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Summary

Advanced scientific computations have revealed that a microscopic model commonly used to describe high-temperature superconductors does not contain enough ingredients.
Despite years of active research, the understanding of superconductivity in the high-temperature cuprate superconductors (HTSC) remains one of the most important outstanding problems in materials science. In the superconducting state of a material, electrons pair up to form so-called Cooper-pairs, allowing them to condense into a coherent macroscopic quantum state in which they conduct electricity without resistance. 

While conventional superconductors are well understood, the pairing mechanism in HTSC is believed to be of entirely different nature. Strong correlations between electrons were realized to play a crucial role in HTSC. Hence, models describing itinerant correlated electrons, in particular the two-dimensional Hubbard model (see Fig.1), are believed to capture the essential physics of the CuO2 planes of HTSC. Despite intensive studies however, this model remains unsolved.  

 A recent concurrence of new algorithmic developments and significant improvements in computational capability has allowed us to carry out massively parallel computations for the two-dimensional Hubbard model and thus has opened a clear path to solving the quantum many-body problem for HTSC. The solution of this model in the thermodynamic limit requires an approximation scheme. Within the Dynamical Cluster Approximation (DCA) we take advantage of 
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Figure 1: Crystal structure of YBa2Cu3O5 and two-dimensional Hubbard model of the hole-doped CuO2 planes, with nearest-neighbor hopping t and on-site Coulomb interaction U.

the short-ranged character of correlations in the cuprates to map the system onto an effective cluster which itself is embedded in a mean-field. Runs with small, four atom clusters on the IBM p690 at the Center for Computational Sciences (CCS) show that the model indeed reproduces the antiferromagnetic and superconducting phases as well as the exotic normal state behavior observed in the cuprates. 

 An apparent violation of the Mermin-Wagner theorem, according to which no magnetically ordered phases are allowed in the two-dimensional Hubbard model at finite temperatures, is a consequence of the small cluster size used in the simulations. In the real cuprates, the third dimension introduces a weak coupling between the CuO planes that recovers the ordering.
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Figure 2: Runtimes for a series of QMC/DCA production runs for different cluster sizes (problem sizes).

  The scale of the computation increases dramatically with larger cluster size necessitating high performance computing resources. With the advent of the Cray X1 at the CCS, we were able to perform computations with significantly larger clusters. Due to mainly its high memory bandwidth, the X1 provides well over an order of magnitude increase in capability per processor (see Fig.2). Recent runs on the Cray X1 show indeed that in simulations with larger cluster sizes antiferromagnetic order is suppressed and thus the Mermin-Wagner theorem is recovered in the infinite size cluster limit.

  Superconductivity however may exist as unconventional, Kosterlitz-Thouless-type order and as such is excluded from the Mermin-Wagner theorem. Large scale computations for the pair-field susceptibility (see Fig. 3), an indicator for pairing, however
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 Figure 3: Temperature dependence of the inverse pair-field susceptibility, the quantity that indicates a superconducting phase transition when going through zero, for different cluster sizes Nc. The solid lines are fits with the expected behavior. The inset shows the low-temperature region.

show that the superconductivity found in the 4-site cluster is suppressed in larger clusters. Extrapolations in temperature with the expected behavior of this quantity predict negative transition temperatures for cluster size larger than four. While the four-site cluster results remain an excellent description of HTSC, our larger cluster results indicate that the widely used two-dimensional Hubbard model lacks some basic ingredients necessary for the description of HTSC. Possibilities include lattice degrees of freedom, frustration, disorder or a dynamical coupling in the third dimension. 
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