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MSE 423 Fall 2024 – Week 2

THINK OUTSIDE THE BOX

@Bobby Douglas, from photo.net
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Last week: Wave mechanics

1. Particles, fields, interactions
2. Electromagnetic waves and energy scales
3. Particle-wave duality and de Broglie’s relation
4. Wavefunction as a descriptor of an electron
5. Schrödinger equation (time dependent)
6. Plane wave solves it for the free electron, 

provided the dispersion relation    
is satisfied  
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Time-dependent Schrödinger’s equation
(Newton’s 2nd law for quantum objects)
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1925-onwards: E. Schrödinger (wave equation), W. 
Heisenberg (matrix formulation), P.A.M. Dirac 
(relativistic)
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Stationary Schrödinger’s Equation (I)
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Stationary Schrödinger’s Equation (II)
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From one equation to two simpler ones
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i! d
dt
f (t) = E f (t)

Separation           of variables
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Stationary Schrödinger’s Equation (III)
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1. It’s not proven – it’s postulated, and it is confirmed experimentally

2. It’s an “eigenvalue” equation: it has a solution only for certain values 
(discrete, or continuum intervals) of E

3. For those eigenvalues, the solution (“eigenstate”, or “eigenfunction”) is the 
complete descriptor of the electron in its equilibrium ground state, in a 
potenitial V(r).

4. As with all differential equations, boundary conditions must be specified

5. Square modulus of the wavefunction = probability of finding an electron 
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Time dependence

 
i! d
dt
f (t) = E f (t)
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Free particle:  Ψ(x,t)=ϕ(x)f(t)
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i! d
dt
f (t) = E f (t)
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A simple differential equation
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Infinite Square Well (I)
(particle in a 1-dim box)
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Infinite Square Well (II)

  
ϕ(x) = C sin lπ x
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Infinite Square Well (III)
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The power of carrots

•  β-carotene
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Particle in a 2-dim box
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Particle in a 2-dim box

  
ϕ(x, y) = C sin lπ x
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Particle in a 3-dim box: Farbe defect in halides 
(e- bound to a negative ion vacancy)
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From Carl Zeiss to MIT
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Metal Surfaces (I)
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Metal Surfaces (II)
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Scanning Tunnelling Microscopy
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Quantum Applets

https://www.osscar.org/courses/
quantum_mechanics.html
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OSSCAR
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Energy from Wavefunctions

Schrödinger equation: operator, eigenvalues

E can be obtained as an “expectation value”

25

MSE 423 Fundamentals of Solid-state Materials - Nicola Marzari (EPFL, Fall 2024)

Dirac Notation

Dirac’s <bra|kets> (elements of vector space)

Scalar product (induces a metric → Hilbert space)
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Physical Observables from Wavefunctions

Eigenvalue equation:

Expectation values for the operator (energy)
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4 concepts

• Operators

• Eigenvalues

• Eigenfunctions

• Expectation values
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Operators: Linear, Hermitian
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Examples: (d/dx) and i(d/dx)
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Product of operators, and 
commutators
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Hermitian Operators
1. The eigenvalues of a Hermitian operator are real 

2. Two eigenfunctions corresponding to different eigenvalues 
are orthogonal

3. The set of eigenfunctions of a Hermitian operator is 
complete

4. Commuting Hermitian operators have a set of common 
eigenfunctions
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The set of eigenfunctions of a Hermitian 
operator is complete
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The set of eigenfunctions of a Hermitian 
operator is complete
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Commuting Hermitian operators have a set of 
common eigenfunctions
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