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What is a solid?
• A material that keeps its shape 

– Can be deformed by stress 
– Returns to original shape if it is not strained 

too much

– Solid structure is defined by the atoms

Gas Liquid Crystalline Solid



What is Solid State Physics?
• The body of knowledge about the fundamental 

phenomena and classifications of solids  
• “fundamental phenomenon” = a characteristic 

behavior exhibited by classes of solids
• Examples:

– Ductile vs. brittle materials
– Metals vs. Insulators
– Superconductivity - discovered in 1911
– Ferromagnetic materials

• The basic understanding of such “fundamental 
phenomena” has only occurred in the last 70 years 
- due to quantum mechanics



Phenomena and Principles in SSP
• Mechanical

– Structures
– Strength

• Thermal
– Heat capacity
– Heat conduction
– Phase transitions

• Electrical
– Insulators
– Metals
– Semiconductors
– Superconductors

• Magnetic
– Ferromagnetism

• Optical
– Reflection, refraction
– Colors

• Newton’s Laws

• Maxwell’s Equations

• Thermodynamics and 
Statistical Mechanics

• Quantum Mechanics
– Schrodinger’s Equation
– Pauli exclusion 

principle

• Order and Symmetry



Course outline
• Structures of solids: Kittel 1-5

crystal structure
diffraction and reciprocal lattice
binding 
atomic vibrations and elastic constants
thermal properties

• Electronic properties: Kittel 6-7
free electron gas
energy bands – metals vs. insulators
semiconductors (time permitting)

• Additional topics (time permitting)



Solid State Simulations
• “bravais”: Crystal structure and x-ray diffraction
• “laue”: Diffraction in perfect and imperfect 

crystals
• “born”: Lattice dynamics in one dimension
• “debye”: Lattice dynamics and heat capacity
• “drude”: Dynamics of the classical free electron 

gas
• “ising”: Ising model and ferromagnetism



Structure of Crystals (Kittel Ch. 1)

See many great sites like “Bob’s rock shop” with pictures and 
crystallography info:  http://www.rockhounds.com/rockshop/xtal/index.html

A crystal is a repeated array of atoms.                         



Crystals 
• A crystal is a repeated array of atoms (or cells)

• Crystal   =   Lattice   +           Basis

Crystal
Lattice of points
(Bravais Lattice) Basis of atoms



Possible crystal symmetries
• Translation symmetry 

• Point symmetries (rotation, reflection) always present

depend on basis



Characterizing the lattice
Each lattice has translational symmetry - the atomic arrangement
looks the same when viewed from the lattice point at r or from the
lattice point at

a1 , a2 , a3  - translation vectors  (axes), only 2 needed in 2D
where u1 , u2  , u3 are arbitrary integers

There are multiple ways of choosing axes. Each choice determines a 
unit cell; the crystal is the repetition of these unit cells.

Primitive axes:
– each point of the lattice can be described as
– the parallelepiped defined by them has the smallest volume

The primitive translation vectors determine the primitive cell.
There are many ways of choosing primitive axes, but there is always one
lattice point (and as many atoms as there are in the basis) per primitive 
cell.

321 aaarr 321 uuu +++=′

321 aaa 321 uuu ++



Ex. Define a few possible sets of axes for the lattice below.
Which are the primitive axes?
What is the primitive cell?



Characterizing the basis
A basis of atoms is attached to every lattice point, with every 
basis identical
Coordinates of atoms in the basis

a1 , a2 , a3  - lattice axes 
x j, yj , zj are between 0 and 1

Description of a crystal:
1. What is the lattice?
2. What choice of a1 , a2 , a3 do we wish to make?
3. What is the basis?

321j aaar jjj zyx ++=



Two Dimensional Crystals

• Infinite number of possible crystals
• Finite number of possible crystal types (Bravais lattices)
• The entire infinite lattice is specified by the primitive 

vectors a1 and a2 (also a3 in 3D)

a1

a2

φ

Basis
Lattice



Wallpaper patterns as crystals

Find the lattice and basis of these two wallpaper patterns.
What symmetries do the patterns have?



Possible Two Dimensional Lattices

• Special angles φ = 90° and 60° lead to special crystal types
• In addition to translations, these lattices are invariant under 

rotations and/or reflections

• Ex: give a few examples of lattices with φ = 90°
or φ = 60°:

a1

a2

φ



Possible Two Dimensional Lattices

These are the only possible special crystal types
(Bravais lattices) in two dimensions.

a1

a2

Hexagonal Φ = 60, a1 = a2
6-fold rotation , reflections

a1

a2

φ

General oblique

a1

a2

Square
4-fold rot., reflect.

a1

a2

Rectangular
2-fold rot., reflect.

