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OVERVIEW OF THE COURSE
week topic Serway 9th Young

Week 1 Relativity Ch. 39 Ch. 37

Week 2 Waves and Particles Ch. 40 Ch. 38-39

Week 3 Wave packets and Uncertainty Ch. 40 Ch. 38-39

Week 4 The Schrödinger equation and Probability Ch. 41 Ch. 39

Week 5 Midterm exam 1

Week 6 Quantum particles in a potential Ch. 41 Ch. 40

Week 7 Bayram

Week 8 Harmonic oscillator Ch. 41 Ch. 40

Week 9 Tunneling through a potential barrier Ch. 41 Ch. 40

Week 10 Midterm exam 2

Week 11 Bohr’s hydrogen atom, absorption/emission spectra Ch. 42 Ch. 41

Week 12 Quantum mechanical model of the hydrogen atom Ch. 42 Ch. 41

Week 14 Spin / Many-electron atoms Ch. 42 Ch. 41

Week 14 Molecules, Crystalline materials & energy band structure Ch. 43 Ch. 42
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Normal Zeeman Effect: Applying a 
Magnetic Field
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MAGNETIC MOMENT BY CURRENT

• Current around an area creates a magnetic field

• Magnetic dipole moment: Ԧ𝜇 = 𝐼 Ԧ𝐴

• Depends on the current/charge

• Current is charge per time: 𝐼 =
𝑒

𝑇
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MAGNETIC MOMENT OF AN ORBITING ELECTRON

• Bohr: electron going along an orbit
• Angular momentum: 𝐿 = 𝑚𝑒 Ԧ𝑣 × Ԧ𝑟 

• Magnetic dipole moment: Ԧ𝜇 = 𝐼 Ԧ𝐴

• Current is charge per time: 𝐼 =
𝑒

𝑇

⇒ 𝜇 = 𝐼𝐴 =
𝑒 𝑣

2𝜋𝑟
⋅ 𝜋𝑟2 =

𝑒𝑣𝑟

2

• Substitute 𝐿 = 𝑚𝑒𝑣𝑟

⇒ 𝜇 =
𝑒𝑣𝑟

2
=

𝑒

2𝑚𝑒
𝐿

with gyromagnetic ratio:   
𝜇

𝐿
=

𝑒

2𝑚𝑒
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𝑒−

𝑟
Ԧ𝑣

area 𝐴

Ԧ𝐴

current 𝐼

Ԧ𝜇 = 𝐼 Ԧ𝐴

𝐿 = 𝑚𝑒 Ԧ𝑣 × Ԧ𝑟



MAGNETIC FIELD APPLIED TO AN ORBITING ELECTRON

• Magnetic dipole moment: Ԧ𝜇 = −
𝑒𝐿

2𝑚𝑒

• dipole  Ԧ𝜇 in magnetic field  𝐵  undergoes torque Ԧ𝜏 = Ԧ𝜇 × 𝐵

⇒  𝑈 = − Ԧ𝜇 ⋅ 𝐵

• In the ground state the Bohr model has  𝐿 = 𝑛ℏ = ℏ giving

    a nonzero magnetic moment

𝜇 =
𝑒𝐿

2𝑚𝑒
=

𝑒ℏ

2𝑚𝑒
= 𝜇𝐵             Bohr magneton  𝜇𝐵 = 5.788 × 10−5 𝑒𝑉

𝑇

• According to Schrodinger’s equation: 
• Electron in s-state with zero angular momentum?
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𝑒−

Ԧ𝜇 = −𝜇𝐵𝐿/ℏ

𝐵



APPLYING A MAGNETIC FIELD

• Quantum Mechanics: 

• Quantized angular momentum: 𝐿 = 𝑙 𝑙 + 1 ℏ

• Magnetic quantum number: 𝐿𝑧 = 𝑚𝑙ℏ

• Gyromagnetic ratio  
𝜇

𝐿
=

𝑒

2𝑚𝑒
  still valid

• Magnetic field along z-axis: 𝑈 = − Ԧ𝜇 ⋅ 𝐵 = −𝜇𝑧𝐵

• Magnetic moment quantized:

