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Manifestations of electron-phonon interactions

Electron mobility in monolayer MoSs

2
¥ 4
¥ T . PRy ,rom
i " I
iy ¥
~ [ E 3 5 i°§
- 3 55 F ;
g ]
2 B i
%100 | [P
= o[ o ny=076x103cm2
= 8
= 0.96x 101 cm2
7F 4 115x108cm=2 w~ T-055
v 135x1013cm=2
6
| | |
1 10 100
T

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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Data from Green et al, Prog. Photovolt. Res. Appl. 3, 189 (1995)
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Manifestations of electron-phonon interactions

High-temperature superconductivity in compressed H3S
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Figure from Drozdov et al, Nature 73, 525 (2015)
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Manifestations of electron-phonon interactions

Temperature-dependent photoluminescence in hybrid perovskites
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Figure from Wright et al, Nat. Commun. 7, 11755 (2016)
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Where do electron-phonon interactions come from?
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lonic degrees of freedom in the Kohn-Sham equations

cf. Lec. Mon.2 Giannozzi
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lonic degrees of freedom in the Kohn-Sham equations
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lonic degrees of freedom in the Kohn-Sham equations

cf. Lec. Mon.2 Giannozzi
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lonic degrees of freedom in the Kohn-Sham equations
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lonic degrees of freedom in the Kohn-Sham equations
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cf. Lec. Mon.2 Giannozzi
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Heuristic approach to electron-phonon interactions

The SCF potential depends parametrically on the atomic coordinates

Vscr = Vacr(r;71,72,73 - )
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Heuristic approach to electron-phonon interactions

The SCF potential depends parametrically on the atomic coordinates

Vscr = Vscor(r; 71,T2,75 - +)

e Consider only one atom and one Cartesian direction

e Displace atom from equilibrium site, 7 = 79 + u
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Heuristic approach to electron-phonon interactions

The SCF potential depends parametrically on the atomic coordinates

Vscr = Vacr(r;71,72,73 - )

e Consider only one atom and one Cartesian direction

e Displace atom from equilibrium site, 7 = 79 + u

OViscr 1 0?Vser 2

Vaser(r; 7) = Vaor(r; 7o) + 5 Yt o2

Perturbation Hamiltonian leading to EPlIs
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Perturbation Hamiltonian leading to EPIs
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Perturbation Hamiltonian leading to EPIs

Vscr(r; 70 + )
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Perturbation Hamiltonian leading to EPIs

Vscr(r; 70 + )

/\/VSCF(I‘; 70 +u) — Vscr(r; 70)
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Rayleigh-Schrodinger perturbation theory
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Rayleigh-Schrodinger perturbation theory

OV
Energy AE, = (n| %u [n)
T
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Rayleigh-Schrodinger perturbation theory
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Energy AE, = (n| %u [n)
T
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Wavefunction Ay, = Z
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Rayleigh-Schrodinger perturbation theory
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Rayleigh-Schrodinger perturbation theory

Energy

Wavefunction

Transition rate
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Temperature-dependent band structure
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Displacement amplitudes

What is the atomic displacement u in the perturbation Hamiltonian?
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Displacement amplitudes

What is the atomic displacement u in the perturbation Hamiltonian?

equilibrium out of equilibrium

e.g.: fixed temperature e.g.: driven systems
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Mean square displacements at given temperature
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Mean square displacements at given temperature

C = Mw?

—u
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Mean square displacements at given temperature
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Mean square displacements at given temperature
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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

Allen-Heine theory
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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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Example: Temperature-dependent bands of silicon

cf. Lec. Fri.1 Zacharias
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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

() Z5CE 4 1y

A'@/Jn(l‘) = Z ﬁwm(r)
m#n n m

2(w) = (el p10)* S(E. — B, — hw)
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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 spectrum of silicon

cf. Lec. Wed.3 Kioupakis
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Figure from Zacharias et al, Phys. Rev. Lett. 115, 177401 (2015)
see also: Noffinger et al, Phys. Rev. Lett. 108, 167402 (2012)
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Example: Absorption spectrum of silicon

Abs. coefficient #(w) (cm™!)

