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T

The first part of this plenary
talk is devoted to a brief

review on superconductivity and
to vortices in superconductors: 

occurrence, dynamics, 
implications for applications.



Next, we’ll spend some time to 
review the technique employed 
in our lab to detect and record 
spacial flux distribution using 

Magneto-optical Imaging 
(MOI).



In the remaining of the talk 
we’ll see some of our recent 

work on vortex dynamics, 
including flux avalanches in 

superconductors.



T

I. Superconductivity



Superconductivity, a 
macroscopic quantum 

phenomenon discovered more 
than one century ago, is a field

including a huge variety of 
materials, many of which have
encountered relevant practical

applications. 



A bit of history

H. Kamerlingh Onnes (Leiden, NL)

1908 – Liquid Helium

1911 – Superconductivity in Hg, Tc ~ 4.2 K

1913 – Superconductivity in Pb, Tc ~ 7.2 K

1913 Nobel Prize in Physics



A bit of history...

1933 - Meissner effect: perfect diamagnetism

B = mo(H+M) = 0  M = -H

supercondutor
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H
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Walther 
Meissner

Robert 
Ochsenfeld



1950’s - Fritz e Heinz London (l); Pippard (x)

1959 – Gor’kov: GL can be derived from BCS

A bit of history...

1950 – Phenomenological Theory proposed by Ginzburg and Landau

1957 – Microscopic Theory by Bardeen, Cooper and Schrieffer (BCS)

Cooper pairs (bosons) - Phys.Rev.104 (1956)

Boson condensate - Phys.Rev.108 (1957); Nobel Prize (1972)

1972



1957 – Abrikosov predicted the existence of another type of SC (type II)

Surface energy can be negative in certain cases (k = l/x > 0.707)

 creation of N/SC interfaces becomes energetically favorable

Fluxoides or Vortices: normal regions in the form of “tubes”, penetrated 

by one quantum flux each, fo ~ 2x10-15 SI, 

surrounded by superconducting screening currents.
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A bit of history...
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Vortex matter

vortex
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Gallery

First Image

Bitter Decoration 1967

Pb-4at%In rod, 1.1K, 195G 

U. Essmann and H. Trauble
Max-Planck Institute, Stuttgart

Bitter Decoration
YBa2Cu3O7 crystal, 4.2K, 52G 

P. L. Gammel et al., Bell Labs

Scanning Tunnel Microscopy
NbSe2, 1T, 1.8K 

H. F. Hess et al., Bell Labs

Scanning Hall probes
YBaCuO film, 1000G 

A. Oral et al.
University of Bath

Magneto-Optical Imaging
NbSe2 crystal, 4.3K, 3G 

P.E. Goa et al.
University of Oslo



Superconductivity - Basic Concepts

Superconductivity is a Macroscopic Quantum 
State featuring two distinguishing
properties:

. Supercurrents
(dissipationless transport)

. Screening of magnetic fields
(Meissner effect)



http://www.fys.uio.no/super/

Zero field cooling (ZFC) Field-cooling (FC)

Screening of magnetic fields - Meissner effect



Penetration Profile: Critical State
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Flux distribution apparently continuous...

in reality, quantized flux: vortices

17
http://www.fys.uio.no/super/



Vortices are present in almost all
applications of superconductors;

Vortices have a dynamics of their own;

This dynamics determines the
superconducting properties which are 

relevant for applications.



Vortices in Nature





Vortices in Nature

Normal fluids: 
 viscosity
 “rigid body” rotation

Superfluids: 
 no viscosity
 vortices



Vortices in Nature

Bose Condensate: superfluid He4



Condensate of Na atoms

Vortices in Nature

Bose Condensate: cold atoms



Vortices in Superconductors



Vortices in Superconductors

Abrikosov lattice

Magneto-optical Imaging

Tom H. Johansen

http://www.fys.uio.no/super/



1957 – Abrikosov predicted the existence of type II SCs (flux allowed)

Surface energy can be negative in certain cases (k = l/x > 0.707)

 creation of interfaces N/SC become energetically favorable

Fluxoids or Vortices: normal regions in the form of tubes carrying one flux 

quantum each, fo ~ 2x10-15 SI, surrounded by screening currents

A bit of history...

