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Introduction 
to Solid State Physics



Outline

Lecture I: Introduction to Solid State Physics

• Brief story…

• Solid state physics in daily life

• Basics of Solid State Physics

Lecture II: Electronic band structure and electronic transport

• Electronic band structure: Tight binding approach
• Applications to graphene: Dirac electrons

Lecture III: Introduction to Topological materials

• Introduction to topology in Physics
• Quantum Hall effect
• Haldane model
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It’s an online lecture, but…stay focused… 
there will be Quizzes and Assignments!
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Condensed Matter Physics 
(1960)
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What is solid state Physics?

Lecture I: Introduction to solid state Physics
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What is condensed Matter Physics?

"More is different!" 
 

P.W. Anderson

                                      1+1  
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What is Condensed Matter Physics?

Condensed matter physics deals with systems of large number of interacting particles 
(constituents)
Explores macroscopic behavior of matter based on its microscopic properties

Lecture I: Introduction to solid state Physics
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What is solid state Physics?

Lecture I: Introduction to solid state Physics



• Study the microscopic properties (electrical, thermal, magnetic…) 
of solids

• Solid: system with a large number of particles (atoms, molecules, 
ions) in strong interaction (contrary to a gas)

Birth of Solid state Physics: 

publication of Fredrick Seitz  
book  
Modern Theory of Solids (1940)
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What is solid state Physics?

Lecture I: Introduction to solid state Physics
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Solid state and Materials Physics: a Brief story…

Lecture I: Introduction to solid state Physics
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More than 2.6 millions years ago
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Brief story…

Lecture I: Introduction to solid state Physics
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The stone age
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a Brief story…

More than 2.6 millions years ago in Africa 

Flint 
(contains crystals of quartz Si02)

Knapping process of a flint

Lecture I: Introduction to solid state Physics
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The stone agea Brief story…

Lecture I: Introduction to solid state Physics
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Bronze: alloy of copper. 3000 to 1000 BC
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The bronze agea Brief story…

Lecture I: Introduction to solid state Physics
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à 1100 BC
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The iron agea Brief story…

Lecture I: Introduction to solid state Physics
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a Brief story… 4th-century

Lycurgus Cup
Glass+ gold nanoparticles 

Lecture I: Introduction to solid state Physics

1400 to 50 BC

1320 BC
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Hannibal Barca
Carthaginian general 

2sd punic war 218 BC

a Brief story…

Lecture I: Introduction to solid state Physics

Quiz: Did Hannibal use African or 
Indian Elephants? 



S. Haddad, ASP2021-23-07-2021 

Middle age:
500 to 1500

Use of: 
Gold (Au), silver (Ag), iron (Fe), tin 
(Sn), mercury (Hg), , copper (Cu), 
lead (Pb), carbon (C), sulfer (S)…

Alchemy: 
transform metals in gold !
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to 50 BC

Materials Physics: a Brief story…

Lecture I: Introduction to solid state Physics



Discovery of crystallographic  order

1781

René Just Haüy
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Modern period
1500 to 1800

Materials Physics: Birth of crystallography…

Lecture I: Introduction to solid state Physics
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Materials Physics: Birth of crystallography… Modern period
 1500 to 1800

Lecture I: Introduction to solid state Physics
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How to observe the crystallographic order ?
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X rays

Wilhelm Conrad Röntgen

1895

1st Nobel prize in Physics 1901

Materials Physics: Birth of crystallography…

Lecture I: Introduction to solid state Physics
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1914

William Henry Bragg 
William Lawrence 

Bragg

Max von Laue

1915

1895Materials Physics: Birth of crystallography…

How to observe the crystallographic order ?

X rays

Lecture I: Introduction to solid state Physics
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Electron Microscopy (1931) 
Max Knoll and Ernst Ruska…

Emergence of Materials Physics
Lecture I: Introduction to solid state Physics

How to observe the crystallographic order ?

https://www.youtube.com/watch?v=wMLvodIVYNI
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red blood 
cells 

Salt crystals

mite

Emergence of Materials Physics

Electron Microscopy 
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Lecture I: Introduction to solid state Physics

Some milestones

1897: Discovery of the electron by Thomson

1900: Quanta theory of Max Planck

1900: Drude model: 1st model of metals

1928: Bloch theorem and electronic band 
theory 
1948:  Invention of transistor

1926: Sommerfeld model of electrons in metals

1926: Fermi – Dirac statistics

1924: De Broglie duality

1926: Schrödinger equation
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John Bardeen, William Shockley 
et Walter Brattain

Fabrication 1st transistor in 1949 based on 
Germanium

1956

Starting of la microelectronics

Emergence of Materials Physics
Lecture I: Introduction to solid state Physics
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Emergence of Advanced Materials Physics

Lecture I: Introduction to solid state Physics
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Materials for technology: how to rise the challenge?

