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Motivation:
why to go from DFT to GW

DFT-LDA EXP
Silicon 0.55 1.17
Diamond 4.26 5.48
MgO 5.3 7.83

« The Kohn-Sham energies have not an interpretation as
removal/addition energies (Kopman Theorem does not
hold).

« Nevertheess, the KS energies can be considered as an
approximation to the true Quasi particle energies, but they
suffer from some problems (for example, the band gap
underestimation).

e Need to correct these inaccuracies 1 calculation of the GW
corrections.



The ABINIT-GW code j=t,

1N few words

Thething: GW code in Frequency-Reciprocal
space on a PW basis.

Purpose: Quasiparticle Electronic Structure.
Systems. Bulk, Surfaces, Clusters.

Approximations. GW, Plasmon-Pole model and
RPA on W, non Self-Consistent GOWRPA, first
step of self-consistency on W and G.



Quality of the code

Efficacy: the code gives the desired result.

Rdiability: the result must be correct and, in

case of possible or certain fallure, it is
signalled in an unambiguous mode.

Robustness: the code is without premature or
unwished stops, like overflows,
divergences...

Economy: the code saves, as much as
possible, hardware and software resources.
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GW Theory s




Quasiparticle Energies {;’2\\%

In the quasiparticle (QP) formalism, the energies and wavefunctions are
obtained by the Dyson equation:

—— + Ve (T)+Vy(T) [P (r)+fdr'2 (r,7', w=€x) . (T')=€x b (T QPequatlon

which isvery similar to the Kohn-Sham equation:

DFT

Puc (T)+ Vo (T) b (T) =€ $uc (1) K S equation

——+V . (T)+Vy(T)

with V,_ that replaces 2, the self-energy (anon-local and energy dependent operator).
We can calculate the QP (GW) correctionsto the DFT KS eigenvalues by 1st order PT:

DFT

EI(])kP_Enk +<(]5DFT|Z(I',I'I,(U) ( )|¢DFT

Quasiparticle correction



The Self-Energy in the
GW approximation @

Within the GW approximation, Z isgiven by:

Y, r', o) fd e’ G(r,r",w—w" YW(r,r',w")
Function Screened

| nteraction



The Green's function G P

Furthermore, the Green's function G is approximated
by the independent particle G©:

G | _Z Cl)EkFT(r)(l)EkFT*(rI)
(F 0 @)= 20, w—el T+igsgn (e —p)

\

The basic ingredient of GO is the Kohn-Sham electronic structure:




W and the RPA approximation s

and W by its RPA expression:
W (q,w)=egq (d, w) v (q) Dynamically Screened Interaction

/ |

_ _ : Coulomb am
Dielectric Matrix Interaction VG-(q)—|q+G.|z

A (q, w)=6 55— V(q)X s (q,w) RPA approximation

Independent Particle

Pol arizability
23 (b €T o ) (e 1€ML, )
,n' k n k+q) DFT DFT .
\ €k “En kiq W10
\ Adler-Wiser

ingredients: KS wavefunctions and KS energies expression



Single Plasmon Pole Model for € @

The dynamic (w) dependence of the Dielectric Matrix
IS modeled with a Plasmon Pole model:

. Q°
¢ '(w)=1+———  Plasmon Pole Modée

/1

thisgives2,  thisgivess,

To calculate the 2 parameters of the model,
we need to calculate in 2 frequencies (0 and pure imag) (Godby model),
or in 1 frequency (0) and adjust for the asymptotic behaviour (Hybertsen-Louie).



2 (exchange) and 2, (correlation) Frey

Defining p (calculated through FFT):

py(G)=(p. e TP Ty = [ dr e 1T T pP T (r) ] (1) a=k;—k,
We are led to:
(T3 1P T = _4m >y 4(G) w-independent, only occupied states
cryst © |q+G|
(& = (e
<¢DFT|Z |¢DFT 21 Z Z Pu G) PU(GI) 'QZGG'(q)

cryst ce |q+G| |q+G | (UGG <q>[w_€PFT+a)GG'(q)(2fi_]-)]



Dynamic dependence P

> dependson w=¢_:

Q=BT (OIS (v, 1 t0= Q) v, (D))

