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Vibrational properties overview

v

Harmonic phonons are a very good approximation.

v

Anharmonic phonons: light elements, hydrogen bonds, high
temperatures, ...

v

Interacting phonons:

> Phase stability.
» Thermal expansion.

v

Electron-phonon coupling:

» Temperature dependence of band gaps.
» Superconductivity.
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Condensed matter Hamiltonian
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Born-Oppenheimer approximation

» Trial wavefunction:

Um({ri}, {ra}) = bm{ri}; {ro })®({ra}) (1)

» Equations of motion:

ﬁewmA({rih{ru}) = em({ra})¥m({ri}; {ra})
Hyp,®({ro}) = E®({ra})

» Decoupled Hamiltonians:
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Harmonic approximation

» Vibrational Hamiltonian in {r,} (or {us,}):
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» Normal mode analysis: {upo} — {qks}
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» Vibrational Hamiltonian in {gxs}:
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Principal axes approximation to the BO energy surface

V({axs}) = +Z Vies (qis) + 5 ZZ Visiws' (Qks, Qs )+ -

k,s k/ s’

» Static lattice DFT total energy
» DFT total energy along frozen independent phonon

» DFT total energy along frozen coupled phonons
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Vibrational self-consistent field equations

» Phonon Schrodinger equation:
1 92
> 37 +Vaed) | eac}) = Bo({as})
k,s 2 aqks
» Ground state ansatz: ®({qis}) = [} ; Pxs(qxs)

» Self-consistent equations:
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Diamond independent phonon term (1)

V({aes}) = +2Vks ks)+5 ZZ Visik's' (Qies, Qs )+ -

k,s k/ s’
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Diamond independent phonon term (II)
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Diamond coupled phonons term

({ka} +Z Vks qks ZZ Vk; K5/ ka qw’s ,)+ ..

k,s k/,s’

o
Energy (eV)

-30 <20 -10 0 10 20 30

ESDG - March 2013

-30 <20 <10 0 10 20 30 40
q; (au.) q, (au)



LiH independent phonon term (1)
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LiH independent phonon term (I1)
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LiH coupled phonons term

({ka} +Z Vks (_Iks ZZ ‘ks K (]ks Q' s ,)_|_
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Anharmonic ZPE correction

Anharmonic correction (meV/atom)
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Anharmonic ZPE correction
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Anharmonic ZPE correction

Anharmonic correction (meV/atom)
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Anharmonic ZPE correction
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Anharmonic ZPE correction

Anharmonic correction (meV/atom)
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Anharmonic ZPE correction
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Anharmonic ZPE correction
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Conclusions

Summary:
» Principal axes approximation to the Born-Oppenheimer energy

surface.
» VSCF method for the solution of the vibrational equation.

» Examples of anharmonic energy correction.

Extended framework (see future talk):
» Phonon expectation values for general phonon-dependent
operators.
» Electron-phonon interactions, stress tensor, mean atomic
positions, hyperfine tensor, ...
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Additional Material: diamond phonon dispersion
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Additional Material: LiH phonon dispersion
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