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What is superconductivity?

* A macroscopic quantum state
with
— Zero resistance
— Perfect diamagnetism
* Applications

— MAGLEV, MR,
power transmission,
generators, motors

* Only disadvantage
— Cooling necessary

— T,=150 K in high temperature
superconductivity

- Ultimate goal
— T, =room temperature
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High temperature superconductors

* Discovered by
Bednorz and Muller
in 1986

» Highly anisotropic

* Superconducting
CuO planes
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2D Hubbard model of

high temperature superconductors

HTSC: 105 2D Hubbard model
interacting electrons for CuO planes
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DCA/QMC:
Map Hubbard model onto
embedded cluster
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Solve effective cluster
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Algorithm and leadership computing:
Concurrency, scaling and efficiency of DCA++
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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)

T. A. Maier, M. S. Jarrell, and D. J. Scalapino, Structure of the pairing interaction
in the two-dimensional Hubbard Model, Phys. Rev. Lett. 96, 047005 (2006)

T. A. Maier, M. Jarrell, and D. J. Scalapino, Pairing interaction in the two-
dimensional Hubbard model studied with a dynamic cluster quantum Monte

Carlo approximation, Phys. Rev. B 74, 094513 (2006)

T. A. Maier, M. Jarrell, and D. J. Scalapino, Spin susceptibility representation of
the pairing interaction for the two-dimensional Hubbard model, Phys. Rev. B 75,

134519 (2007)

T. A. Maier, D. Poilblanc, and D. J. Scalapino, Dynamics of the
pairing interaction in the Hubbard and t-J models of high-

temperature superconductors, Phys. Rev. Lett. 100, 237001 (2008)
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Random disorder due to dopant atoms
reduces T_ in Hubbard model

McElroy et al., Science 309
1048 (2005}

Introducing disorder into DCA
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- Petascale simulations show
that dopant atom—induced
disorder reduces T.in the
Hubbard model, but only by
about 20%




Stripe-like charge density inhomogeneity
enhances superconductivity

* Charge- and spin-density-
wave stripes form at 1/8
doping in LaBaCuO cuprate
material

* Experiments have found that
superconductivity is
optimized in some respect in Q=4 (onestip)) Q=2 (two stipes)
striped phase of cuprates | o

* High-end simulations show
that superconductivity is

significantly enhanced in < =
Hubbard model with stripe- vy
like charge-density V,=06

inhomogeneity b g S -
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T. A. Maier, G. Alvarez, M.S. Summers, and T.C. Schulthess, Dynamic Cluster Quantum Monte Carlo Simulations
of a Two-Dimensional Hubbard Model with Stripelike Charge-Density-Wave Modulations: Interplay between
Inhomogeneities and the Superconducting State, Phys. Rev. Lett. 104, 247001 (2010) T
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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

* Random dopant atom—induced disorder reduces T,

- Stripe-like charge-density-wave inhomogeneity
significantly enhances T,
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