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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

2 =0.75 T T

H, (1 1zg+, aug—-cc-pVQ2)

FCl ——
08 | HF ——
MP2 ——
-0.85 |

[Energy (a.u.)}

-1.05

~1.1

-1.15

1.2 ' '

4 5 6 7
Interatomic distance (a.u.)

10



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
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Analysis of the Hartree-Fock wave function
In a minimal basis
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Analysis of the Hartree-Fock wave function
In a minimal basis
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(Restricted) ground Hartree-Fock determinant
in the dissociation limit
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H, (1 129+, aug-cc—-pVQJ2)
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How to fix the problem
while preserving spin symmetry?
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(Restricted) doubly-excited Hartree-Fock determinant
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Multiconfigurational description
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Multiconfigurational description
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Near-degeneracy issues

Ho
0.1 |

. A S,
s Y7 A 1
S,
n —0.1 Tee Ll |
R e
2
o —0.2 ¢ HOMO-LUMO ]
o energy gap
s —-03 -
5
© —-04 -
S
=

—0.5 _
o
E _06 620'9 ------ 7

€lo, ~"""""
—0.7 ' '
8 9 10
Equilibrium distance Bond distance (atomic units)

20



~1.15

-1.2

H, (1 129+, aug-cc—-pVQJ2)

FCl ——
. HF ——

Hartree-Fock (HF)
N

Strong
{ correlation

4 5 6 7 8 9
Interatomic distance (a.u.)

10

21



General multi configurational approach
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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

— Py

Pc
Pp

— P4

— Py

Px
Pw
Py

—@®— %k
+¢J
—@— ¥

Complete Active Space CI (CASCI)

PN

N active electrons

occupied

I1 4

1

:

nU+nv+ e +I’lY=N

| \PCASCI> — (i)Zm Z

(nystys. ...ny)E(0,1}Y

T —

25



M active spin-orbitals

Complete Active Space CI (CASCI)
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Restricted Active Space CI (RASCI)
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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

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

Complete Active Space CI (CASCI)
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Dissociation of the hydrogen molecule

Energy (a.u.)

-0.75

-1.05

~1.1

-1.15

-1.2

H, (1 129+, aug—cc—pVQ2)

fCISD 2/2§ —

FCl ——
HF ——

e,

4 5 6 7 8 9
Interatomic distance (a.u.)

10

33



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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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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Important conclusion

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

¥
Multi-Configurational Self-Consistent Field (MCSCF) approach

W

CASSCF, RASSCF
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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
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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
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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
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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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Spin-orbital rotation in second quantization

“Unrotated” determinant |(D§> =d A;I ,\;2 A;Nl VaC>

11 ) H AT AT
Rotated” determinant | (Dé:(K» P1 () PZ(K) PN(K) | V&C)

=e _/K\| D)
If we use real algebra... = Z Kpo <&;&Q — CII\TQ&p> =
P<Q

50
See BONUS exercises for a detailed proof



Dissociation of the hydrogen molecule
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Dissociation of the hydrogen molecule
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Complements
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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
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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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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
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@
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PQ

inactive-virtual
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State-Averaged CASSCF orbitals

| \CASSCF
{l‘Pn(K»_e ks >}n:O,1,2,...
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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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