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Overview

● Past

● The Workhorse: DFT
● Efficient and stable algorithms
● PAW potential database

● Present

● Beyond DFT, and beyond the groundstate:

Hybrid functionals, linear response, GW, BSE, ACFDT(RPA)
● Future

● Near future: cubic-scaling-RPA (ACFDT & GW)
● ...



  

The Workhorse: Kohn-Sham DFT

5 electrons on a 10×10×10 grid ~ 10 PetaBytes 

→  Approximations: LDA, PBE, …



  

The Self-Consistency Cycle

● In practice:

Iterative matrix 
diagonalization

blocked-Davidson

RMM-DIIS

Charge density mixing

Broyden mixer

Orthonormalization

(bottleneck)



  

Fast, robust, and unchanged since 1995

G. Kresse and J. Furthmüller, PRB 54, 11169 (1996)



  

Pseudopotentials & the PAW method
P. Blöchl, PRB 50, 17953 (1994), G. Kresse et al., PRB 59, 1758 (1998)

● Full potential (“all-electron” method)

● Frozen-core approximation: but 
core-valence interaction is treated at 
the same level as valence-valence.

● Pseudo wave function expressed in 
plane waves

● LCAO correction inside atom-centered 
spheres

PW PS-LCAO AE-LCAO



  

The PAW method (cont.)

Si scattering properties

Troullier-Martins   PAW



  

Δ-evaluation (PAW vs. FLAPW)
K. Lejaeghere et al., Critical Reviews in Solid State and Materials Sciences 39,1 (2014)

N.B.  Δ = 0.7 meV/atom, and not 1.9 meV/atom (as published in Crit. Rev.)



  

Δ-evaluation (PAW vs. FLAPW)
K. Lejaeghere et al., Critical Reviews in Solid State and Materials Sciences 39,1 (2014)

And the very best we can do (with reworked *_GW potentials)



  

Ultrathin PdO on Pd
● Complex reconstructions:

● Different from bulk oxide
● Not a straightforward continuation of the substrate
● Bulk building blocks rearranged in new ways

Pd(100)Pd(111)bulk



  

Ultrathin PdO layer on Pd(111): STM
Lundgren et al., PRL 88, 246101 (2002)



  

Core level shifts

Lundgren et al., PRL 88, 246101 (2002)



  

Aluminium oxide on NiAl(110)
● Non-stoichiometric: not Al

2
O

3
 but Al

10
O

13

not (NiAl)-Al
2
O

3
Al

2
O

3

but (NiAl)-Al
2
O

3
Al

3
O

3  
(approximately)

● Remove Al atoms, molecular dynamics 
at finite temperature

Kresse et al., Science 308, 1440 (2005)
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HREELS
High Resolution Electron-Electron Loss Spectroscopy: measures the energy loss of incident electrons when inelastically scattered 
on matter (vibrational and electronic excitations).

Exp: Frank et al., Surf. Sci. 492, 270 (2001)

Kresse et al.,
Science 308, 1440 (2005)



  

Catalysis: dehydrogenation of propane in Mordenite



  



  

Beyond DFT?



  

New Functionals

● New “density” functionals

● GGA: AM05, PBEsol
● meta-GGA: TPSS, revTPSS, M06-L 
● VdW-density functionals 

● Hybrid functionals



  

New density functionals (for solids)

Better description of lattice constants and bulk moduli, and (jellium) surface energies



  



  

Meta-GGAs



  

Van der Waals - DFT



  

Hartree-Fock-DFT hybrid:

where

Solve a one-electron equation:

with an orbital dependent, non-local potential                (compare to DFT)

Hybrid functionals



  

How do they perform?



  

Defects in ZnO

What is the source of n-type conductivity in ZnO?

● Oxygen vacancy:

low formation energy

deep trap

● Zink interstitial:

shallow donor

high formation energy

● So?

Possibly: Hydrogen

Still not solved ...



  

One-electron picture

DFT

HF-DFT Hybrids

GW quasiparticles



  

GW

Screened Coulomb int. dielectric screening Random-Phase-Approx. (RPA)

The “self-energy”:

The Green's function:

IP polarizability (Adler&Wiser), the bottleneck (scales as N4):



  

G0W0(PBE) and GW0 QP-gaps



  

Fully self-consistent GW
G. Kresse et al., PRL 99, 246403 (2007)



  

Bethe-Salpeter-Equation



  

*_GW potentials



  

RPA (ACFDT)

The “RPA” total energy is given by:

with

The main effort is again computing the IP-polarizability:



  

RPA: lattice constants
J. Harl et al., PRB 81, 115126 (2010)



  

RPA: atomization energies



  

RPA: heats of formation



  

RPA: noble gas solids
J. Harl and G. Kresse, PRB 77, 045136 (2008)



  

RPA: CO @ Pt(111) and Rh(111)



  



  

Cubic-scaling RPA
M. Kaltak, J. Klimes, and G. Kresse, PRB 90, 054115 (2014) 

Now the worst scaling step is

which scales as N3 due to the diagonalization involved in evaluating the “ln” 

Evaluate the Green's function in “imaginary” time:

and the polarizabilty as:

Followed by a cosine-transform:

But storing G and χ is expensive! → we need small sets of cleverly chosen “τ” and “ω”

[see Kaltak et al., JCTC 10, 2498 (2014)]



  

Cubic scaling in the #atoms



  

Linear scaling in #k-points



  

Formation energies of defects in Si



  

The End

Thank you!
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