
Crystal vibrations - Phonons
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Diatomic chain: dispersion relation
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Vibrations in 3D lattice

0 Τ𝜋 𝑎
𝐾
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Monoatomic 3D Bravais lattice

Longitudinal Acoustical Mode:

Transverse Acoustical Mode:



Experimental and theoretical phonon dispersion curves of Al
Squares represent experimental data at 300 K



Vibrations in 3D with s atoms per cell

3 Acosutic modes
Each has 𝜔~𝐾 at small 𝐾

3s-3 Optic modes





Quiz : Dispersion curves in Diamond

Monteverde et al., Carboni 91, 266 (2015)



Quantum modes: Phonons

Quantum correspondence: If a classical harmonic system (i.e. any quadratic Hamiltonian) has a normal

oscillation mode at frequency , the corresponding quantum system will have eigenstates with energy

𝐸𝑛 = ℏ𝜔(𝑛 + 1
2)



Phonons



Phonon momentum

• Phonons can interact with other particles (i.e. photons, neutrons, electrons).

• This interaction occurs such as if the photon had a momentum ℏ𝐾.
• However, a phonon does not carry a real physical momentum.



Inelastic scattering by phonons



Triple axis spectrometer



Learning outcomes – Phonons

 Normal modes are collective oscillations where all particles move at the same frequency.

 A normal mode of frequency𝝎 is translated into quantum-mechanical eigenstates 𝑬𝒏 = ℏ𝝎 (𝒏 +
𝟏

𝟐
).

 The quantum unit of a crystal vibration is a phonon, which has energy ℏ𝝎. Phonons can be thought as particles
that obey Bose statistics. Thus, if a mode is in the ntheigenstate, we say it is occupied by n phonons.

 All elastic waves can be described by wavevectors that lie within the first Brillouin zone of the reciprocal space.

 If there are s atoms in the primitive cell, the phonon dispersion relation has 3s branches: 3 acoustical phonon
branches (i.e. have linear dispersion at small 𝒌; sound wave) and 3s-3 optical phonon branches (i.e. have finite
frequency at 𝒌 = 𝟎) .

 The wavevector selection rule for an inelastic scattering process of a photon or a neutron from wavevector 𝒌 to 𝒌′,

when a phonon of wavevector𝑲 is created, is

𝒌 = 𝒌′ + 𝑲 + 𝑮

where𝑮 is a reciprocal lattice vector.


