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Motivations

When we want to model a material for energy application, it is more than likely that we
want to know with good accuracy one or more of the following properties:

Electronic band gap | Optical band gap
— e Level alignment
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Motivations

l[dea: use Density Functional Theory:

Vi () + Vit [7] (£) + Voo [0 <r>) bi®) = et ()
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Our wish: model direct photoelectron spectroscopy

We want to calculate energies corresponding to particle
addition and removal:

Electron removal

before

Vacuum level




Our wish: model inverse photoelectron

SPECtroscopy
Electron addition
E(N;0) + h;:j E(N 4 1;i) + hw
before after
®
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Quasi-particle energies

electron removal:

Ey = E(N:0) — E(N — 1;1)

electron addiction: Es=E(N +1;i) — E(N;0)

quasi particles energies stay are given by the poles of the one-
particle interacting Green’s function:

G (r1,tiita,ta) =i (N0 T | (1, 11) Dy (r2,t2) | [N, 0)

G (ry,raiw) = 3, Ll
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Many

Sody Perturbation Theory

Gives a way for obtaining G
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Many-Body Perturbation Theory

Idea: we start from a non-interacting Hamiltonian

Ho [¥;) = € |1)

then we switch on the e-e interaction:

H = Hy+ % /dndrz T (r1) YT (ra) 9 (ra) o (r1)

T — 1o



Many body perturbation theory

From the equation of motion for G:

Ho () fo (£) + Vi o] (0) £ () + [ /S (0’3 Bo) = Buf, 0

AN

unperturbe

ne-body Hamiltonian

The Self-energy gives access to the quasi-particle
energies



How to get the self-energy:

/ Vertex

2(1,2) = i/ d(34) G(1,3HW,4)A(3,2,4)

Hedin’s equations:

screened Coulomb’s interaction

G(1,2) = G0(1,2)+/d(34) Go(1,3)X (3, 4)G7D)

bare Coulomb’s interaction
02(1,2
A(l,2,3) =06(1 -2 = 3) —|—] d(4567) ( mG(Z 5)A (6,7, 3)

/MS>
W(l,2) = v(1,2)—|—/d(34)v 1,3)P(3,4)W(4,?2)

P(1,2) = —i/ d3d4G(1,3)A(3,4,2)G4,17).

\ irreducible polarizability

L. Hedin, Phys. Rev. 139, A769 (1965)




Approximations: Hartree

2(1,2>=471-4<é4»-6-e,4-+4we,—4*+@,—2,-4+— =0
G(1,2) = Go(1,2) + ][-é%&-%%ﬁ-%@'ﬁ—
A(l,2,3) = ox(,2)

1,2, )—-&ﬂ—%ﬁﬂ—%ﬁ%ﬁ-@Wﬁ%ﬁﬁ%
W(l,2) = (1, 2) +#EWW

P(1,2) = —4&&-&4-39-@@-4—29@@4—@




Approximations: Hartree-Fock

>(1,2) :i/d(34)G(1,3+)W(1,4)aAr@,—2,—49— =iG(1,2)v(1,2)

G(1,2) = G0(1,2)+fd(34) Go(1,3)2(3,4)G (4, 2)

§2(1,2)
§5G4,5)

W(l,2) = v(1,2)+71—d(-3-4->-vﬁ,—3%°-6,-4->4"%4ﬁ%—
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/) — 0 — a JdLAS6

9 9 b 9 9



Approximations: DFT

£(1,2) =:7Lda@£@-smwa-&-z-4—>— =Vso(1)5(1,2)

G(1,2) = G0(1,2)+/d(34) Go(1,3)2(3,4)G(4,2)
§X(1,2)

A = _ — f S e"- /| a

§G(4,5)



Approximations: GW

Equations to be solved self-consistently

2(1,2) = i/ d(34) G(1,37)W(1, 4)ALB324)—

screened Coulomb’s interaction

G(1,2) = Go(1,2) + f d(34) Go(1, 3)

A(1,2,3) =8(1 = —3 0%(1,2)
- ”WW,-@GWW>

W((l,2)=v(l,2)+ / d34)v(1,3)P(3,4)W (4, 2)

G4,2)

P(1,2) = —i/ d3d4G(1,3)A(3,4,2)G4,17).

