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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule

(Quantum) electronic energy

+

(classical) nuclear repulsion
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule

Restricted Hartree-Fock (HF)
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Dissociation of the hydrogen molecule

Restricted Hartree-Fock (HF)
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Dissociation of the hydrogen molecule

Restricted Hartree-Fock (HF)
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Dissociation of the hydrogen molecule

Restricted Hartree-Fock (HF)
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Energy (a.u.)
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Energy (a.u.)
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Multi-configurational wave function
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Multi-configurational wave function

Hartree-Fock: single configuration method
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Multi-configurational wave function
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Multi-configurational wave function
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Multi-configurational wave function
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Multi-configurational wave function
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Multi-configurational wave function
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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What did we learn?

Multi-configurational wave functions need a re-optimization of the orbitals
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Outline

@ Strong electron correlation regime

The prototypical hydrogen molecule at dissociation

o Orbital rotation in second quantization

Orbital optimisation procedure

o Complete Active Space Self-Consistent Field and beyond

General CASSCF approach, state-averaging,
multi-reference perturbation theory
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What did we learn?

Multi-configurational wave functions need a re-optimization of the orbitals

&
Multi-Configurational Self-Consistent Field (MCSCF) approach
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Multi-configurational wave functions need a re-optimization of the orbitals
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Multi-configurational wave functions need a re-optimization of the orbitals

A 0>0
|y
|9:0)) 21
o)




Multi-configurational wave functions need a re-optimization of the orbitals
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Orbital rotation
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Multi-configurational wave functions need a re-optimization of the orbitals

i_—

Orbital rotation
| 1(0)) | 0,(0))

i . T )\ 0 >0

(ol |cos —sind |9
. |(/)2(9)> |(/)l(0)>
{2l |sin@ cosO | i
oy
Matrix representation 0=0

of the rotation

39



Multi-configurational wave functions need a re-optimization of the orbitals
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Orbital rotation
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Multi-configurational wave functions need a re-optimization of the orbitals
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Orbital rotation
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Multi-configurational wave functions need a re-optimization of the orbitals
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Multi-configurational wave functions need a re-optimization of the orbitals
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Spin-orbital rotation operator in second quantization

Lp(0) =€ | pp)
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Spin-orbital rotation operator in second quantization

| pp(0)) =

Rotation operator
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Spin-orbital rotation operator in second quantization
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Spin-orbital rotation operator in second quantization

Single operator that rotates any spin-orbital

v
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Spin-orbital rotation operator in second quantization

Single operator that rotates any spin-orbital

Applies also to Slater determinants
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Spin-orbital rotation operator in second quantization

Single operator that rotates any spin-orbital

Applies also to Slater determinants

Applies also to multi-configurational wave functions

v
v
v
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Spin-orbital rotation operator in second quantization

Applies also to multi-configurational wave functions 0
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Spin-orbital rotation operator in second quantization

Applies also to multi-configurational wave functions
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Spin-orbital rotation operator in second quantization

Applies also to multi-configurational wave functions
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Spin-orbital rotation operator in second quantization

Applies also to multi-configurational wave functions
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Spin-orbital rotation operator in second quantization

Applies also to multi-configurational wave functions
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Spin-orbital rotation operator in second quantization

Applies also to multi-configurational wave functions Q

Initial Cl wave function
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Energy minimisation

E=(cV|H|e )= E0)
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Energy minimisation

E = ﬁ| e W) = E0)

= (V| ¢ He” | P)
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Energy minimisation
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Energy minimisation
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Energy minimisation
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Energy couplings with
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Energy minimisation
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Energy minimisation
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Energy minimisation

At convergence
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Energy minimisation

At convergence

(Generalized) Brillouin theorem
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Dissociation of the hydrogen molecule
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Outline

@ Strong electron correlation regime

The prototypical hydrogen molecule at dissociation

@ Orbital rotation in second quantization

Orbital optimisation procedure

o Complete Active Space Self-Consistent Field and beyond

General CASSCF approach, state-averaging,
multi-reference perturbation theory
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Multi-Configurational Self-Consistent Field (MCSCF)

ooooooooooooooooo
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Multi-Configurational Self-Consistent Field (MCSCF)

6=y 6y (a;aQ - aTQaP)
P<Q @r
Ps
Pr
Py Pp
9 TA ‘ Pk
@ @y

Pc ...

