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Let's get started

with this Tutorial on

. Vortices in \
Superconductors

—_—




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 aqo, is a field
including a huge variety of
materials, many of which have
encountered relevant practical
applications.



The 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.



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.



I. Superconductivity



A bit of history
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obtained by Kamerlingh Onnes when he discovered
superconductivity in Leiden in 1911.




A bit of history...

Walther Robert
Meissner Ochsenfeld

supercondutor
tipo |

1933 - Meissner effect: perfect diamagnetism

B=p(H*M)=0> M = -H

T>TC

T<TC




A bit of history...

1950's - Fritz e Heinz London (1); Pippard (&)

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)

1959 - Gor'kov: 6L can be derived from BCS

=

GSiA



A bit of history...

supercondutor supercondutor tipo |1
tipo 11 CURRENT

= J He(T)
'H Hc2 ‘
; cl /HCI(T) :

3 / ‘ S N

Estado Meissner 1TC

H T

T E Ty

<> T > 4>
T T . TYPE Il SUPERCONDUCTOR
CURRENT FLOW through a d (blue r lar box) can be disrupt-
ed by vortices (cylinders). Each vortex consists of a ring of circulating current in-
Smﬁfﬂﬂﬂduﬂtﬂr duced by an external magnetic field (not shown). The applied current adds to the
circulating current on one side of the vortex but subtracts from the other. The net
result is a force that pushes the vortices at right angles to the current flow; the

movement dissipates energy and produces resistance.

1957 - Abrikosov predicted the existence of another type of SC (type IT)

Surface energy can be negative in certain cases (k=A/E > 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, ¢, ~ 2x10-15 ST,

surrounded by superconducting screening currents.




The Nobel Prize in Physics

2003

Vortex matter

Vortices give guidance

Landau's pupil, Alexei Abrikosov, realised almost
immediately that Ginzburg and Landau's theory

can also describe those superconductors (type II)
that can coexist with strong magnetic fields.
According to Abrikosov's theory this occurs because
the superconductor allows the magnetic field to

enter through vortices in the electron superfluid.
These vortices can form regular structures, Abrikosov
lattices, but disordered structures can also occur.
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VO rteX Alexei A. Abrikosov An Abrikosov lattice of vortices in a type-
Argonne National Laboratory, II superconductor. The magnetic field
Argonne, Illinois, USA § passes through the vortices.
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A bit of history...
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Primeira Imagem
Bitter Decoration 1967
Pb-4at7%In rod, 1.1K, 1956

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

Bitter Decoration
YBa,Cu;0; crystal, 4.2K, 526

P. L. Gammel et al., Bell Labs
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Scanning Hall probes
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A. Oral et al.
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Scanning Tunnel Microscopy
NbSe2, 1T, 1.8K

H. F. Hess et al., Bell Labs

Magneto-Optical Imaging
NbSe2 crystal, 4.3K, 36

P.E. Goa et al.
University of Oslo



A bit of history...

"La" 103 Years
-
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Figure 2.2 Increase in the superconducting transi
tion temperature with time. A linear extrapolation o
the data before 1986 predicts that
would be reached in about 1000 yea
right X'=Sn. Al,,Ge, s, Ga, and Ge for the data
points of the 415 compound Nb,X (Adapted from
Fig. I-1. Poole er al., 1988).

el ", Crdinary |

“conductor

Terperature T{K)
[Fig. 27. Wlagnetism phase diagram showing domains of diffeent flux states

1986 - Age of the "High Temperature Superconductors” - HTS (type IT)

17/04/86 - Bednorz & Muller - Ba,Las_,CusO, - T, ~ 30 - 35 K

1987 - Chu, Zhao - YBa,Cu;0,_; (YBCO, YBaCuO, Y-123) - T, ~ 92 K

1988 - BizBOZCOCUZOY - TC ~ 110 K

1993 - leBOZCGZCU3010_x - TC ~ 132 K, HgBGZCGnCUn+102n+4 - TC > 130 K,

6reat hopes for applications partially frustrated: ceramic materials are
difficut to mold and, moreover, critical currents are limited by weak-links.
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Figure 24 The observed superconducting transition temperature (7;) of a variety of classes of super-
conductors is plotted as a function of time. Recent discoveries have increased the highest-observed 7, in a
number of materials to unprecedented levels. such as in heavy fermion (PuCoGas). carbon nanotubes
(CNTs). and graphite intercalated compounds (CaCy).



