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Summary

- General introduction
- Applications

- GWL
- analytic continuation
- no summation over empty states
- optimal representation of large sets of vectors
- use of Lanczos chain
- optimal basis set for the polarizability



What quantities are we looking for?

Ek
Evac

Photoemission:
Experimentally we access
difference of total energies
between the neutral N-
particle ground state and
charged N+1 or N-1
particle excited states.

hv = Ef — E; = Epp + (E*(N — 1) — EO(N))
hv = E; — Ef = Epp + (E°(N) — E*(N — 1))



Why?

The knowledge of electronic-energy level alignments, of defect levels, etc.. is
extremely important for device design in photovoltaics, electronics, opto-
electronics, catalysis etc...

D*/D*/:

~ ——EB E @ Light absorption
A @ J—
g — @ Charge injection
@ " o 0
Voo AN I ’\ @ Dye regeneration

1SATVIVD

@ Reduction of the redox mediator

@ |97
= 4 ;] e @
\a 4 ! @ ,’5-‘| Recombination with the
REDOX @ Y | =7 oxidized dye
MEDIATOR ;e '\)

/ ".6.\1 Recombination with the
|4 ° - ‘-7 oxidized redox mediator
D/D" - J

e_
< —_—

02L1/23e135qNS
'
B
0D1/23e435GNS

In dye-sensitized solar cells the alignment of the electronic levels of the different
part of the device is crucial for cells’ functioning and performance.
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Carbon Nanotubes

P. Umari, O. Petrenko, S. Taioli, and M.M. de Souza,
J. Chem. Phys.136, 181101 (2012).

Zn-Phthalocyanine

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

Organic dyes on TiO, surfaces

P.Umari, L.Giacomazzi,F. De Angelis, M. Pastore,S.
Baroni, JCP 139, 014709 (2013)



What kind of systems are we looking at? (2)

H,TPP thin films
(4 porphyrin molecules in the unit cell)

M. Marsili, P. Umari, M. Pedio,
in progress

Organic dyes + solvent on TiO, surfaces

C. Verdi, E. Mosconi, F. De Angelis, M. Marsili, P. Umari
Submitted to PRB (2014)



What kind of systems are we looking at? (3)

H,TPP thin films
(4 porphyrin molecules in the unit cell)

M. Marsili, P. Umari, M. Pedio,
in progress

Organic dyes + solvent on TiO, surfaces

C. Verdi, E. Mosconi, F. De Angelis, M. Marsili, P. Umari
Submitted to PRB (2014)

SYSTEMS WITH MORE THAN 900 ELECTRONS!!




GW standard approach

One of the main bottleneck of GW calculations arise from the computation of
the electronic dielectric function.

e(r,r';w) =0(r —r') — [dr'"v(r —r")P(r" 1" w)

Wi (r) W5 (r) W, (r' )T (r')
PO(T, T/;CL)) — Zw(f?, _fj) w—(€;—€;)+1in

Computationally demanding for:
- sum over empty states
- dimension and frequency dependence of dielectric matrix



GWL

GWL main features:

Perturbative G W approach for large and inhomogeneous
systems

No summation on empty states
Optimal basis set for the polarizability

Polarizability and self-energy operators are expressed
through a set of linear-response equations solved using the
Lanczos-chain algorithm

Full frequency dependence of the screening (no plasmon-
pole)

Mixed openmp and mpi parallelization



GWL

- GWL is downloaded directly within the QE distribution

- pw.x make.sys should work so GWL can be compiled simply by typing:

in QE main directory.

make gwl

- www.gwl-code.org is the code website where you can find tutorials and the

user manual.

GWW Homepage - Mozilla Firefox

GWW Homepage Ll

& vww.gwl-code.org
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GW approximation, W_

QP energies (that can be compared with direct and inverse PE) are
computed in first order perturbation theory using s» _ V., as
perturbation to the KS Hamiltonian.

»(1,2) =iG(1,2)W(1+,2) 1= (r1,t;)
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GW approximation, W_

QP energies (that can be compared with direct and inverse PE) are
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perturbation to the KS Hamiltonian.
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GW approximation, W_

QP energies (that can be compared with direct and inverse PE) are
computed in first order perturbation theory using s» _ V., as
perturbation to the KS Hamiltonian.

