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“What we have seen so far”

• Overview of the Quantum Many-Body Problem – Instructor

• Quantum mechanics of the hydrogen atom – Tim

• The hydrogen molecule and the Hartree-Fock method – Ben

• Second quantization I – Michael

• Second quantization II - Edie
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Content

• AO (“Atomic Orbitals”)

• Connection between hydrogen atom and atomic orbitals

• What about molecules?

• AO are not a good basis! And why???

• Change of Basis!

• LCAO (Linear Combination of Atomic orbitals)

• Molecular orbitals
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AOs (“Atomic orbitals”)

• AOs… What are they?

• Spatial region where we are likely to find an electron

• Orbitals are mathematically derived regions of space with different probabilities of having an
electron.

4



S P D…

• Energy levels and sub levels

• Quantum numbers

• How to identify a quantum

number?

• Electron configuration

Ex:- Phosphorus
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AOs (“Spatial and Spin Orbitals”)

• Spatial Orbitals… What are they?

• A spatial orbital is a function of the position vector describing the spatial probability
distribution of locating an electron.

• Spin Orbitals… What are they?

• Spin up spin down
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AOs are well studied

• Basis set exchange

• A web portal that provides advanced browsing and download capabilities, facilities for
contributing basis set data, and an environment that incorporates tools to foster development
and interaction of communities.
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AOs are well studied

• How to use?

• Ex:

• Basis set: 6-31++G* (John Pople)

• Molecule: H2O

• 6, 31, *, ++ stands for…
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Hydrogen atom and AOs

• For the hydrogen atom, the cusp in the radial probability plot occurs at r = 0.529 Å
(52.9 pm), which is exactly the radius calculated by Bohr for the n = 1 orbit.

❖Thus the most probable radius obtained from quantum mechanics is identical to the radius
calculated by classical mechanics.
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Single electron functions

• All of the atomic orbitals describe “single electron functions”

• That is: it is a function of

For For any atom (Ex: Li)
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MOs (“Molecular orbitals”)

• MOs… What are they?

• a mathematical function describing the location and wave-like behavior of an electron in a
molecule.

• Difference to AOs

• atomic orbitals represent electron density in space associated with a particular atom. Molecular
orbitals are associated with the entire molecule, meaning the electron density is delocalized
(spread out) over more than one atom.
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Still a single electron function

• From the given set of AOs we can obtain MOs as single electron functions

• Our Approach (Ansatz): LCAO

HF optimizes Cij’s such that certain conditions are fulfilled

Can you guess??? 12



Linear combination

• For two hydrogen atoms…
• One electrons each – 1s

• We have1S atomic orbitals

• Let

• Then

Linear combination of 1s and 1s. Still a single electron function
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Linear combination

• For two Carbon atoms…
• 6 electrons each – 1s, 2s, 2p

• We have 1S, 2S and 2P atomic orbitals

• Let

• Then

Linear combination of 2s and 2p. Still a single electron function
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Objective

• Obtain the minimized the Hartree-Fock energy

• For N electrons…
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Ansatz with AOs
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Graphical representation
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Continue…
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Minimize the Hartree-Fock energy 
(End goal)

• The best single slater determinant that approximates E0

• For N electrons…

where,

And note that this set is determined by {Cij}
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Hartree-Fock energy via AOs
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Why???
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• For the present, we need not be concerned with the particular form of the 1S orbital. The two
atomic orbitals can be assumed to be normalized, but they will not be orthogonal.

• They will overlap, such that overlap integral is



Why???
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• The overlap will depend on the distance R12 = |R1 - R2|, such that S12 = 1when R12 = 0 and

S12 = 0 when R12 goes to infinity.

• From the two localized atomic orbitals and one can form, by linear combination, two

delocalized molecular orbitals.

• One atomic orbital is said to be orthogonal to another atomic orbital if there is no interaction
between the electrons in one orbital with the electrons (wavefunction) in the other orthogonal
orbital.



Hartree-Fock energy via MOs
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Continue…
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Here to obtain this minimum energy we will require

With



Continue…
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Where C is unitary!!!



END

26

Thank you!!!

Questions???


