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Outline

® The GW approximation (why self-consistency?)
e Implementation of sc-GW in FHI-aims

e Application to atoms, molecules and molecular
interfaces




The one-body Green function

Goor (rt,1't') = —i(Wo|T[tho ()], (r't))]| o)

Lehmann representation:

R / = fs,a(r)f:,a/ (I‘/)
GoolT,E W)= ES: w—€Es+ 1IN

where &5 = Eé\H_l =1

(: contains information on
charged excitations

Energy relative to £, (eV)

G: an ideal for calculating

band-structures and photo- , ,
Q.Yan, P. Rinke, ef al. Semicond.

emission spectra Sci. Technol. 26, 014037 (2011)




Green's function is solution to Hedin's equations
Hedin's equations - exact L. Hedin, Phys. Rev. 139, A796 (1965)

notation: 1= (ry,o01,t1)

P(1,2) = —7;/(;(2,3)(;(4, 27)(3,4,1)d(3, 4)

'/G(1,4)W(1+,3)P(4,2,

53(1,2)
5G(4,5)

G(4,6)G(7,5)(6,7,3)d(4,5,6,7)

I'(1,2,3) = 46(1,2)5(1, 3) +/

v

Dyson’s equations

G H1,2) =Gy '(1,2) — 2(1,2)

@ links non-interacting (Gg) with interacting (G) system




Green's function is solution to Hedin's equations

Hedin's equations - exact L. Hedin, Phys. Rev. 139, A796 (1965)
notation: 1 = (I‘l, O'1,t1)

GW approx.

PA,2) = —i / G(2.3)G(4, 2" ST d(3. 4)

I'(1,2,3) = 6(1,2)6(1,3) +

0] &'2 Wi ==

Dyson’s equations

G H1,2) =Gy ' (1,2) — 2(1,2)

@ links non-interacting (Gg) with interacting (G) system




The GW approximation

The self-energy First order perturbation theory:
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The GW approximation

The self-energy First order perturbation theory:

>, = —1GW
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How to go beyond 1st order PT
(within the GW approximation)?

%

{6@)9; ®Self-consistency in the eigenvalues
; Hybertsen and Louie, Phys. Rev. B 34, 5390 (1986)

® Optimization of the perturbed Hamiltonian

(Quasi-particle self-consistent GW)
Faleev et al. , Phys. Rev. Lett. 93, 126406 (2004)

%

® [teration of Dyson equation with fixed W

2,

) ® Fully self-consistent GW
Hedin, Phys. Rev. 139, A796 (1965)
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e Implementation of sc-GW in FHI-aims




Self-Consistent GW in practice

Gé(s /SCF loop

Xo(iT) = —1iG(iT)G(—1iT)




Self-Consistent GW in practice




Self-Consistent GW in practice

Y(e1) = —1iG ()W (iT)




Self-Consistent GW in practice




Self-Consistent GW in practice




sc-GW vs GoWyimplementations

Input from

DFT/HF  {¢n(r), €n} wlp Go(r, ', iw) = Z Zfzfrzf :

Perturbative GW (GoW)):
states - : . ‘ .
xo(r, ', iw) Z Yy, Wm Yo U Sl — GG =

iw — (€n — €m)

/Sﬁswnw*ww w)
TGS

r . . ) [ ] [
1 Linearized quasi-particle equation:

+ (sl Z(e7) = V7 i)

FC, P. Rinke, X. Ren, M. Scheffler and A. Rubio, PRB, 2012




Resolution of the identity

| . : : matrix elements of the
ijlkl) = f/ #i(0)p; (D)@ ()

T Coulomb operator (or any
2-particle operator)

very demanding to compute and store (large number of NAO pairs)

r —r'|

P,(r)P,(r ,
The idea: ¢@i(X)g;(r) = Z C;; P, (r) '} Vi = / u P, (r )dr dr
i

How to determine the expansion coefhicients?

LSVS_y 80, (0) = ) CjiPu(t) = 4i(1)9; (1)
Minimize the error }/ u

of the expansion \
RV 10 = By ) — (o151 0w)

X.Ren et al., New J. of Phys.,14, 053020 (2012)




Representation of the Green’s function

Numerical FT avoided

A basis for the frequency
dependence of G
N poles

Gliw) = Y oy fn(iw)

1

The Fourier transtorm can
be done analytically!
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Representation of the Green’s function

re[f(w)]

Numerical FT avoided imif(o)
— 10

A basis for the frequency
dependence of G

Npoles

Gliw) = ) o fn(iw)

1
b, + 1w

: ().()| lOpoIs
The Fourier transform can
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Numeric atom-centered orbitals + resolution of the identity

map sc-GW into a linear algebra problem

1-D Hydrogen chain (minimal basis set)

Yo P o ey
N4 scaling with the
number of basis

-

functions (same as

GoWy)

—o sc-GW
—s G()W()
Time for 2 and X,
Ry e
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Outline

e Application to atoms, molecules and molecular
interfaces




Spectral function from scGW
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Comparison of several self-consistent approaches
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Comparison of several self-consistent approaches




Ground-state properties from sc-GW

N\

& -1 — Ga e Y. from the self-consistent Green function

Example of quantities we can calculate:

Total energy  Equm = —i/ d—wTr {lw+ ho] G(w)}

27T

I—) structural prop., binding energies, vibrations

Density matrix n(r,r') = —2iG(r,r’,7=0")

I—) natural orbitals, natural occupation

Density A= —=2G(rrr 2t =0=)

I—) dipole moment




Total energy of atoms

The Galitskn-Migdal formula: Eqy = —i / d—wTT {lw+ ho] G(w)}

2T

_—
"~ \z/

0-0G,W @PBE
00 GOWO@HF : :
0-0sc-GW

—

-lsLiHHZ e - bBeb ¢ 0

vertex |[°

full configuration interaction from:
Chakravorty et al., Phys. Rev. A 47,3649 (1993).




Density from sc-GW: the CO dimer

D=2 G == p(scGW) — p(HF)

the etfect of GW correlation

Improvement in the dipole moment: .'.) - 0.04

Changes in the density reflect . ﬁos

Debye | Exp. | sc-GW HF
H 0.11 0.07 -0.13

sc-GW provides a new
electronic structure




sc-GW for charge transfer:

donor-acceptor compounds




sc-GW for charge transfer:
donor-acceptor compounds

)

®e o° N PBE .4

0o H g
i mad®

sc-GW

TCNQ

empty

Small charge
Occ. rearrangement in sc-GW!/

Viktor Atalla et al., submitted



Summary

® Implementation based on NAO and RI

® Poles expansion of G, for an efficient and accurate
evaluation of Fourier integrals

® sc-GW is independent of the starting point and
incorporate many-body effects in the ground-state

® Accurate excitation spectrum for molecules

® A promising framework for describing change-
transfer at (molecular) interfaces

a) Z : b)
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