\ irreducible polarizability



Approximations: GoWo aka one-shot GW

eWe start from a first guess for Go from DFT (or HF)
eperturbative, non self-consistent scheme

e N

¥(1,2) = iGo(1,27) W (1,2)
G(1,2) = G0(1,2)+/d(34)GO(1,3)2(3,4)G(4,2)
W (1,2) = v(1,2)+/d(34)v(1,3)P(3,4)W(4,2)
P(1,2) = —iGo(1,2)Go(2,1)

\ Random phase approximation (RPA)



Approximations: diagonal GoWo

we approximate: Ji (I‘) = Y; (I‘)

ei + (Vi X (E;) |v¥i) = E; /




GoWo Approximation: the entire scheme

M.S. Hybertsen and S.G. Louie, Phys. Rev. Lett 55, 1418 (1985)

En ~ €n T <ZGOWO (En)>n — <Vaf;c>n

Y qowo(r,r';w) = _ /dw’Go(r,r’;w — YW (r,r’; W)

27

W° = v+4ov-M°-v where M°=P°-(1—v-P°)7 !

1

P°(r,r’;w) = /dw’Go(r r';w—w)G(r,r"; W)




It works!
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M. van Schilfgaarde, T. Kotani, and S. Faleev, Phys. Rev. Lett. 96, 226402 (2006).
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Several codes Quantum-Espresso friendly

www.yambo-code.org

a x www.sax-project.org

Self energies and eXcitations



http://www.yambo-code.org
http://www.yambo-code.org
http://www.yambo-code.org
http://www.yambo-code.org

The GWL code

Available on gww.qe-forge.org through the GNU-GPL license

e|mplemented in the Quantum-Espresso DFT package
epw4ggw.x and gww.x codes
emixed OPENMP/MPI

e O(N3 )-O(N4 )

GWW Homepage
< ‘ » | | + @ htp://gww.qe-forge.org/ ¢ | (Q~ Google
&3 [1] Hi#  Appartamento..0 - casait Plot: Main ... Page browse Apple Yahoo! C c/ma oogle Maps YouTube Wikipedia News (360)v Popularv

elarge use of BLAS/LLAPACK routine

(GW + Wannier +l.anczos)

X Universita degli studi di Padova
Introduction Dipartimento di Fisica e Astronomia
via Marzolo 8, Padova, Italy

Get a copy

Theory@Elettra Group
CNR-IOM DEMOCRITOS

®palance memory usage/communications s

How to install Project leader: Paolo Umari [ paolo.umari<AT>unipd.if]

Authors would appreciate to be cited as followed:
"The results of this work have been obtained using the GWL package (1,2) implemented inside

]
etested up to 4096 computing cores
(1) P. Umari, G. Stenuit, S. Baroni, ys. Rev. B 79 (2009) 201104(R)
(2) P. Umari, G. Stenuit, S. Baroni, Phys. Rev. B 81 (2010) 115104
(3) P. Giannozzi et al., J. Phys.: Condens. Matt. 21 (2009) 395502

Last update: June 1 2012, by PU



Integration schemes:

e Plasmon pole approximation: use a model for W

v Analytic continuation of self-energy: calculate G, W on imaginary frequency/time

Multipole expansion of the expectation values of the self-energy operator:

. a’
(Wi B (iw) [vhi) = >, 757257
M.M. Rieger, L. Steinbeck, 1.D. White, H.N. Rojas and R.W. Godby, Comp. Phys. Comm. 117 211 (1999)

e Contour integration

(hi] Be (W) |1hs) = [7 (Wi] Go (w — iw") We (iw') |1h5)
+2 [ () (v) F () We (v, 1’5 €5 — E) s (r) dedr’ [0 (w — €;) — 0 (er — €;)]