»(1,2) =iG(1,2)W(1+,2) 1= (r1,t;)

W(1,2) =v(1,2) + [d(3,4)v(1,3)II(3,4)v(4, 2)

$(1,2) = iG(1,2)u(1, 2) +GG(1, 2) W (1,2

Zc(rla I'o; w)



Frequency dependence,
analytic continuation

<\I'n|26(€n)|q’n>



Frequency dependence,
analytic continuation

<\Ijn|26(€n)|\1’n>

ﬁ Analytic continuation.

(Wr |2 (1w) | W)



Frequency dependence,
analytic continuation

<\Ijn|26(€n)|an>

Expectation values computed
on an imaginary frequency . . .
grid and then fitted to a Analytic continuation.

multipole function.
(Some) input wvariables:

(W, |2 (1w) | W y)

n _multipoles
n grid fit
offset fit



Frequency dependence,
analytic continuation

(W |20 (en n)
(W, | 2 (iw)) n)

(v n‘EC(’”— n)




From Wc to the irreducible
polarizability

(W, |2 (a7) | W,,) = i/drdr’\lfn(r)G(r, r' AT ) We(r, v’ im) W, (1)

To compute W_we must compute the reducible polarizability H(r, 7“'; iT)
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From Wc to the irreducible
polarizability

(W, |2 (a7) | W,,) = i/drdr'\lfn(r)G(r, r' AT ) We(r, v’ im) W, (1)
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P(iw) = —4Re ) |
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~ 2 a8 Palr) Pap(iw)dp(r)
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GWL approach at work:
irreducible polarizability

(r)We(r) Wy (1) We(r) b(r")

P,s(iw) = —4ReZ/drdr'gba(r) %

1) Avoid summation on empty states Pe=1- Z ’U><U’
()

Ny
2) p|\11vgby> ~ ZTQ,MU’tCX > Nt <L Nv % N¢

a=1

3) Use lanczos-chain algorithm to compute: <ta|(H — €y + iw)_l |t5>



GWL approach at work:
(1) no summation on empty states
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GWL approach at work:
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JWe(r)Wy (r)We(r)
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Pasi) = ~4Re Y, [[arar'on () =" b5 (1"
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GWL approach at work:
(1) no summation on empty states

(r)We(r) Wy (r)Ve(r)

€c — €p + W

P,s(iw) = —4ReZ/drdr'q§a(r) ki Ps(r")

— _4R€Z fd,rd,r/ <\Ijv¢a|T><r|qj0><\110|r,><r/|¢ﬁ\ljv>

— —4R€ ch <\I’v¢a|\110><\110|¢6\1!v>

€Ec—€Eptrw



GWL approach at work:
(1) no summation on empty states

P,s(iw) —4ReZ/drdr G (T Wy (r)¥e (r)qlv(r’)q!c(r’)¢6(r/)

€c — €p + W

— _4R€Z fd,r.d,r./ <\Ijv¢a|T><T|WC><\IJC'|"“,><"“,|¢B\IJ’U>

— —4R€ ch <\I’v¢a|\110><\110|¢6\1!v>

€Ec—€Eptrw

— —4Re Y. (U, (T, W) (Ve |ppWy)

HO €, F+iw



GWL approach at work:
(1) no summation on empty states

P,s(iw) —4R€Z/d?“d7‘ G (T Wo(r)¥e (r)qjv(r/)qjc(r/)qbﬁ(r’)

€c — €p + W

— _4R€Z fd,rd,r/ <\Ijv¢a|T><r|qj0><\110|r,><r/|¢ﬁ\ljv>

— —4R€ ch <\I’v¢a|\116><\116|¢6\1!v>

€Ec—€Eptrw

= —4Re ) oy (VoPa|Pe) (Ve

¢l o — EUHW‘\P N Ve |PpPy)

:—4R62U<\Ijv¢a‘pcﬁo—l ' PC’¢BW”>

€y 1w

Bo=1- Y )



GWL approach at work:
(2) optimal representations

Pos(iw) = —4Re . (U U%\PCH L Py¢5xp>

Whatever way we choose to compute this expression we have to do it [V,, X Nq%
times!



