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Resolution of the Schrödinger equation of
interacting quantum objects

electrons nucleons
Collective nuclear

motions
(rotation/vibration)

distinguishable

common
methodological

strategy

perturbation
variation (SCF / CI)

undistinguishable

permutational symmetry
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in press
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  spectroscopic information is still sparse for many other molecules

   HITRAN data base collects lines in atmospherical absorption windows

HIgh-resolution TRANsmission molecular absorption 

HITRAN-2004:  > 1.7 millions of spectral lines for 37 molecules

  fitted spectroscopic parameters may be biased and extrapolations can be
     hazardous

  Global fits are performed on isotopologues of acetylene 
           (> 15000 lines for C13CH2)

Fayt et al, JCP 126 (2007) 114303

a real challenge for theory
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Variational treatment of N interacting objets

  1object b.s.    

symmetrized tensor 
product N objects b.s.

diagonalization 
of the CI matrix

« configurations »

1 object b.s. with
effective coupling

Mean field
SCF

truncation
Goal:   obtain optimized b.s. 
       → better convergence of CI

SCF / CI
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!! 1 variational space / mode

vibrational VSCF

product of modals



MCSCF / MRCI
CASSCF / MRCI

= standards of Quantum Chemistry

Electrons

Vibrations
VMCSCF F. Culot and J. Liévin, Theoret. Chim. Acta  89, 227 (1994) 
VCASSCF      F. Culot, F. Laruelle and J. Liévin, Theoret. Chim. Acta  92, 211 (1995) 

super-CI algorithm based on the generalized Brillouin theorem

Analysis of vibrational resonances
Analysis of stretch-bends couplings in water and acetylene
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VSCF VCI

Hierarchical coupling  
Mean field optimization 

Energy truncation

        VMFCI
Vibrational Mean Field Configuration Interaction

P. Cassam-Chenaï and J. Liévin, Int. J. Quantum Chem. 93, 245 (2003)
P. Cassam-Chenaï and J. Liévin, J. Comput. Chem. 27, 608 (2006)

compact VCI
functions



The VMFCI method
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J= 0 Hamiltonian of an n-oscillator system :

Contraction of the n modes into q sets I1, I2,…, Iq of p1, p2, …, pq modes:
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Each contraction is described by a product basis set:
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Partial Hamiltonian for contraction Ij:

Mean-field Hamiltonian for Ij: 

Reference state for the mean-field

This Hamiltonian is diagonalized on the full product basis set of Ij  

Mean-field treatment for contraction Ij:



n-modes mean-field calculation:  successive application of the mean-field
treatment to each contraction I1, I2,…, Iq

VSCF calculation:   iterate the n-modes mean-field treatment until
convergence

VMFCI calculation:
apply the above mean-field (or SCF) approach to a set of succesive
n-modes contractions.

The last contraction step correspond to the full-CI.



The VMFCI method is implemented in the
fortran 95 CONVIV program

  Watson Hamiltonian in normal coordinates

  Polynomial form of the potential and Morse terms

  Harmonic oscillator basis sets



Example for water
{1}  

sym. stretch
{3}  

anti-sym. stretch
{2}  
bend

{1} , {2 ,3}  {1, 3} , {2}  *

 {1} ,  {2} , {3} VSCF

{ 1  ,  2  ,  3 } VCI

{1, 2} , {3} VMFCI

*  Notation:     { { {1}∞ , {3}∞ }∞  , {2}∞ }



Isotopologues of methane:

CH4 , CD4 , CT4 , 13CH4 Td 4 modes

CH3D , CD3H C3v 6 modes

CH2D2  C2v 9 modes

CH4



Fundamental frequencies of the isotopologues of
methane
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Methane CH4 

ν1 ν2

ν4

ν3

stretchs

bends



    a1        e            f2            f2
 {1}∞ ,{2,3}∞, {4,5,6}∞, {7,8,9}∞ 10 HOs / degree 

of freedom

Best contraction scheme for CH4

Energy 
truncations δ1 δ2 δ3 δtot

Final basis set size4000  < <  16000

convergence to the cm-1

   { {1}∞ , {4,5,6}∞  }∞   ,   {2,3}∞  ,  {7,8,9}∞

  { { {1}∞ , {4,5,6}∞  }∞ , {2,3}∞ ,  {7,8,9}∞  }

MSP step
(minimal
symmetry

preserving step)



4x              40            41             exp. PES: Lee, Martin, Taylor (1995)
CCSD(T)

4n:  quartic PES
        µ truncated at order n 
        x: no rotational correction

Exp: Wenger and Champion
 JQSRT (1998)



