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Density functional theory

And where do we get this functional from ?

Very often: we do not know 
       → we calculate observables in the KS system 
(This can be seen as approximate functional)
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  GW calculations,  Rohlfing et al., PRB 48, 17791 (1993)

, plus LDA

Bandstructure of germanium, theory versus experiment

“The Kohn-Sham band gap problem”

Band structure of bulk germanium

Rohlfing et al., PRB 48, 17791 (1993)



  

“Exact” KS band gaps (in eV) 
using xc potential reconstructed from AFQMC density: 
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A. Aouina, M. Gatti, S. Chen, S. Zhang, L. Reining Phys. Rev. B 107, 195123 (2023)
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The exact KS gap is definitely smaller than the photoemission gap

The “band gap problem” comes from the approx. use of the KS system

BUT: we have no clue about E
gap
[n]!!!!!
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Phase factor: excitation energy

For the transition amplitude

Spectroscopy: have to describe transitions

Need amplitudes to excited states
 and phase factors/energies



  

For photoemission: we need transition energies and amplitudes N → N-1

One-body Green's function, 

describing propagation of electrons and holes

We build an object that contains the desired information (and also N → N+1) 

Written using second quantization: 
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The descriptor: 

CI, QMC Density FunctionalsGreen's Functions



  

The spectral function is a simple functional of the Green’s function

One-body GF

Spectral function: peaks at transition energies, probabilities → intensity



  

Renormalization

Broadening

Satellites

Spectral function: peaks at transition energies, probabilities → intensity



  

Photoemission of bulk aluminum

Experiment

Zhou, Reining, Nicolaou, Bendounan, Ruotsalainen,Vanzini, Kas, Rehr, Muntwiler, Strocov, Sirotti, Gatti,  
PNAS 117 (46), 28596 (2020)



  

→ O ???

O[G] → O 



  

→ O ???

O[G] → O 

But where do we get G from?



  

We know how to calculate G in PRINCIPLE……………….

……………….but this is exactly what we do NOT want to do in PRACTICE!!!
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Image from pixabay:
www.noft-traders.com/establish-zero-gravity-zones-with-supply-and-demand/

More advanced simulation chamber 



  

New features: → non-locality in space



  

New features: → non-locality in space

→ non-locality in time, hence, frequency-dependence



  

Descriptor Auxiliary “potential”

DMFT

 A. Georges et al., Rev. Mod. Phys. 68, 13 (1996)

 S. Y. Savrasov and G. Kotliar, Phys. Rev. B 69, 245101 (2004)

Gatti, Olevano, Reining, Tokatly, PRL 99, 057401 (2007)
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GFFT approximation strategy of DMFT

“Same local spectral function”



  

Anderson Impurity Model Material

GFFT approximation strategy of DMFT

Local GF Approximation! 

“Same local spectral function”

Nearsightedness



  

Usually formulated as Dyson equation:



  

Dyson equation: 

Solving the Dyson equation would give a full spectral function



  

Quasiparticle approximation:

Dyson equation: 



  

Dyson equation: 

Quasiparticle approximation:

like single particle wavefunction. 

Our new fictitious world has a more complicated “potential” w.r.t. KS.
      Therefore it can give us more information.  



  

 → The spectral function 
beyond the quasi-particle picture...... 

Renormalization

Broadening

Satellites



  

→ Why do we need Green’s functions?

→  Flavours of the GWA    

  

→  What is wrong, and outlook 

→  Impact of (dynamical) screening   

The GW approximation: band structures and more

→ From Green’s functions to observables

→ A new auxiliary world



  

12-37

Dyson equation: 

Many things can happen to a particle that propagates in the middle of others......



  GW calculations,  Rohlfing et al., PRB 48, 17791 (1993)

LDA GW HF

Bandstructure of germanium, theory versus experiment



  

→ S ~ i WG   “GW”

L. Hedin, Phys. Rev. 139:A796–823, 1965

W = e-1(w) v

+ ….....