Pp

68



Multi-Configurational Self-Consistent Field (MCSCF)

6=y 6y (a;aQ - aTQaP)
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Multi-Configurational Self-Consistent Field (MCSCF)

6=y 6y (a;aQ - aTQaP)
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Pc ...

Pp
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Multi-Configurational Self-Consistent Field (MCSCF)

[...]

If FCI within the active spin-orbital space: Complete Active Space SCF (CASSCF)
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Multi-Configurational Self-Consistent Field (MCSCF)

[...]

If FCI within the active spin-orbital space: Complete Active Space SCF (CASSCF)

Several (ground and excited) states can be computed simultaneously
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Multi-Configurational Self-Consistent Field (MCSCF)

[...]

With the same set of orbitals!
P

Several (ground and excited) states can be computed simultaneously
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Multi-Configurational Self-Consistent Field (MCSCF)

[...]

E0)= Y (¥l He ' |¥,)
;;i

Several (ground and excited) states can be computed simultaneously
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Multi-Configurational Self-Consistent Field (MCSCF)

[...]

EO) = Z S¥ e+é[fle_é P, < State-averaged CASSCF
S
/‘\

Several (ground and excited) states can be computed simultaneously
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Multi-Configurational Self-Consistent Field (MCSCF)
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Post-MCSCF treatment
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Multi-Reference Perturbation Theory
through second order (MRPT2)

We know from textbook perturbation theory that
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Multi-Reference Perturbation Theory
through second order (MRPT2)

We know from textbook perturbation theory that

I 2
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E = Eycscr + Z Z Z
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Eperturber” with energy %l)

Clearly identified in single reference MP2: double excitation
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Multi-Reference Perturbation Theory
through second order (MRPT2)

We know from textbook perturbation theory that

I 2
(0,1 A Pyescr) |

E = Eycscr + Z Z Z
Yil®yescr MCSCF :

W

Eperturber” with energy %l)

Clearly identifie reference MP2: double excitation

Not in a multi-reference context!
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Multi-Reference Perturbation Theory
through second order (MRPT2)

We know from textbook perturbation theory that

. 2
(0,1 A Pyescr) |
E = Eycscr + Z Z Z
¥ 1Wioscr MCSCF @i

A4
ﬁperturber” with energy %D

You can use CASPT2% or NEVPT2®, or GWWPT2E, or ...

9K. Andersson, P Malmqvist, B. O. Roos, A. J. Sadlej, and K. Wolinski, J. Phys. Chem. 94, 5483 (1990).
be. Angeli, R. Cimiraglia, S. Evangelisti, T. Leininger, and J.-P. Malrieu, J. Chem. Phys. 114, 10252 (2001).
°Y. G. Khait, J. Song, and M. R. Hoffmann, J. Chem. Phys. 117, 4133 (2002).
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Multi-Reference Perturbation Theory
through second order (MRPT2)

We know from textbook perturbation theory that

O 2
‘ (V| H] ‘PMCSCFM
E = Eycscr + Z

) E _Z.
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£ 0

Contributing perturbers ‘I~’i overlap with H TMCSCF
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N-Electron Valence state Perturbation Theory (NEVPT2)

Singles Singles and doubles
. /’“\ 1
H|¥yicscr) = ZhPQd;aAQ+5 Z (pppo | & | preps) &;&TQ&S&R | Wncscr)
PQ PORS
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N-Electron Valence state Perturbation Theory (NEVPT2)

Singles Singles and doubles
/"*\ 1
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PQ PORS
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: : P4 @p @c Pp .]— n-electron
° LTI AU . valence state
e © © 0 0 0 o ..
° —.— Pk :
9 .
o A first class of perturbers
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N-Electron Valence state Perturbation Theory (NEVPT2)

Singles Singles and doubles
/"‘\ 1
H|¥yicscr) = Z hPQ&;)&Q'l'E Z (pppo | & | preps) &;&TQ&S&R | Wncscr)
PQ PORS
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J R
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N-Electron Valence state Perturbation Theory (NEVPT2)

Singles Singles and doubles

77N
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Dissociation of the hydrogen molecule
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