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Introduction to superconductors 
    SUPERCONDUCTIVITY  
 
•  property of complete disappearance of electrical resistance in solids when they 

are     cooled below a characteristic temperature. This temperature is called 
transition temperature or critical temperature. 
 

Superconductive state of 
mercury (TC=4.15 K) was 
discovered by the Dutch 
physicist Heike Kamerlingh 
Onnes in 1911, several years 
after the discovery of  liquid 
helium (1908). 



‘for his investigations on the properties of matter at low 

temperatures which led, inter alia, to the production of liquid helium’ 

Nobel prize 
1913 

April 8, 1911 Dirk van Delft, Freezing physics. Heike Kamerlingh Onnes and the quest 
for cold, Koninklijke Nederlandse Akademie van Wetenschappen, 
Amsterdam 2007 



From: Rudolf de Bruyn Ouboter, “Heike Kamerlingh Onnes’s 
Discovery of Superconductivity”, Scientific American March 1997 



Heike Kamerlingh Onnes (far right) shows his helium liquefactor to 
three theoretical physicists: Niels Bohr (visiting from Kopenhagen), 
Hendrik Lorentz, and Paul Ehrenfest (far left). 

Dirk van Delft, Freezing physics. Heike Kamerlingh Onnes and the quest 
for cold, Koninklijke Nederlandse Akademie van Wetenschappen, 
Amsterdam 2007 



Kamerlingh Onnes  
Liquefied He 1908 From: Rudolf de Bruyn Ouboter, “Heike Kamerlingh Onnes’s 

Discovery of Superconductivity”, Scientific American March 1997 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 





•Non transition elements 

•Transition elements 

•Intermetallic compounds 

•Alloys 

Until 1983 record Tc=23.3 K was that of Nb3Ge alloy. 



 

 High-Temperature SC 

 Until 1986, the highest known critical 
temperature of any SC was 23.3 K. 
Various theories predicted that it 
would be impossible to have much 
higher critical temperatures. They 
were wrong.  In 1987, a new category 
of type-II SC, called HT SC, were 
discovered with critical temperatures 
significantly above that of liquid 
nitrogen (77K). 
Since then scientists have 
experimented with many different 
forms of perovskites producing 
compounds that SC at temperatures 
over 130K. 



 

 

 

 

 

 

 

 

 

 

 

 

 

High temperature superconductors discovered in1986: Tc=80-93 K, 

parent structure YBa2Cu3O7 . 

At present the record transition temperature (HBCCO)is now at TC= 134 K. 



SUPERCONDUCTIVITY MILESTONES 
 
 
 
 
 
 
•1911  Dutch physicist Heike Kamerlingh Onnes discovers superconductivity in mercury at 

temperature of 4 K.  

•1913 Kamerlingh Onnes is awarded the Nobel Prize in Physics for his research on the 

properties of matter at low temperature.  

•1933 W. Meissner and R. Ochsenfeld discover the Meissner Effect.  

•1941 Scientists report superconductivity in niobium nitride at 16 K.  

•1953  Vanadium-3 Silicon found to superconduct at 17.5 K.  



•1962  Westinghouse scientists develop the first commercial niobium- titanium superconducting 

wire.  

•1972  John Bardeen, Leon Cooper, and John Schrieffer win the Nobel Prize in Physics for the 

first successful theory of how superconductivity works.  

•1986  IBM researchers Alex Müller and Georg Bednorz make a ceramic compound of 

lanthanum, barium, copper, and oxygen that superconducts at 35 K.  

•1987  Scientific groups at the University of Houston and the University of Alabama at Huntsville 

substitute yttrium for lanthanum and make a ceramic that superconducts at 92 K, bringing 

superconductivity into the liquid nitrogen range, YBCO.  

•1988 Allen Hermann of the University of Arkansas makes a superconducting ceramic 

containing calcium and thallium that superconducts at 120 K. Soon after, IBM and AT&T Bell 

Labs scientists produce a ceramic that superconducts at 125 K.  

•1993  A. Schilling, M. Cantoni, J. D. Guo, and H. R. Ott from Zurich, Switzerland, produces a 

superconductor from mercury, barium and copper, (HgBa2Ca2Cu3O8) with maximum transition 

temperature of 133K.  

