
Molecular Quantum Mechanics

many-electron Schrödinger equation
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Molecular Quantum Mechanics
approaches for approximating e

Hartree-Fock and beyond (ab initio)

Density functional theory (semi-empirical)

Quantum Monte Carlo (ab initio)

molecular orbitals

many electron density

systematic improvement

formally exact, but in practice not as no correct functional exists

sample multi-dimensional wavefunction by Monte Carlo

quite accurate, but not precise

precise, but not accurate

precise, and only accurate with impossible computational effort



Hartree-Fock Theory
Solving electronic structure problem on computers

Hartree product of non-interacting electrons

slater determinant of molecular orbitals

expectations values of one and two electron operators

optimizing the orbitals in slater determinant

one-particle mean-field fock operator

energy of slater determinant

Pauli Principle

variation principle

molecular orbitals

mean field

linear combinations atomic orbitals & basissets

Roothaan Hall equations

self-consistent-field
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Hartree-Fock Theory for n electrons

independent electrons

mean-field approach
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atomic units

orthonormal

Hartree product of n distinghuisable electrons
 (r1, r2, ..., rn) = �1(r1)�2(r2)...�n(rn)

one-electron wave functions (molecular orbitals)
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mean field approach
vary orbitals until until self-consistency (SCF)

simplified Hartree-Fock theory
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Water molecule

10 electrons

2 H+

1 O8+

10 molecular orbitals
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Hartree-Fock Theory for n electrons
indistinguishable electrons

fermions with 3 spatial and 1 spin coordinate (4D)

Pauli principle

spin orbitals

spin functions

 (r1,x2, ..,xi,xj , ...,xn) = � (x1,x2, ..,xj ,xi, ...,xn)
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Hartree-Fock Theory for n electrons

antisymmetric linear combination of Hartree products:

i.e. 2 electrons

n electrons: Slater determinant
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Hartree-Fock Theory for n electrons

antisymmetric linear combination of Hartree products:

 (x1,x2) =
1p
2
['1(x1)'2(x2)� '2(x1)'1(x2)]

'i(x) =

8
<

:

�i(r)↵(s)

�i(r)�(s)

i.e. 2 electrons (H2, HeH+)

molecular orbitals: spatial & spin part

joint/pair probability densisty
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Hartree-Fock Theory for n electrons
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averaged un-correlated probabilities



Hartree-Fock Theory for n electrons
joint/pair probability

same spin

correlated
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Pauli repulsion



Hartree-Fock Theory for n electrons
joint/pair probability

same spin

correlated
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Pauli exclusion: Fermi hole