GWL approach at work:
(2) optimal representations

Pos(iw) = —4Re . (U U%\PCH L Py¢5xp>

Whatever way we choose to compute this expression we have to do it [V,, X Nq%
times!

The effort is reduced if we find an optimal set of vectors, in terms of which

we decompose the vectors belonging to the original set.

Ploa®,) ~ S T aulty)  Ne << Ny x Ny



GWL approach at work:
(2) optimal representations

pc’¢aqjv>

a4

Zyil TI/,Oé’U |t1/>

Nt << Nv *N¢

How do we get the {|ty>}?




GWL approach at work:
(2) optimal representations

pc’¢aqjv> ~ Zyil Tl/,ow|t1/> N << Ny * Ny

How do we get the {|ty>}?

For every valence state v:

A A = Rotate valence state into
1) Pc|§ba\ljv> — Pc]gbawv> — |\vaa> maximally localized Wannier

function.




GWL approach at work:
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For every valence state v:
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function.

2) ngﬁ = <\ija |\va5> Compute the overlap matrix




GWL approach at work:
(2) optimal representations
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How do we get the {|ty>}?

For every valence state v:

Rotate valence state into

1) pc|§ba\ljv> — p0’¢awv> — |\vaa> maximally localized Wannier

function.

2) ngﬁ = <\ija |\va5> Compute the overlap matrix

Solve the eigenvalue problem and keep the Nt

v H — !
3) ZB OQIB ’ 05 > v O,M ’ Oa > v eigenvectors with the largest eigenvalues.



GWL approach at work:
(2) optimal representations

A N,
P loaWy) >~ >0 Ty awlty) Ny << N, * Ny

How do we get the {|ty>}?

For every valence state v:

Rotate valence state into

1) pc|§ba\lfv> — pc]gbawv> — |\vaa> maximally localized Wannier

function.

2) ngﬁ = <\ija |\ijﬁ> Compute the overlap matrix

Solve the eigenvalue problem and keep the Nt

v H _ !
3) Zﬁ Oaﬁ ’ 05 > v O,U« ’ 0a > v eigenvectors with the largest eigenvalues.

This procedure is called singular value decomposition (SVD). Important input
variable: n pola lanczos it defines the number of eigenvectors to be kept.




GWL approach at work:
(2) optimal representations

pc’¢aqjv> = Zyil Tu,av|tu> N << Ny x No

We are still left with Nv blocks made of Nt “local’ t states!




GWL approach at work:
(2) optimal representations

A N,
P loaWy) >~ >0 Ty awlty) Ny << N, * Ny

We are still left with Nv blocks made of Nt “local’ t states!

4) We perform an other SVD among the blocks keeping the eigenvectors
with eigenvalue above a threshold value s.

Important input variable: s pola lanczos




GWL approach at work:
(2) optimal representations

A N,
Pe|¢paVy) ~ Zy:l Tu,avltu> Ne << Ny * Ny

We can now express PO in terms of the new set of vectors:

Paﬁ (Zw) = —4Re Zvl/,u v avTMaﬁ’U <t1/

1
EYO——GU—+iuJ’tﬁL>

The dimension of the |t> set is determined by:
n pola lanczos and s pola lanczos.



GWL tricks at work:

(2) optimal representations

~ N,
Pc|§baqjv> = Zyzl Tu,owltu>

N; << N, *N¢

We can now express PO in terms of the new set of vectors:

Paﬁ (zw) = —4Re Z T,u,ﬁ’u

VUL V av

The dimension of the |t> set is determined by:
n pola lanczos and s pola lanczos.

(tv

1

[t




GWL approach at work:
(3) lanczos chain algorithm

Efficient computation of <t1/‘ ﬁo—el i ’tu>
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vector.
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3) The {|tic>} sets are the same for all valence bands and frequencies
because the two terms only involve the diagonal part of the operator.



GWL approach at work:
(2) lanczos chain algorithm

- . 1
Efficient computation of <t1/ Ho—ec. tiw ’tu>

1) It is possible (see documentation) to recursively build a set of orthonormal
vectors for which (HO — €y T+ iw) is tridiagonal starting from an arbitrary
vector.

