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lonic degrees of freedom in the Kohn-Sham equations

Where do electron-phonon interactions come from?
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Heuristic approach to electron-phonon interactions

The SCF potential depends parametrically on the atomic coordinates
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Manifestations of electron-phonon interactions

Electron mobility in monolayer MoSs
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Figure from Radisavljevic and Kis, Nature Mater. 12, 815 (2013)
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Manifestations of electron-phonon interactions

Phonon-assisted optical absorption in silicon
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Feliciano Giustino, UT Austin 07 of 29



Manifestations of electron-phonon interactions

High-temperature superconductivity in compressed H3S
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Manifestations of electron-phonon interactions

Temperature-dependent photoluminescence in hybrid perovskites

Energy (eV)

0 50 100 150 200 250 300 350
Temperature (K)

Figure from Wright et al, Nat. Commun. 7, 11755 (2016)
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Perturbation Hamiltonian leading to EPls
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Rayleigh-Schrodinger perturbation theory
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Rayleigh-Schrodinger perturbation theory
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Rayleigh-Schrodinger perturbation theory
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Rayleigh-Schrodinger perturbation theory
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Rayleigh-Schrodinger perturbation theory

Energy

Wavefunction

Transition rate
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Displacement amplitudes

What is the atomic displacement u in the perturbation Hamiltonian?
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Mean square displacement amplitudes
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Mean square displacement amplitudes
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Temperature-dependent band structures

Allen-Heine theory

AE, = (n|
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Temperature-dependent band structures

Allen-Heine theory
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Temperature-dependent band structures

Allen-Heine theory
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Temperature-dependent band structures: Basic trends
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Temperature-dependent band structures: Basic trends
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Example: Temperature-dependent bands of silicon
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Figure from Zacharias et al, Phys. Rev. Research 2, 013357 (2020)
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Phonon-assisted optical absorption
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Phonon-assisted optical absorption
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Phonon-assisted optical absorption
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Example: Absorption

Abs. coefficient k(w) (cm™1)
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see also: Noffinger et al, Phys. Rev. Lett. 108, 167402 (2012)

18 of 29



Example: Absorption

Abs. coefficient k(w) (cm™1)

Feliciano Giustino, UT Austin

10¢
10°
10*
103
102
10*

10°

1071

spectrum of silicon

experiment ,
o i theory,
300 K i direct

© © 0000000000,

H
H
1 H I

0.0

1.0 2.0 3.0 4.0
Photon Energy fiw (eV)

5.0

Energy (eV)
G N A o Rk N oW A

G
k-point path

Figure from Zacharias et al, Phys. Rev. Lett. 115, 177401 (2015)
see also: Noffinger et al, Phys. Rev. Lett. 108, 167402 (2012)

18 of 29



Example: Absorption

Abs. coefficient k(w) (cm™1)

Feliciano Giustino, UT Austin

10¢
10°
10*
103
102
10*

10°

spectrum of silicon

H
H
1 H I

1.0 2.0 3.0 4.0 5.0
Photon Energy fiw (eV)

Energy (eV)
G N A o Rk N oW A

G
k-point path

Figure from Zacharias et al, Phys. Rev. Lett. 115, 177401 (2015)
see also: Noffinger et al, Phys. Rev. Lett. 108, 167402 (2012)

18 of 29



Phonon-limited carrier mobilities

Carrier relaxation time

Tln = Zm Fn%m
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Phonon-limited carrier mobilities

Carrier relaxation time
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Electron mobility from Boltzmann equation (simplified)
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Example: Mobility of lead-halide perovskite MAPDbI;
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Figure from Xia et al, J. Phys. Chem. Lett. 12, 3607 (2021)
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The electron-phonon matrix element

(] TCE

|¢n> E— gmnu(ka q) = <umk+q|AqVUSCF|unk>uc

Baroni et al, Rev. Mod. Phys. 73, 515 (2001); Giustino, Rev. Mod. Phys. 89, 015003 (2017)

Feliciano Giustino, UT Austin 21 of 29
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The electron-phonon matrix element
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The electron-phonon matrix element

(] TCE
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The electron-phonon matrix element
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The electron-phonon matrix element

(] TCE

|¢n> E— gmnu(k7 q) = <umk+q|AqV'UscF|unk

N

Lattice-periodic part of the wavefunction

Lattice-periodic variation Zero-point Potential change
of the self-consistent potential amplitude from ionic displacement
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The electron-phonon matrix element

(] TCE

|¢n> E— gmnu(k7 q) = <umk+q|AqV'UscF|unk

N

Lattice-periodic part of the wavefunction

Lattice-periodic variation Zero-point Potential change
of the self-consistent potential amplitude from ionic displacement
A v — e—z’q~(r—Rp) h e ( )a‘/SCF( )
qV ¥SCF Ko,V q
Zmp M, wq Orap
Incommensurate Phonon
modulation polarization

Baroni et al, Rev. Mod. Phys. 73, 515 (2001); Giustino, Rev. Mod. Phys. 89, 015003 (2017)
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Brillouin Zone integrals

Example: electron lifetimes in metals (adiabatic, high temperature)
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Fermi surface of copper
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Brillouin Zone integrals

Example: electron lifetimes in metals (adiabatic, high temperature)

1 dq Ignmu (k, q)|?
— = 2k T g / 0(Enk — €m
Tnk b Bz Bz hwqy (Eni ko)

Fermi surface of copper

e The integral over the Brillouin zone can require grids
with 100x100x 100 g-points and more: expensive

e Each g-vector requires a separate DFPT calculation: expensive
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Wannier interpolation of electron-phonon matrix elements

Wannier functions

1 e
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Marzari et al, Rev. Mod. Phys. 84, 1419 (2012)
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Wannier interpolation of electron-phonon matrix elements
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FG, Rev. Mod. Phys. 89, 015003 (2017)
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Wannier interpolation of electron-phonon matrix elements
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Example: Electron-phonon matrix elements of diamond
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Figure from FG et al, Phys. Rev. B 76, 165108 (2007)
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Example: Electron-phonon matrix elements of diamond
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Spatial decay of induced potential

dipole quadrupole octupole
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Feliciano Giustino, UT Austin 26 of 29



Spatial decay of induced potential

dipole quadrupole octupole

atomic

dipole \ -

1
Fourier: - 1 q
q

Feliciano Giustino, UT Austin 26 of 29



Spatial decay of induced potential
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Spatial decay of induced potential

y dipole quadrupole octupole
IVscr _
3Fon|1ic or (I‘) ! D
ipole \ -
1
Fourier: - 1 q
q
2
Metals: elg) =1+ qTTF smooth smooth smooth
q
€0 — 1 . . .
Insulator: eg) =1+ ——%— singular discontinuous smooth
(9) T+ /@

Feliciano Giustino, UT Austin 26 of 29



Example: Frohlich interaction matrix element in TiO,
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Figure from Verdi et al, Phys. Rev. Lett. 115, 176401 (2015)
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Example: Frohlich interaction matrix element in TiO,
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Figure from Verdi et al, Phys. Rev. Lett. 115, 176401 (2015)
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Example: Frohlich interaction matrix element in TiO,
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Take-home messages

e We can understand the basics of electron-phonon physics using elementary
perturbation theory

e Calculations of EPIs require a fine sampling of the electron-phonon matrix
elements across the Brillouin zone

e The EPI matrix elements of metals and insulators behave very differently for
long-wavelength phonons
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