Non-orthogonal Spin-adaptation of
Coupled Cluster Methods with
Quadruple Excitations
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Why Coupled Cluster?

e CCis hierarchical, and converges to the
exact answer.
CCSD = - CCSDTQ = ... =2 FCI

e (CCtreats “electron correlation”: the
instantaneous interaction of electrons.

e CCis mathematically appealing: size
extensivity, orbital invariance, naturally

truncated (but not variational). i :
| approve! &L
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Kinetics and
thermodynamics
require very high
accuracy.

Combined methods
including CCSDTQ
generally give “sub-
chemical” accuracy:
<1 kJ/mol.
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Conformational structures
can be separated by very

small energy differences. L {Af
r‘f

High accuracy needed to s

distinguish them.

S
or ‘X z

Redinha, J.S. et al., “Crystallization: From the Conformer to the
Schnell, M. et al. Angew. Chem., 125, 2013, 5288-5292. Crystal” in Advanced topics on Crystal Growth
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Mixed Influence Hydrogen Bonded

Dispersion Bound
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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?

SCF: Exact (CC ansatz):
lgnores electron correlation, Cluster operator T excites
but still ¥90% of total energy. electrons into “virtual” orbitals.

T
Do) > e Do)
Truncating T is not exact, but improves rapidly the more you add.

T =T, +Ty +Ta+Ty+...+T,




CC ansatz Schrodinger equation

T®g)| + |H|V) = E|D)

(@ole™THeT|g) = Ece (@4 |e™ T HeT @) = 0

e Similarity transform preserves spectrum for e Determines weights (amplitudes) of T.
exactT.
* Non-linear coupled equations, requires
e BCH expansion terminates naturally at T*. iterative solution.



(Dol THET|®p) = Boe (0% |e~T He™|®g) = 0

MN\ AN \/\AMW\\AW V\AM\/\\/\\/\
NANS e \ff/\ff'/\/\
\A/@A/MVV\/\/ Vi Ve

Y ATAN /A
VYA (VRN AR v
A AT ITAVATS




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

- mn ae f - mn amn
mn

efmn efmn

Same equations as Goldstone approach, but:

 Many fewer diagrams,

e Simple, factorized equations from the get-go,

e Easily applicable to any CC or CC-like method (including EOM, gradients, etc.).
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Entire quantity
laid out on disk

AB
CD

Virtual block: fixed
values of ijkl

7/16/14

Hunk: sized to
fit in memory

Chunk: fixed
irreducible
representations

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.
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18 types of
tensor
contractions
can use
GEMM
“efficiently”
(considering
spatial
symmetry):
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Was It Worth It?



Was It Worth It? Yes!

CCSDTQ Timings (CPU sec.)  CCSDT(Q) Timings (CPU sec.)

CCSDT lIteration CCSDTQ lteration CCSDT Iteration (Q) Contribution
n, n, CFOUR MRCC  Speedup CFOUR MRCC n, n, CFOUR MRCC Speedup CFOUR MRCC
HSOH cc-pVDZ 7 29 373 285 7.6 559 34672 HSOH ce-pVTZ 7 79 222 1791 8.1 5131 169889
H,0 aug-ce-pVTZ 4 87 73 48.2 6.6 179 51442 H,0 cc-pvVQzZ 4 110 18.1 123 6.8 351 36002
HCH, Dz 10 34 8.65 68.1 79 2105*  11028° H,CH, ccpvDZ 10 62 75.2 694 9.2 2632 47912
o, aug-cc-pVDZ 9 57 145 132 9.1 5973  36994° 0, aug-cc-pVDZ 9 57 14.5 132 9.1 447 12840

FO, cc-pVDZ 13 39 322 170 53 14476  71030° FO; cc-pVDZ 13 39 322 170 5.3 739 12720
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