
Chap 8

Atomic physics

• Periodic table and exclusion principle

• Total angular momentum

• Spin-orbit coupling

• Hund’s rule

• Anomalous Zeeman effect



Periodic table (1869, Mendeleev)

• Arranged by chemical properties and atomic weights (the atomic 

numbers are later determined from Mosley’s experiment)

• The table is not complete. Based on the empty slots Mendeleev 

predicted three unknown elements, which was found later (Ga, Sc, Ge)

The Incredible Discovery of the LEAST Reactive Elements (The Noble Gases)



https://www.britannica.com/science/periodic-table

Modern periodic table



The periodic table can be understood by two rules

• Hydrogen: (n, ℓ, mℓ, ms) = (1, 0, 0, ±½), one e in ground state

• Helium: (1, 0, 0, ½) for the first electron

(1, 0, 0, −½) for the second electron

1923, Pauli extended Bohr‘s scheme to use four quantum numbers

(the nature of this ms was not understood then). 

The is valid for all particles with half-integer spin (called fermions).

(Later the spin-statistics theorem is derived by Pauli in 1940.)



How many electrons may be in each subshell?

Total

For each mℓ: two values of ms 2

For each ℓ: (2ℓ + 1) values of mℓ 2(2ℓ + 1)

ℓ = 0, (s state) can have two electrons

• Electrons with higher ℓ values are more shielded from 

the nuclear charge. They have higher energy than those 

with lower ℓ values

• E.g., 4s fills before 3d even though it has a larger n

ℓ = 1, (p state) can have six electrons, and so on





Atomic Radii
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Ionization Energies
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In order to understand the spectra of atoms beyond the H 

atom, we need to have a deeper understanding of the 

angular momentum in quantum mechanics. The rules stated 

below could be deduced later in graduate-level course.

In the following, we discuss atoms with

• One electron (with spin)

• One electron (with spin) in B field

• Multiple electrons

• Multiple electrons in B field



Suppose there are 2 subsystems with angular momenta J1, J2, 

then the total angular momentum J=J1+J2

Classical

Quantum

𝑱෠ଵ, 𝐽መଵ௭

𝑱෠ଶ, 𝐽መଶ௭

Addition of angular momenta (see any textbook on QM):
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• Subsystem 1

• Subsystem 2

• Composite system
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𝑱෠ = 𝑱෠ଵ + 𝑱෠ଶ

𝐽መ௭ = 𝐽መ௭ଵ + 𝐽መ௭ଶ

• Operators

• Quantum numbers
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Suppose 2 subsystems have quantum numbers j1, j2 ( j1 > j2 ), 

then for the combined system, the quantum number j can be 

For a given j,
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• Eigenstates

magnitude௭ ௝

Alternative choice of quantum numbers ௝భ௝మ ௝௠

e.g., ଵ ଶ



For total angular momentum, the quantum number j

can have the values

= 1/2j s   

Orbital and spin
angular momenta,

Also,

An atom with only one electron (with spin)

J1 = L, J2 = S

ଵ ଶ ଵ ଶ ଵ ଶ

ℓ ௦ ଵ ଶ

ଵ ଶ



Spin-orbit coupling (SOC)

• An electron is like a small magnet, due to spin

• In electron’s frame, it feels an effective 

magnetic field due to the circulating nucleus

Zeeman coupling energy 
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• For the n=2, l=1 state of the H atom, estimate the magnitude of the SO coupling energy 

The splitting of spectral lines due to the SOC is called 

the fine structure of the spectrum

Eisberg and Resnick, Chap 8

• Estimate the magnetic field that 

gives the same amount of splitting

精細結構
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• For the case above, there are many quantities related to the angular 

momentum: ଶ
௭

ଶ
௭

ଶ
௭

These give six quantum numbers ( ℓ ௦ ௝)

• Q: How do we use them to label energy eigenstates?

A: Find physical observables that can commute with H, and also    

commute with each other. They have simultaneous energy eigenstates,  

and the eigenenergy E can be labeled by their quantum numbers  

(called good quantum numbers).

• For example,    ଴ ଴

ଶ

So H commute with ଶ ଶ ଶ
௭ ௭ ௭

optional

( ℓ ௦ ௝)



Without SOC With SOC

The state 𝜓௡,ℓ,௦,௝,௠ೕ
 is 

written as ௝. 

= 1/2j s   

• ଶ ଶ ଶ
௭ mutually commute with each other.

So ௝ are good quantum numbers that can label eigenenergy E.

• Consider an energy eigenstate ௡,ℓ,௦,௝,௠ೕ

௡,ℓ,௦,௝,௠ೕ ௡,ℓ,௦,௝,௠ೕ ௡,ℓ,௦,௝,௠ೕ

௡,ℓ,௦,௝,௠ೕ

ଶ

௡,ℓ,௦,௝,௠ೕ

• Spectroscopic notation



Δj = 0, ±1 

(j=0 to j=0 is forbidden) 

Δℓ = ±1

Energy-Level Diagram of Sodium

• The transitions that generate 
the doublet

• Several transitions are missing. 
This leads to the selection rule:

Sodium 
doublet
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• Heuristic argument: J is fixed, L and S rotate around J, 

maintaining the triangle. So the magnetic moment is 

given by the component of L+2S = J+S parallel to J,
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Δj = 0, ±1 (j=0 to j=0 is forbidden)

Δℓ = ±1,  Δs = 0

Δmj = 0, ±1 (in B field)

Selection rules

Sodium in magnetic field 

Eisberg and Resnick, Chap 10



no spin spin + spin-orbit coupling



• The energy of an atom with many electrons

• Spectroscopic notation

For L>S, given a L, there are 2S+1 values of J 

(from L+S to L-S), and 2S+1 is the multiplicity

of the state.

For L<S, the multiplicity is less than 2S+1.
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explicit only in B field
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• The energy of an atom with one electron 

depends on (𝑛, ℓ)

Without B, the energy depends on 

Compatible operators



To reduce Coulomb repulsion, 

electron spins like to be parallel, 

electron orbital motion likes to be in 

high ml state. Both help disperse the 

charge distribution.

Hund’s rules (1925):

1. Choose the max value of S that is consistent with the 

exclusion principle

2. Choose the max value of L that is consistent with the 

exclusion principle and the 1st rule

3. If less than half-filled, then J=|L-S| has the lowest energy

If more than half-filled, then J=L+S has the lowest energy

Due to e-e interaction, states with different (L,S,J) have different energies.

Which one has the lowest energy? That is,

What’s the values of L, S, and J for the atomic ground state?

洪德法則



Qubear原子磁性：懂薛丁格方程式也要懂宏德法則

According to Hund’s rules



Two valence electrons, e.g., 4p+4d
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Hund’s rule only tell you that the ground state is ଷ
ଶ

L1=1

L2=2

S1=1/2

S2=1/2

L=3,2,1

S=1,0

J=L+S … |L-S|



Two valence electrons: 4p + 4d
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Two types of angular momentum coupling

Light atoms 
(Z<30)

Heavy atoms



Ex 8.4:

Ex 8.5:

First, total spin angular momentum, S = 0 or 1. 

Second, total orbital angular momentum quantum
number ranges from |ℓଵ − ℓଶ| to |ℓଵ + ℓଶ|, so we have values
of L =1, 2, and 3. 



Ex 8.7:



Ex 8.9:



Eisberg and Resnick, Chap 10