𝜇𝑧 = −
𝑒

2𝑚𝑒
𝐿𝑧 = −𝑚𝑙

𝑒ℏ

2𝑚𝑒
= −𝑚𝑙𝜇𝐵

𝑈 = −𝜇𝑧𝐵 = 𝑚𝑙𝜇𝐵𝐵
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Ԧ𝜇 = −𝜇𝐵𝐿/ℏ

𝐵 = 𝐵 Ԧ𝑒𝑧

2ℏ

0

ℏ

−ℏ

−2ℏ

𝐿𝑧



APPLYING A MAGNETIC FIELD

• No magnetic field: Energy depends only on 
quantum number n:

𝐸𝑛 = −
𝑍2

𝑛2
⋅ 13.6 eV

• Magnetic field  𝐵  results  𝐸𝑛 →  𝐸𝑛 + 𝑈𝐵 :

     𝐸𝑛 = 𝐸𝑛 + 𝑚𝑙𝜇𝐵𝐵   with   𝑚𝑙 = −𝑙, … , 𝑙

• Normal Zeeman effect: splitting 𝐸𝑛 in 2𝑛 − 1 
levels

• The splitting scales with magnetic field 𝐵
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𝐵

𝐵 = 0



APPLYING A MAGNETIC FIELD

• No magnetic field: Energy depends only on 
quantum number n:

𝐸𝑛 = −
𝑍2

𝑛2
⋅ 13.6 eV

• Magnetic field  𝐵  results  𝐸𝑛 →  𝐸𝑛 + 𝑈𝐵 :

     𝐸𝑛 = 𝐸𝑛 + 𝑚𝑙𝜇𝐵𝐵   with   𝑚𝑙 = −𝑙, … , 𝑙

• Normal Zeeman effect: splitting 𝐸𝑛 in 2𝑛 − 1 
levels

• The splitting scales with magnetic field 𝐵

• Spectral lines split according selection rules

921.05.2025 Lecture 04: Schrodinger’s equation

𝐵

Adapted from the course of Werner Boeglin



SELECTION RULES

𝐸𝑛 = 𝐸𝑛 + 𝑚𝑙𝜇𝐵𝐵   with   𝑚𝑙 = −𝑙, … , 𝑙

• Angular momentum should be conserved

• A photon uses one unit ℏ of angular 
momentum

• Selection rules:

 1. Orbital quantum number 𝑙 → 𝑙 − 1

 2. Magnetic quantum number: 

        𝑚𝑙 → 𝑚𝑙 ± 1     or     𝑚𝑙 → 𝑚𝑙

Allowed & forbidden transitions
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𝐵

Adapted from the course of Werner Boeglin



EXAMPLE NORMAL ZEEMAN SPLITTING: SOLAR SPOTS

• Solar spots are regions in the sun:
• Lower in temperature (3000-4500 K vs 5800 K)

• Move around the sun in time, towards the 
equator

1121.05.2025 Lecture 04: Schrodinger’s equation

Adapted from Wikipedia, Original image taken by Alan Friedman in 2012. 



EXAMPLE NORMAL ZEEMAN SPLITTING: SOLAR SPOTS

• Solar spots are regions in the sun:
• Lower in temperature (3000-4500 K vs 5800 K)

• High magnetic flux density
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Adapted from “Spots on the Sun”, article at cosmosatyourdoorstep.com



EXAMPLE NORMAL ZEEMAN SPLITTING: SOLAR SPOTS

• Measure magnetic field by the Zeeman effect
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Adapted from NOIRLab, picture taken at McMath-Pierce Solar Facility on Kitt Peak.

Zeeman splitting 
(B = 0.41 Tesla) 

Sunspot 1974 

Fe line at 525 nm

Adapted from “Spots on the Sun”, article at cosmosatyourdoorstep.com



Electron Spin
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THE SODIUM DOUBLET LINE

• Spectrum Sodium (Na) doublet line

• Transition: 3p → 3s

• Effect of electron spin splits a single 
orbital in two energy-levels

1521.05.2025 Lecture 04: Schrodinger’s equation

Observations key to understanding solar cycles: a review



THE SODIUM DOUBLET LINE

• Spectrum Sodium (Na) doublet line

• What is the reason for this small 
energy difference?
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THE ANOMALOUS ZEEMAN SPLITTING

• 1896: Zeeman splitting of 
Sodium doublet line by 
magnetic field

(electron not yet discovered)
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Pieter Zeeman



THE ANOMALOUS ZEEMAN SPLITTING

• 1896: Zeeman splitting of 
Sodium doublet line by 
magnetic field

(electron not yet discovered)

• No logical explanation when 
using only quantum numbers 
𝑛, 𝑙, 𝑚𝑙? 

