
High Temperature Superconductivity      
(HTSC) 
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High Temperature Superconductor YBa2Cu3O7 

Invention of Oxide Molecular Beam Epitaxy in 1988  

For HTSC Single Crystal Films. 



La2CuO4  Structure,   
with Ba doping on La site, Tc = 32K        (8/1986) 
with Sr  doping on La site, Tc = 40K        (12/1986) 



Y1Ba2Cu3O7-x  Structure,  with Tc = 90K (1987) 

 One of the key feature of the 

unit cell of YBa2Cu3O7-x is the 

presence of two layers of 

CuO2.  

 The role of the Y plane is to 

serve as a spacer between 

two CuO2 planes. In YBCO, 

the Cu–O chains are known to 

play an important role for 

superconductivity.  

 Tc is maximal near 92 K when  

     x ≈ 0.15 and the structure is  

orthorhombic.  

 Superconductivity disappears 

at x ≈ 0.6, where the structural 

transformation of YBCO 

occurs from orthorhombic to 

tetragonal. 

http://en.wikipedia.org/wiki/File:Ybco.jpg


Crystal structures of high-temperature ceramic superconductors 
  

 The structure of high-Tc copper oxide or cuprate superconductors are often 
closely related to perovskite structure, and the structure of these 
compounds has been described as a distorted, oxygen deficient multi-
layered perovskite structure.  

 One of common features of the crystal structure of oxide superconductors 
is an alternating multi-layer of CuO2 planes with superconductivity taking 
place between these layers. The more layers of CuO2 , the higher Tc.  

 This structure causes a large anisotropy in normal conducting and 
superconducting properties, since electrical currents are carried by holes 
induced in the oxygen sites of the CuO2 sheets. The electrical conduction is 
highly anisotropic, with a much higher conductivity parallel to the CuO2 
plane than in the perpendicular direction.  

 Generally, Critical temperatures depend on the chemical compositions, 
cations substitutions and oxygen content.  



Y1Ba2Cu3O7-x  Structure,  with Tc = 90K (1987) 

Y1Ba2Cu3O7-x  Structure 



• The crystallographic unit cell 
of BSCCO-2212 comprising 
two repeat units offset by 
(1/2,0,0).  

• The other BSCCO family 
members have very similar 
structures: 2201 has one less 
CuO2 in its top and bottom 
half and no Ca layer,  

• while 2223 has an extra CuO2 
and Ca layer in each half 

Bi2Sr2Can-1CunO2n+4+x , n =1, 2, 3 
Tc of 80K (n =2), and 122K (n =3)  



 

A small sample of the high-temperature 
superconductor BSCCO-2223 



Tl1Ba2CanCun+1O7-x,  with n = 0, 1, 2, 3 

                                                                        Tc = 108K     Tc= 125K                                                    

Tl2Ba2CanCun+1O7-x,  with n = 0, 1, 2 



     Hg–Ba–Ca–Cu–O superconductor:  
 

 The crystal structure of HgBa2CuO4 (Hg-1201), 

HgBa2CaCu2O6 (Hg-1212) and HgBa2Ca2Cu3O8 (Hg-

1223) is similar to that of Tl-1201, Tl-1212 and Tl-1223, 

with Hg in place of Tl.  

 It is noteworthy that the Tc of the Hg compound (Hg-1201) 

containing one CuO2 layer is much larger as compared to 

the one-CuO2-layer compound of thallium (Tl-1201).  

 In the Hg-based superconductor, Tc is also found to 

increase as the CuO2 layer increases. For Hg-1201, Hg-

1212 and Hg-1223, the values of Tc are 94, 128 and the 

record value at ambient pressure 134 K. 

 The observation that the Tc of Hg-1223 increases to 153 

K under high pressure indicates that the Tc of this 

compound is very sensitive to the structure of the 

compound. 



Critical temperature (Tc), crystal structure and lattice constants of some high-Tc superconductors 

Formula Notation Tc (K) 
No. of Cu-O 
planes 
in unit cell 

Crystal structure 

YBa2Cu3O7 123 92 2 Orthorhombic 

Bi2Sr2CuO6 Bi-2201 20 1 Tetragonal 

Bi2Sr2CaCu2O8 Bi-2212 85 2 Tetragonal 

Bi2Sr2Ca2Cu3O6 Bi-2223 110 3 Tetragonal 

Tl2Ba2CuO6 Tl-2201 80 1 Tetragonal 

Tl2Ba2CaCu2O8 Tl-2212 108 2 Tetragonal 

Tl2Ba2Ca2Cu3O10 Tl-2223 125 3 Tetragonal 

TlBa2Ca3Cu4O11 Tl-1234 122 4 Tetragonal 

HgBa2CuO4 Hg-1201 94 1 Tetragonal 

HgBa2CaCu2O6 Hg-1212 128 2 Tetragonal 

HgBa2Ca2Cu3O8 Hg-1223 134 3 Tetragonal 

Critical temperature (Tc), crystal structure, and lattice constants of  

Representative high-Tc superconductors  

http://en.wikipedia.org/wiki/Orthorhombic
http://en.wikipedia.org/wiki/Tetragonal