A.Abrikosov
Nobel Prize in 
Physics in 2003, 
shared with
V. Ginzburg and 
A. Leggett



Vortex matter

vortex
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lL
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B(r)

 B dA  =  h/2e = 0

Flux quantum

type-I

type-II



Primeira Imagem

Bitter Decoration 1967

Pb-4at%In rod, 1.1K, 195G 

U. Essmann and H. Trauble
Max-Planck Institute, Stuttgart

Bitter Decoration
YBa2Cu3O7 crystal, 4.2K, 52G 

P. L. Gammel et al., Bell Labs

Scanning Tunnel Microscopy
NbSe2, 1T, 1.8K 

H. F. Hess et al., Bell Labs

Scanning Hall probes
YBaCuO film, 1000G 

A. Oral et al.
University of Bath

Magneto-Optical Imaging
NbSe2 crystal, 4.3K, 3G 

P.E. Goa et al.
University of Oslo

A bit of history...



Vortex Dynamics



Vortices in the presence of currents: viscous motion  dissipation

Mixed State

Meissner State T
c

Type II superconductor
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VORTICES IN SCs: BASICS
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Jc

B

- Vortices (fluxoids) carry quantized flux, 
 = n o (usually n = 1)

~2x

l

0

Vortices in the presence of currents: viscous motion  dissipation

VORTICES IN SCs: BASICS



- Vortices (fluxoids) carry quantized flux, 
 = n o (usually n = 1)

- Collection of vortices: typical elastic, 
electric, magnetic & thermal properties 
Vortex Matter (VM)

0

VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion  dissipation



- Vortices (fluxoids) carry quantized flux, 
 = n o (usually n = 1)

- Collection of vortices: typical elastic, 
electric, magnetic & thermal properties 
Vortex Matter (VM)

- If J is present, VM experiences viscous
movement which may lead the sample to its 
normal state

J
0

FL = J x 0

VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion  dissipation



- Vortices (fluxoids) carry quantized flux, 
 = n o (usually n = 1)

- Collection of vortices: typical elastic, 
electric, magnetic & thermal properties 
Vortex Matter (VM)

- If J is present, VM experiences viscous
movement which may lead the sample to its 
normal state

- Pinning centers (PC) can prevent such
movement, trapping vortices in potential
wells

- PCs are crucial to enable Jc > 0

VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion  dissipation

J
0

FL = J x 0



Alexei Abrikosov acting as a “pinning center” for his admirers
Leuven, july 2006
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- Vortex entry

sample border

J
Jsh 0

FL = J x 0

VORTICES IN SCs: BASICS



vortex-vortex 

0 0

j

0Lf j= 

d / dE B t

Loss =  jE

vortex-current 

kBT+

pinning j

Loss = 0

fL

fp

Interactions



defects: pinning centers 

l

l

x

j

B(r)



Vortex Avalanches
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Facts

Under certain conditions of temperature and 
magnetic field, flux avalanches of dendritic form 

develop into superconducting films, as a consequence 
of thermomagnetic instabilities (TMI);

Nb film
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YBCO
1.8 K, 600 Oe
After laser pulse

Leiderer et al. 
2004

NbN
4.8 K, 26 Oe

Rudnev et al. 2005

MgB2

10 K,  170 Oe
Johansen et al. 2004

Nb3Sn
3.5 K, 263 Oe
Rudnev et al. 

2003

Nb
5.97 K,  135 Oe
Welling et al. 

2004

Nb
5.97 K,  135 Oe
Remanent state

Durán et al. 1995

Magneto optical images of avalanches in 
superconducting thin films



4
2

a-MoSi (Plain)

3 K

ZFC  60 Oe  10 Oe

GSM, 2011

a-MoGe (AD04)

4.5 K,  1 Oe

GSM, 2011

Nb (Plain)

Remanent state

3 K, after 4 Oe

GSM, 2011

Some images captured @ GSM/São Carlos



43

a-MoGe (AD04); 4.5 K, 1 Oe

GSM, 2011
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Thermal diffusion Magnetic diffusion

Instabilities are likely to developMagnetic field penetrates smoothly

Thermomagnetic Instabilities
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Hc2

Hc1

TMI 
region

H

T

H2
th

H1
th



First finger forms at penetration depth:

Threshold field:

Linearized theory predicts                                PRL 97, 077002 (2006) 

…provided  2lth < 2w

lth

thl

increasing Ha

T = 4 K

m0Ha=

15 mT

2w =

2w =



Experiment - MgB2

Simulation 

Numerical solution Bz – distribution

Parameters:

(MgB2)