• Solution: extra quantum 
number - spin magnetic 
quantum number
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THE IDEA OF SPIN

• The Schrodinger equation does not 
predict spin

• 1925: Goudsmit & Uhlenbeck 
propose extra quantum number 𝑚𝑠

• Analogy of spinning Earth? No …
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Samuel Goudsmit George Uhlenbeck

𝑒−

𝑟
Ԧ𝑣

𝐿 = 𝑚𝑒 Ԧ𝑣 × Ԧ𝑟 Ԧ𝑆

Wolfgang Pauli



THE IDEA OF SPIN

• Similar to analysis of angular momentum:

• Magnitude of spin:   𝑆 =
1

2
(

1

2
+ 1) ℏ =

3

4
ℏ

• Spin quantum number: 𝑆𝑧 = 𝑚𝑠ℏ = ±
1

2
ℏ

• Spin magnetic moment: 

𝜇𝑧 = −
2.0023 𝜇𝐵𝑆𝑧

ℏ
≈ −

2𝜇𝐵𝑆𝑧

ℏ

• Spin will just as the angular momentum 
   contribute to a magnetic moment
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𝐵 = 𝐵 Ԧ𝑒𝑧

1

2
ℏ

−
1

2
ℏ

𝑆 =
3

4
ℏ

𝑆𝑧



TOTAL ANGULAR MOMENTUM J

• The total angular momentum: Ԧ𝐽 = 𝐿 + Ԧ𝑆

• Magnitude total angular momentum:  𝐽 = 𝑗(𝑗 + 1) ℏ

 

Orbital magnetic quantum number:   𝑚𝑙 = −𝑙, … , −1, 0, 1, … , 𝑙

Spin magnetic quantum number:   𝑚𝑠 = −𝑠, … , −
1

2
,

1

2
, … , 𝑠

Total angular momentum quantum number:    𝑚𝑗 = −𝑗, … , 𝑗

                  𝑚𝑗 = 𝑚𝑙 + 𝑚𝑠

Notation for orbitals :  2𝑝−1    2𝑃3

2

21
𝑙 ≡ 𝑠, 𝑝, 𝑑, 𝑓, …

𝑚𝑗𝑚𝑙𝑛

𝑙 now capital letter



FINE STRUCTURE OF THE HYDROGEN ATOM

• Magnetic moments originating from electron orbit and spin:

  𝜇𝑧 = −
𝜇𝐵𝐿𝑧

ℏ
    and    𝜇𝑧,spin ≈ −

2𝜇𝐵𝑆𝑧

ℏ

• Magnetic moments lead to potential energy contributions

• Energy depends not only on 𝑛 but also on 𝑗:

𝐸𝑛,𝑗 = −
13.6 eV

𝑛2
× 1 +

𝛼2

𝑛2

𝑛

𝑗 +
1
2

−
3

4

• The fine structure constant    𝛼 =
1

4𝜋𝜖0

𝑒2

ℏ𝑐
≈ 7.297 × 10−3 ≈

1

137

22



Many Electron Atoms
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MULTI-ELECTRON ATOMS

• Atoms with higher atom numbers have more 
electrons and protons

• Number of protons gives the atom number 𝑍

• The weight of the atom can be larger as 
protons are “separated” by neutrons

• The multiple electrons fill up possible orbitals

• 1869: Periodic table of Mendeljeev
• Elements ordered in 8 groups
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Nucleus
Proton (+)
Neutron
Electron (-)

1806: John Dalton, ordering of 
atoms according to weight 



MULTI-ELECTRON ATOMS

• Atoms with higher atom numbers have more 
electrons and protons

• Number of protons gives the atom number 𝑍

• The weight of the atom can be larger as 
protons are “separated” by neutrons

• The multiple electrons fill up possible orbitals

• 1869: Periodic table of Mendeljeev
• Elements ordered in 8 groups
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MULTI-ELECTRON ATOMS