A. Fleszar and W. Hanke, Phys. Rev. B 56, 10228 (1997).

v Contour integration, with analytic continuation of pole terms

e Real frequency integration



Large systems: two challenges

Two big challenges:

e Computational cost:
We must represent operators
prohibitive for large systems

e SUMS over empty states
In principles sums over all empty states
prohibitive for large systems
analogous to DFPT




How many empty states do | need”

IP of the caffeine molecule
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FIG. 1. Band convergence of the quasiparticle band gap of ZnO
employing a 4x4x4 k-point set and calculated with (pluses) and 6 I Vo T
without local orbitals (LOs) (crosses) for high-lying states. The solid LDA=S . 70
lines show the hyperbolical fits. We also indicate results with finer
k-point samplings (stars) calculated with LOs and 500 bands. The 100 ' 500 ] 300
dashed lines show the hyperbolical fit shifted to align with these Eg' (aV)
results. The fit asymptote for the 8 x 8 x 8 k-point set at 2.99 eV (dotted
line) is considered the best estimate for the all-electron one-shot GW Q
band gap. IP(EC) = IP(OO) — E

&

C. Friedrich, M.Mueller, S. Blugel, Phys. Rev. B 081101R (11)
S. Baroni, et al.J. Phys.: Condens. Matter 22 074204



GW without empty states: Linear response

Sternheimer approach for P
The polarizability matrix Py, (iw) :

)= —n S [ dirds'®, ()2, (1) ()2, () ()9, (')

GC_EU+,L.W

the projector over the conduction manifold Q).:

Qc(r,r') ch(r Ye(r') = 6(r — r') Zwv(r (1",

with the notation:
(r|1); @) = i(r)P,(r).

We can now eliminate the sum over ¢ :

Pﬁu(iw) — _4§RZ<¢M¢’U‘QC(H — €y T iw)_lQC‘¢U¢V>7



GW without empty states: Lanczos chains

We can strongly reduce the computational load in three steps:

1. Through a block algorithm, starting from Wannier’s valence orbitals, we obtain a reduced
basis for:

o qu)u> = Za T’vu,oz ’toz>

2. The problem is now that of solving:

(ta| (Ho — €, + iw)_l ‘t5>

3. This is achieved through a Lanczos chain algorithm

an <t04’ l7€> L;’rln (_E'U + ’LW) <l7€1‘ t6> " _;?+iw do —fi-l—iw ;2 8 8
L= 0 f2 d3—€v—|—iw f3 0
0 f3 d3_€’u+iw f4

0 f4 d3—€v+iw



GW without empty states: self-energy

We want to calculate the expectation values:

(Wil G (w — 1w') We (iw') [1i)

e Starting from the reducible polarizability:
> (i (V)] (w — iw’ — Ho) ™ |(0®,) i) T (i)

where:

(r| (v®,)) = [ dr'v (r,x') @, (r')

® [he computational load is then strongly reduced with reduced basis sets and Lanczos
chains:

W% (vq)u» = Za S@'u,a ‘Soz> (Sal (W — 1w — Ho)_1 |s5)

P.Umari, G. Stenuit, S.Baroni, Phys. Rev. B 81, 115104 (2010).



GW without empty states: Caffeine molecule

8.1




How to speed up GW: optimal polarizability basis

If an optimal representation of £° can be found:

P (r,r';iw) = Y, @, (r) Puy (i) @, (1)
L (r, ;i) = 3, @, (1) L, (i) B, (1)

We (r,r5iw) = 5, (@) (1) I, (iw) (v®y) (1)

if the basis is small then a high speed-up can be achieved |




Optimal polarizability basis

We consider the average polarizabllity in frequency:

~

P (I‘, I'/; t = 0) — ZUC (08 (I’) e (I‘) (08 (I'/) e (I‘l)
e\\e take the basis formed by the most important eigenvectors:

~

P(t=0)[®u) =pu|Pu) Pu>¢

e\\/e can avoid any calculation of empty states, however the basis sets are quite large

o[t is better to consider the modified operator:

