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OVERVIEW OF THE COURSE
week topic Serway 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

Week 5 Midterm exam 1

Week 6 Quantum particles in a potential

Week 7 Harmonic oscillator

Week 8 Tunneling through a potential barrier

Week 9 The hydrogen atom, absorption/emission spectra

Week 10 Midterm exam 2

Week 11 Many-electron atoms

Week 12 Pauli-exclusion principle

Week 13 Atomic bonds and molecules

Week 14 Crystalline materials and energy band structure
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Particle-wave duality
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ELECTROMAGNETIC WAVES AS PARTICLES

• Electromagnetic waves can act as particles: photons

• Energy ℎ𝑓 =
ℎ𝑐

𝜆

• Momentum 
ℎ𝑓

𝑐
=

ℎ

𝜆

• Described as particles: Photoelectric effect, Compton effect, etc.

• BUT what about diffraction of light ? This is wave-like behavior
• What is the wavelength or frequency of a particle?

• How large is a photon?

• Light is both particle and wave at the same time ? 
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PARTICLES WITH WAVE-LIKE BEHAVIOR

1923: Louis de Broglie: All matter is both wave and particle

• Every particle has an associated wave

• de Broglie wavelength    𝜆 =
ℎ

𝑝
=

ℎ

𝑚𝑢
    or if relativistic   𝜆 =

ℎ

𝛾𝑚𝑢

• Associated frequency    𝑓 =
𝐸

ℎ
   where 𝐸 is the total energy

• Principle of complementarity: 

 The wave and particle models of light and matter 
complement each other
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ELECTRONS WITH WAVE-LIKE BEHAVIOR

• Consider an electron that has velocity  𝑢 =  1.0 ×  107 m/s and 
mass 𝑚𝑒 =  9.11 ×  10−31 kg:
• What is the associated de Broglie wavelength?  

𝜆 =
ℎ

𝑚𝑒𝑢
=

6.624 × 10−34 J ⋅ s

9.11 × 10−31 kg 1.0 × 107m/s
≈ 7.27 × 10−11 m

Since 1 J = 1 kg⋅m2⋅s−2  the unit of the wavelength is meter

The resulting wavelength is on the order of an Angstrom
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ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT

• 1927 Clinton Davisson and Lester Germer, and Thomson 
performed independent electron diffraction experiments

• Single crystal of Nickel: 

 periodic structure

• Diffraction peaks found

• Similar to x-ray diffraction
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X-RAY DIFFRACTION: SHORT HISTORY

• In 1895 Rontgen discovers x-rays
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X-RAY DIFFRACTION: SHORT HISTORY

• In 1895 Rontgen discovers x-rays

• In 1912 Von Laue found that x-rays diffract at crystals
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X-RAY DIFFRACTION: SHORT HISTORY

• In 1895 Rontgen discovers x-rays

• In 1912 Von Laue found that x-rays 
diffract at crystals

• In 1913 Bragg formulates his

   Bragg equation:
 

 𝑛𝜆 = 2𝑑 sin(𝜃) 

   

   Relates diffraction angle 𝜽 to

   crystal plane distance 𝒅 and 𝝀 
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X-RAY DIFFRACTION: SHORT HISTORY

• XRD experiments

• Bragg equation:

 𝑛𝜆 = 2𝑑 sin(𝜃) 
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ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT

• 1927 Clinton Davisson and Lester Germer, and Thomson 
performed independent electron diffraction experiments

• Single crystal of Nickel: 

 periodic structure

• Diffraction peaks found

• Electrons of 54 eV →  50°
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ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT
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ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT
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ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT
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54 eV

Peak at 50o



ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT

• 1927 Clinton Davisson and Lester Germer, and Thomson 
performed independent electron diffraction experiments

• Single crystal of Nickel: 

 periodic structure

• Bragg equation:

 𝑛𝜆 = 2𝑑 sin(𝜃) 

• x-ray diffraction: d = 0.091 nm
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54 eV, 50° →  𝜃 =
130°

2
= 65°

50o



ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT

• x-ray diffraction tells us that: 

