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Applications
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Can we have 
superconductivity at 
room temperature?
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Cuprates : Atomic structure



• Who ordered this?
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• Who is looking into this?
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A highly quantum 
mechanical problem
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Take home messages

• A detailed picture of the origin of superconductivity in 
cuprates follows from a model that takes into
account Cu, O, kinetic energy and interactions

• We need to look beyond traditional tools of solid
state physics to work this out.  
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Outline

• Method

• Three-band Hubbard model

• d-wave superconductivity in cuprates
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Method
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Dynamical Mean-Field Theory : DMFT



Localized and delocalized pictures C-DMFT

32

G−1 ij  G0
−1 ij − ij

R

k

Delocalized Localized

Gij   ddk
2d

1
inI−


k − ij



Three-band 
(Emery VSA) 
Hubbard model
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Copper and oxygen planes

35
© Nicolas Kowalski © Nicolas Kowalski



Bands : Copper-Oxygen hybridization
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Interactions : Charge-transfer insulator
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"Ionic" limiting cases with manageable sign problem
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d-wave
Superconductivity
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Three experimental observations
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There are different kinds of cuprates : All with CuO2 planes
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#1 Optimizing Tc with oxygen hole content
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Electronic structure
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Density of states
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T = 0 superconducting domes for the covalent model
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#2 Optimizing Tc with CT gap  (Oxygen as a witness)

53

Ruan et al. Sci. Bull. 61 (2016)

Kowalski, Dash, Sémon, Sénéchal, A-M.T. 
PNAS 118 ሺ40ሻ e2106476118 ሺ2021ሻO'Mahony et al. arXiv:2108.03655



Charge-transfer gap, oxygen hole content
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Copper pairing
mechanism : 
superexchange
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t
Effective model, Heisenberg: J = 4t2 /U

Spin 1/2



A cartoon strong correlation picture
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Pitaevskii Brückner: 
Pair state orthogonal to repulsive core of Coulomb interaction
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#3 Optimizing Tc with superexchange
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Bonus
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Tc and total hole concentration are not well correlated
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Bonus: total hole doping does not explain max order
parameter for the two models
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Bonus : Importance of covalency
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Summary Conclusion
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Optimizing Tc

• Spin ½
• One band
• Two-dimensions
• Strong covalency between chalchogen and transition metal. 

– Chalcogen screens U
• Charge-transfer gap just opening (intermediate interactions).
• Large J at half-filling
• … and more
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Merci
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