• Atoms with higher atom numbers have more 
electrons and protons

• Number of protons gives the atom number 𝑍

• The weight of the atom can be larger as 
protons are “separated” by neutrons

• The multiple electrons fill up possible orbitals

• 1869: Periodic table of Mendeljeev
• Elements ordered in 8 groups
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1925: PAULI EXCLUSION PRINCIPLE

No two electrons (fermions) can be in the 
same quantum state

Electrons in a single atom cannot have all 
same quantum numbers: 𝑛, 𝑙, 𝑚𝑙 , 𝑚𝑠

• For shell 𝑛 we have:
• 𝑛 ⋅ 2𝑛 − 1  orbitals 

• Maximum  𝑛 ⋅ 2𝑛 − 1 ⋅ 2 electrons, each 
orbital can have one spin-up and one spin-
down electron
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Wolfgang Ernst Pauli
Taken from Wikipedia



SPECTRA OF MULTI-ELECTRON ATOMS

• Energy levels for the electrons? 

• Each electron is attracted to the 
positive nucleus (charge +e𝑍)

𝐸𝑛 = −
𝑍2

𝑛2
× 13.6 eV

• But the electrons also interact with 
each other (repulsion)
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𝑒−

𝑒−

𝑒−

Ideal case 𝑍eff = 1

Adapted from: www.hyperphysics.phy-astr.gsu.edu

3𝑝+



CENTRAL-FIELD APPROXIMATION

• Problem: Electrons interact with 
each other?

• Inner shells are closer to the 
nucleus

• If only 1 valence electron: 
interaction minimal

• Inner electrons shield nucleus 
partially (max.  𝑍 − 1)

𝑍 > 𝑍eff > 1

𝐸𝑛 = −
𝑍eff

2

𝑛2
× 13.6 eV
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𝑒−

𝑒−

𝑒−

Ideal case 𝑍eff = 1

Adapted from: www.hyperphysics.phy-astr.gsu.edu

3𝑝+



SPECTRA OF MULTI-ELECTRON ATOMS

𝑍 > 𝑍eff > 1

• Screening is more effective if 
farther away: 𝑍eff → 1

• Lower states have higher 𝑍eff

• 𝑍eff can strongly depend on 
orbital quantum number 𝑙

• s and p states can have different 
energy

   

𝐸𝑛 = −
𝑍eff

2

𝑛2
× 13.6 eV
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Adapted from: www.hyperphysics.phy-astr.gsu.edu



SPECTRA OF MULTI-ELECTRON ATOMS

3121.05.2025 Lecture 04: Schrodinger’s equation

Adapted from: www.hyperphysics.phy-astr.gsu.edu



NOTATION FOR ELECTRON CONFIGURATIONS

• Orbital notation (without 𝑚𝑙)

• Use superscript to indicate the 
number of electrons in the orbital

• Example:

 

• 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty 
orbitals in the same shell first with 
parallel (up or down spin)
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Adapted from: www.hyperphysics.phy-astr.gsu.edu

Friedrich Hund
Taken from Wikipedia

Nitrogen:  1s22s22𝑝3



NOTATION FOR ELECTRON CONFIGURATIONS

• Orbital notation (without 𝑚𝑙)

• Use superscript to indicate the 
number of electrons in the orbital

• Example:

 

• 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty 
orbitals in the same shell first with 
parallel (up or down spin)
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Adapted from: pathwaystochemistry.com

Nitrogen:  1s22s22𝑝3



NOTATION FOR ELECTRON CONFIGURATIONS

• Orbital notation (without 𝑚𝑙)

• Use superscript to indicate the 
number of electrons in the orbital

• Example:

 

• 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty 
orbitals in the same shell first with 
parallel (up or down spin)
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Nitrogen:  1s22s22𝑝3



NOTATION FOR ELECTRON CONFIGURATIONS

• Orbital notation (without 𝑚𝑙)

• Use superscript to indicate the 
number of electrons in the orbital

• Example:

 

• 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty 
orbitals in the same shell first with 
parallel (up or down spin)
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Adapted from: sciencenotes.org/list-of-electron-configurations-of-elements/

Nitrogen:  1s22s22𝑝3



NOTATION FOR ELECTRON CONFIGURATIONS
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