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)



Some applications

Current Limiters (fransmission lines)
QUDbits (quantum computing)

Wires for solenoids - generation of high magnetic fields (labs: NMRs)




Some applications

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




Some applications

Magnetic levitation:

Bearings for large rotors (fly wheels)

N

Maglev prototype (Japanese, Nb-Ti)

N

Test vehicle (Chinese, HTS)

\

HTS SC cables - Second Generation

/<, American

# Superconduc!
AV MI2EUa Fid WAY THE worid viN

Voltage regulating
systems of Eolic
Generators
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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 supercurre

Two classics: H. K. Onnes and Bednorz & Mu
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At any given temperature (T) and applied
magntic field (H), a superconducting sample is
able to carry a maximum supercurrent
density, J., the Critical Current:

J.=Jd.(HT)
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At any given temperature (T) and applied
magntic field (H), a superconducting sample is
able to carry a maximum supercurrent
density, J., the Critical Current:

H, J
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Superconductivity - Basic Concepts

Superconductivity is a Macroscopic Quantum
State featuring two distinguishing
properties:

. Supercurrents
(dissipationless transport)

. Screening of magnetic fields
(Meissner effect)




Screening of magnetic fields - Meissner effect

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

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




Magnetic Field Screening

type IT supercondutor

H H

\Cl c2
T o AM \ |




Penetration Profile: Critical State

type IT supercondutor

H H

\Cl c2
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\ c J '
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Flux distribution apparently continuous...
in reality, quantized flux: vortices

http://www.fys.uio.no/super/
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Although quantized, flux
is usually (conveniently)
treated as "continuous”

Bean Model

|. Giaever
' C. P. Bean

Magnetization of Hard Superconductors
C.P. Bean, Phys. Rev. Lett. 8, 250 (1962)

citations: 2785

The basic premise of this theory®! is that there
exists a limiting macroscopic superconducting cur-
rent density J.(H) that a hard superconductor can
carry; and further, that any electromotive force,
however small, will induce this full current to flow

P

GSin

29



The critical state > 50 years !

|. Giaever

C. P. Bean

X
Magnetization of Hard Superconductors
C.P. Bean, Phys. Rev. Lett. 8, 250 (1962)
citations: 2785 critical current density < critical slope in B

The basic premise of this theory'® ™ is that there .
exists a limiting macroscopic superconducting cur- Ampere’s law: MOJ = VxB
rent density J.(H) that a hard superconductor can

carry; and further, that any electromotive force,
however small, will induce this full current to flow




Critical State: J =],

7 4
Bean Model: J. const.
Faraday:
q . OF
VB =po(J + ﬁ“’ait/ ) N
)
= X
B =B,Xx)Zz
= 9B, . =2
VXB=—-—"V = N
Normal | Superconductor =




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.

—



IT. Vortices



Vortices in Nature






Vortices in Nature

Normal fluids:
=> viscosity
= "rigid body" rotation

Superfluids:
=> no viscosity
=> vortices




Vortices in Nature

Bose Condensate: superfluid He4

VoLump 43, NUsMBer 3

PHYSICAL REVIEW LETTERS

I JuLy 1979

Observation of Stationary Vortex Arrays in Rotating Superfluid Helium

E. J. Yarmchuk and M. J. V. Gordon'®
Physics Department, University of California, Bevkeley, Califovnia 94720

and

R. E. Packard'™
Physics Depayiment, Univevsity of Sussex, Brighton, England

(Received 29 May 1979)

The positions of guantired vortex lines in rotating superfluid helium have been recorded
using a photographic technigue. The photographs show stationary arrays of vortices. The
observed patterns are in good agreement with theoretical predictions.

Since the work of London' it has become an ac-
cepted notion that superfluidity is a manifestation
of quantum mechanics on a macroscopic scale.
Pursuing this idea in a quite literal way, Onsager
and Feynman® tried to deduce the qualitative fea-
tures of a single macroscopic wave function, ¥(x),
which would describe the superfluid state. They
concluded that the superfluid velocity v, was pro-
portional to the gradient of the wave function’s
phase and that the nodes in §(») marked the posi-
tion of vortex lines with circulation quantized in
units of #/m (h is Planck’s constant and m the
mass of the helium atom).

