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Major Progress in the Past Ten Years:

The discovery of iron-based superconductors 
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The second family of  unconventional high Tc superconductors

Why did the entire  high Tc research community fail to 
provide any clue about iron-based superconductors?



Motivation:
Why does iron high Tcs bring new hope?  

• Induction Vs deduction

Iron-based superconductors provide the first 

class of materials for inductive reasoning!

• No induction for unconventional high Tc before iron
-based superconductors

• Deduction method based on models becomes standard 
after cuprates



Motivation

Are Fe and Cu  special ?

Is there a single  trait  to separate them from other 

materials? If yes, what is it?



Motivation

• Why is the high Tc such a rare phenomena? 

• Why are so many materials with strong correlations 
under doping not high Tc superconductors?

• Why is high Tc so robust once it is discovered?

Rareness and robustness stem from its strict

requirements on local electronic environments!

The genes for high Tc!!



Self-contained Questions 

What are the common 

interactions

responsible for pairing in 

both high Tc materials? 

What are the special 

properties to make 

both families as high 

Tc Superconductors?

Where and how to search 

for new high Tc 

superconductors? 
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Chance to settle unconventional high Tc mechanism:  
Theoretically predict it before the third family of high Tc
superconductors is discovered!!!
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Genes for high Tc
Those d-orbitals with the strongest coupling to 
the in-plane anion p orbitals are isolated near 

Fermi energy. 

• An electronic environment to allow the AFM 
superexchange to provide pairing. 
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Cuprates vs iron-based superconductors

• Octahedral: d9 is 
unique to achieve 
high Tc

• Tetrahedral: d6 is 
unique to achieve
high tc

• ?
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Octahedron, Perovskite structure  and Cuprates

•Single d-orbital: dx2-y2

•The dx2-y2 orbital has 
the highest energy in 
the d shell

•Jahn-Teller distortion 
(c>a=b) lows dz

2

•d9 is unique to 
achieve high Tc
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Orbital Distillation

• Jahn-Teller distortion: a>c>b

• Jahn-Teller distortion does not low 
dz

2

• The dx2-y2 orbital is not isolated.

K2CuF4

• Tc is drastically 
reduced with the 
rising of dz

2 orbitals 
to Fermi energy
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Tetrahedron and iron-based superconductors
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• Analyzing local electron environment of Fe needs to include the  NN Fe 
atoms.

• Short distance between two NN Fe

• Direct chemical bonding between two NN Fe

• Large coupling between Eg (dx2-y2) and t2g (dxz/yz) orbitals

Local electronic structure  in iron-based superconductors
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Understanding electronic structure of iron-based 

superconductors

J.Hu and NN Hao, PRX 2, 021009 (2012)

dxy
d*xy

dx2-y2/d*x2-y2
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• Fe2+  is special! 
• Two pure dxy-type orbitals are

isolated near Fermi Energy!
• Two dxy orbital models can capture electronic 

structures near Fermi Energy.

Local levels at Fe
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• Rareness: Symmetry matching，collaboration 

between local cation-anion complexes, global lattice 
symmetry and doping level！

• Uniqueness:  Cu and Fe are irreplaceable  in their 
corresponding families

Can we find or design new families of unconventional 
high temperature superconductors ?
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Prediction: Possible new high Tc Superconductors(I)

• Triangular Bipyramidal—five coordinations: d7 is 
unique to achieve high Tc

JP Hu et al, Phys. Rev. X 5, 041012 (2015) Arxiv:1506.03904
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Prototype From Triangular Bipyramidal

YMnO3 YNiO3

The isolation of the  orbital is protected by  symmetry.
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Pairing Symmetry and Tc

• S-wave has 
little weight

• d+id has very 
large weight

• Energy Scale:

Cuprates

Ni/Co-based

iron-based
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Prediction: Possible new high Tc Superconductors(II)

J.Hu and CongCong Le, arxiv: 1611.02835(2016)

Fe2+ Co2+
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Prediction: Possible new high Tc Superconductors(II)

J.Hu and CongCong Le, arxiv: 1611.02835(2016)

ZnS ZnCoS2

ZnCo(S,Se)2
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Prediction: Possible new high Tc Superconductors(II)
A bridge and unifier of cuprates and iron-based SCs

J.Hu and CongCong Le, Sci. Bull. 62 212 (2017) 
arxiv: 1611.02835(2016), arXiv:1702.07517 

Prediction: 
• Similarity to Cuprates:   d-wave, Mottness
• Similarity to iron-based superconductors:

Multi-orbital, nematicity
• Maximum Tc should be higher than iron-based  

superconductors
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BaCoSO: Oxychalcogenides

CC Le,  SS Qin and JP Hu,  arxiv:1612.03470 (2016), arXiv:1702.08304(2017)

Co(Se,S)4

Co(Se,S)2O2

BaCoSO
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Co/Ni Oxychalbogenides

Sign distribution on 
electron doped Fermi 
surfaces of  BaCoSO

CC Le,  SS Qin and JP Hu,  arxiv:1612.03470 (2016), arXiv:1702.08304(2017)

BaCoSO
• Corner shared tetrahedra
• d7 filling configuration: Mott 

insulator
• AFM Neel temperature over 200K
• Lacking of D4h symmetry 

classification,  but Pairing symmetry 
resembles both cuprates and iron-
based superconductors (nodes and 
sign change between two pockets)

• Challenge: introduce doping?
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Summary for High Tcs

• Octahedral
• Corner share
• Square Lattice
• d⁹, dx²-y²
• Cu²⁺
• d-wave pairing

• Tetrahedral
• Edge share
• Square 

Lattice
• d⁶, dxy, 

dxz/yz
• Fe²⁺
• s-wave

• TBP
• Corner share
• Trigonal Lattice
• d⁷,  dxy/x²-y²
• Co²⁺,Ni3+

• d+id-wave 
pairing

• Tetrahedral
• Corner share
• Square Lattice
• d7

dxy, dxz,d yz
• Co²⁺,Ni3+

• d-wave



Summary

• Iron-based superconductors are  special systems to realize extended-S 
wave

• Only AFM couplings induced through anions are important in providing 
pairing.

• Orbital distillation rule (Scalapino): Isolating  the d-orbitals that 
strongly participate superexchange is the key to realize high Tc

• Special high Tc environments:   realized by the collaboration between 
local cation-anion complexes, global lattice symmetry and doping level 

• Two high Tc environments to realize possible Co/Ni-based high Tc

JP Hu et al, Phys. Rev. X 5, 041012 (2015) 
JP Hu and J. Yuan,  Front. of Phys., arXiv:1506.03904
JP Hu, Sci. Bull., 61, 561 (2016) arXiv:1512.09190
J.Hu and CongCong Le,  Sci. Bull. 62 212 (2017) arxiv: 1611.02835, arXiv:1702.07517 
CC Le,  SS Qin and JP Hu, arxiv:1612.03470 (2016), arXiv:1702.08304(2017)
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