 





  
 
 

Evidence of a phase transition 



Dirk van Delft, Freezing physics. Heike Kamerlingh Onnes and the quest 
for cold, Koninklijke Nederlandse Akademie van Wetenschappen, 
Amsterdam 2007 



Dirk van Delft, Freezing physics. Heike Kamerlingh Onnes and the quest 
for cold, Koninklijke Nederlandse Akademie van Wetenschappen, 
Amsterdam 2007 



Dirk van Delft, Freezing physics. Heike Kamerlingh Onnes 
and the quest for cold, Koninklijke Nederlandse Akademie 
van Wetenschappen, Amsterdam 2007 



Meissner effect 

http://www.physics.buffalo.edu/phy514/w11/index.html 



http://www.physics.buffalo.edu/phy514/w11/index.html 



http://www.physics.buffalo.edu/phy514/w11/index.html 



A superconductor is an ideal diamagnet 



http://randomwallpapers.net/meissner-effect-magnet-photography_w497559 

The Meissner effect is used to levitate a SC above a magnet 



The Meissner (and Ochsenfeld) Effect 

superconductors push out magnetic fields 

- and keep them out  
with constantly- flowing  
resistanceless currents 

this ‘diamagnetic’ property is more fundamental than zero resistance 

T > Tc T < Tc 
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Levitation with High-Tc Superconductors 

A 1 kg or so of fish bowl 

up to 202 kg of sumo wrestler! 
 www.istec.or.jp  





Isotope Natural abundance 
(atom %) 

196Hg 0.15 
198Hg 9.97 
199Hg 16.87 
200Hg 23.10 
201Hg 13.18 
202Hg 29.86 
204Hg 6.87 

 

If electrical conduction in mercury were 
purely electronic, there should be no 
dependence upon the nuclear masses.  

the first direct evidence for interaction 

between the electrons and the lattice. 

Isotope Effect 101 years of superconductivity 
Kazimierz Conder 



 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristic lengths in SC 

The London equation shows that the magnetic field exponentially  
decays to zero inside a SC (Meissner effect)  

The Pippard coherence length: 

Coherence length is a measure of the shortest distance 
over which superconductivity may be established 

for pure SC far from Tc temperature- 
dependent Ginzburg-Landau coherence  
length is approximately equal to Pippard 
coherence length  

101 years of superconductivity 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Categories of SC 

•Very pure samples of lead, mercury, and tin are 
examples of Type I superconductors 

•very pure metals that typically have critical 
fields too low for use in superconducting 
magnets  
•The strongest type-I superconductor, pure lead 
has a critical field of about 800 gauss.   

Type I  

In Type I superconductor the 
magnetic field is completely 
expelled from the interior for B<BC. 



Type I 

https://en.wikipedia.org/wiki/Meissner_effect 



http://genesismission.4t.com/Physics/Quantum_Mechanics/Superconductors.html 

 
 Alexey Ustinov ;  http://www.pi.uni-karlsruhe.de/lehre/superconductivity/folien/Superconductivity-2008-02.pdf 



 
 Alexey Ustinov ;  http://www.pi.uni-karlsruhe.de/lehre/superconductivity/folien/Superconductivity-2008-02.pdf 



 
 Alexey Ustinov ;  http://www.pi.uni-karlsruhe.de/lehre/superconductivity/folien/Superconductivity-2008-02.pdf 





Intermediate state (SC of type I) 

A distribution of superconducting and  
normal states in tin sphere  
(supercondacting ranges are shaded) 

Intermediate state of a monocrystalline  
tin foil of 29 µm thickness in perpendicular  
magnetic field (normal regions are dark) 

 
 Alexey Ustinov ;  http://www.pi.uni-karlsruhe.de/lehre/superconductivity/folien/Superconductivity-2008-02.pdf 



Type I http://www.superconductors.org/Type1.htm 



http://www.superconductors.org/Type2.htm 

Type II 

High temperature ceramic 
superconductors such as 
YBa2Cu3O7 (YBCO) and 
Bi2CaSr2Cu2O9 are examples of 
Type II superconductors, and 
most superconducting metals 
(niobium (Nb), vanadium(V), 
Technetium (Tc), metallic 
compounds and alloys.  

Type II superconductors have two values of 
critical magnetic field, for B<BC1 the magnetic 
field is completely expelled (Type-I behavior), 
whereas for BC1<B<BC2 the magnetic field 
partially penetrates through the material. 



101 years of superconductivity 
Kazimierz Conder 



source: Wikipedia 



101 years of superconductivity 
Kazimierz Conder 



Lorentz force can cause the cores and their 
associated magnetic flux to move, and the flux 
motion will induce an emf that drives a current 
through the normal cores, somewhat like an 
eddy current. Energy is therefore dissipated in 
the normal cores, and this energy must come 
from the power supply. The energy dissipation 
means that the flow of electrons is impeded, 
and therefore there is a resistance to the flow 
of the current. 

defects effectively pin the normal cores in position – they provide a 
potential barrier to motion of the cores, so that the force on the 
cores must exceed a certain value before the cores can move. 