Magneto-optical Imaging (MOI)

A powerful tool to see magnetism and
superconductivity in action



Faraday effect: rotation of the polarization plane



Magneto-optical Imaging
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- Faraday rotation of polarized light passing through an 
indicator (with in-plane magnetization), placed in close 
contact with the SC sample of interest 

 space distribution of magnetic flux
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Bi:YIG (Y3-xBixFe5O12) 

on (100) substrate of Gd3Ga5O12 (GGG) 

Bismuth-substituted
Yttrium-Iron garnet

Gadolinium-Galium
garnet
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MOI setup
GSM/UFSCar



55Flux avalanches in patterned superconducting thin films: ac susceptibility, morphology and other studies Maycon Motta

MOI setup

MOI setup in São Carlos



Revealing the intrinsic beauty of the problem

Visualizing Magnetic Fields in Superconductors



Intrinsec beauty of the problem

I Prêmio Fotografia – Ciência & Arte – CNPq 2011



1st Prize:   “Photography – Science and Arts”

Brazilian National Research Council (CNPq)

Title:

Visualizing Magnetic Fields 

in Superconductors

Category: Photomicrography –

special lenses, microscopes

Shows: Magneto-optical image 

of magnetic flux penetrating into 

a superconducting film patterned

with a square lattice of antidots 
(nanosized holes not directly visible)

Prize awarded at 

the opening ceremony of the 

“National Week on Science and 

Technology”, 

in Brasília, Oct. 18, 2011.

Image recorded by 

W. A. Ortiz and coworkers

Univ. Federal de São Carlos, 

SP, Brazil.



Visualizando o Campo Magnético em Supercondutores
Primeiro Lugar – Categoria Micro

Intrinsec beauty of the problem



CNPq – 2013 – 3rd place
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MgB2

T = 9 K

F. Colauto et al, SuST 20 (2007) L48, Rap Comm



Critical current enhancement and guidance 
of flux avalanches in microstructured

superconducting films

22 July 2015

Departamento de Física 
Universidade Federal de São Carlos

wortiz@df.ufscar.br

Wilson A. Ortiz



Maycon Motta, Fabiano Colauto
UFSCar, São Carlos, Brazil

Ana Augusta M. de Oliveira
IFSP, Matão, Brazil

Antonio Marcos H. Andrade
UFRGS, Porto Alegre, Brazil

Alejandro Silhanek
Liège, Belgium

Jørn Inge Vestgården, Tom Henning Johansen
Oslo, Norway

J. Cuppens, M. Timmermans, J. Van de Vondel, V. Moshchalkov 
Leuven, Belgium

Carmine Attanassio, Carla Cirillo
Salerno, Italy
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Experimetal facts

Under certain conditions of temperature and 
magnetic field, flux avalanches of dendritic form 

develop into superconducting films, as a consequence 
of thermomagnetic instabilities (TMI);

Nb film



HT-diagram

2.5 K       3.0 Oe

4.0 K       36.5 Oe

6.0 K     48.0 Oe

65



6
6

a-MoSi (Plain)

3 K

ZFC  60 Oe  10 Oe

GSM, 2011

a-MoGe (AD04)

4.5 K,  1 Oe

GSM, 2011

Nb (Plain)

Remanent state

3 K, after 4 Oe

GSM, 2011

Lattice of antidots: guidance



Antidots: pinning centers 

l

l

x

j

B(r)



arrays of antidots

Enhancement
of Jc

Avalanches

low-T

lattice

graded array

suppression

guidance

68high-T



i. Supression of flux avalanches:

magnetic breaking



arrays of antidots

Enhancement
of Jc

Avalanches

low-T

lattice

graded array

suppression

guidance

70high-T



i. Supression - Magnetic Breaking



72



73



74

Magnetization and flux avalanches
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ii. lattice of antidots: guided avalanches



arrays of antidots

Enhancement
of Jc

Avalanches

low-T

lattice

graded array

suppression

guidance

78high-T



ii. lattice of antidots: guided avalanches

a-MoGe – AD04

w = 1.5 mm
d = 0.4 mm
t  = 25 nm



a-MoGe



ii. lattice of antidots: guided avalanches

Nb
w = 4.0 mm
d = 1.5 mm
t  = 45 nm
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Nb-SQ
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Nb-TR
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a-MoGe

Nb

Simulation
TMI model

(Johansen ‘s group) 
Square Lattice

Square ADs















Current crowding effect:
vortices enter from the inner corner





94Flux avalanches in patterned superconducting thin films: ac susceptibility, morphology and other studies Maycon Motta

Square lattice with triangles

T = 3 K and H = 3 Oe

J

J

94



Large Holes

95



Remanent state
(after field raised up
to 48 Oe) 

8.0 K

• Niobium film was grown by
UHV magnetron sputtering

• Thickness of 200 nm

• Films were shaped using
optical lithography

• The material was removed
by etching.

