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Einstein’s Model of a Crystal (only vibrational K.E.)
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harmonic oscillator

Evaluate partition function.



Einstein’s Model of a Crystal
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Einstein’s Model of a Crystal

( )− νν ⎡ ⎤= − − −⎣ ⎦
kT1ln P ln 1 e

2 kT

3N0 bonds (particles) in a simple cubic crystal

( )( )− ν= − = ν + − kT
0 0 0

3F 3N kT ln P N 3N KT ln 1 e
2

Derive  Helmholz Free Energy.
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Einstein’s Model of a Crystal
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Derive  Entropy.

Derive  Internal Energy.
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Derive  Heat Capacity (Cv).
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                 (Dulong Petit's law)



=vC 3R per mole   = 24. 94 J/mole
(Dulong Petit's law)
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Departure from the Law of 
Dulong and Petit

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html

Gaskell



Monatomic Gas Model  (only translational K.E. )

gas in a box of × ×x y zl l l

x y z

position :  x = (x,  y,  z)
velocity :   v = (v ,  v , v )
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What is partition function?
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Derive Helmholz free energy.
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Derive Entropy.
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 for one mole of the gas 
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Derive internal energy. 

What is Cv ? 
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Assumption: The energy of each atom is contained 
in its translational kinetic energy. 
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Derive pressure. 

Molecules of two or more atoms (H2, CO2, CH4, etc)
Rotational and vibrational K.E. should also be considered. 
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Kinetic energies of rotation and vibration has 
the same mathematical form as translation energy.

In rotational kinetic energy, moment of inertia  and 
angular velocity are replaced for mass and 
translational velocity, respectively. 
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→ Principle of equipartition of energy  

→
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Each independent component of motion 
of the molecules in the gas contributes 
the same quantity, 
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Derive Cv. 

Diatomic molecule  
- 3 translational degrees of freedom (x, y, z)
- 2 rotational degrees of freedom (θ, φ)
- 1 vibrational degrees of freedom 

(r: internuclear distance, 
½ kT for K.E. ½ kT for P.E.)  

→ U = 7/2 kT, CV = 7/2 R, Cp = 9/2 R



Cp=9/2 R

What is Heat Capacity?

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html

→ capacity to store energy (heat)

CV =7/2 R

CV  > 7/2 R



In real diatomic molecule, Cv ≠ 7/2 R
Why?

The vibrational contribution of a diatomic 
molecule can be analyzed through the model 
of an harmonic oscillator (Einstein’s model).

R.E. Dickerson (1969)



http://www.2ndlaw.com/entropy.html

Quantized Energy → Energy Levels

Hydrogen Specific Heat 

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html
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For polyatomic molecules, vibrational contribution 
should be estimated. (Einstein model) 

Gases with linear molecules
- 3 translational degrees of freedom
- 2 rotational degrees of freedom
- 3n – 5 vibrational contributions 
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Gases with non-linear molecules
- 3 translational degrees of freedom
- 3 rotational degrees of freedom
- 3n – 6 vibrational contributions 
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Phase changes

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html



Energy Involved in the Phase Changes of Water

http://hyperphysics.phy-astr.gsu.edu/hbase/hframe.html