 
 Alexey Ustinov ;  http://www.pi.uni-karlsruhe.de/lehre/superconductivity/folien/Superconductivity-2008-02.pdf 



CRITICAL CURRENT DENSITY (Jc): The maximum value of electrical current per unit 

cross sectional area that a superconductor can carry without measurable resistance.  

•For some applications Jc can be in excess of 1000Amm-2. 

101 years of superconductivity 
Kazimierz Conder 



Magnetic properties 
Phase boundaries 
between  
superconducting, 
mixed and normal 
states of I and II 
type SC. 

http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/scbc.html 



Mixed state (SC of type II) 

Normal regions are  
approximately 300nm 

Closer packing of normal regions 
occurs at higher temperatures or 
higher external magnetic fields 

Supercurrent Normal core 

Abrikosov theory [1957] 

Triangular lattice of vortex lines going out  
to the surface of SC Pb0.98In0.02  foil in  
perpendicular to the surface magnetic field   

A.A. Abrikosov "On the magnetic properties of ... ", Soviet Physics JETP 5, 1174 (1957) 

 Alexey Ustinov ;  http://www.pi.uni-karlsruhe.de/lehre/superconductivity/folien/Superconductivity-2008-02.pdf 

http://www.fys.uio.no/super/vortex/1957.html�
http://www.fys.uio.no/super/vortex/1957.html�
http://www.fys.uio.no/super/vortex/1957.html�
http://www.fys.uio.no/super/vortex/1957.html�
http://www.fys.uio.no/super/vortex/1957.html�
http://www.fys.uio.no/super/vortex/1957.html�


 

 

 

 

 

 

 

 

 

 

 

 

 



Critical current density 

Critical current is certain maximum current  
that SC materials can be made to carry,  
above which they stop being SCs. If too  
much current is pushed through a SC, it  
will revert to the normal state even though  
it may be below its Tc. The colder you 
keep the SC the more current it can carry. 

Three critical parameters Tc, Hc and 
Jc define the boundaries of the 
environment within which a SC can 
operate. 





Superconductivity: the old and the new A one hundred year voyage of 
discoveries  
André-Marie Tremblay 
Département de Physique Université de Sherbrooke 
http://www.physique.usherb.ca/~tremblay 



101 years of superconductivity 
Kazimierz Conder 

E. Silva, http://webusers.fis.uniroma3.it/~silva/disp/twofluid.pdf  



Superconductivity: the old and the new A one hundred year voyage of 
discoveries  
André-Marie Tremblay 
Département de Physique Université de Sherbrooke 
http://www.physique.usherb.ca/~tremblay 





add 

Superconductivity: the old and the new A one hundred year voyage of 
discoveries  
André-Marie Tremblay 
Département de Physique Université de Sherbrooke 
http://www.physique.usherb.ca/~tremblay 



pairs 



Cooper pair formation BCS theory [1957] 

The electron-electron attraction of the Cooper pairs 
caused the electrons near the Fermi level to be 
redistributed above or below the Fermi level. Because 
the number of electrons  remains constant, the energy 
densities increase around the  Fermi level and energy 
gap results.  

http://superconductors.org/history.htm#resist 

http://www.chm.bris.ac.uk/webprojects2000/igrant/theory.html 



Superconductivity: the old and the 
new A one hundred year voyage of 
discoveries  
André-Marie Tremblay 



Solid State Physics: An Introduction, by Philip Hofmann 

2nd edition 2015,, Wiley-VCH Berlin. 

http://philiphofmann.net/�
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2∆  

•http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/bcs.html 



  
 
 

•http://hyperphysics.phy-astr.gsu.edu/hbase/Solids/bcs.html 



Chang; http://phy.ntnu.edu.tw/~changmc/Teach/SS/SS_note/chap10.pdf 



spherical harmonic 
function 

BCS Theory of Superconductivity T. Burgener, 
http://katzgraber.org/teaching/ss07/files/burgener.pdf 
 