This paper reports observation of stationary
quantized-vortex-line patterns in rotating He II.
These patterns display the nodal structure of the
stationary states of {{r) and provide a vivid dem-
onstration of the long-range coherence of the su-
perfluid state.

phor screen. The light emanating from this phos-
phor is conveyed (via coherent fiber optics) to
room temperature, amplified in a low=light-level
television camera, and recorded on a single
frame of a movie film. Figure 1 shows a block
diagram of the apparatus and the caption de-
scribes the essential points,

Since it takes about 10 sec to charge the vortex
lines, we can record the vortex pattern about 6
times each minute. In a typical experiment the
steady-state features of a pattern are enhanced
by making a multiple exposure of many individual
movie frames., This method of photographic sig-
nal averaging reduces the transient effects of
noise due to the image intensifier's dark current.
It also obscures random vortex motion caused by
mechanical disturbances.

The sample of superfluid fills a cylindrical
bucket of 2 mm diam and 25 mm depth. A small




Vortices in Nature

Bose Condensate: cold atoms

Figure 20. Observation of vortex lattices in rotating Bose-Einstein condensates. The examples
shown contain (A) 16 (B) 32 (C) 80 and (D) 130 vortices as the speed of rotation was increased.
The vortices have “crystallized” in a triangular pattern. The diameter of the cloud in (D) was 1
mm after ballistic expansion, which represents a magnification of twenty. (Reprinted with per-
mission from ref. [112]. Copyright 2001 American Association for the Advancement of Science.)

WHEN ATOMS BEHAVE AS WAVES: BOSE-EINSTEIN
CONDENSATION AND THE ATOM LASER

Nobel Lecture, December 8, 2001
by
WOLFGANG KETTERLE*

Department of Physics, MIT-Harvard Center for Ultracold Atoms, and Re-

search Laboratory of Electronics, Massachusetts Institute of Technology, Cam-
bridge, Massachusetts, 02139, USA.

Condensate of Na atoms




Vortices in Superconductors



Vortices in Superconductors

Abrikosov lattice

Magnheto-optical Imaging

Tom H. Johansen

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




A bit of history...

CURRENT

MAGNETIC VORTICES:

@ > pfix $> 45 4>

‘-t—" = Sl S A.Abrikosov
[] . .

! L) '“T", Nobel Prize in

B ' Physics in 2003,
smafcanductur TYPE Il SUPERCONDUCTOR .
CURRENT LW trongha superconducior Ol ecanglar b can e s shared with
d_uced h_ry' an external magnf!tic field (not shown). The applied current adds to the o
e e e e | IR
movement dissipates energy and produces resistance.
A. Leggett

1957 - Abrikosov predicted the existence of type IT SCs (flux allowed)

Surface energy can be negative in certain cases (k =A/§&>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, ¢, ~ 2x10-15 SI, surrounded by screening currents




The Nobel Prize in Physics

2003

Vortex matter

Vortices give guidance

Landau's pupil, Alexei Abrikosov, realised almost
immediately that Ginzburg and Landau's theory

can also describe those superconductors (type II)
that can coexist with strong magnetic fields.
According to Abrikosov's theory this occurs because
the superconductor allows the magnetic field to

enter through vortices in the electron superfluid.
These vortices can form regular structures, Abrikosov
lattices, but disordered structures can also occur.
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VO rteX Alexei A. Abrikosov An Abrikosov lattice of vortices in a type-
Argonne National Laboratory, II superconductor. The magnetic field
Argonne, Illinois, USA § passes through the vortices.
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Length scales in superconductivity

Ginzburg-Landau Theory:

GS(Q)'A)) =
1 3 - 1 Sk Ak BZ(F) T3\  nasr-=
— Gyt | @l B0 0+ s~ holl () HH(P)

b
+a00" +500°00" + -]

where § = ihV + e*A is the canonical moment and
the coefficients are taken as

a(T)~a, [%—1] . b(T)~by: T~T,

égjg\ Superconductivity; Poole, Farach, Creswick and Prozorov




Length scales in superconductivity

Ginzburg-Landau Theory:
Gs(9,A)
0,65 = 0ed,6,=0=> 2 6L equations

Dimensionless GL equations =
A : space scale in equation arrising from 5,6, = 0

¢ :space scale in equation arrising from 5,6, = O

Energy associated to formation of N/S interface:
—ons O (E =2 1)
— k =ME : pardmetro de GL



Length scales in superconductivity

Ginzburg-Landau Equations:

: (R*V>¢h —2ihe*A -V — e A’)
2m*
—ad—bld|’dp=0. (6.8)
¥ (V% A) 4 5 (Vb= V)

2

€ 2
+ S A6 =0, (6.10)
mﬂt

ihe*

2m*

42
(6°V— V') — Al
- (6.12)

From Ampére's Law: Mol = —

o

@ Superconductivity; Poole, Farach, Creswick and Prozorov




Vortex Quantization

o(r) = |p(r)]e” (6.2)

Vo =ipVO+eV|d(r)|. (6.31)

m* o pyl

E}ﬁ Wdl-{—sznﬁbn (639]
h
¢

Superconductivity; Poole, Farach, Creswick and Prozorov
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First Image
Bitter Decoration 1967
Pb-4at7%In rod, 1.1K, 1956

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

Bitter Decoration
YBa,Cu;0; crystal, 4.2K, 526

P. L. Gammel et al., Bell Labs

Spum

Scanning Hall probes
YBaCuO film, 10006

A. Oral et al.
University of Bath
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Scanning Tunnel Microscopy
NbSe2, 1T, 1.8K

H. F. Hess et al., Bell Labs

Magneto-Optical Imaging
NbSe2 crystal, 4.3K, 36

P.E. Goa et al.
University of Oslo



Vortex Dynamics



VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion = dissipation

Mixed State I

Meissner State I

/ Hcl(T)

Type Il superconductor

e HCZ(T)

(DO

() OO OO
OO OO OO
O OO OO




VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion = dissipation

- Vortices (fluxoids) carry quantized flux,
® = n @, (usually n = 1)

(DO

() OO OO
OO OO OO
7, O OO OO

50



VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion = dissipation

- Vortices (fluxoids) carry quantized flux,
® = n @, (usually n = 1)

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




VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion = dissipation

- Vortices (fluxoids) carry quantized flux,
® = n @, (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 o its
normal state

Dy

J

OO OO
QQQQQQ
3000




VORTICES IN SCs: BASICS

Vortices in the presence of currents: viscous motion = dissipation

- Vortices (fluxoids) carry quantized flux,
® = n @, (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, frapping vortices in potential
wells

- PCs are crucial to enable Jc >0

J

OO OO
QQQQQQ
3000

Dy




Alexei Abrikosov acting as a "pinning center” for his admirers
Leuven, july 2006




VORTICES IN SCs: BASICS

- Vortex entry

sample border \

D, —’J
OO0 0O
OO OO0




vortex-vortex

D, @,

vortex-current o
pinning j

E oc dB/dt

Loss = JE







Vortex Avalanches



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

2.57 K.15.0.0e




Magneto optical images of avalanches in

superconducting thin films

Nb
5.97 K, 135 Oe
Remanent state
Durdn et al. 1995

Nb;Sn
35K, 263 Oe

Rudnev et al.
2003

Nb
5.97 K, 135 Oe
- Welling et al.
2004

YBCO
1.8 K, 600 Oe

After laser pulse
~ Leiderer et al.
| 2004

NbN
48K, 26 Oe
Rudnev et al. 2005

MgB,
| 10 K, 170 Oe
 Johansen et al. 2004




Some images captured @ GSM/Sdo Carlos

a-MoSi (Plain
Nb (Plain) ( )
3K
Remanent state a-MoGe (ADO4)
ZFC = 60 Oe = 10 Oe
3 K, after 4 Oe 45K, 10e
6SM, 2011 |
GSM, 2011 | GSM, 2011




a-MoGe (AD04); 45K, 1 Oe
GSM, 2011




Thermomagnetic Instabilities

Thermal diffusion

N
7

Magnetic diffusion

Magnetic field penetrates smoothly

63



PHYSICAL REVIEW B 76, 092504 (2007)

Reentrant stability of superconducting films and the vanishing of dendritic flux instability

V. V. Yurchenko, D. V. Shantsev, and T. H. Johansen
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Granular matter = avalanches