 𝜆 = 2𝑑 sin 𝜃 = 2 0.091 nm ×  sin 65° = 0.165 nm

• De Broglie:  

 𝜆 =
ℎ

𝛾𝑚𝑒𝑢

≈
ℎ

𝑚𝑒𝑢
=

ℎ

2𝑚𝑒𝐾
=

6.63×10−34 J⋅s

2 9.1×10−31 54 𝑒𝑉 1.6×10−19 J

eV

= 0.166 nm  
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ELECTRON DIFFRACTION: DAVISSON-GERMER EXPERIMENT

• x-ray diffraction tells us that: 

 𝜆 = 2𝑑 sin 𝜃 = 2 0.091 nm ×  sin 65° = 0.165 nm

• De Broglie:  

 𝜆 =
ℎ

𝛾𝑚𝑒𝑢
   where 𝐾 54 eV ≪ 𝑚𝑒𝑐2(0.5 MeV) ⇒ 𝛾 ≈ 1

≈
ℎ

𝑚𝑒𝑢
=

ℎ

2𝑚𝑒𝐾
=

6.63×10−34 J⋅s

2 9.1×10−31 54 𝑒𝑉 1.6×10−19 J

eV

= 0.166 nm  
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𝐸 =  𝐾 +  𝑚𝑒𝑐2  = 𝛾𝑚𝑒𝑐2



ELECTRON MICROSCOPY

• In 1873 Abbe diffraction limit in light microscopy :

  Resolution Δ =
𝜆

2 𝑛 sin𝜃
=

𝜆

2NA
≈

𝜆

2.8

• Visible light is in the interval: 380 - 700 nm

  Resolution Δ > 135 nm

• Electrons can have very small de Broglie wavelengths

• Previously: a low energy of 54 eV resulted in 𝜆 = 0.166 nm

• Formula for TEM:   Δ ≈
0.753

𝜃 √𝑉
   with 𝑉 the acceleration voltage
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ELECTRON MICROSCOPY

• Electrons can have very small de 
Broglie wavelengths

• 2002 model at EMAT, University of 
Antwerp: resolution = 0.135 nm
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ELECTRON MICROSCOPY

• Electrons can have very small de 
Broglie wavelengths

• 2002 model at EMAT, University of 
Antwerp: resolution = 0.135 nm

• 2010 model at EMAT, University of 
Antwerp: resolution = 0.070 nm
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SUMMARY PARTICLE-WAVE DUALITY

• Electrons show wave-like behavior when accelerated

• De Broglie: particles-wave duality 
• Associated wave with a particle

• Wavelength 𝜆 =
ℎ

𝛾𝑚𝑒𝑢
≈

ℎ

𝑚𝑒𝑢

• Proof by electron diffraction experiments

• Electron microscopy: wave-like behavior electrons
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Probability, Wave packets, and 
uncertainty
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WAVES DESCRIBING PROBABILITY OF A PARTICLE 

• What are the de Broglie waves associated with the particles ?

• When we measure accurately, we can measure single photons

  In 1926 Max Born: Probability interpretation:

 Wave is determined by the wave function Ψ 𝑥, 𝑦, 𝑧, 𝑡

 Probability to find a particle at position (x, y, z) at time t is 
proportional to Ψ 𝑥, 𝑦, 𝑧, 𝑡 2
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WAVES DESCRIBING PROBABILITY OF A PARTICLE 

Wave is determined by the wave function Ψ 𝑥, 𝑦, 𝑧, 𝑡

 Probability to find a particle at position (x, y, z) at time t is 
proportional to Ψ 𝑥, 𝑦, 𝑧, 𝑡 2
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DOUBLE SLIT EXPERIMENTS WITH SINGLE ELECTRONS

Detector 
screen

𝜃

𝜃

Accelerated
electrons

• Electrons accelerated              corresponding de Broglie wavelength 

• When reducing number of electrons:  “single electrons”



