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Superconductivity: a state of matter with zero
electrical resistivity
Discovery 1911
Heike Kamerlingh Onnes (1853-1926)

Superconductor repels magnetic field
Meissner and Ochsenfeld, Berlin 1933

Microscopic Theory for Superconductivity 1957

BCS Theory generally accepted in the early 1970s
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Progress has been made in numerous
areas relevant to applications
Highest transition temperature (Tc) observed in a superconductor still at 150K
No predictive power for Tc in known materials
No predictive power for design of new SC materials
No explanation for other unusual properties of
cuprates (pseudogap, transport, ...)
Only partial consensus on which materials aspects are
essential for high-Tc superconductivity
No controlled solution for proposed models

Bednorz
and Müller

The role of inhomogeneities
a Underdoped

Stripes in neutron scattering:
Tranquada et al. ’95,
Mook et al., ’00, ...

Random SC gap
modulations in STM
(BSCCO):
Lang et al. ‘02

20 meV

b As grown

Random gap
modulations above Tc
(BSCCO):
Gomes et al. ‘07

Charge ordered
“checkerboard” state
(Na doped cuprates):
Hanaguri et al. ‘04

64 meV

ant to resolve the two energy scales in underdoped samples. Further
work is required to establish firmly whether the ‘kink’ energy in STM
spectra is related to pairing in these samples.
Our ability to visualize the development of gaps and the loca
pairing hypothesis, which we have established quantitatively on
optimal and overdoped samples provides a microscopic picture with
which to understand several key aspects of the copper oxide phase
diagram. In Fig. 5, we summarize our observations of the spatially
inhomogeneous development of the gaps with a colour plot showing
the percentage of areas that are gapped as a function of temperature

Is there “superconductivity” at higher
temperatures but shorter length-scales?
Gomez et al., Nature 447, 569 (2007)
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Figure 5 | Schematic phase diagram for Bi2Sr2CaCu2O81d. Temperatures
and doping levels where large area gap maps were obtained are indicated by
points. The colours are the percentage of the sample that is gapped at a given
temperature and doping as measured in the gap maps. The Tp, max line is the

Reminder: microscopic motivation for the
2D Hubbard model
CuO‐planes

2D Hubbard Model

Basic proper+es:
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The challenge: a (quantum) multi-scale problem
Antiferromagnetic
correlations / nano-scale
gap fluctuations

Thurston et al. (1998)

Superconductivity
(macroscopic)

N~

On-site Coulomb
repulsion (~A)

complexity ~

N
4

Gomes et al. (2007)

23
10

Quantum cluster theories

Maier et al., Rev. Mod. Phys. ’05

Antiferromagnetic correlations /
nano-scale gap fluctuations
Thurston et al. (1998)

Superconductivity
(macroscopic)

On-site Coulomb
repulsion (~A)

Explicitly treat
correlations within a
localized cluster

Gomes et al. (2007)

Coherently embed cluster into effective medium

Treat macroscopic
scales within meanfield

Systematic solution and analysis of the pairing
mechanism in the 2D Hubbard Model

•

First systematic solution demonstrates existence of a superconducting transition in
2D Hubbard model Maier,et al., Phys. Rev. Lett. 95, 237001 (2005)

Tc ~ 0.025 t ~ 100 K
Would disorder reduce it to much smaller values?

•

Study the mechanism responsible for
pairing in the model

-

Analyze the particle-particle vertex
Pairing is mediated by spin fluctuations
Maier, et al., Phys. Rev. Lett. 96 47005 (2006)

‣ Spin fluctuation “Glue”

Green’s functions in quantum many-body theory
!
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Noninteracting Hamiltonian &
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Fourier transform & analytic continuation:
Hubbard Hamiltonian
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Hide symmetry in algebraic properties of field operators
Green’s function
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DCA method: self-consistently determine the
“effective” medium
Maier et al., Rev. Mod. Phys. ’05
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Introducing disorder into the calculations

..
.

Vi ∈ {V, 0}

Ui ∈ {U + ∆U, U − ∆U }

..
.
random walkers

Nc = 16 → Nd = 216

QMC cluster
solver

required
communica8on
disorder
conﬁgura8ons

DCA cluster
mapping

Nd
!
1
Gνc (Xi , Xj , z)
Gc (Xi − Xj , z) =
Nc ν=1

Computations with disorder averaging requires
factor 100-1000 more performance

Hirsch-Fye Quantum Monte Carole (HF-QMC) for
the quantum cluster solver Hirsch & Fye, Phys. Rev. Lett. 56, 2521 (1998)
Partition function & Metropolis Monte Carlo Z =

!