Design a material à la carte  !

Emergence of Materials Physics
Lecture I: Introduction to solid state Physics
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Advanced Materials PhysicsLecture I: Introduction to solid state Physics

Analytical, Simulations, 
Machine learning
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molecular beam 
epitaxy 

Advanced Materials Physics
Lecture I: Introduction to solid state Physics



S. Haddad, ASP2021-23-07-2021 32

No
 C
ell
 p
ho
ne
s w

ith
ou
t A

dv
an
ce
d 
Ma

te
ria

ls…

Advanced Materials Physics
Lecture I: Introduction to solid state Physics



Technological applications
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Advanced Materials Physics



It is not Science-fiction 
!

Bio-sens
or

Nano-robo
t

Meta-material
s

 Carbon nanotube 
wire

(STM
)
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Lecture I: Introduction to solid state Physics Advanced Materials Physics

QUANTUM COMPUTING



Solid state physics : 
• New fundamental concepts (composite fermions, topology…)
• New phenomena: superconductivity, quantum Hall effect, spin Hall effect…
• New class of materials: multiferroics, 2D materials, Dirac electrons systems, 

topological insulators, Weyl semi-metals
• Playground for fundamental concepts: Higgs mechanism, Majorana fermions, 

Dirac fermions…
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Superconductivity and its applications

T

R

T
c

T>
Tc

T<
Tc

1933 :  W. Meissner et R. Ochsenfeld

Total diamagnetism below Tc  and 
Hc

1911 :
H. Kamerlingh Onnes
Electrical resistivity drops to zero at a 
critical temperature
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Crushed between two diamonds, a compound of hydrogen, sulfur, and carbon superconducts at 
room temperature.

Snider,  et al. Nature 586, 373–377 (2020).

14 octobre 2020
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Mechanism of high temperature 
superconductivity is still under debate!



S. Haddad, ASP2021-23-07-2021 39

Advanced Materials Physics Superconductors

Central view of the ATLAS detector with its eight toroids 
around the calorimeter (Image: CERN)

Lecture I: Introduction to solid state Physics
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Advanced Materials Physics

Superconductors

Lecture I: Introduction to solid state Physics
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Applications…

Superconductors
Lecture I: Introduction to solid state Physics Advanced Materials Physics
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Lecture I: Introduction to solid state Physics

Graphene, the wonder material

Advanced Materials Physics
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44

Geim et Novoselov     
Nobel prize of Physics 

2010

Exfoliation (scotch)

Graphite

Graphene discovered in 
2004
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Graphene, the wonder material
Advanced Materials Physics



S. Haddad, ASP2021-23-07-2021 45

Lecture I: Introduction to solid state Physics

Graphene, the wonder material

Advanced Materials Physics
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Pencil used in England since 1560 
(Angleterre)!

Diapo de A. Castro 
Neto 
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Graphene: 2D or not 2D?

Lecture I: Introduction to solid state Physics

It was long believed that strictly two dimensional (2D) arrangements of 
atoms would be unstable (Mermin-Wigner theorem)

Wonder nanomaterial which may one-day enable faster and tinier 
computational and electronic devices.

Ideal 2D graphene Real graphene: ripples heights 
are of atomic size

graphene is 2D material
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Lecture I: Introduction to solid state Physics



How to model electronic properties in 
crystals?

After,  A. 
Posazhennikova

Real 
system

Physics 
Model
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Overview of basic concepts 

Crystal: 
• regular arrangement of a unit structure (atoms, molecules…) 
     in the space.
• Can be described by a lattice

Lattice: 
• Set of points arranged periodically, in the space, in the same way as the unit structure
• Each lattice point correspond to a unit structure
• Lattice is purely geometric

 

 

Crystal= Lattice + unit structure 

Lattice: described by an origin + basis

Each point of lattice :  

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

Unit cell: 
• Volume which, under translations,  fills up all the space without any overlapping

 

O
K

N
O

Primitive cell: 
• unit cell with the smallest volume
• Contains one lattice point
 