275.03.2025 Lecture 02: Waves and Particles

DOUBLE SLIT EXPERIMENTS WITH SINGLE ELECTRONS

• Electrons arrive one by one

• probability to find an electron at coordinates 𝑥, 𝑦, 𝑡 = Ψ 𝑥, 𝑦, 𝑡 2

• Higher photon densities            diffraction pattern: Ψ 𝑥, 𝑦, 𝑡 2

• “Similar” to the intensity of electric waves: I ∝ 𝐸2



WAVE PACKETS 
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• A single wave can be written:

  𝑦 = cos 𝑘𝑥 − 𝜔𝑡  with 𝑘 =
2𝜋

𝜆
, 𝜔 = 2𝜋𝑓

• Superposition of 2 cosine waves:
 𝑦1 + 𝑦2 = cos 𝑘1𝑥 − 𝜔1𝑡 + cos(k2x − 𝜔2𝑡)



WAVE PACKETS 
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• Goniometric identity:

cos 𝑎 + cos b = 2 cos
a − b

2
cos(

a + b

2
)

• Superposition of 2 cosine waves:

𝑦1 + 𝑦2  = cos 𝑘1𝑥 − 𝜔1𝑡 + cos k2x − 𝜔2𝑡

          = 2 cos Δ𝑘 𝑥 − Δ𝜔 𝑡  ×  cos (𝑘1+𝑘2 𝑥 − (𝜔1+𝜔2)𝑡) 



WAVE PACKETS 

305.03.2025 Lecture 02: Waves and Particles

• Superposition of 2 cosine waves:

Ψ(𝑥, 𝑡)  = 2 cos Δ𝑘 𝑥 − Δ𝜔 𝑡  ×  cos (𝑘1+𝑘2 𝑥 − (𝜔1+𝜔2)𝑡) 

Envelope function: 
2 cos Δ𝑘 𝑥 − Δ𝜔 𝑡



WAVE PACKETS 
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• Superposition

• Phase velocity:

𝑣phase =
𝜔

𝑘

• Group velocity:

𝑣group =
Δ𝜔

Δ𝑘



WAVE PACKETS 
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• Superposition of 
waves

• Many waves can 
form a wave packet

• Localized wave



GROUP VELOCITY OF WAVE PACKETS 
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• Superposition of many waves 

  𝑣group =
Δ𝜔

Δ𝑘
→

d𝜔

d𝑘
=

𝑑(ℏ𝜔)

𝑑(ℏ𝑘)
 where  ℏ =

ℎ

2𝜋
.

• Numerator :  ℏ𝜔 =
ℎ

2𝜋
 2𝜋𝑓 = ℎ𝑓 = 𝐸

• Denominator:  ℏ𝑘 =
ℎ

2𝜋

2𝜋

𝜆
=

ℎ

𝜆
= 𝑝

⇒  𝑣group =
𝑑𝐸

𝑑𝑝
=

𝑑
𝑝2

2𝑚

𝑑𝑝
=

𝑝

𝑚
= 𝑢

• So group velocity equals the particle associated with the wave



UNCERTAINTY RELATION 
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• In 1927 Heisenberg introduces his uncertainty principle:

 If position and momentum of a particle are measured 
simulaneously with uncertainties Δ𝑥 and Δ𝑝𝑥 then:

Δ𝑥 ⋅ Δ𝑝𝑥 ≥
ℏ

2



UNCERTAINTY RELATION 

355.03.2025 Lecture 02: Waves and Particles

• In 1927 Heisenberg introduces his uncertainty principle:

 If position and momentum of a particle are measured 
simulaneously with uncertainties Δ𝑥 and Δ𝑝𝑥 then:

Δ𝑥 ⋅ Δ𝑝𝑥 ≥
ℏ

2



SUMMARY PROBABILITY & WAVE FUNCTIONS

• Wave function  Ψ(𝑥, 𝑦, 𝑧, 𝑡)  interacts in a wave-like 
manner

• Probability to find a particle determined by the 
probability density function Ψ(x, y, z, t) 2

• Wave packets describe “localized” particles

• Uncertainty relation: impossible to know both velocity 
and location
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