         Electron doped             Hole Doped 

(spin density wave) 

0.15 
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 P. W. Anderson at Princeton University came up with the first theoretical 
description of these materials, using the resonating valence bond theory, but a 
full understanding of these materials is still developing today.  

 These superconductors are now known to possess a d-wave pair symmetry.  

  The first proposal that high-temperature cuprate superconductivity involves d-
wave pairing was made  

--in 1987 by Bickers, Scalapino and Scalettar  

--in 1988 by theories by Inui, Doniach, Hirschfeld and Ruckenstein, using spin-
fluctuation theory, 

-- by Gros, Poilblanc, Rice and Zhang, and by Kotliar and Liu identifying d-wave 
pairing as a natural consequence of the RVB theory. 

 The confirmation of the d-wave nature of the cuprate superconductors was made 
by a variety of experiments, including the direct observation of the d-wave nodes 
in the excitation spectrum through  

--Angle Resolved Photoemission Spectroscopy 

--the observation of a half-integer flux in tunneling experiments  

--indirectly from the temperature dependence of the penetration depth, 
specific heat and thermal conductivity.  

HTSC Theory 



Resonant Valence Bond (RVB) Theory 

The RVB state with valence bond 
coupling of nearest-neighbor electrons 

 The resonating valence bond theory (RVB) is a theoretical model that attempts to 
describe high temperature superconductivity, and in particular the 
superconductivity in cuprate compounds. It was first proposed by P. W. Anderson 
and G. Baskaran in 1987.  

 The theory states that in copper oxide lattices, electrons from neighboring copper 
atoms interact to form a valence bond, which locks them in place.  With doping, 
these electrons can act as mobile Cooper pairs and are able to superconduct. 

  Anderson observed that the origins of superconductivity in doped cuprates was in 
the Mott insulator nature of crystalline copper oxide.  RVB builds on the Hubbard 
and t-J models used in the study of strongly correlated materials. 



 The Hubbard model is based on the tight-binding approximation from solid state 
physics. In the tight-binding approximation, electrons are viewed as occupying the 
standard orbitals of their constituent atoms, and then 'hopping' between atoms during 
conduction.  Mathematically, this is represented as a 'hopping integral' or 'transfer 
integral' between neighboring atoms, which can be viewed as the physical principle 
that creates electron bands in crystalline materials, due to overlapping between atomic 
orbitals. The width of the band depends upon the overlapping amplitude.  

 However, the more general band theories do not consider interactions between 
electrons explicitly. They consider the interaction of a single electron with the 
potential of nuclei and other electrons in an average way only. By formulating 
conduction in terms of the hopping integral, however, the Hubbard model is able to 
include the so-called 'onsite repulsion', which stems from the Coulomb repulsion 
between electrons at the same atomic orbitals. 

  This sets up a competition between the hopping integral, which is a function of the 
distance and angles between neighboring atoms, and the on-site Coulomb repulsion, 
which is not considered in the usual band theories. The Hubbard model can therefore 
explain the transition from metal to insulator in certain transition metal oxides as they 
are heated by the increase in nearest neighbor spacing, which reduces the 'hopping 
integral' to the point where the onsite potential is dominant.  

The Hubbard model  

http://en.wikipedia.org/wiki/Tight_binding
http://en.wikipedia.org/wiki/Tight_binding
http://en.wikipedia.org/wiki/Tight_binding
http://en.wikipedia.org/wiki/Atomic_orbital
http://en.wikipedia.org/wiki/Crystal
http://en.wikipedia.org/wiki/Transition_metal_oxides


In second quantization notation, the Hubbard Hamiltonian then takes the form: 
  
 
 
 
 
where represents nearest-neighbor interaction on the lattice. 

Now, consider a 1D chain of hydrogen atoms 



The t-J model was first derived in 1977 from the Hubbard model by 

Józef Spałek. The model describes strongly correlated electron systems. It 
is used to calculate high temperature superconductivity states in doped 
antiferromagnets. 
  