In principle the non-linear equation should be solved self-consistently.
but we linearize:

and defining the renormalization constant Z , (the derivative is calculated numerically):

 d(PETIE (@)l
d w

d>(w)
d w

<Z<w=eSkP>>=<z(w=eEkFT)>+<e§kP—eE§T><

Z =1

«w =

) renormalization constant

we finally get at:

Rl =R+ Z o (PRITIS(r. v, co =R — v (DIBRETD



GW: scheme of the calculation @

I
SiDFT (pIDI——I'
| GW calculation scheme
L calculation of the
© KS ELECTRONIC STRUCTURE

i :

calculation of the

RPA SCREENING
¥ W
WRPA
v calculation of the
G GW CORRECTIONS
L (SELF-ENERGY MATRIX ELEMENTS
<X-V>

zGW

g




GW: code flow diagram
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Practical usein ABINIT ey

e Three step process:.
1 DFT-KS wavefunctions and eigenvalues ( (PF7KS gPFTKS):
2 Didectric Matrix ( €) and Screening (W );
3 Sdf-Energy ( 2) and GW corrections.



Ground State calculation {;1\%

and common part

acel |
rprim

nat om
nt ypat

t ypat
Xr ed

zat num

kpt opt
ngkpt
nshiftk
shiftk

ecut
nst ep
tol df e

3*10. 25
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# S in dianond structure

0. 500
0. 500
0. 000

0. 000
0. 250

Avoid the use of non-symmor phic
symmetry operations (not yet
Implemented) if possible.

If not, specify by hand (nsym, symrel)
only symmorphic symmetry operations



Kohn-Sham electronic structure )

and KSSfile

# Kohn- Sham el ectroni c
# Structure cal cul ation
kpt opt 1
ngkpt 2 2 2
nshi ftk 4
shiftk 0.5 0.5
0.5 0.0
0.0 0.5
0.0 0.0
kssform 1
nbandkss -1
NPWKSS 0

cooo
o1 © O O

nbandkss

Mnemonics: Number of BANDs for
KSSfile

If nbandk ss=-1, all the available eigenstates
(energies and eigenfunctions) are stored in
the KSSfile at the end of the ground state
calculation - full diagonalization

If nbandk ssis greater than 0, abinit stores
(about) nbandk ss eigenstates in the KSSfile
— partial diagonalization



Kohn-Sham electronic structure e

and KSSfile

# Kohn- Sham el ectroni c
# Structure cal cul ation
kpt opt 1
ngkpt 2 2 2
nshi ftk 4
shiftk 0.5 0.5
0.5 0.0
0.0 0.5
0.0 0.0
kssform 1
nbandkss -1
NPWKSS 0

©COo o0
U1 O O Ul

npwkss
Mnemonics: Number of PlaneWave
for KSSfile

If nbandkss/=0, npwk ss defines the number

of planewave components of the Kohn-Sham
states to be stored in the  KSSfile.

If npwk ss=-1, the maximal number of
components is stored.

The planewave basis is the same
for all k-points (Gamma centered planewaves).



Kohn-Sham electronic structure e

and KSSfile

# Kohn- Sham el ectroni c
# Structure cal cul ation
kpt opt 1
ngkpt 2 2 2
nshi ftk 4
shiftk 0.5 0.5
0.5 0.0
0.0 0.5
0.0 0.0
kssform 1
nbandkss -1
NPWKSS 0

©COo o0
U1 O O Ul

kssform
Mnemonics: KSS file FORmat

kssform=1
By default kssform=1 (full or partial diago of the
Kohn-Sham hamiltonian)

kssform=3

Avoid diago.

If kssform=3, take Kohn-Sham
eigenvalues and eigenfunctions from
CG minimization algorithm -> choose
an appropriate value for tolwfr < 1.0d-3



Screening calculation ey

and the SCR file

# screening cal cul ati on
optdriver 3
nband 10
npweps 27
npwn N 27
pl asfrq 16.5 eV
npwwfn

optdriver
case=3 : susceptibility and dielectric matrix
calculation (screening), routine "screening"

Mnemonics: Number of PlaneWaves for WaveFunctioNs

npweps

Mnemonics: Number of PlaneWaves for EPSilon (the dielectric matrix)

plasfrq

Mnemonics: PLASmon pole FReQuency



Screening calculation Py

o Informationsinthe ABINIT output file:

The calculated dielectric constant is printed:

dielectric constant = 13. 7985
dielectric constant without local fields = 15. 3693

Note that the convergence in the dielectric constant DOES NOT GUARANTEE
the convergence in the GW correction values at the end of the calculation.

