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Let’s get started
with this Tutorial on

Vortices in 
Superconductors
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1. Superconductivity
2. Vortices in SCs
3. Magneto-optical

imaging (MOI)
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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. 



TThe first part of this Tutorial 
will be devoted to briefly review

the history of 
Superconductivity, followed by
an introductory discussion of 

the main features of 
superconducting materials and

their uses in real life. 



T

In the second part we’ll discuss
vortices in superconductors: 

occurrence, dynamics, 
implications for applications.

Before finishing we’ll devote 
some time to the MOI 

technique employed in our lab.



T

I. Superconductivity



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
c
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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...
2003



Vortex matter

vortex
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 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...



1986 – Age of the “High Temperature Superconductors” – HTS (type II)

17/04/86 - Bednorz & Muller – BaxLa5-xCu5Oy – Tc ~ 30 - 35 K

1987 – Chu, Zhao - YBa2Cu3O7-d (YBCO, YBaCuO, Y-123) – Tc ~ 92 K

A bit of history...

1988 – Bi2Ba2CaCu2Oy – Tc ~ 110 K 

1993 – Tl2Ba2Ca2Cu3O10-x – Tc ~ 132 K, HgBa2CanCun+1O2n+4 – Tc > 130 K, 

Great hopes for applications partially frustrated: ceramic materials are 
difficut to mold and, moreover, critical currents are limited by weak-links.

1987





Wide list of aplications:

Energy - production, storage & distribution;

Sensing magnetic fields;

Production of strong magnetic fields for:

- Nuclear Magnetic Ressonance (research)

- NMR Imaging (medical use)

- Deflection, focusing and detection of charged particle
beams (particle acelerators)

- Plasma confinment (fusion reactors)

- Levitation (transport of load and people)



Wires for solenoids – generation of high magnetic fields (labs; NMRs)

Current Limiters (transmission lines)

Some applications

QUbits (quantum computing)



SQUIDs – flux detectors (labs; magnetographies: encephalo-, cardio-)

Some applications



Magnetic levitation:

Bearings for large rotors (fly wheels)

Ic ~ 70 A

Voltage regulating 
systems of Eolic 
Generators

Some applications

Maglev prototype (Japanese, Nb-Ti)

Test vehicle (Chinese, HTS)

HTS SC cables - Second Generation

http://upload.wikimedia.org/wikipedia/commons/2/28/JR_MLX01-1_001.jpg
http://upload.wikimedia.org/wikipedia/commons/2/28/JR_MLX01-1_001.jpg


Superconductivity - Basic Concepts

Superconductivity is a Macroscopic Quantum 
State featuring two distinguishing
properties:

. Supercurrents
(dissipationless transport)

. Screening of magnetic fields
(Meissner effect)



Zero-voltage supercurrents

21
H. Kamerlingh Onnes

Hg - 1911

Bednorz & Müller

La2-xBaxCuO4 - 1986

Two classics: H. K. Onnes and Bednorz & Muller



At any given temperature (T) and applied
magntic field (H), a superconducting sample is

able to carry a maximum supercurrent
density, Jc, the Critical Current: 

Jc = Jc (H,T)

Scientific Reports 3,
Article number:2274
doi:10.1038/srep02274

Figure 6: Four-terminal 
current-voltage characteristics 
of the Al film V(I) at various 

magnetic fields H.



At any given temperature (T) and applied
magntic field (H), a superconducting sample is

able to carry a maximum supercurrent
density, Jc, the Critical Current: 

Jc = Jc (H,T)



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



Magnetic Field Screening
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Penetration Profile: Critical State
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Flux distribution apparently continuous...

in reality, quantized flux: vortices

28
http://www.fys.uio.no/super/



29

Bean Model

Although quantized, flux 
is usually (conveniently) 
treated as “continuous”

Magnetization  of  Hard  Superconductors

C.P.  Bean, Phys. Rev. Lett. 8, 250 (1962)

C. P. Bean

I. Giaever

1973

citations: 2785 



The critical state  >  50 years ! 

Magnetization  of  Hard  Superconductors

C.P.  Bean, Phys. Rev. Lett. 8, 250 (1962)

Ampere’s law: m0 j = B

critical current density   critical slope in B

jc

B

x

Ha
C. P. Bean

I. Giaever

1973

citations: 2785 



Normal Superconductor

x

z

𝐁 = 𝐁𝐳(𝐱) 𝐳

𝛁 𝐱 𝐁 = 𝛍𝟎( 𝐉 + 𝛆𝟎

𝛛𝐄

𝛛𝐭
)

𝛁 𝐱 𝐁 = −
𝛛𝐁𝐳

𝛛𝐱
 𝐲 = 𝛍𝟎

 𝐉

 J

Faraday:

Critical State: 𝐉 = 𝐉𝐜

Bean Model: 𝐉𝐜 const.



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.
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II. Vortices



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

x

lL

j

B(r)

 B dA  =  h/2e = 0
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Length scales in superconductivity

Ginzburg-Landau Theory:

𝐺𝑠 ∅,  𝐴 =

= 𝐺𝑛 +
1

𝑉
 𝑑3  𝑟 [

1

2𝑚∗
 𝑝∗∅∗ ∙  𝑝∅ +

𝐵2  𝑟

2𝜇0
2 − 𝜇0𝐻  𝑟 ∙ 𝑀  𝑟

+ 𝑎∅∅∗ +
𝑏

2
∅∅∗∅∅∗ + ⋯]

where  𝑝 = 𝑖ℏ𝛻 + 𝑒∗  𝐴 is the canonical moment and 
the coefficients are taken as

𝑎 𝑇 ~𝑎0
𝑇

𝑇𝑐
− 1 ; 𝑏(𝑇)~𝑏0;    𝑇~𝑇𝑐

Superconductivity; Poole, Farach, Creswick and Prozorov



Length scales in superconductivity

Ginzburg-Landau Theory:

Gs(f,A) 

dfGs = 0 e dAGs = 0  2 GL equations

Dimensionless GL equations 

l : space scale in equation arrising from dAGs = 0 

x : space scale in equation arrising from dfGs = 0

Energy associated to formation of N/S interface:

 sNS  (x  2 l)

 k = l/x : parâmetro de GL



Length scales in superconductivity

Ginzburg-Landau Equations:

Superconductivity; Poole, Farach, Creswick and Prozorov

From Ampère’s Law:



Vortex Quantization

Superconductivity; Poole, Farach, Creswick and Prozorov



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



Vortex Dynamics



Vortices in the presence of currents: viscous motion  dissipation

Mixed State

Meissner State T
c

Type II superconductor

H
c2

(T)

H
c1

(T)

H

T

0

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



6
0

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
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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
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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



Granular matter    avalanches

& destroy transport abilities



sand pile

flux density

vortex

penetration

aB

0

Vortex matter  ~  granular medium

external

magnetic

field, Ba

increased

fieldsc sc

aB

Expect:

Complex dynamics

P. G. DeGennes:

“We can get some physical feeling of this

critical state by thinking of a sand hill”

book on Superconductivity (1966)

vortex pile  ~  sand pile
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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

7
7

- 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



81Flux 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



Celebration in Oslo
Centre for Advanced Study  - Norwegian Academy of Science



CNPq – 2013 – 3rd place
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MgB2

T = 9 K

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