Chang; http://phy.ntnu.edu.tw/~changmc/Teach/SS/SS_note/chap10.pdf 
  

http://katzgraber.org/teaching/ss07/files/burgener.pdf�


from Kittel 



John Bardeen Leon Cooper Bob Schrieffer 

(May 23, 1908 – January 30, 1991)  (born February 28, 1930)  (born May 31, 1931)  

http://en.wikipedia.org/wiki/February_28�
http://en.wikipedia.org/wiki/1930�


Superconductivity Alexey Ustinov Universität Karlsruhe WS 2008-2009 
http://www.pi.uni-karlsruhe.de/lehre/superconductivity.php 



Superconductivity Alexey Ustinov Universität Karlsruhe WS 2008-2009 
http://www.pi.uni-karlsruhe.de/lehre/superconductivity.php 



• http://phy.ntnu.edu.tw/~changmc/Teach/SS/SS_note/chap10.pdf 

Josephson Tunnelling  
•If two superconducting regions are brought together then as they come close 
electron-pairs will be able to tunnel across the gap and the two electron-pair waves will 
become coupled. As the separation decreases the strength of the coupling increases.  

•The tunnelling of the electron-pairs across the gap carries with it a superconducting 
current as predicted by B.D. Josephson and is called ``Josephson Tunnelling'' with the 
junction between the two superconductors called a ``Josephson Junction''.  



 

 

 

 

 

 

 

 

 

 

 

 

 

Like a superconductor this gap has a critical current. If a supercurrent,is , flows across 
a gap between regions with a phase difference, ∆ϕ, it is related to the critical current, by:  

)sin( ϕ∆⋅= cs ii



eV2
=ω

)2sin( 0ϕ+⋅= teVii cs


The current flow is controlled by the phase difference between SC1 and SC2 

DC Josephson effect 
 
There is an electrical DC current flowing through a Josephson contact even in the 
absence of an external voltage. 

AC Josephson effect 
 
By applying a DC voltage V > VC (critical voltage) on the contact, an oscillating current 
flow is generated with the frequency:  

Hz/μz1004.32 9⋅=


e

If V ~ 1mV  ω ~1012 Hz  



http://web.mit.edu/6.763/www/FT03/Lectures/Lecture11.pdf 





Iron sc exists under pressure 
At pressures above 10 GPa, 
iron is known to transform to 
a non-magnetic structure and 
the possibility of 
superconductivity in this 
state has been predicted. 

K Shimizu et al. Nature 412 (6844), 316-318. 2001 Jul 19.  

https://www.ncbi.nlm.nih.gov/labs/journals/nature/�


High Temperature Superconductors 

YBCO7 

LSCO 

HgCuO 

Material Overviewof High-Tc Superconductive Copper Oxides, MaaritKARPPINEN 



Georg Bednorz 
and Alex Muller 

received the 
Nobel Prize 1987 
for discovery of 
the first of the 
copper-oxide 

superconductors  



Material Overviewof High-Tc Superconductive Copper Oxides, MaaritKARPPINEN 



Material Overviewof High-Tc Superconductive Copper Oxides, MaaritKARPPINEN 



taken from 



High Temperature Superconductors 

Copper Oxygen Planes 

Other Layers 

Layered structure  quasi-2D system 



H. Kumakura 
National Institute for Materials Science 
ASC2008-Short course, Chicago, August. 17,2008 





The show must go on… 
 
A new class of high-temperature superconductors has been discovered in layered iron 
arsenic compounds. Results in this rapidly moving field may shed light on the still 
unsolved problem of high-temperature cuprate superconductivity. 
 

The parent compound, LaOFeAs  , was not superconducting, but upon replacing some 
of the oxygen by fluorine, the material became superconducting. 



Sm TC=55K 

April, 2008 



http://www.superconductors.org/Type2.htm 



Chang; http://phy.ntnu.edu.tw/~changmc/Teach/SS/SS_note/chap10.pdf 
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Superconducting Quantum 
Interference Devices can 

measure tiny fields – such as 
those due to currents flowing 

in your heart muscle  

 The quantum of flux, Φo = h / 2e , 
has the tiny value 2 x 10-15 T.m2 

 The application of Quantum 
Mechanics to measure tiny 
magnetic fields: SQUIDs 

 This is one millionth of the flux 
due to the earth’s field through 

the hole with 1cm diameter!  









Superconductivity phenomena 

•  Perfect conductivity    σ = ∞  

•  Dynamics of the lattice is important  Tc ∝ M-α 

•  Perfect diamagnetism   B = 0 

•  Magnetic field suppresses superconductivity   Hc(T), Hc1(T), Hc2(T) 

•  Energy gap 2∆ 

•  Tc and energy gap are related 

•  Magnetic flux is quantized in units of h/2e 

•  Superconductivity mechanism in HTS is different from LTS 
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