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Phonons in Crystals



Electrons are “coupled to the lattice”

… and this has many consequences



“Crystals” are not that simple…
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Defects
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Antiphase Boundaries

The atomically resolved phonon spectra at the FeSe/SrTiO3 interface. 
a The HAADF image showing the region where EELS spectra are acquired. b 
The map of atomically resolved off-axis EELS spectra across the interface. c 

The spectra extracted from bulk SrTiO3 (blue), Ti–O(B) (purple), Ti–O(T) (orange), 
FeSe layer adjacent to the interface (yellow), and bulk FeSe (green). Their spatial 

regions are labeled by dashed rectangles with corresponding colors in (a). 

Interfacial phonons
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What are phonons?

A phonon is a quasiparticle, collective excitation in a periodic, elastic 
arrangement of atoms or molecules in condensed matter, specifically in 
solids and some liquids.

Wikipedia

…but we will include “molecular vibrations” in the package.

https://en.wikipedia.org/wiki/Collective_excitation
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+ Adiabatic approximation

+ Harmonic approximation



What are phonons?
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(i,j) are xyz coordinate’s indexes

Interatomic Force Constant matrix

(a,b) are cell’s indexes
( , ’) are atom indexes within cell κ κ

a, κ

b, κ′￼



• In the harmonic approximation, these IFC determine the lattice dynamics:

What are phonons?
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Interatomic Force Constant matrix
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(Hooke´s law)



Fourier transform

Lattice dynamics
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Harmonic 
displacement 
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Lattice dynamics

Mκω2
qνξqν(iκ) = ∑

jκ′￼b

C̄iκ,jκ′￼
(a, b) ei ⃗q⋅( ⃗R a− ⃗R b) ξqν( jκ′￼)

Fourier transform

ω2
qν (Mκδκκ′￼

δij) (ξqν) = (C̄(q)) (ξqν)

In matrix form: # dof = 3 x (# of atoms in unit cell)

• Coordinate index

• Atom index
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Fourier transform
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• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes
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How to compute phonons in SIESTA?



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes
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How to compute phonons in SIESTA?
Tolerance on the forces < 0.01 eV/ 


Caution with egg box effect and grid sampling

Å



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes
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How to compute phonons in SIESTA?
• Fcbuild (Utils/Vibra)


SuperCell_1   N 

• Check convergence with N

generates a supercell with 
2N+1 unit cells along axis “1”

N=1

N=2



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes

D̄iκ,jκ′￼
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How to compute phonons in SIESTA?
• Automatically done with FC option for MD


• Displacements by u in 

• Keep u small enough for the harmonic approximation 

to be valid, (but large enough to avoid numerical noise 
in the forces!). Frequently 0.005< u<0.05 

Δ ±x, ± y, ± z
Δ

Δ Å

MD.TypeOfRun       FC
FC.Displacement    u Bohr
FC.First           1 
FC.Last            N

Δ



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes
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How to compute phonons in SIESTA?
• Automatically stored in file

• Files can be concatenated if different runs are 

required (caution with the first line!)

SystemLabel.FC



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes
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1
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∑
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(0,b) ei ⃗q⋅ ⃗R b

How to compute phonons in SIESTA?
• Done by Vibra (Utils/Vibra)


• Reads its own input file, and SystemLabel.FC

• Atomic masses must be included in the 
AtomicCoordinates block


• Need to select q path (BandLines)



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes

How to compute phonons in SIESTA?

Ready for the 
hands-on??



• Relax structure


• Build a supercell 


• Displace atom “i” in cell “0”


• Compute forces over all atoms in cells R saving each row of the FC matrix


• Fourier transform the FC matrix to selected q points


• Diagonalize Dynamical Matrix and obtain frequencies and eigenmodes

How to compute phonons in SIESTA?

• Check input files (Si.fcbuild.fdf & Si.ifc.fdf)

• fcbuild < Si.fcbuild.fdf 

• siesta < Si.ifc.fdf > Si.ifc.111.out

• vibra < Si.fcbuild.fdf 

• gnubands -G Si.bands > bands.111.dat

• Discuss. Check convergence with Supercell.

Crystalline Silicon
• input files (benzene.relax.fdf, benzene.ifc.fdf, 
vib2xsf.dat)


• siesta < benzene.ifc.fdf > benzene.ifc.out

• vibra < benzene.ifc.fdf > vibra.out

• Visualize eigenvectors.

• vib2xsf < vib2xsf.dat

• Ovito benzene.Mode_15.AXSF (or any other)

• Discuss.

Benzene (molecular)



Questions?