 S y m .  Harmonic level  MSP-C I  MSP-VMF C I  MSP-VSCF C I  Converged 

4 F 2  1 3 4 5  1 3 5 6  1 2 9 5  1 3 1 8  1 3 0 9  
 2 E  1 5 7 0  1 5 6 7  1 5 2 7  1 5 3 2  1 5 2 8  

2  4 A 1  2 6 9 1  2 7 1 4  2 5 9 1  2 6 3 8  2 5 8 8  
2  4 F 2  2 6 9 1  2 7 1 9  2 5 9 7  2 6 4 3  2 6 1 0  
2  4 E  2 6 9 1  2 7 1 9  2 5 9 7  2 6 4 3  2 6 2 2  

 1 A 1  3 0 3 6  3 0 1 3  2 9 7 2  2 9 7 2  2 9 2 5  
 3 F 2  3 1 5 7  3 2 1 4  3 1 7 6  3 0 6 2  3 0 2 7  

2  2 A 1  3 1 4 1  3 1 3 1  3 0 5 1  3 0 6 1  3 0 5 1  
2  2 E  3 1 4 1  3 1 3 4  3 0 5 4  3 0 6 4  3 0 5 4  
3  4 F 2  4 0 3 6  4 0 7 9  3 8 9 6  3 9 6 6  3 8 6 8  
3  4 A 1  4 0 3 6  4 0 8 7  3 9 0 5  3 9 7 4  3 9 0 5  
3  4 F 1  4 0 3 6  4 0 8 8  3 9 0 5  3 9 7 4  3 9 1 5  
3  4 F 2  4 0 3 6  4 0 8 8  3 9 0 6  3 9 7 4  3 9 2 9  
3  2 E  4 7 1 1  4 6 9 4  4 5 7 9  4 5 8 8  4 5 7 3  
3  2 A 2  4 7 1 1  4 6 9 9  4 5 7 9  4 5 9 4  4 5 7 9  
3  2 A 1  4 7 1 1  4 6 9 9  4 5 7 9  4 5 9 4  4 5 7 9  

 

Contractions with and without mean field
averaging and SCF treatment



ETHYLENE OXYDE 

 

C2H4O

15 modes
C2v{1}{ �2} … {15} converged VSCF

8 cycles

VMFCI 2
2 cycles

   {1-6-9-13} 2 {3-5-12} 4 7 8 10 11 14 15 VMFCI 1
2 cycles

CH stretches
truncated at
34000 cm-1

ring modes
truncated at
19000 cm-1

truncated at 
10700 cm-1

Size of the final basis set ≈  300000

VMFCI solution:

      {{1-6-9-13}- {7}-{10}} 2 {3-5-12} 4 8 11 14 15
truncated at
19500 cm-1VMFCI 2

2 cycles

Bégué, Gohaud, Pouchan,
Cassam-Chenaï, Liévin . JCP
(in press)

Full-CI truncated at
10721 cm-1

300000 basis functions

Pau: P-VMWCI method



VSCF/VCI VMFCI VMFCI VMFCI VMFCI exp.

truncated at:
8400 cm

-1
 8400 cm

-1
 9200 cm

-1
 10000 cm

-1
 10721 cm

-1 IR gaz phase

# basis functions: (42113bf) (46525bf) (91052bf) (172204bf) (298195bf) Assignment

A1 !1 2994 2927 2921 2920 2919 3018 CH2 s-str

!2 1501 1500 1500 1497 1497 1497, 1498 CH2 scis

!3 1273 1274 1273 1271 1272 1270 Ring str

!4 1128 1128 1126 1123 1123 1148 CH2 wag

!5 881 881 879 879 879 877 Ring deform

!6 3093 3040 3034 3033 3032 inactive CH2 as-str

A2 !7 1153 1153 1151 1149 1149 inactive CH2 twist

!8 1024 1024 1020 1019 1019 1020 CH2 rock

!9 3040 2922 2915 2914 2914 3006 CH2 s-str

B2 !10 1473 1471 1471 1468 1468 1470, 1472 CH2 scis

!11 1130 1130 1128 1125 1125 1151 CH2 wag

!12 825 825 823 823 823 822, 840 Ring deform

!13 3105 3052 3044 3042 3041 3065 CH2 as-str

B1 !14 1151 1151 1149 1147 1147 1142 CH2 twist

!15 801 796 794 793 794 808,821 CH2 rock

Convergence of VMFCI results

hybrid CCSD(T)/cc-pVTZ//B3LYP/6-31+G(d,p) quartic potential 



Conclusions

The VMFCI method implemented in the CONVIV code is a
flexible tool for solving the vibrational problem

Taking advantage of the hierarchical contraction procedure
and of the mean field treatment applied at all steps, it
provides very compact wave functions

Large molecules could be calculated by defining a restricted
active space of modes explicitely included in the VMFCI
contractions, all spectator modes being described by the
mean field