Sample quality

Nb film
96



Flux polarization inside the hole

2.5 K 
18.5 Oe

Nb film

97



Different hole shapes

15.5 Oe

2.5 K

secondary
avalanches

19.0 Oe

no 
secondary
avalanches

98



iii. Enhancement of Jc

 lattice

 graded array

99



arrays of antidots

Enhancement
of Jc

Avalanches

low-T

lattice

graded array

suppression

guidance

100high-T



Homogeneous distribution of ADs

For small fields (e.g., at the early 
stages of penetration): too many holes 
at the central portion of the sample

101



In a film, currents run “everywhere”!

102

Bulk Film
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Nb film

2.5 K 
18.5 Oe

In a film, currents run “everywhere”!



lattice of antidots: enhancement of Jc



Lattice of antidots: 
avalanche inducers



Arrays of unevenly distributed pinning centers

10
6



a-Mo79Ge21 1x1 mm2, 25 nm thick

Actual gradient: 0.01 (1%), i.e., 10nm/1mm
107
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a-Mo79Ge21 1x1 mm2, 25 nm thick

Actual gradient: 0.01 (1%), i.e., 10nm/1mm
109



m x H (Jc  m)

110



m x H (Jc  m)

111
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arrays of antidots

Enhancement
of Jc

Avalanches

low-T

lattice

graded array

suppression

guidance

113high-T



Weak-link superconductivity in 
microstructured films

Departamento de Física 
Universidade Federal de São Carlos

wortiz@df.ufscar.br

Wilson A. Ortiz

22 July 2015



Marlon I. Valerio-Cuadros, Maycon Motta, Fabiano Colauto
UFSCar, São Carlos, Brazil

Ana Augusta M. de Oliveira
IFSP, Matão, Brazil

Antonio Marcos H. Andrade
UFRGS, Porto Alegre, Brazil

Jørn Inge Vestgården, Tom Henning Johansen
Oslo, Norway



Primary motivation: flux avalanches in the 
presence of obstacles



Primary motivation: flux avalanches in the 
presence of obstacles



Primary motivation: flux avalanches in the 
presence of obstacles



A shallow valley in the middle of a 
superconducting film



Joint: 2 grains linked by a constriction
(with or without a SC frame)



- Building pieces for Granular SCs (HTCS) 
as well as for Large Applications (big pieces 
joined);

- MOI is powerful tool, but maps the 
vicinity of the surface (not the volume)
[besides, not every lab has access to 
imaging];

 Using thin films, we developed a method 
to determine Transparency using MMs 
(assisted by MOI).



- Transparency of a joint

- Transparency and magnetic 
moment (critical-state)

- Anomalous hysteresis loop of        
unprotected joints



Transparency of a joint

 ≡
𝐽𝑖
𝐽𝑐



WL (FIB) d-lines

200 nm thick Nb film with WL



Critical-state analysis  transparency 
and magnetic moment

 ≡
𝐽𝑖
𝐽𝑐



𝑓 0 = 2; 𝑓 1 = 1







𝑁𝑎𝑖𝑣𝑒 𝑔𝑢𝑒𝑠𝑠: 𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡 𝑙𝑖𝑛𝑒



Anomalous hysteresis loop for unprotected joint 
(pristine and protected joints give equal loops)







d-lines



 ~ 1



Field-dependent Jc is needed to get the
fading out of the d-lines

𝐽𝑐 𝐵𝑧 = 𝐽𝑐0𝑒
−
𝐵𝑧
𝐵0; 𝐵0 = 0.5µ0𝐽𝑐0





Controlling flux avalanches in 
superconducting films: choosing where 

and when 

Departamento de Física 
Universidade Federal de São Carlos

wortiz@df.ufscar.br

Wilson A. Ortiz

22 July 2015



Danusa Carmo, Fabiano Colauto
UFSCar, São Carlos, Brazil
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Antonio Marcos H. Andrade
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Tom Henning Johansen
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