
Beyond Hartree Fock: 
Multireference Methods 
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MultiReference CI (MRCI)
• In MRCI, you pick which configuration/determinants you want 

to put into the summation of configuration interaction, use 
Hartree Fock orbitals and optimize the 𝐶0 𝑎𝑛𝑑𝐶𝐾

Ψ𝑀𝑅𝐶𝐼 = 𝐶0𝐷0 +  

𝐾

𝑎𝑐𝑡𝑖𝑣𝑒
𝑠𝑝𝑎𝑐𝑒

𝐶𝐾𝐷𝐾

We define an active space 

and then consider all the 

excitation within this active 

space (all singles, doubles, 

triples …)



What is the difference between CI and MRCI
• In CISD we add up contribution for all 

singles and doubles excitations. We 
have to excite to very high energy MO 

In CID we can have 

double excitation to very 

high orbital 

D0 𝐷𝑖𝑗
𝑎𝑏

• In MRCISD we add up excitation 
in active space no matter how 
many electrons are excited

In MRCI we can have 

four electron excitation as 

long at its in the active 

space
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Complete Active Space Self Consistent Field CASSCF
• CASSCF optimizes the orbitals in each determinant as well as the coefficient: so 

for 3 state casscf

Ψ𝐶𝐴𝑆𝑆𝐶𝐹 = 𝐶0𝐷0 + 𝐶1𝐷1’+𝐶2𝐷2"

where the ‘ and “ means that the orbital used in the determinant is different from 
that in the first slater determinant.

• Steps for the calculation: 

1. Calculate Hartree Fock

2. Use Hartree Fock orbital to calculate 𝐶0, 𝐶1, 𝐶2 then

3. Keep 𝐶0, 𝐶1, 𝐶2 fixed and optimized the orbitals for 𝐷0, 𝐷1’, 𝐷2"

4. Using the new orbitals calculate 𝐶0, 𝐶1, 𝐶2 again

5. Do 3 and 4 until converged



Conclusions

• MRCI is useful when you know that one single Slater determinant is 
not good enough and YOU KNOW WHICH ONES WILL BE 
IMPORTANT

• In cases where there is degeneracy the wavefunction is described best 
by the degenerate number of Slater determinants we can select it. 
(Sometimes this is called static correlation or left right correlation)

• MRCI and CASSCF can be used to calculate excited states as well as 
ground states. 

• When breaking bonds it is important  



Excited Electronic States 
Calculation
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Method for Excited States
• Use more than one slater determinant 

• CIS: Configuration Interaction Singles

• CISD: Configuration Interaction Singles and Doubles

• MCSCF: Multiconfigurational Self Consistent Field

• MR-CISD: Multireference CISD

• CAS MP2
• MP2,3,4: Mollar Plesset perturbation theory

• Equation of Motion CCSD

• Time Dependent DFT
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Things to consider: Practical 
Advice
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Valance and Full Correlation 

• Usually most post-Hartree Fock calculation are 
performed for only the valance electrons, since 
valance electrons are most important MP2(Full) 
versus MP2(FC)

• However to get high accuracy one has to 
consider the core correlation energy in that 
case one is recommended to use basis set that 
also include core correlation using usual basis 
that was made for valance correlation is not 
good 

Aug-ccpCVXZ basis
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Single Point of Methanol Time
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Single Point of Methanol Time
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Present State of Art Gas Phase Water results: 
using time independent

O L Polyansky et al. Science 299, 539 (2003)

Complete basis set gets you to 15 cm-1 accuracy
Addition of core valence gets you to 8 cm-1
Relativistic lowers 4 cm-1, QED does not change much 
and addition of nonBO gets you to 2cm-1 

Include transitions to 30,000cm-1
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When is Hartree Fock Bad
• WHEN electronic state can not be described by one 

slater determinant (configuration) Hartree Fock is bad

1. Metal systems with small HOMO LUMO gap

2. Bond dissociation

3. Transition state (making/breaking bonds)

4. Intermolecular interaction (van der Waals 
interaction, protein folding)
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Small Rules to Remember
• Equilibrium geometry present day state of art calculation 

is from CCSD(T)

• Transition metals you should use multireference 
methods, d orbitals are hard!

• If you want to correctly write the potential energy curve 
of dissociating problems must use multireference 
methods

• Van de waals interaction must use MP2, CCSD CI, MRCI 
methods to accurately get

• You have to do test calculations for your problem to find 
the best way to do your problem
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Choice for basis sets

• Use 6-31G(d) or 6-31+G(d,p) for small test calculations (better than 
cc-pvdz)

• For higher level use aug-cc-pvtz

• For anions use diffuse functions (aug and +)

• For excited state also use diffuse functions

• Dispersion forces also require diffuse functions

• For alkali or alkali earth metals (row 1 and 2) may be better to use 
core valance cc-pCVTZ basis
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Choice of method

• If you don’t know what to start with do B3LYP

• Do MP2 doing MP3, MP4 will not converge so just use CCSD

• ASK EXPERT FOR bond breaking, 3d metals, and radicals (please help 
me keep my job)

Common things to check

• Make sure Hartree Fock Self Consistent Field is converged

• Check Virial coefficient is 2

• Geometry optimization is really a minimum? Check frequency

• Are you not starting from a symmetric geometry or not?

9



Tricks to remember
• SCF convergence you can use a small basis set to first let it converge, 

then use that results to do the calculation for bigger basis sets

• Turn up the SCF cycle number from default

• Look at the SCF energies, make sure it is not flipping between two 
values. (This is a sign that Hartree Fock might not be good)

• For SCF or radicals, maybe you first calculate the SCF with its cation or 
anion form to make the orbitals then calculate the neutral radical 
using those results as input

• If SCF seems weird check its “stability”, or ask a professional

• Geometry optimization for van der Waals complex maybe it is easy to 
first optimize the relative van der Waals coordinate while keeping the 
intramolecular coordinate fixed. Then perform the full optimization
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Quantities other that Energy

• Dipole Moment of the Molecule: Rotational Spectroscopy

• Dipole Derivative of the Molecule: Infrared Absorption Spectroscopy

• Polarizability Derivative of the Molecule: Infrared Raman 
Spectroscopy

• Nuclear Shielding by the electron related to NMR spectrum 
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Mixed Methods G2

Use different methods to obtain values and add up contributions 
that are estimated by small basis set
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Mixed Methods CBS-Q
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Level of Accuracy and time

Kcal/mol
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Ozone Hole Problem

O3+Cl→ClO+O2

O3+ClO→Cl+2O2
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