
Identify of long Identify of long ll and short and short ll
vibrationsvibrations

• Levy fig 3.9



covers all values

• a phase difference of 1.2p is equivalent to 
–0.8p (can always +/– 2p)

• At the Zone boundary ® standing wave

• Values : 
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Quantization Quantization of kof k

· The infinite chain has no restriction on k
· Finite chain more realistic

· Fix the two ends ± the normal modes are 
standing waves

· Boundary condition:
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· #modes = # free atoms

· #modes per unit range of k is

· L is very large for a real crystal so 
spectrum ~ continuous
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Cyclic (Periodic) Boundary Cyclic (Periodic) Boundary 
ConditionCondition

· Born ± von Karman
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Number of modesNumber of modes

· Consider a chain (L=1 cm) of atoms
· a ~ 1Å

· Quantization of lattice vibrations
· Phonons  !
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Dispersion Curve

w vs  k



Linear Chain Linear Chain –– 2 different masses2 different masses

un-1 vn un vn+1 un+1
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Linear Chain Linear Chain ±± 2 different masses2 different masses

· Solve for w2

· Limiting cases
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· Brill ouin Zone boundary
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Only light atoms move

Only heavy atoms move

Kittel



Levy

Optical Mode

Acoustic Mode



Limiting casesLimiting cases

Levy

Optical modes
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Inelastic neutron scatteringInelastic neutron scattering

· Lattice vibration energy is quantized  

PhononsPhonons

· Very high frequency (~ THz)

· Observe with neutron scattering

· E (phonons) ~ 0.01 ± 0.1 eV

· E (X-rays) ~ 10,000 eV

· E (neutrons) ~ 0.01 ± 0.1 eV

· Elastic scattering
Gkk += 21

Neutron in

Neutron out
Reciprocal Lattice vector



· Inelastic scattering
· Creation or annihilation of a phonon

· Conservation of energy

· A phonon with wave-vector k can interact 
with e.g. phonons, photons, neutrons, 
electrons … as if it had a momentum

· NOT a real, physical momentum
· “Crystal Momentum”

Inelastic neutron scatteringInelastic neutron scattering
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· Triple-Axis Spectrometer

Inelastic neutron scatteringInelastic neutron scattering

Mg at 290 K
(Pynn & Squires 1972)



· Phonon modes are anisotropic
· e.g. KBr (fcc NaCl-type structure)  Woods 

et al. 1963.



Heat CapacityHeat Capacity

· Lattice contribution ± phonons

· 3D harmonic oscillators

· 6 ‘quadratic’ degrees of freedom (3 kinetic 
and 3 potential)

· Equipartition Theorem                                                         

per quadratic degree of freedom

· Total energy per mole:
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· Dulong-Petit  law (1819)

· Good agreement at high temperatures
· Breaks down at low temperature (Weber ±

1875 ± diamond)
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· Einstein (1907) ± assume independentindependent

harmonic oscil lators with unique frequency

· Energy levels of oscillator

· Adjust             to fi t Weber’s data
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Einstein ModelEinstein Model
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RC 3® (Dulong-Petit)

Low-T limit          exponential decrease

Problem:  decreases too quickly

Experimental decrease is 3TC µ



Debye Debye ModelModel

· Atoms vibrate in collective fashion (Born 
et al.)

· Assumed linear dispersion

and a distribution of vibrational modes up 
to a maximum frequency 

· Define Debye temperature           
(characteristic of material:  = 467 K for Fe)

· High-T limit

· Low-T limit
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