Acceptance criterion for M-MC move:

min{1, eE[xk ]−E[xk+1 ] }

Partition function & HF-QMC:

Z∼

!
si ,l

matrix of dimensions Nt × Nt

Acceptance:

e−E[x]/kB T dx

det[Gc (si , l)
Nc

−1

]

Nl ≈ 102
Nt = Nc × Nl ≈ 2000

min{1, det[Gc ({si , l}k )]/ det[Gc ({si , l}k+1 )]}

Update of accepted Green’s function:
Gc ({si , l}k+1 ) = Gc ({si , l}k ) + ak × bk

HF-QMC with Delayed updates (or Ed updates)
Gc ({si , l}k+1 ) = Gc ({si , l}k ) + ak × btk

t

Gc ({si , l}k+1 ) = Gc ({si , l}0 ) + [a0 |a1 |...|ak ] × [b0 |b1 |...|bk ]

2
O(kN
Complexity for k updates remains
t)

But we can replace k rank-1 updates with one matrix-matrix multiply plus
some additional bookkeeping.

Performance improvement with delayed updates
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MultiCore/GPU/Cell: threaded programming
Multi-core processors: OpenMP (or just MPI)
NVIDIA G80 GPU: CUDA, cuBLAS
128 streaming processors
350 usable GFlop/s at 575 MHz
100 GB/s internal memory bandwidth
CUDA runtime API
cuBLAS (single precision)

IBM Cell BE: SIMD, threaded prog.

DCA++ speedup on GPU

Meredith et al., Par. Comp. 35, 151 (2009)

Speedup of HF-QMC updates (2GHz Opteron vs. NVIDIA 8800GTS GPU):
- 9x for offloading BLAS to GPU & transferring all data
(completely transparent to application code)
- 13x for offloading BLAS to GPU & lazy data transfer

GDDR3 DRAM at 2GHz (eff)

Nor
brid th
ge

PC
Ie x

16

GPU

slo

t

t

bu

slo

I-E
xpr
ess

16

PC

PC
Ie x

s

CPU
FSB

- 19x for full offload HF-updates & full lazy data transfer
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DCA++ with mixed precision
Run HF-QMC in single precision
HF‐QMC cluster
solver

DCA cluster
mapping

Keep the rest of the code, in particular
cluster mapping in double precision

Performance improvement with delayed and
mixed precision updates
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DCA++ code from a concurrency point of view
Shared memory or data parallel model
..
.

pthread / CUDA

up to 103 Markov
chains

..
.
random walkers

QMC cluster
solver

MPI AllReduce
MPI Broadcast

disorder
conﬁgura8ons

DCA cluster
mapping

Problem of interest:
~102 - 103 disorder
configurations
MPI AllReduce

Distributed memory model

Cray XT5 portion of Jaguar @ NCCS

Peak: 1.382 TF/s
Quad-Core AMD
Freq.: 2.3 GHz
150,176 cores
Memory: 300 TB
For more details, go to
www.nccs.gov

Sustained performance of DCA++ on Cray XT5
Weak scaling with number disorder configurations, each running on 128 Markov chains on
128 cores (16 nodes) - 16 site cluster and 150 time slices

51.9% efficiency

Enhancement of simulation capability since 2003

Cray XT3
Single-core
26 TF
Cray XT3
Dual-core
54 TF

Cray XT5
8-core, dual-socket
2018
SMP
1.4 PF
2015
Cray XT4 Quad-300 TB, 10 PB
core
263 TF
2011
62 TB, 1 PB
Cray XT4
2009
119 TF
2008
Effects of disorder and impurities in the

Cray X1e
18.5 TF
Cray X1
3 TF

2006
2005

2004

QMC/DCA
~ 1 TF

2007

QMC/DCA
~ 6 TF

QMC/DCA
~ 25 TF

Hubbard model
DCA++ (mix.) sustains 1,350 TF

DCA++ kernel (sgl.) sustains ~ 260 TF
DCA++ (dbl.)
~ 140 TF

GPU work motivates mixed
precision QMC/DCA

Pairing mechanism in 2D Hubbard model

HF-QMC with Delayed updates
“Discover” Bets-clusters - Hubbard model has superconducting transition

The DCA++ Story:
How new algorithms, new computers, and innovative
software design allow us to solve real simulation
problems of high high temperature superconductivity
Team members and their background

Models,
Methods,
& Implementation
Map to Hardware
Operations
System design
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Questions / Comments?