The t-J Hamiltonian is: 
  
 
 
 
where 
 - sum over nearest-neighbor sites i and j, 
 - fermionic creation and annihilation operators, 
 - spin polarization, 
 - hopping integral 
 - coupling constant ,   
 - coulomb repulsion, 
 - particle number at the site i, and 
 - spins on the sites i and j. 
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Superconducting tunneling into  

high temperature superconductors 

of  YBa2Cu3O7  crystals and films (90K)  



Break-junction Tunneling on HTSC ceramics (1987)  











Josephson current    

                1.  Single slit diffraction pattern under B field 

                2.  Shapiro steps in AC microwaves 



Iron pnictide superconductors 



                       Iron-based superconductors 
  

 Iron-based superconductors contain layers of iron and a pnictogen—such 
as arsenic, or phosphorus—or a chalcogen.  

 This is currently the family with the second highest critical temperature, 
behind the cuprates.  

 Interest in their superconducting properties began in 2006 with the 
discovery of superconductivity in LaFePO at 4 K, and gained much greater 
attention in 2008 after the analogous material LaFeAs(O,F) was found to 
superconduct at up to 43 K under pressure. 

  Simplified doping dependent phase diagrams of iron-based 
superconductors for both Ln-1111 and Ba-122 materials. The phases 
shown are the antiferromagnetic/spin density wave (AF/SDW) phase 
close to zero doping and the superconducting phase around optimal 
doping.  

 The Ln-1111 phase diagrams for La and Sm were determined using muon 
spin spectroscopy, the phase diagram for Ce was determined using 
neutron diffraction.  





  Several families of iron-based superconductors have emerged: 
 
 LnFeAs(O,F) or LnFeAsO1-x with Tc up to 56 K, referred to as 1111 materials.  
 A fluoride variant of these materials was subsequently found with similar Tc values. 
 (Ba,K)Fe2As2 and related materials with pairs of iron-arsenide layers, referred to as 122 

compounds. Tc values range up to 38 K.  
 These materials also superconduct when iron is replaced with cobalt LiFeAs and NaFeAs 

with Tc up to around 20 K. These materials superconduct close to stoichiometric 
composition and are referred to as 111 compounds.  

 FeSe with small off-stoichiometry or tellurium doping. 
 Most undoped iron-based superconductors show a tetragonal-orthorhombic structural 

phase transition followed at lower temperature by magnetic ordering, similar to the 
cuprate superconductors. 

 However, they are poor metals rather than Mott insulators and have five bands at the 
Fermi surface rather than one.  

 The phase diagram emerging as the iron-arsenide layers are doped is remarkably similar, 
with the superconducting phase close to or overlapping the magnetic phase.  

 Strong evidence that the Tc value varies with the As-Fe-As bond angles has already 
emerged and shows that the optimal Tc value is obtained with undistorted FeAs4 
tetrahedral.  

 The symmetry of the pairing wave function is still widely debated, but an extended s-
wave scenario is currently favored. 



Historical development of superconductors 



Other materials sometimes referred to as high-temperature 
superconductors 

  
 Magnesium diboride is occasionally referred to as a high-temperature superconductor, 

because its Tc value of 39 K is above that historically expected for BCS superconductors. 
However, it is more generally regarded as the highest Tc conventional superconductor, 
the increased Tc resulting from two separate bands being present at the Fermi level. 

  
 Fulleride superconductors where alkali-metal atoms (Cs, Rb) are intercalated into C60 

molecules show superconductivity at temperatures of up to 38 K for Cs3C60. 
  
 Some organic superconductors and heavy fermion compounds are considered to be 

high-temperature superconductors because of their high Tc values relative to their 
Fermi energy, despite the Tc values being lower than for many conventional 
superconductors. This description may relate better to common aspects of the 
superconducting mechanism than the superconducting properties. 
 

 In 1964, William A. Little proposed the possibility of high temperature 
superconductivity in organic polymers. This proposal is based on the exciton-mediated 
electron pairing, as opposed to phonon-mediated pairing in BCS theory 

  
 Theoretical work by Neil Ashcroft in 1968 predicted that solid metallic hydrogen at 

extremely high pressure should become superconducting at approximately room-
temperature because of its extremely high speed of sound and expected strong 
coupling between the conduction electrons and the lattice vibrations. This prediction is 
yet to be experimentally verified, as the pressure to achieve metallic hydrogen is not 
known but may be of the order of 500 Gpa. 



Josephson coupling between CuO2 planes 