Feliciano Giustino

108 F

10°
10*
103
10?
10!

10°

10~

oo iued
i experiment ,” ',l" ]
o i theory,
i 300 K i direct 1
1 h . i .
0.0 1.0 2.0 3.0 4.0

Photon Energy hw (eV)

5.0

Energy (eV)

cf. Lec.

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)
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Example: Absorption spectrum of silicon

cf. Lec. Wed.3 Kioupakis

108 F

¢ theory,
direct

10*

Energy (eV)

10%

G
k-point path

10

Abs. coefficient #(w) (cm™!)

10° |

i L

107t L
0.0 1.0 2.0 3.0 4.0 5.0
Photon Energy hw (eV)

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

cf. Lec. Wed.1 Poncé
Carrier relaxation time

% = Zm
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Phonon-limited carrier mobilities

cf. Lec. Wed.1 Poncé
Carrier relaxation time

% = Zm

Electron mobility from Boltzmann equation (SERTA, simplified)

conduction e 1 m|v,|? _3f i
m N.4é—nec 3 O, ) "

Fermi level

Feliciano Giustino 19 of 30



Phonon-limited carrier mobilities

cf. Lec. Wed.1 Poncé

Carrier relaxation time
1
T m

Electron mobility from Boltzmann equation (SERTA, simplified)

conduction e 1 m|v,|? _of ~
He = m N.4é—nec 3 O, ) "
) W= ﬂ Drude formula
Fermi level m

Feliciano Giustino

19 of 30



Example: Mobility of lead-halide perovskite MAPDblI;
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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
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The electron-phonon matrix element
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The electron-phonon matrix element
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The electron-phonon matrix element
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The challenge of Brillouin Zone sampling

Example: Electron lifetimes
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The challenge of Brillouin Zone sampling

Example: Electron lifetimes
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The challenge of Brillouin Zone sampling

Example: Electron lifetimes
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4 x 4 grid

Coarse BZ sampling
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The challenge of Brillouin Zone sampling

Example: Electron lifetimes

1 p—

Tnk

Z/Bqu —1 ‘gnmu<k7 q)|26(€’ﬂk — Emk+q + hqu>

4 x 4 grid 40 x 40 grid

Coarse BZ sampling Fine BZ sampling

Feliciano Giustino

22 of 30



Wannier functions

cf. Lecs. Mon.3 Marzari, Tue.1l Marrazzo

Bloch Wannier

1 ik
me(r) = N Z e R Unmx wnk(r)
P pk

Review article: Marzari, Mostofi, Yates, Souza, Vanderbilt, Rev. Mod. Phys. 84, 1419 (2012)
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Wannier interpolation of electron-phonon matrix elements

Wior \
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A AL
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VARl

FG, Cohen, Louie, Phys. Rev. B 76, 165108 (2007)
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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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Example: Electron-phonon matrix elements of diamond
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Example: EP matrix elements of various semiconductors

Diamond GaAs 3C-siC -BN AlAs AlSb
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Figure from Poncé et al, Phys. Rev. Res. 3, 043022 (2021)
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Spatial decay of induced potential

y dipole quadrupole octupole
OVscr _ r Tol Tol gt
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x
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Spatial decay of induced potential

y dipole quadrupole octupole

oV _ 7 Tl FolgT

atomic aSCF( ) L |:Da g +Qa5 2 ﬁ +Oaﬁ'y 2 B 1

dipole \ T
x
1
Fourier: - 1 q

q

Feliciano Giustino 27 of 30



Spatial decay of induced potential

y dipole quadrupole octupole
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Spatial decay of induced potential

y dipole quadrupole octupole
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Example: Frohlich interaction matrix element in TiO,

cf. Lec. Tue.5 Lee
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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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Figure from Verdi et al, Phys. Rev. Lett. 115, 176401 (2015)
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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 Wannier functions are useful to address the Brillouin zone sampling
challenge
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