~

P (r,e;t=0)=> W, (r)Yc(r) Yy, (r') e (r') e < E*
o -or avoiding the calculation of empty states we consider:
P’ (r,r';t=0)=3 &, (r) G (r)¢, ()G ()

eWhere G are planewaves defined by E* projected over the conduction manifold,
and orthonormalized
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—xtension to extended systems

m Head(G = 0,G’ = 0) and wings (G = 0, G’ # 0) of the symmetric
dielectric matrix are calculated using Lanczos chains (k-points
sampling implemented)

m Wings are projected over the polarizability basis vectors
m Element G = 0 added to the polarizability basis
1 1
u U(G) - Q qu|G—|—q|2
m Grid on imaginary frequency can be denser around w = 0




Test: bulk Si

e04 atoms cell
o 4x4x4 K-points mesh for head and wings

®F=3Ry: g=7.93a.u.

e Polarizability basis: 2000 vectors

state LDA GW Ref LDA | Ref GW Expt
', | -11.91eV | -11.59 eV | -11.89 eV | -11.57 eV -12.5 eV
X1u -7.77 eV -7.68 eV -7.78 eV -7.67 eV

X4y | -2.82eV | -285eV | -2.82eV | -2.80eV | -2.9:-3.3 eV
e 0 eV 0 eV 0 eV 0 eV 0 eV
X1c 0.67 eV 1.44 eV 0.61 eV 1.34 eV 1.25 eV

Ref: M.M. Rieger, L. Steinbeck, 1.D. White, H.N.

Rojas and R.W. Godby, Comp. Phys. Comm. 117 211 (1999)




X-Gamma Gap(eV)
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Optimal polarizability basis vs Plane-waves: bulk-Si

Plane waves
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8 atoms Si cell: Gamma only calculation

K-points integration only for long range terms
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Applications: larger molecules

C44H30N4
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Ecwa-Epse (eV)

A E

Tetraphenylporphyrin

Analysis
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/Nn-Phthalocyanine

GW calculation w/o Zn(3s,3p) semicore in valence:

g’_‘:  |Pexp=6.35 eV
; ".“ IPcw=5.7eV

o e PBE
8 Experiment
[ e GW w/o semicore

25 |-

20F it

10

0

-20 -15 -10 -5 0 5

P.Umari and S.Fabris J. Chem. Phys, 136, 174310 (2012).



Importance of semicore states

We must include semicore Zn 3s and 3p states in valence:

300Ry Plane-waves cutoff

IPexp=6.35 eV IPaw=5.7eV

30 E GW w Zn3s,3p

L e PBE

B Experiment

. BAARARRENEA GW w/o semicore
25 - '
20 —
15 -
10 -
ol

1 1 ] 1

-20 -15 -10 -5 0 5



—Xplanation

18

3p
3d
3s

10 151(2.00) -700.1289
20 251(2.00) -85.1358
21 2P 1(6.00) -(3.7947

30 351(2.00) -9.4984
31 3P 1(6.00) -6.1299
32 3D 1(10.00) -0.7453
40 451(2.00) -0.4394
41 4P 1(0.00) -0.0820

-3560.0644
-42.5679
-36.8974

-4.7492
-3.0650
-0.3726
-0.2197
-0.0410

-9625.7378
-11568.3319
-1004.0283
-129.2319
-83.4022
-10.1401
-5.9784
-1.1157

16 -

12 |-

GW w semicore

GW w/o semicore

GW w/o semicore X correction
GW w/o semicore XC correction

—
.._)

-15 -10



The electronic band gap of Carbon nanotubes

For semiconducting zig-zag CNTs we want to study
the dependance of the electronic band gap wrt the
diameter d;

The electronic band gaps can be measured with
great difficulties, optical band gap instead are
measured with great accuracy:

conductio

r‘ -
E,,absorption
| E11 Emission

E1 A2 E’Eﬂl l D

Energy

Continuum states

valence

= " Density of states (DOS)
Ebﬁdﬁz



cont’ed

Electronic gaps could be obtained combing theoretical results for exciton binding

energies with optical measurements:
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R.B. Weisman and S.M. Bachilo Nano Lett. 3, 1235 (2003)