) = [t [E), - [E0)

2) Compute Zf\f:‘l(t,,\tw(tLI(ﬁo — €y + z’w)_1|t2>

3) The {|tL>} sets are the same for all valence bands and frequencies
because the two terms only involve the diagonal part of the operator.

This procedure is part of the so called Lanczos-chain algorithm.
Important input variable: n steps lanczos pola, it determines the dimension
of the vectors chain.




Optimal representation of the dynamical
polarizability (1)

P(iw) = 3 5 ¢a(r)Pap(iw)ds(r)  {¢pa(r)}
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Optimal representation of the dynamical
polarizability (1)

P(iw) = 3 5 ¢a(r)Pap(iw)ds(r)  {¢pa(r)}

We choose the eigenvectors with largest eigenvalues of the time 0-polarizability

Pot=0)=)>_,.|V, ¥ )(T U,

In principle

1)SVDon Q,, , = Quever = (Vo Ve |V Vo)
namely solve ZV QM,V‘Q,% — Qa‘(]3>

2) Qba — Z“ ﬁqg|q}vqucu>



Optimal representation of the dynamical
polarizability (1)

P(it0) = Y05 b0 (1) Pag (i0)d5(”)  {a(r)}

We choose the eigenvectors with largest eigenvalues of the time 0-polarizability

PO(t — O) — Zvc ‘\Ijv\PC><\ch\Ijv|

In principle

1)SVD on Q/v%’/ — Q’UC,’U’C’ p— <\I/,U\I/C’\I/,U/\I/C/>

namely solve ZV Qu,u qy) = Qa‘(]3>
2) §ba — Z“ ﬁQﬁm’vu‘Ich

This requires a great number of conduction states to be computed!




Optimal representation of the dynamical
polarizability (2)

P(iw) = 3 5 ¢a(r)Pap(iw)ds(r)  {¢pa(r)}
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4) Diagonalize PLW and keep the Np eigenvectors with the largest eigenvalues.



Optimal representation of the dynamical
polarizability (2)

P(iw) = 3 5 ¢a(r)Pap(iw)ds(r)  {¢pa(r)}

1) Consider “fake” conduction states, namely: planewaves below a certain
threshold projected onto the conduction manifold.

G)=P.|G); GP<E*=P(t=0)=3,o|V,G){GT,]

2) Use max. loc. Wannier functions \\IJUG> — |wvé>

3) Gram-Schmidt orthonormalize {|wv G>} and keep the vectors {|fu>}
whose norm is above a certain threshold s.

Ppw — ZUG<JBM‘\I}UG> <G\I'v‘fl/>
4) Diagonalize PLW and keep the Np eigenvectors with the largest eigenvalues.

Relevant input variables: pmat cutoff, cutoff for the plane waves; s pmat
threshold for the f-states; numw prod dimension of the final basis set.



Summary of algorithms and relevant
input variables

Use of optimal representations when expensive operations on
large sets of vectors are needed.

n_pola lanczos
s _pola lanczos
n _self lanczos
s _self lanczos

Use of lanczos chain algorithm for the computation of response
functions.

n steps_ lanczos pola, n _steps lanczos_self

Optimal basis set for the polarizability

pmat cutoff, s pmat, numw_prod
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GWW approach at work:
(1) no summation on empty states

)V (r) Wy (1) We(r)

GC_€U+7:CU

Paﬁ(iW) — —4R€Z/drd,’,/¢a(r) \I’U(T

U

Popiw) = —4Re Y (Vyoo|Pe(H — €, + iw) ' F

” N

¢p(r’)

—
=
K
c
S
-
Sy



GWL approach

GW.L is used to compute GW corrections for systems with more
than 900 electrons. What makes this possible?

v Use of optimal representations when expensive operations on
large sets of vectors are needed.

v’ Use of lanczos chain algorithm for the computation of response
functions.

v Use of maximally localized Wannier functions.

v/ Exact removal of summation over empty states. (In traditional
approaches the number of empty states to be considered is ~4
times the number of valence bands!)