Conventional unit cell: 
• may contain more than a lattice point
• brings out the symmetry of the crystal

 

 

Contains 4 points
Contains 1 point

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

2D: 5 Bravais Lattices
3D: 7 crystalline classes
14 Bravais Lattices

Lecture I: Introduction to solid state Physics
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Overview of basic concepts Lecture I: Introduction to solid state Physics

Assignment 1

Copper oxide plane of cuprates 
(high temperature 
superconductors)

Blue dot : copper, green: oxygen
graphene

Kagome Lattice

2/ Find the unit structure and the chemical formula of this crystal

1/ Find the Bravais Lattice of the following structure
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Overview of basic concepts 

To observe the crystalline order: diffraction of photons, neutrons and electrons

 

 

 

Quiz 1: Why X rays ? 

 

 

Bragg Law

 

 

Quiz 2: Show the equivalence between (1) and (2)

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

Reciprocal lattice

  

 

 

 

 

 

 
 

points in real lattice

points in reciprocal latticepoint in reciprocal space

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

1st Brillouin zone: set of reciprocal space points which can 
be reached from the origin without crossing any Bragg 
plane (0 plane)

 

nth Brillouin zone: set of reciprocal space points which can be reached from 
the origin by crossing (n-1) Bragg planes

 
 

 

 

Lecture I: Introduction to solid state Physics



S. Haddad, ASP2021-23-07-2021 60

Overview of basic concepts 

• All BZ have the same volume
• Each vector from nth zone can be written as 

BZ of square lattice 

 

 

 

 

Lecture I: Introduction to solid state Physics

Assignment 2: Draw the 1st and 2sd BZ of triangular lattice
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What makes atoms bond to form crystals?

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

Electrostatic interaction

Bonding energy

Total bonding energy of ionic crystal with 
2N ions 

 

attractiverepulsive

Ionic crystals
Lecture I: Introduction to solid state Physics
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Overview of basic concepts 
Bonding energy

Cohesive energy = crystal energy- energy of free atoms 

 

Ionic crystals

Quiz 4: how could you distinguish between salt and sugar without tasting? 

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

Cohesive energy  meV

Bonding energy

Total bonding energy per atom

 

Molecular crystals

Attractive interaction due to van der Waals forces (force between electric dipoles)

noble gas crystals (Ne, Ar, Kr, Xe)

physics.ucf.edu

Lecture I: Introduction to solid state Physics
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Overview of basic concepts 

Cohesive energy/atom  eV

Covalent crystals

Zinc Blende crystal 
structure

Attractive interaction due to covalent bonding
• Need Quantum Mechanics
• Hybridization and overlap of the electron wave 

function between atoms
• Exchange energy (spin dependent interaction)

Carbon C: [He] 2s22p2

hybridation sp3

Lecture I: Introduction to solid state Physics

Bonding energy
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Overview of basic concepts 

Cohesive energy/atom  0.5 eV

Metallic crystals

Copper 
crystal

Attractive interaction due to metallic bonding
• Need Many-body Quantum Mechanics

Jellium model: positive charges are assumed to be uniformly distributed 
in space and the electron density is a uniform quantity in space.

Lecture I: Introduction to solid state Physics

Bonding energy
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Bloch Theorem

Drude Model (1900): 

• 1st microscopic model to interpret the electronic conductivity of 
metals

• Conducting electrons described by classical gas (Maxwell-Boltzmann 
statistics)

• Electrons undergo collisions with positive ions
• Explain the increase of resistivity with temperature 
• BUT discrepancies for heat capacity 

Sommerfeld Model (1928): 

• Conducting electrons described by quantum gas (Fermi-Dirac statistics)
• Explain the contribution of electrons to the heat capacity of metals
• BUT did not explain why there are insulating, semi-conducting crystals?

What did they miss?

Lecture I: Introduction to solid state Physics
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What are the consequences of the translational symmetry on the 
electronic properties?

Bloch Theorem

There are symmetries in the crystal! 
Translations

Lecture I: Introduction to solid state Physics



Bloch Theorem

 

 

Electron in crystals: classical or quantum?

 Quantum Mechanics

 

Lecture I: Introduction to solid state Physics
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Bloch Theorem

  

  

  

 

 

 

 

 

 

Bloch Theorem

Lecture I: Introduction to solid state Physics
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Quiz 6: Prove the Bloch theorem.

Quiz 5: Prove it.
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Thank you for your attention

Any questions?


