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Multielectron atom and periodic table

a) A concept of multialectron atom & periodic table

b) Helium atom

c) Hartree and Hartree-Fock methods

Part a

Hydrogen atom Multielectron atom

The relevant quantum numbers

Hamiltonian



The notation of configuration

Electron configuration in atomic ground states

At the magic numbers Z=2,10,28,60... the atoms will have a full shell of electrons

The electrons which have the same value of n are said to sit in the same shell.

Electrons that have the same value of n and l are said to sit in the same sub-shell.

Each sub-shell contains 2(l + 1) different states. 

Electrons which sit in fully filled shells (or sometimes sub-shells) are said to be part of 
the core electrons. 

Those which sit in partially filled shells are said to form the valence electrons. 

1. Pauli exclusion principle



2. The aufbau principle (formulated by Bohr and Pauli in 1920s)

3. Hund's rule (by Friedrich Hund, 1925)



Examples of configuration & periodic table



Part b: Helium atom

Hamiltonian for two electrons orbiting a nucleus

The ground state Both electrons sit in 1s state

within variational method Z-variational parameter



The first excited states

Non-interacting model ---

Hints:
- the Hamiltonian is blind to the spin degrees of freedom-- the wavefunction 
is a tensor product of a spatial state with a spin state

-electrons are fermions-- the wavefunction must be anti-symmetric under 
exchange of the two particles

- the symmetric spatial wave-function and the anti-symmetric spin wavefunction, 
or vice versa

singlet or triplet for spin degrees of freedom



the spin-triplet states
have lower energy!

Comments:

The first excited states of helium sit in both spin-singlets and spin-triplets.

Transitions between these two states can only occur through the two 
photons emission. 

The lifetime of the 1s2s state is around 2.2 hours (the longest lived of all excited states 
of neutral atoms)

Before these transitions were observed, it was thought that there were two
different kinds of helium atoms: those corresponding to spin-singlet states (parahelium) 
and those corresponding to spin-triplets (orthohelium)



Part c: the self-consistent field method

A variational approach to multi-electron atoms where the concept of screening
is taken into account

The Hartree method

The multi-electron Hamiltonian

The average energy

To enforce normatization of individual wave-functions

Hartree equations



Numerical, self-consistent solution of the Schrödinger equations

The Hartree-Fock method

A repeat of the Hartree method, but now with the fully anti-symmetrised wavefunction

Comments:
- the delta function means that the exchange term lowers the energy only 
  when spins are aligned (one of Hund’s rules)

- when we start to fill a shell, the exchange term means that it’s preferable for 
all the spins to point in the same direction

- the next electron to go in after half-filling should have a noticeably larger energy 
and the atom will, correspondingly, have a smaller ionization energy



The Hartree-Fock equations:

Final remarks:

- solved numerically in the self-consistent way

- the presence of the exchange term makes even numerical solutions considerably
harder

-this scheme has some success in reproducing the properties of atoms 
observed in the periodic table, in particular the aufbau principle and Hund's rule