11 _ 7111 bind
b= Eop + E1A2

From theory:

3F

n
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N
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-
o
T

bind
1.A2

1 Nano Lett. 9, 1330 (2009).

~ 2.3 (Egs — E;;)

_: J. Deslippe, M. Dipoppa, D. Prendergast, M.V.O. Moutinho, R.B. Capaz, and S.G. Louie,
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GW+L results

(m,n) | #cells | #atoms|#k-points| dimensions (Bohr)|

7,00 4 | 112 4 [30.0 x 32.0 x 30.0

(8,0)| 3 06 4 ]300 x 24.3x 30.0 32.5:—

(10,0)| 3 120 6 |34.0x 24.0 x 34.0 §

(11,0)] 3 132 6 36.0 x 24.0 x36.0 % 2

(13,00 2 | 104 9 139.0 x 16.0 x 39.0 E :

(14,00 2 | 112 0 |40.0 x 16.0 x 00| 1'5:-

(16,00 2 | 128 0 40.0 x 16.0 x 40.0 1

(m,n)|[LDA (6V)| GW(eV) Ref. GW(cV) o > Diameter (nm) e "
(7,0)| 0.16 [1.98 (1.47) (0.602-1.12P) Experimental STM measure: H. Lin et al. Nat. Mat. 9, 235 (2010).
(8,0) 0.5 [2.24 (1.80)]2.54° (2.12-1.75°-1.51%)

100)] 080 L7 We can extrapolate the GW results:

(11,0)]  0.95 1.66 Ell _ a/dt

(13,0)| 0.65 1.52

(140) 074 | 136 a=1.54=+ 0.14 eV xnm
(16,0)| 0.56 1.21

P. Umairi, O. Petrenko, S. Taioli, and M.M. de Souza,

a) T. Miyake and S. Saito, Phys. Rev. B 68, 155423 (2003). J. Chem. Phys.136, 181101 (2012)

c) C. D. Spataru, S. Ismail-Beigi, L. X. Benedict, and S. G. Louie, Phys. Rev. Lett. 92, 077402
d) W. Kang and M. S. Hybertsen, Phys. Rev. B 82, 195108 (2010).



—xtension to extended systems

/2 atoms -SiOo»

—— N=1500, g=3Ry
— N=3000, g=4Ry
A ——— PW (5Ry) N=1400

152 atoms -SisNg =~ «

e X

30

[ —— GWL (N=3000, g=2Ry)
| —— LDA

®E.p(GW)=8.98V
® Egap(exp):8.9‘9.7ev

® Egap(GW):4.56V
® Egap(eXp)=~5eV



DNA from single bases to larger models

experiment
----- DFT-PBE
— GW

Guanine

-, F * ¥
a b il ¥ |
;—- % g . I
—}_% ﬁ " J ‘__.‘ Adenine
Guanine Adenine Cytosine Thymine Uracil Y
Cytosine
By 10 | [] PBE-eig
P: i'f ? _ giopvevl?iment
g/_- > 8
2 [
1 =7 /.
T/‘ ¥, 6 Tlllymin.e
5
101 % 2 -
S 6 6 :
=0
1596 1597 1599 1600 T T
-1 Uracil

X. Qian, P. Umari, and N. Marzari, Phys. Rev. B 84 075103 (2011).

6 8 10 12 14 16 18 20
binding energy (eV)



Single DNA strand

100 |

GW
BLYP

_ ® 10 basis single strand model
or 509 atoms
' ﬁ ®1 /94 electrons

60

40 -

20 I~

-40




Conclusions

o G\W calculation with no empty states now possible

epoth plane-waves and optimal basis sets

®large systems are affordable

oeGWL part of the Quantum-Espresso package

oGNU license

enew features implemented: spin polarized systems, partly occupied systems
o still working on: self-consistency, BSE
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