In fact, the dielectric constant is representative of only one element, the head of €.
In a GW calculation, all the elements of the e*matrix are used to build Z.

Recipe:
A reasonable starting point for input parameters can be found in EELS calculations
existing in literature. Indeed, Energy Loss Function (-Im €%,,) spectra converge with

similar parameters as screening calculations.



Self-Energy calculation _
and GW corrections @

# sigma cal cul ation
optdriver 4 ontdriver
nband 10 P
npwhat 27 case=4 : self-energy calculation,
npww n 27 routine "sigma
ngwpt 1
Kpt gw 0.250 0.750 0.250
bdgw 4 5
zcut 0.1 eV
npwmat

Mnemonics: Number of PlaneWaves for the exchange term MATrix Sigma_x

Zcut

parameter used to avoid some divergences that might occur in the calculation
due to integrable poles along the integration path



Parameters and Formulas m

o Three step process:
1. DFT wavefunctions and eigenvalues: ¢ and € |

2. Dielectric matrix:

RPA 0
o, w)=6sg _Vc(q)x( | c(d,w)
<¢EFT+ i(g+G) |(I)DFT><¢DFT i(g+G") |¢EFT+ >
Xg)(;'(q:w)zzzn,nu,k<fnk_fn',k+q) g2 DFT DFT —
€k —€n'kiq W10
3. GW corrections:
SkP DFT—<([>DFT|Z(I‘,I",(U) ( >|¢DFT

(b7 M Z T =— Am >y #4(G) w-independent, only occupied states

Vcryst © |q+ |
21T p; (G) p;(G") Q%BG'<q)
<(l)DFT|Z |¢DFT 1J ij
crystz 2o a+Glla+G'| g g (q)w—€" +dge (q)(2f,—1)]
QZ

e (w)=1+

—— — Plasmon pole model

w —w



Action of Convergence Parameterﬁ
into Formulas —

k-point grid through g=k;-k;

in all the following equations
bn (T)=dp (G)
RPA 0
(q: )_ GG-—VG<q)X<G)@(q,(D)
npweps
<¢EFT+ i(q+G) r|(l)DFT><(I)DFT|e (q+G')r|(l)EIFT+ \
X(G()>G'(q’w)zzzn,n',k(fnk_fn',kw) g DFT _DFT o

Enk Enl’k+q 0()—15

27 p; (G) py(G") Qg6(q)
Vst T1CC [q+Gla+G ' @ 6. (q) [ 0—e”  +dg 6. (q) (2~ 1)]

(112 b)) =

npwmat

47‘(‘ occ l p
<(I)DFT|Z |(I)DFT L' A
CrystZ ZG |CI+G|




npwwfn npweps npwmat
Mnemonics: Number of PlaneWaves

MUST BE numbers corresponding to closed G-shells

alternatively use:

nshwfn nsheps nshmat
Mnemonics: Number of Shells

ecutwfn ecuteps ecutmat
Mnemonics: Energy CUT -off




All In oneinput

ndt set 3
# KSS cal cul ati on
nbandkssl -1 npwkss1l 0

# SCR cal cul ati on
optdriver2 3 get kss2 -1
nband?2 10 npweps?2 27

# sigma and GNcorrections cal cul ati on

optdriver3 4 get kss3 -2
nband3 10 npwrat 3 27
ngwpt 3 1

kpt gw3 0.250 0.750 0.250

bdgw3 4 5

npww N2

get eps3
npww N3

— KSSfile
217 generated
by previous
data set

——1 SCRfile
27 generated
by previous
data set



Theresult e

The GW corrections are presented in the output file:

k = -0.125 0.000 0.000

Band EO SigX SigC(EO) dSigCl/ dE Sig(E) <VxcLDA> E- EO
4 5.6163 -12. 3340 0.9073 -0.2986 -11.3590 -11.1322 -0.2268
5 8.3569 -5.9512 -3.7032 -0.2922 -9.7681 -10.1571 0. 3889

I ]

Exchange Correlation Self-Energy X C potential
term term Interaction  from DFT

DFT GW
eigenvalues corrections




GW and the Photoemission Gap

DFT-LDA| GW EXP
Silicon 0.55 1.19 1.17
Diamond 4.26 5.64 5.48
MgO 5.3 7.8 7.83

« The GW Approximation correctsthe LDA band-
gap problem (underestimation) and it iIsin good
agreement with the Experiment.

