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THE WONDER ELEMENT

J Robertson, Mat Sci Eng 2002

MT Yin & ML Cohen, PRL 1983
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Mass enhancement in metals
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ELECTRON-PHONON INTERACTION IN METALS
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ARPES kinks in 2D materials
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CH Park, FG et al, Nano Lett 2009
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ELECTRON-PHONON INTERACTION IN METALS

S Engelsberg, JR Schrieffer, Phys Rev 1963

Quasiparticle theory of e-ph interaction in metals

Holstein model + Migdal theorem
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ELECTRON-PHONON INTERACTION IN METALS

Non-interacting Including e-ph interaction
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See also: A Eiguren, C Ambrosch-Draxl, PM Echenique, PRB 2009
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ELECTRON-PHONON INTERACTION IN METALS

L Hedin and S Lundqvist, Solid State Physics 1969

First-principles theory of e-ph interaction

GW framework

Ionic contribution to screened Coulomb interaction 
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ELECTRON-PHONON INTERACTION IN METALS

matrix elements

electrons phonons

Wannier e-ph interpolation

FG, ML Cohen, SG Louie, PRB 2007
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Example: graphene

ELECTRON-PHONON INTERACTION IN METALS

pristine 4·1013 electrons/cm-2

4%
8%

CH Park, FG, ML Cohen, SG Louie, PRL 2007
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ELECTRON-PHONON INTERACTION IN METALS

4·1013 electrons/cm-2

Example: graphene

CH Park, FG, ML Cohen, SG Louie, PRL 2007
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Temperature dependence of band gaps

ELECTRON-PHONON INTERACTION IN INSULATORS

KP O'Donnel, X Chen, Appl Phys Lett 1991

silicon gallium arsenide

1.17 eV

1.12 eV

1.5 eV

1.1 eV
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Y Fan, Phys Rev 1951

E. Antoncik, Czechosl J Phys 1955

PB Allen, V Heine, J Phys C 1976

M Cardona et al, 1970– 

CP Herrero, R Ramírez, ER Hernández, PRB  2006

A Marini, PRL 2008

FG, SG Louie, ML Cohen, PRL 2010

X Gonze, P Boulanger, M Coté, Ann Phys 2010

E Cannuccia, A Marini, PRL 2011

TEMPERATURE-DEPENDENCE OF BANDGAP
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TEMPERATURE-DEPENDENCE OF BANDGAP

M Cardona & MLW Thewalt, Rev Mod Phys 2005

Frozen lattice
calculation
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Allen & Heine, J Phys C 1976

• Thermal average of displacements

• Harmonic

• Adiabatic

• Semiclassical

TEMPERATURE-DEPENDENCE OF BANDGAP
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Fan (self-energy)

the same term as for metals

TEMPERATURE-DEPENDENCE OF BANDGAP
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Debye-Waller

TEMPERATURE-DEPENDENCE OF BANDGAP

essential for the theory to be translationally invariant
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DEBYE-WALLER TERM
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TEMPERATURE-DEPENDENCE OF BANDGAP

Where is Debye-Waller

in the theory of metals?
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TEMPERATURE-DEPENDENCE OF BANDGAP

Diamond

Logothetidis, Petalas, Polatoglou & Fuchs, PRB 1992

• Negligible thermal expansion

• Negligible excitonic effects
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Slow convergence over unoccupied states

TEMPERATURE-DEPENDENCE OF BANDGAP

self-energy

Debye-Waller

>300 bands
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theory

Logothetidis et al, PRB 1992

TEMPERATURE-DEPENDENCE OF BANDGAP

FG, SG Louie & ML Cohen PRL 2010 
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theory

Logothetidis et al, PRB 1992

TEMPERATURE-DEPENDENCE OF BANDGAP

FG, SG Louie & ML Cohen PRL 2010 
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GW

615 meV

GW+SE+DW

TEMPERATURE-DEPENDENCE OF BANDGAP
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data from: SG Louie, Topics in computational materials science 1997

GW + e-ph ?

TEMPERATURE-DEPENDENCE OF BANDGAP
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Dynamical theory inconsistent with translational invariance

Linewidth to be used in energy denominators

Off-diagonal Debye-Waller (Gonze)

Hedin-Lundqvist formulation missing DW term

Open questions

TEMPERATURE-DEPENDENCE OF BANDGAP
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carbon

SUPERCONDUCTIVITY
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SUPERCONDUCTIVITY

How can we calculate Tc ? McMillan equation

BCS paper (1957)

McMillan (1968)

mu=0.1

mu=0.2

λ from mass-enhancement in the normal state
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Kindergarten picture:

sp2 carbon sp3 carbon

SUPERCONDUCTIVITY
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sp2 carbon: graphene

SUPERCONDUCTIVITY
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SUPERCONDUCTIVITY

sp3 carbon: diamond

M Hoesch et al, PRB 2007
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energy energy energy

DOSDOSDOS

3D 2D 1D

SUPERCONDUCTIVITY

L Boeri, J Kortus 
& OK Andersen PRL 2003 
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SUPERCONDUCTIVITY

sp3 carbon: graphane

JO Sofo & al, PRB 2007
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Γ
Μ

Κ

SUPERCONDUCTIVITY

p-doped graphane / band structure

graphane

diamond
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SUPERCONDUCTIVITY

using McMillan's

diamond

CaC6

MgB2

graphane

G Savini, AC Ferrari & FG, PRL (2010)
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Beyond McMillan's ? Anisotropic Eliashberg

PB Allen & B Mitrovic, Solid State Physics 1982 

• Details of electron-phonon physics

SUPERCONDUCTIVITY

See also: ME: HJ Choi et al, Nature 2001'  SCDFT: M Luders et al, PRB 2005; MAL Marques et al, PRB 2005
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Eliashberg equation for the superconducting gap

SUPERCONDUCTIVITY

(Renorm factor Z set to 1 in this slide for clarity)
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MgB2

SUPERCONDUCTIVITY

Roxana Margine

ER Margine & FG, in preparation
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Off-diagonal matrix elements for degenerate bands

Only bands near the Fermi level

Nearly-constant density-of-states at the Fermi level

Open questions

SUPERCONDUCTIVITY
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what about the Coulomb parameter         ?

Dynamically-screened Coulomb interaction

The same quantity that 
we calculate in SternheimerGW

SUPERCONDUCTIVITY
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SUMMARY

Metals Insulators Superconductors
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SOFTWARE

EPW-2.3.6 with QE-4.0.3
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