Centered Rectangular
2-fold rot., reflect.

a1

a2



Ex.: Close packing of spheres
What is the lattice corresponding to this arrangement?
What symmetries does the lattice have?
What axes can be defined for this lattice?
What are the primitive axes?
How many spheres are there in a cell? Hint: add sphere
fractions inside the cell.



Spheres inside the cell: 1/6+2/6+1/6+2/6=1.

60°



Crystalline layers with >1 atom basis

• Left - layers in the High Tc superconductors
• Right - single layer of carbon graphite  or 

hexagonal BN (the two atoms are chemically 
different in BN, not in C )

Honeycomb Lattice
(Graphite or BN layer)

a1

a2

CuO2 Square Lattice

a1

a2

Cu

O



Primitive Cell and Wigner-Seitz Cell

Wigner-Seitz Cell -- Unique

a1

a2

One possible Primitive Cell

Wigner Seitz Cell is most compact, highest symmetry
primitive cell possible
It is defined by the neighboring lattice points: 
• connect a lattice point to all nearby lattice points
• draw the perpendicular bisectors of lines 
• find enclosed polygon with smallest volume



a1

a2

Hexagonal Φ = 60, a1 = a2
6-fold rotation , reflections

a1

a2

Square
4-fold rot., reflect.

a1

a2

Rectangular
2-fold rot., reflect.

Ex. Find the Wigner-Seitz cell of the following lattices





Ex. How many atom fractions are contained in the BCC or FCC cell?



Primitive bcc cell

Regular rhombic dodecahedron



Primitive bcc cell

Ex. Consider a cube 
with unit side length.

Write down the 
primitive axes of the 
bcc cell using the unit
vectors z,y,x ˆˆˆ

2/ẑ

2/x̂

2/x̂−

2/ẑ−
2/ŷ−

2/ẑ2/ŷ2/x̂ +−=1a

2/ẑ2/ŷ2/x̂ −+=2a

2/ẑ2/ŷ2/x̂ −+=3a



Face Centered Cubic Lattice

X

y

z

a1

a3

a2

Wigner-Seitz CellOne Primitive Cell



Lattice Planes - Index System

• Define the plane by the reciprocals 1/n1, 1/n2, 1/n3

• Reduce to three integers with same ratio h,k,l
• Plane is defined by h,k,l

n1 a1

Plane through the lattice n1 a1 , n2 a2, n3a3 
n’s can be integers or rational fractions

n2 a2

n3 a3



Lattice planes in 2d crystals

• Infinite number of possible planes
• Can be through lattice points or between lattice 

points.
• The lattice planes are independent of the basis.

a1

a2

φ

(22) (11)

(01)

(14)

(02)
Basis



Schematic illustrations of lattice planes 

• Each set of (h k) defines a family of parallel planes (e.g. 
planes that have the same intercept in different cells)

• Note that there always is a (h k) plane going through the 
origin!

a1

a2

φ

(14)

(11)



Equivalent lattice planes 

• Distance between (h,k) planes: length of vector starting from cell 
origin and perpendicular to plane

• Low index planes: more lattice points, more widely spaced
• High index planes: less lattice points, more closely spaced

• If the Miller indices contain a common divisor n, only every nth 
plane contains lattice points

a1

a2

φ

(01)
(02)

(01) (02)…

Lattice



(100) plane parallel to yz plane; (110) plane parallel to z axis



Stacking hexagonal 2d layers to make 
close packed 3d crystal

• Can stack each layer in one of two ways, B or C 
above A

• Either way, each sphere has 12 equal neighbors
• 6 in plane, 3 above, 3 below

A B C



Stacking hexagonal 2d layers to make 
hexagonal close packed (hcp) 3d crystal

• Stacking sequence: ABABAB 
• Hexagonal Bravais lattice, basis of 2 atoms



Stacking hexagonal 2d layers to make 
a face centered cubic (fcc) 3d crystal

• Stacking sequence: ABCABCABC 
• Leads to an fcc lattice
• Basis of 1 atom

Cube

Note spheres in
a line parallel to
[110] direction in
cube



Face Centered Cubic Bravais Lattice
Two atoms (one Na, one Cl) per basis
In the conventional cubic lattice there are eight atoms per basis.

Ex. What are these eight atoms’ positions?

X

y

z

NaCl Structure



Simple Cubic Bravais Lattice
Two atoms per basis

X

y

z

CsCl Structure

a3

a2

a1

From http://www.ilpi.com/inorganic/structures/cscl/index.html



Diamond crystal structure

Face Centered Cubic Bravais Lattice
Two identical atoms per basis
Ex. What are the basis atoms’ positions? How does the diamond
structure differ from the NaCl structure?



Next Time

• Diffraction from crystals

• Reciprocal lattice

• Read Kittel Ch 2