« The GW Approximation correctly predicts electron
Addition/Removal excitations (Photoemission
Spectroscopy).



Energy [eV]

GW band plot
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GW corrections interpolation
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To calculate afull band plot
one can use interpol atation.



New Features Fot

nomegasrd maxomegasrd

Mnemonics: Number of OMEGAS to evaluate Sigma Real axis Derivatives,
MAX OMEGA to evaluate Sigma Real axis Derivatives.

Fine tuning of the parameters related to the calculation of the renormalization
factor Z.

soener gy

Mnemonics: Scissor Operator ENERGY

first step of self-consistency on W (use SO corrected eigenvalues).
One can also use an out.gw file got from a previous GW calculation
by renaming it in.gw.

gwecalctype
Mnemonics: GW CALCulation TYPE
switch between Godby and Hybertsen-Louie Plasmon-Pole-M odels



Future Developments Fot

full treatment of non-symmorphic operations. done but
to be integrated!

parallelization (at least on g-points for screening, and on
Kptgw for sigma)

other XC functionals (already implemented in ABINIT):
done!

allow the use of non-diagonalized KS elgenfunctions:
done!

Allow different PP models; done!
NetCDF: to be integrated.



Future Developments

Introduction of the spin degree of freedom @

calculation of the GW total energy: done but never
Integrated.

calculation of areal GW band plot through automatic
generation of the needed k-grids: waiting for
Improvements in the KS part.

full screening (beyond plasmon-pole) and lifetimes
vertex corrections and GWGamma

update of the elgenvalues (self-consistency): done!

update of the wavefunctions (1% order) and of the
energy (2" order): off-diagonal elements of >



Know problems, bugs, or limitations

o alow higher angular momentum projectors (mproj/=1)

e proper treatment of the case lim -0, G=0 in screening
for space groups other than FCC



S

Conclusions

o The use of the GW part is still quite limited.

o The GW part still needs much work to bereally
user-friendly (example: automatic band-plot).

o New complex features, which require beyond a
X.3 ABINIT version time to be devel oped,
present difficulties to be integrated.




GW theory: Off-diagonal Elements -G

QP wave functions expanded in terms of DFT (LDA or GGA) wave functions

DFT DFT usually DFT
llJnGk L|Jncrk"'20(nn quJnGk L|Jncyk“L|Jnc5k

B
Ll

n'#n
diagonal element
- — = N
Enok - DFT +/ ZOO(Eno k) VG’G P/
no,k="CEXR )-V
+
DFT DFT
n'Zn Enok ~ En',c,k
—_ - /
off-diagonal elements
: P
o kET (B i) -
Tnnok = gDFT _ £ DFT

n,o,k n',o,k



GW Theory Friow™,

In the quasiparticle (QP) formalism, the energies and wave functions are
obtained by the Dyson equation:

(T + Vot + Vb Moo k(1) + 3 [27 (1" ERG s W) dr' = ERG ing k(1)
2

wheres°°" isthe self energy operator (0,0' =1 orl)

Within the GW approximation, it is given by:

4 i , A [ A
Zg:%,(q,w):Z]TIGg:g,(q,w—w )W o (0,0)e " dw

Z%’g, (qw)=0 for ' Z0 (no spin-flip, no spin-orbit coupling)
\



RPA approximation for W o’

Dynamical Screened Interaction Coulomb Interaction
4Tt

\ QAT P v@+e)=

2

Static Dielectric Matrix —« Random Phase Approximation

AT NCPPL AN D LA

60T o ke g k+q/n',0' k+qe @) no k)
XG.c (4w =0) =055 gDFT  _ DFT
n,n’,k n',o',k+q n,o,k

Dynamic Dielectric Matrix — Generalized Plasmon Pole model
[M.S. Hybertsen and S. G. Louie, PRB 34, 5390 (1986)]



