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Plus supplemental reading from Kittel on Debye‐Waller factors





Back to solids: Vibrational effects on diffraction: 
the Debye‐Waller factor

Vibrations smear positions, 
decrease diffractionphonons
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15180 ft/s 
 3 miles/s

For copper:
Y = 120 
120 x 109
nt/m2; 
density = 
8,940 
kg/m3

Gives
Sqrt[Y/] =
3663 m/s

Speed of sound in various materials



Summing over vibrational modes in 1D and 3D



Vibrational effects on heat capacities: Einstein and Debye models



The Debye model for phonon statistics: 
Cutoff to yield 3NA modes/mole



Vibrational effects on heat capacities: Einstein and Debye models

Much better!



Low temperature heat capacity of solid argon and the Debye model:
no electronic contribution 



Debye temperatures of some materials

(soft)

(soft)

(hard)



Debye temperatures of the elements 



Energies of 1D vibrational waves as a function of wavevector q
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Continuum model: 
 = sqrt[Y/]q, vs = sqrt[Y/]

vg = /dq = 0
Standing 
wave



http://demonstrations.wolfram.com/NormalM
odesInAPeriodicMonatomicLinearChain/

Playtime with the monatomic linear chain
(In 3D, like primitive lattice with one atom/cell: 

e.g. fcc and bcc, no optical modes)



Basics of vibrational waves on a lattice



Superposition of traveling waves:

E.g.--Musical notes
close together in 
frequency

Movies at:
http://demonstr
ations.wolfram.
com/GroupAnd
PhaseVelocity/
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Energies of 1D vibrational waves as a function of wavevector q



Energies of 1D diatomic vibrational waves: 1D chain with 2-atom basis
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Energies of 1D diatomic vibrational waves: optical present

Light atom moves

Heavy atom moves

M1/M2 = 5

See additional discussion by Ibach and Luth, pp. 86‐91



Adding more dimensions:
Transverse optical and acoustic vibrations

2D diatomic chain  



1st Brillouin zone for 
the bcc lattice
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1st Brillouin zone for 
the fcc lattice
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Reciprocal 
of fcc = bcc
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SummingIntegrating over phonon modes

From Ibach and Luth, Chapter 5



Real 3D phonon 
densities of states
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Vibrational energies 
for real 3D crystals:

Al: fcc- no optical!
Diamond: fcc + basis-

optical present



Phonons in aluminum-fcc, no optical



equilibrium volume.

Vibrational energies for bcc tungsten‐no optical

TA1,2

LA



Phonons in a diamond lattice: Si- fcc + 2-atom basis, optical present



Phonons in silicon

Phonons in diamond

Conversion
:  1.24 meV
= 300 GHz 
= 3x1011 s‐1

0                          387x1011
= 38.7x1012 s‐1 (higher!)

0                       16 x 1012 s‐1



Thermal conductivity by phonons and Fick’s Law

See supplementary reading from Kittel on Thermal conductivity 



Thermal conductivity by phonons and Fick’s Law:
Phonon and boundary scattering

1.1 
mm2

52.6 
mm2



Phonon scattering processes:  normal and umklapp



Inelastic x-ray scattering by phonons:
like a doppler shift in scattering         



Recall: Vibrational effects on diffraction: 
the Debye‐Waller factor

Vibrations smear positions, 
decrease diffractionphonons
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