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What is superconductivity? 

• A macroscopic quantum state 
with 

– Zero resistance 

– Perfect diamagnetism 

• Applications 

– MAGLEV, MRI, 
power transmission,  
generators, motors 

• Only disadvantage 

– Cooling necessary 

– Tc ≈ 150 K in high temperature 
superconductivity 

• Ultimate goal 

– Tc ≈ room temperature Superconductor 
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High temperature superconductors 

• Discovered by 
Bednorz and Müller 
in 1986 

• Highly anisotropic 

• Superconducting 
CuO planes 

Liquid 
He 

140 

100 

60 

20 

T
 [

K
] 

1920 1960 1980 1940 2000 

TIBaCaCuO 1988 

HgBaCaCuO 1993 

BiSrCaCuO 1980 

La2-xBaxCuO4 1986 

Nb=A1=Ge 

Nb3Ge 

MgB2 2001 

Nb3Su NbN 

Nb 
Hg 

Pb 

NbC 

V3Si 

YBa2Cu3O7 1987 

High temperature 
non-BCS 

Low 
temperature 
BCS 

Bednorz 

and Müller 

BCS Theory 

Liquid H2 

HgTlBaCuO 1995 



5 Managed by UT-Battelle 
 for the U.S. Department of Energy 

2D Hubbard model of 

high temperature superconductors 

HTSC: 1023 
interacting electrons 

2D Hubbard model 
for CuO planes  

DCA/QMC: 
Map Hubbard model onto 

embedded cluster 
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Algorithm and leadership computing:  

Concurrency, scaling and efficiency of DCA++ 

MPI AllReduce 

102–104 disorder configurations 

~103 Monte Carlo 
random walkers 

Performance on ORNL’s Jaguar 

2008 Gordon Bell prize winner 

for sustained performance 
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Fermion glue in the Hubbard model: 

Spin-fluctuation mediated pairing 

• Extensive simulations show that antiferromagnetic spin 
fluctuations cause electrons to join into Cooper pairs 
and cause superconductivity in the 2D Hubbard model 

T.  A. Maier, M. Jarrell, T. C. Schulthess, P. R. C. Kent, J. B. White,   

Systematic study of D-wave superconductivity in the 2D repulsive Hubbard model, 

Phys. Rev. Lett. 95, 237001 (2005) 
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Bi-layer Hubbard model — Multiple 

Fermi surfaces as in Fe-pnictides 

t⊥ = 0.5 

Fermi surface 

t⊥ = 2 

LaOFeAs

Bi-layer Hubbard model: 

— Allows to study superconductivity in system 

     with multiple Fermi surfaces 

— Leading correlations can be tuned from antiferromagnetic 

     to valence bond singlets with increasing t⊥ 
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Sign-changing s-wave superconductivity 

with high T
c 

T. A. Maier & D.J. Scalapino, preprint arXiv:1107.0401. 

s-wave transition temperature  

in bilayer Hubbard model 

Maximum d-wave transition temperature  

in 2D single-layer Hubbard model 

High Tc through large inter-layer 

spin-fluctuation pairing 

interaction and simultaneous 

avoidance of Mott quasiparticle 

degradation 

kx

k
y

(c)

x



10 Managed by UT-Battelle 
 for the U.S. Department of Energy 

Summary, conclusions, and outlook 

• Superconductivity: A macroscopic quantum effect 

• 2D Hubbard model for strongly correlated 
high temperature superconducting cuprates 

• Dynamic cluster quantum Monte Carlo simulations 
on Cray XT4/XT5 

• Superconductivity as a result of antiferromagnetic spin-
fluctuations 

• Bi-layer Hubbard model to study pairing in systems with 
multiple Fermi surfaces such as in Fe-pnictides 

• Sign-changing s-wave superconductivity in bi-layer 
Hubbard model with very high Tc. 
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