& destroy transport abilities




Vortex matter ~ granular medium

vortex X g :' .: o« o
penetration E * o, 0 ..: . o SOFT MATTER
- ° ® 9 ° 2
] L] . Nobel Lecture, December 9, 1991
external ‘o o * . '.‘: . ° "
magnet|c. .. . L Increased ... ) ® L] PIERRE=- GLLES DE GENNES
: ~ L] L ] . y ® College de France, Paris, France
field, B, L SC field L....... .. sc :
| 1 )
pBX) +B(X) ! . 2
. ! ! o
flux density | l P. G. DeGennes:
B, — | B.— : “We can get some physical feeling of this
\: : critical state by thinking of a sand hill”
0 > > . .
! x X book on Superconductivity (1966)
sand pile vortex pile ~ sand pile

Expect:




Critical Current Threshold

W EEAN AMODEL
(a) (o) (el
2.5
B,(x) 28"
291 \/
B o
—~ i\x I i"ﬂ'- \//
« T ® o
g 1.5 et e L T a \ /
2 & 1] i “a [ [] - a a
noo 1.0
A
o —o—J_"(before the 1* avalanche)
= 0.51 —Average.]c"‘ J!.{K}J. e 'Jv
""""" Standard Deviation of 3"
0.0 - - - - - al- 3 o [
0 100 200 300 400 500 R B " 0 R
H (Oe) i 4, "
24
Falx} N L i

‘}/ o /a yﬂ I o3 1] a
e ~hB” B

-2, B
B~ 7igdea By = undc8 By = 2u,) 8

Figure 113 Dependence of e inlemsl magnesic feld B,ix), corel demsity £, (), 0d pinming
IMeE Fpix) on the srergih of the gpplisd magnatic Nakd By Tor somuliees) spplied Neids piven by
{w) Boy pn S = {-. Bofpnda =1, s {ch By pgdea =T Thix sad sohesgueni Mgmoes we dowwn for
ihe Hezan model. There s & Neld Gree reglon @ e cenler Por oese (5], while oo (b)) expoesenis ihe
bomadary hetween (he prssence: verss e sbsence of such o regio.

Second edition

—— Superconductivity

Charles P. Poole Jr.

Horacio A. Farach

Richard ). Creswick

Ruslan Prozorov




PHYSICAL REVIEW B 76, 092504 (2007)

Reentrant stability of superconducting films and the vanishing of dendritic flux instability

V. V. Yurchenko, D. V. Shantsev, and T. H. Johansen

jod W
arccosh .
T w—£

7 kT [2hoT" ™!

53:_'\"-_( '~V M
2 Vj.E\ ndj.E)

provided that €"<w. Here, j, is the critical current density,

T'=—(d1nj./dT)™", E is the electric field, « is the thermal

|n5tah| Ilt:‘,lr conductivity, and hy is the coefficient of heat transfer from

. the superconducting film to the substrate. The parameter n

reghj N characterizes the nonlinearity of the current-voltage curve of

I
Eﬂ
D
-
=
g
@
c
(=)
4y
=

Critical current density, j_




Linearized theory predicts

First finger forms at penetration depth:

Threshold field:
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PRL 97, 077002 (2006)




Numerical solution B, — distribution

Simulation

Pn=>0.8 pflem

Experiment - MgB, REIGCINEGCIENN - — 34 kJ/Km® < (T/T.)
(MgB,) k=172 W/Kmx(T'/T,)?
h =46 kW/Km?x (T/T,)*

H =10">Jgpp/ad




Magneto-optical Imaging (MOTI)

A powerful tool to see magnetism and
superconductivity in action



Faraday effect: rotation of the polarization plane



Magneto-optical Imagin

- 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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Bismuth-substituted
Yttrium-Iron garnet

Bl-\/IG (\/3_xBixF35012)
on (100) substrate of 6d;G6a;0,, (GG6G)

Gadolinium-Galium
garnet




MOTI setup
G6SM/UFSCar




MOI setup
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Flux avalanches in patterned superconducting thin films: ac susceptibility, morphology and other studies Maycon Motta 81



Reveadling the intrinsic beauty of the problem

Visualizing Magnetic Fields in Superconductors



Intrinsec beauty of the problem
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1st Prize: “Photography — Science and Arts”

Brazilian National Research Council (CNPQ)
Category: Photomicrography —
special lenses, microscopes

Title:
Visualizing Magnetic Fields
in Superconductors

Image recorded by

W. A. Ortiz and coworkers
Univ. Federal de Séo Carlos,
SP, Brazil.

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 Brasilia, Oct. 18, 2011.
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Visualizando o Campo Magnético em Supercondutores
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Celebration in Oslo
Centre for Advanced Study - Norwegian Academy of Science
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