  Hartree-Fock

GW



  GW calculations,  Rohlfing et al., PRB 48, 17791 (1993)

LDA GW HF

Bandstructure of germanium, theory versus experiment

Usually good gaps and band structures in GW



  

van Schilfgaarde, Kotani, Faleev,
Phys. Rev. Lett. 96, 226402 (2006)

Usually good gaps and band structures in GW
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Molecules on surfaces

C. Freysoldt, et al.,  Phys. Rev. Lett. 103:056803, 2009.
 J. M. Garcia-Lastra, et al, Phys. Rev. B 80:245427, 2009.



  

P. Rinke, et al., Phys. Rev. A 70:063201, 2004.

Image states

Also: vdW



  

Dyson equation: 

Quasiparticle approximation:



  

Quasiparticle approximation and beyond:

Dyson equation: 

Additional excitations contained in W(w) 



  

Valence
bands

Satellites

EXPO

Exp.: F. Sirotti et al., TEMPO beamline SOLEIL

→ ARPES of simple bulk silicon: 
Obviously far from an i.p. picture!

Cohen and Chelikowsky: “Electronic Structure and Optical Properties of Semiconductors” Solid-State Sciences 75, Springer-Verlag 
1988)



  

Photoemission of bulk aluminum

GW+C spectrum Experiment

Zhou, Reining, Nicolaou, Bendounan, Ruotsalainen,Vanzini, Kas, Rehr, Muntwiler, Strocov, Sirotti, Gatti,  
PNAS 117 (46), 28596 (2020)

GW+C++ 
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Output G or QP energies  G in input and output...

Chose input 
Or make it self-consistent

RPA
Or beyond

Can come from
TDDFT



  

Dyson equation: 

Quasiparticle approximation:



  

van Schilfgaarde, Kotani, Faleev,
Phys. Rev. Lett. 96, 226402 (2006)

Usually good gaps and band structures in GW



  

rutile monoclinic

 VO
2
 

Matteo Gatti et al.

Gaps...even for TMO's



  

T. C. Koethe et al., Phys. Rev. Lett. 97, 116402 (2006).



  

T. C. Koethe et al., Phys. Rev. Lett. 97, 116402 (2006).

In GW: M. Gatti, F. Bruneval, V. Olevano and L. Reining,  
Phys. Rev. Lett. 99, 266402 (2007)



  

T. C. Koethe et al., Phys. Rev. Lett. 97, 116402 (2006).

In GW: M. Gatti, F. Bruneval, V. Olevano and L. Reining,  
Phys. Rev. Lett. 99, 266402 (2007)

Effect of exchange!!! Self-consistency needed



  

Can be calculated with different approximations (see TDDFT)
Output G or QP energies



  

→ Brief reminder Lecture I

→  Flavours of the GWA    

→  Importance of screening 

→ Diagrams  

→  What is wrong, and outlook 

→  Impact of dynamical screening   

The GW approximation: band structures and more



  

HF = exact

Romaniello P., Guyot S., and Reining L., J. Chem. Phys. 131, 154111 (2009)



  

self-screening

Romaniello P., Guyot S., and Reining L., J. Chem. Phys. 131, 154111 (2009)



  

GW fails when explicit correlation with individual electrons is neded 

GW is good for QP energies of electrons in “normal” densities



  

Output G or QP energies
So, how should one do a GW calculation?
 
Don't forget, GW is itself an approximation!

My personal advice/current knowledge:

→Make sure your density is good:  

* by using a good local KS potential 
(e.g. no LDA for localized states)

* or by using some sort of QP-self-consistency for G 
(can be hybrids!)

→Make sure your W (screening) is “good”: 

* it can be useful to compare it to experiment
* self-consistent RPA is usually underscreening 

→ S(E
KS

)

→ S(E
QP

)

* but: hints that KS-RPA convenient, 
and that vertex beyond GW would weaken screening
(Note: self-screening problem) 
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