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S/N/S Josephson junction: Andreev reflection (7> FL—I 7K 5)
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Oﬂg'ﬂS Of fl’aCta| |ty Iﬂ the grOWth Of Skeleton and Fractal Scaling in Complex Networks
Complex Nnetworks K.-L. Goh, G. Salvi, B. Kahng, and D. Kim

School of Physics and Center for Theoretical Physics, Seoul National University, Seoul 151-747, Korea
(Received 13 August 2005; published 11 January 2006)
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Complex networks from such different fields as biology, BE 'IE
technology or sociology share similar organization E
principles. The possibility of a unique growth mechanism

promises to uncover universal origins of collective

behaviour. In particular, the emergence of self-similarity

in complex networks raises the fundamental question of

the growth process according to which these structures

evolve. Here we investigate the concept of renormalization

as a mechanism for the growth of fractal and non-fractal POSItIVG feedbaCK

modular networks. We show that the key principle that CO"eCtive synchronization
gives rise to the fractal architecture of networks is a strong Self organ ization

effective ‘repulsion’ (or, disassortativity) between the most Netwo rk robustness, etc

connected nodes (that is, the hubs) on all length scales,
rendering them very dispersed. More importantly, we show

that a robust network comprising functional modules, such

as a cellular network, necessitates a fractal topology,

suggestive of an evolutionary drive for their existence.



Scale-free structural organization of oxygen
interstitials in La,CuQ4., M. Fratini et al. Nature, 466, 841 (2010).

Michela Fratini't, Nicola Poccia', Alessandro Ricci'!, Gaetano Campi'?, Manfred Burghammer®, Gabriel Aeppli*
& Antonio Bianconi'

k(rlu.)

The intense red—yellow peaks
represent locations in the sample
with high strength of the
three-dimensional interstitial
oxygen (i-O) ordering, and dark
blue indicates spots of disordered
i-O domains.

Scale-free(self-similar)
fractal structure

Figure 1| Mixed real- and reciprocal-space images of dopant ordering. a, The
X-ray microdiffraction apparatus is located at the European Synchrotron
Radiation Facility (ESRF)
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Fractal structures enhance the superconductivity
M. Fratini et al. Nature, 466, 841 (2010).

Distribution of oxygen interstitials
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Excitation: A pulsed Nd:YAG laser (A=266 nm, pulse width 8ns, repetition rate 10 Hz)
Beam spot size: ¢=3mm

. T T T - T Y. Uenaka and T. Uchino et al.
£ 20000 - 4 PRL 101, 117401 (2008).
SEM Image | = PRB 79, 165107 (2009).

}% 15000 |- . PRB 83, 195108 (2011).
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of the Nd:YAG laser contaminated in the incident beam.
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RAPID COMMUNICATIONS

PHYSICAL REVIEW B 74, 161306(R) (2006)

Ferromagnetism as a universal feature of nanoparticles of the otherwise nonmagnetic oxides

A. Sundaresan,* R. Bhargavi, N. Rangarajan, U. Siddesh, and C. N. R. Rao

Chemistry and Physics of Materials Unit and Department of Science and Technology Unit on Nanoscience,
Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur P. O., Bangalore 560 064 India
(Received 18 August 2006; published 20 October 2006)
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(b) 500°C
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Spin Density Distribution of cation vacancies at (100) MgO surface

(10 0)

T. Uchino and T. Yoko,
Phys. Rev. B 85, 012407 (2012);
Phys. Rev. B 87, 144414 (2013).

Directional spin delocalization over the low-coordinated surface O atoms

Ferromagnetic nanostructures
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Magnetic properties of the Mg/MgO/MgB_, nanocomposite

T. Uchino, Y. Uenaka, H. Soma, T. Sakurai, and H. Ohta, J. Appl. Phys. 115, 063910 (2014).
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M (emu/g)

Magnetic properties of the Mg/MgO/MgB_, nanocomposite

T. Uchino, Y. Uenaka, H. Soma, T. Sakurai, and H. Ohta, J. Appl. Phys. 115, 063910 (2014).
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Spark Plasma Sintering (SPS)

VACUUM
CHAMBER

GRAPHITE

PUNCH GRAPHITE

"~ DIE CASE
POWDER

GRAPHITE T.C.
PUNCH WELL

PULSE CURRENT ——=

-——— PULSE CURRENT |

Plasma heating

Plasma
discharge

Spark Plasma Sintering (SPS)

mechanism

Electrical
current

Joule heating

w.w.w.substech.com

Nano-sized powders can be sintered without considerable grain growth.

