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Hartree-Fock (or KS-DFT) single-configuration picture
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“dynamical” electron correlation
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Potential energy curve of the hydrogen molecule
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Potential energy curve of the hydrogen molecule
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Potential energy curve of the hydrogen molecule

(Quantum) electronic energy
+
(classical) nuclear repulsion
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Energy (a.u.)
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Energy (a.u.)

Potential energy curve of the hydrogen molecule
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Energy (a.u.)
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(Restricted) HF wave function of the hydrogen molecule

A
M P16 Bonding orbital

8

|V

1
(X, X)) = — ((ma dXDP16, J (X)) = @15, (XD)P1, ﬁ(Xl))
V2 o S

1
= 916, DP5,(T2) X NG (501a502ﬂ B 5oza5alﬂ>

13



(Restricted) HF wave function of the hydrogen molecule

A
M P16 Bonding orbital
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(Restricted) HF wave function of the sireiched hydrogen molecule
in a minimal basis
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(Restricted) HF wave function of the sireiched hydrogen molecule
in a minimal basis
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Near-degeneracy issues
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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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Multi-configurational wave function
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Multi-configurational wave function
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Complete Active Space CI (CASCI)
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Complete Active Space CI (CASCI)
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M active spin-orbitals
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M active spin-orbitals

Complete Active Space CI (CASCI)
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M active spin-orbitals
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M active spin-orbitals
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M active spin-orbitals
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M active spin-orbitals

Complete Active Space CI (CASCI)
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M active spin-orbitals

Complete Active Space CI (CASCI)
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Diagonalization of the CASCI Hamiltonian matrix
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Diagonalization of the CASCI Hamiltonian matrix

HC = ECASCIC

A

Ground- (n = 0) or excited- (n > 0) state energy
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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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Dissociation of the hydrogen molecule

-0.75

-1.15

-1.2

H, (1 1Zg+, aug—cc—pVQZ)

FCl ——
. HF -_
cisp2/2 ——

i 1
[5 (10,002,002 200, ) +9A<r2> +[r, ), )
_ I

\ _

\/5

N

Residual
error

Hydrogen atoms are not in their ground state!

4

5

Interatomic distance (a.u.)

6 7 8 9 10

47



Important conclusion

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

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

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

|y

Hartree-Fock orbitals

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

)\ 0>0

HF

|¢2(@)> |§01(9)>

| ;')




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

t—

Orbital rotation

| 92(0))
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Multi-configurational wave functions need a re-optimization of the orbitals

(91|
(9|

| p1(0))

| (0))
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Matrix representation

cos@_

of the rotation

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

t—_

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

(91|
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| p1(0))

| 92(0))
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_siné’

cos@_

i._—

Orbital rotation
;£ Y
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anti-hermitian!
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K(0) = — k(6)

95



Spin-orbital rotation in second quantization

“Unrotated” determinant | (Dc§> =ad PICZA;Z. : &;N| V&C)
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Spin-orbital rotation in second quantization

“Unrotated” determinant |(D<§> =d A;I ";f)z A;Nl VaC>

11 ) H AT AT
Rotated” determinant | (Dé:(K» P1 () P2(1<) PN(K) | V&C)
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Spin-orbital rotation in second quantization

“Unrotated” determinant |(D§> =d A;I A;Z A;Nl VaC>

(1 b} H AT AT
Rotated” determinant | (Dé:(K» P1 ) PZ(K) PN(K) | VaC>

= e"%|(1)§)

I

Same operator oo
for all the determinants! —
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Spin-orbital rotation in second quantization

“Unrotated” determinant |(D§> =d A;I Az,z A;Nl V&C)

11 ) H AT AT
Rotated” determinant | (Dé:(K» P1 () PZ(K) PN(K) | VaC>
=€ _/K\| D)

If we use real algebra... K= Kpo <apaQ
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Optimisation of the ground-state CASSCF wave function

PASE) = = ) | @) = | (D)
EeCAS

\,
A

={{we}, A} )

Variational parameters
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Optimisation of the ground-state CASSCF wave function

PAST) = =0 ) C1®g) = [¥()
EeCAS

ZE { {KPQ}P<Q’ {Cg}éecAs}

Ey T = min(W() [ H WD)
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Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule

Energy (a.u.)
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Spin-orbital rotation in the vicinity of the minimizing CASSCF wave function

W) = e | WESST)
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Spin-orbital rotation in the vicinity of the minimizing CASSCF wave function

W) = e | WESST)

. A k=0 A
EOCASSCF — mln(\P(K) |H| \P(K» — <\I;(()3ASSCF|H| \PgASSCF>
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Spin-orbital rotation in the vicinity of the minimizing CASSCF wave function

W) = e | WESST)

. A k=0 A
EOCASSCF — 1’IllIl<‘P(K) |H| \P(K» — <\P(()3ASSCF|H| \PgASSCF>

W

() | H| ¥(x))
0kpp

—— T

66



Spin-orbital rotation in the vicinity of the minimizing CASSCF wave function

Will be investigated further during the exercise session...

Generalised (P (x) | H | P(x))

Brillouin theorem

0KPQ

— —
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Complements
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Spin-orbital rotation in first quantization

[ Pp) = D, U op() | 9
9,

\/
Uop() = (e7) ,
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Spin-orbital rotation in first quantization

[ Pp) = D, U op() | 9
9,

&/
Uop() = (e7) ,

(KT)pQ = (_K)PQ = KSP = ~Kpg
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Spin-orbital rotation in second quantization

| @p()) = Z (e_K)QP|§0Q>

A
Vo N _K Vo

_ P W
aP(K) =€ ape where Z Kpp dpdg

D
|l
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|W(x)) = e—kl\PgASSCF> = (1_,34_.__) |\PgASSCF> =|1- z Kpo &;&Q + .. |\P(()3ASSCF>

active-virtual

Kay

Inactive-active

Kur

Pc
?Pp

P4

@

@1

PQ

inactive-virtual

KBy
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State-Averaged CASSCF orbitals

| \CASSCF
{l‘Pn(K»_e ks >}n:O,1,2,...

73



State-Averaged CASSCF orbitals

| \CASSCF
{l‘Pn(K»_e ks >}n:O,1,2,...

Variational principle for an ensemble of ground and excited states:

D w,E, < > w (P, H|P,)

Wo> W >Wy>... 20

n
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State-Averaged CASSCF orbitals

=K CASSCF
{ |lI’n(K)> =€ |‘Pn >}n=O,1,2,...

Y/

) = argmin, { Z w, (¥, | H| P, () }
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