ,
- Moving only to a nearest neighbor site.
Fig. Schematic illustration of Monte Carlo events in our simulation. - A desorption of a particle occurs a probability
Two types of particles are used in this model. Substrate is consisted of exp(-Edes/kBT).
of REBCO particles. - Periodic boundary conditions (x, y directions)

Ref. Y. Ichino et al., IEEE Trans. Appl. Supercond. 25 (2015) 6604506, JJAP 56 (2017) 015601



Coordination energy (bond energies)

Table Bonding energy densities per a2.

E o E,. (A-A) 2,000 K

O:\ T E,s (B-B) 2,500 K

£ | _ [ S | E,s (A-B) 500 K
£ JFo @ PmA B ﬁmde here E s (A-subst.) Enn

t
@7 on terrace EBS (B-SUbSt.) EAB
-2E 5 A at step
Eq., 50,000 K
-3E,4 X |i ];at kink
p Table Simulation conditions
AEp X in step Diffusion const., D ~1013-1011 cm?/s *

-5E -/ = /embedded in terrace a 0.4 nm

Molar fraction of B 8.5 mol.% (3 vol.%)
Depo. rate, vy, 10 ~ 3,000 nm/h
* B. Dam et al., Physica C 305 (1998) 1

______

Fig. Energy state diagram of the adsorbed particles on the substrate.

l » The coordination energies are calculated based on the bond-counting model. l



3D Monte Carlo simulation (3D-MC)
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Fig. Bird’s-eye view of the BMO self-organization in REBCO. Fig_. Enlarged and.cross-s.ectional \{iew of
The REBCOs are shown transparent for ease of viewing. a single nanorod in the right movie.

» BMOs grow into 3D-island (VW mode) and REBCOs show SK mode.

» Top of BMO nanorods is always higher than a REBCO layer.
— This result is consistent with experimental results




Substrate temperature dependence

- BMO volume fraction 3 vol.%, deposition rate 70 nm/h.
- The REBCOs are also shown transparent for ease of viewing.

T,=1,023 K T,=1,113K T,=1,193K

N (50sites) —
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200 sit
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Fig. Simulation on self-organization of BMO nanorods at various growth temperatures.
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Comparison of simulation results
with experimental results
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Fig. Number density of BMO nanorods

as a function of substrate temperature.



Number density and shape pf nanorods
depending on T, and deposition rate @vosvwi»)

(a)Contour plot of number density [1/um?] (b)Phase diagram of nanorod shapes
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Fig. (a) Contour plot of number density and (b) phase diagram of nanorod shape
depending on growth temperature and deposition rate.
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Number density depending on
growth temperature and BMO volume fraction

Depo rate = 70 nm/h Depo. rate = 300 nm/h
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Nanorod shapes depending on
growth temperature and BMO volume fraction

Depo. rate = 70 nm/h Depo. rate = 300 nm/h
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3. Summary

Self-organized BMO nanorods in a REBCO film are markedly effective for enhancement of flux pinning.

3D Monte Carlo simulation was developed

for revealing the BMO self-organization mechanism.

» Self-organization mechanism of BMO nanorods was revealed.

Difference of crystal growth modes between REBCO and BMO is important.
» Morphologies of the BMO nanorods are affected by deposition conditions

such as growth temperatures, deposition rates and BMO volume fractions.
» From 3D-MC simulation, we made a contour plots of number density of

BMO nanorods and phase diagrams on BMO shapes depending on
» the deposition conditions.

_ Thank you for your kind attention! I



