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Classical Theory Expectations

ÅEquipartition: 1/2kBT per degree of freedom

ÅIn 3-D electron gas this means 3/2kBT per electron

ÅIn 3-D atomic lattice this means 3kBT per atom (why?)

ÅSo one would expect: CV = du/dT = 3/2nekB + 3nakB

ÅDulong & Petit (1819!) had found the molar heat capacity 

of most solids approaches 3NAkB at high T
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Molar heat capacity @ high T Ą 25 J/mol/K
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Heat Capacity: Real Metals

ÅSo far weôve learned about heat capacity of electron gas

ÅBut evidence of linear ~T dependence only at very low T

ÅOtherwise CV = constant (very high T), or ~T3 (intermediate)

ÅWhy?
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Heat Capacity: Dielectrics vs. Metals

ÅVery high T: CV = 3nkB (constant) both dielectrics & metals

ÅIntermediate T: CV ~ aT3 both dielectrics & metals

ÅVery low T: CV ~ bT metals only (electron contribution)
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Cv = bT
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Phonons: Atomic Lattice Vibrations

Å Phonons = quantized atomic lattice vibrations

Å Transverse (u ̂  k) vs. longitudinal modes (u || k), acoustic vs. optical

Å ñHot phononsò = highly occupied modes above room temperature

CO2 molecule
vibrations

)](exp[),( tiit w-Ö= rkAru

transverse
small k

transverse
max k=2 p/a

k

Graphene Phonons [100]

200 meV

160 meV

100 meV

26 meV =

300 K

F
re

q
u

e
n

c
y
 ɤ

(c
m

-1
)



© 2009 Eric Pop, UIUC ECE 598EP: Hot Chips

A Few Lattice Types

ÅPoint lattice (Bravais)

ï1D

ï2D

ï3D
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Primitive Cell and Lattice Vectors

ÅLattice = regular array of points {Rl} in space repeatable 

by translation through primitive lattice vectors

ÅThe vectors ai are all primitive lattice vectors

ÅPrimitive cell: Wigner-Seitz
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Silicon (Diamond) Lattice

ÅTetrahedral bond arrangement

Å2-atom basis

ÅEach atom has 4 nearest neighbors and 12 next-nearest 

neighbors

ÅWhat about in (Fourier-transformed) k-space?
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Position Ą Momentum (k-) Space

ÅThe Fourier transform in k-space is also a lattice

ÅThis reciprocal lattice has a lattice constant 2 /́a
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Atomic Potentials and Vibrations

ÅWithin small perturbations from their equilibrium 

positions, atomic potentials are nearly quadratic

ÅCan think of them (simplistically) as masses connected 

by springs!
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Vibrations in a Discrete 1D Lattice

ÅCan write down wave equation

ÅVelocity of sound (vibration 

propagation) is proportional to 

stiffness and inversely to mass 

(inertia)
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