
Non-orthogonal Spin-adaptation of 
Coupled Cluster Methods with 

Quadruple Excitations 

7/16/14 2014 CSGF Program Review 1 

Devin A. Matthews, John F. Stanton 



Why Coupled Cluster? 
• CC treats “electron correlation”: the 

instantaneous interaction of electrons. 
 

• CC is hierarchical, and converges to the 
exact answer. 
 

• CC is mathematically appealing: size 
extensivity, orbital invariance, naturally 
truncated (but not variational). 
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I approve! 
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Kinetics and 
thermodynamics 
require very high 
accuracy. 

Combined methods 
including CCSDTQ 
generally give “sub-
chemical” accuracy: 
< 1 kJ/mol. 

Nguyen, T. et al., unpublished 
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Conformational structures 
can be separated by very 
small energy differences. 
 
High accuracy needed to 
distinguish them. 

Redinha, J.S. et al., “Crystallization: From the Conformer to the 
Crystal” in Advanced topics on Crystal Growth Schnell, M. et al. Angew. Chem., 125, 2013, 5288–5292. 
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Quadruple excitations 
(CCSDTQ) can account for 
a significant fraction of 
the binding energy for 
some complexes. 
 
 
High accuracy is needed 
for even qualitative 
description of the 
binding. 



CCSD 

CCSDTQ 

“missing” 

Ψ ~ |C1> ± |C2>  
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Multireference 
(radical) systems 
don’t fit well with a 
single-reference 
method. 
 
Adding excitations 
helps to fill in 
“missing” portions of 
the configuration 
space. 
 
Real multireference 
CC methods are still in 
development. 



What is Coupled Cluster? 
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SCF: 
Ignores electron correlation, 
but still ~90% of total energy. 

Exact (CC ansatz): 
Cluster operator T excites 

electrons into “virtual” orbitals. 

Truncating T is not exact, but improves rapidly the more you add. 



7/16/14 2014 CSGF Program Review 8 

+ 
CC ansatz Schrödinger equation 

• Similarity transform preserves spectrum for 
exact T. 
 

• BCH expansion terminates naturally at T4. 

• Determines weights (amplitudes) of T. 
 

• Non-linear coupled equations, requires 
iterative solution. 



7/16/14 2014 CSGF Program Review 9 

… 



Non-orthogonal Spin-adaptation 
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Spin-orbital (Brandow) 

Orbital (Goldstone) 

Yuck! 
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Spin-orbital (Brandow) Orbital (NOSA) 

Same equations as Goldstone approach, but: 
• Many fewer diagrams, 
• Simple, factorized equations from the get-go, 
• Easily applicable to any CC or CC-like method (including EOM, gradients, etc.). 



Nuts and Bolts - CCSDTQ 
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AB 
CD 

• Minimize disk I/O and other 
operations (permutation, spin-
summation) by fitting as many ABC or 
ABCD blocks in memory as possible. 
 

• Sort blocks by spatial symmetry so 
that non-matching blocks can be 
skipped. 
 

• Use indices specified in each 
contraction to determine which 
blocks can match up. 
 

• Use GEMM on the dense tensor ABC, 
ABCD, F, V, etc. parts. 
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18 types of 
tensor 
contractions 
can use 
GEMM 
“efficiently” 
(considering 
spatial 
symmetry): 



Was It Worth It? 
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Was It Worth It? 
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Yes! 



Thanks! 
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