No coarsening and no grain growth: high relative densities in very short time
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XRD pattern of the SPS-treated sample:

Sintering temperature: 650 °C
Uniaxial pressure: 100 Mpa
Dynamic vacuum: ~50 Pa

g MgO 78.5 wt % (69 vol %)
MgB2 13.0 wt % (16 vol %)
B Mg 8.5wt% (15 vol %) 7

|\/|ng g| | i I I | I

" — Rietveld fitting

30 40 50 60 70 80 90 100
20 (degrees)

Volume fraction of MgB, is well below the percolation threshold (~30 %).




b FESEM/EDX, TEM/EDX and HR-TEM measurements

FESEM/EDX (4k X) Overlay image FESEM/EDX (14k X) Overlay image T. Uchino, N. Teramachi et al., Phys. Rev. B 101, 035146 (2020).
B: red
Mg: blue
O: green HR-TEM

MR 4 Mg (11 1)

0260nm » /\ N 0.244nm

10 "m e z ’|m

Low (x4,000) Magnification  Medium (x14,000) Magnification

BF-STEM (400k X) STEM/EDX (400k X) Overlay image

-

Clean interfaces

High (x4,000,000) Magnification 20

100 nm




Estimation of fractal dimension by
the box counting method

An object is covered by a grid of boxes of side length r and
the number of boxes /N intercepted by the object is counted.

Fractal dimension

1 logN

LR r

logr

6.5
B 6.0 |
5.5 |
5.0 |
45 |
4.0 |
35
30 |
2 25 |
=™ \ 05 10 15 20 25 30 35 40 45 50
P

log r

Fractal dimension = |m| 1

N\
o
log N
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B: red
Mg: blue
O: green

b FESEM/EDX, TEM/EDX and HR-TEM measurements

FESEM/EDX (4k X) Overlay image

10 um

Low (x4,000) Magnification

BF-STEM (400k X)
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FESEM/EDX (14k X) Overlay image

2um

Medium (x14,000) Magnification

STEM/EDX (400k X) Overlay image
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Clean interfaces

High (x4,000,000) Magnification 29
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Superconducting properties

Electrical resistivity p and magnetic susceptibility ¥y measurements

L —
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Superconducting properties
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y p and magnetic susceptibility Yy measurements

1 A.V.Pogrebnyakov et al. Appl. Phys. Lett. 85, 2017 (2014).
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P (MQm)

Superconducting properties

Electrical resistivity p and magnetic susceptibility ¥y measurements
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A global Josephson phase coherence is achieved, showing a bulk-like superconducting behavior.




Superconducting properties

Magnetoresistivity measurements
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Estimation of Josephson coherence length and penetration depth

Ginzburg-Landau theory

H., = (DO/(ZRSZZ) H. = mlz ln(_)

HCl] = 96 Oe ’HC2] = 83.5 kOe

$; = 6nm
Ay =252 nm

A
Ginzburg-Landau parameter k = ol ~42 > 1
J

Type Il superconductor
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"’-.,'Magnetic field
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Order parameter /2&Y

Schematic illustration of SC vortex
A. Glatz et al. J. Supercon. Novel Mag. 33, 127-141 (2020).

Current distribution
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Scanning SQUID microscope image



RS IR = L DR R R

Cooled CCD
or
CMOS
Camera
f
Lens| |
l
Analyzer| e ~ IRcut
Polarizer filter

Half / 1 1B
mirror

Green  White LED
filter  light source

Objective Lens
Coil
|
1
Nb ‘ ,j MO plate
He flow
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S. Ooi et al., Phys. Rev. B, 104, 064504 (2021).

Schematic of a MO microscope based on the Faraday effect in a sensor
film placed on the surface of a magnetic sample.
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b FESEM/EDX, TEM/EDX and HR-TEM measurements

FESEM/EDX (4k X) Overlay image  FESEM/EDX (14k X) Overlay image HR-TEM High (x4,000,000) Magnification
B: red , -
Mg: blue . Mg(002) PR e
.~ 0.260 nm s
O: green ST /\ Liais 0.244nm

R \//\

10 um
Low (x4,000) Magnification  Medium (x14,000) Magnification

BF-STEM (400k X) STEM/EDX (400k X) Overlay image
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Proposed mechanism of the formation of the bulk like superconductivity

a b

MgB2
MgB:2 (aggregate)
(primary particle)

normal matrix

Phase-coherent Andreev reflection Long-range proximity coupling in the Global superconducting state
in the diffusive normal matrix scale-free Josephson junction network
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Future works

Synthesis and investigation of proximitized materials using nanocomposites.

electron @ (O hole

semiconductor

electron @

i

Cooper pair
antiferromagnet

Mt
HYMNESTEVELT=




