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eexciting input

exciting code

® Full-potential all-electron code
® Flexible (L)APW+lo basis
® Broad functionality:

¢ DFT
¢ GW
¢ TDDFT

¢ Bethe-Salpeter equation
® Open-source code distributed under the GPL license

Gulans et al., JP.CM 26, 363202 (2014)
exciting-code.org

Benchmarking DFT calculations
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Reproducibility in density functional
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Benchmarking GW: ZnO gap
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Dmitrii Nabok, Andris Gulans, and Claudia Draxl, Phys. Rev. B 94, 035118 (2016)

Optical properties:
azobenzene on graphene
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Fu, Cocchi, Nabok, Gulans, Draxl, Phys. Chem. Chem. Phys. 19, 6196 (2017)
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*What is exciting and what can it do?

Kohn-Sham equation

<7%V2 + va(r)) U(r) = u(r)

vks(r) = vn(r) + vn(r) + vxe(r)
Potential due to nuclei T Exchange-correlation
potential

Potential due to electron repulsuion,
or simply Hartree potential

Mapping onto a linear algebra problem

(*%Vz + UKS(I‘)) P(r) = ev(r) (7%V2 + UKS(I‘)) U(r) = ed(r)

P (r) = Z Ci(a+k)Oc+k(T) P (r) = Z Ci(a+k)OG+k(T)

G " Basis functions

Overlap matrix elements

S&a = (da+kldari)

Hamiltonian matrix elements
K - N
Héar = (dc+x|H

Hamiltonian matrix elements
K - N
Héar = (dc+x|H

@G’+k>

@G’+k>

Linear generalized eigenvalue problem Linear generalized eigenvalue problem

Mapping onto a linear algebra problem

G " Basis functions

Overlap matrix elements

S&ar = (da+kldari)

Workflow

Basis functions

Density and potential

Hc=¢Sc Hc=¢Sc
But the potential depends on the electron density,
which depends on the wavefunctions...
(L)APW basis APW basis Kohn-Sham equation

‘ St A Sua(r.€)Yim (0, ),
de+k(r) = 9 T a or
\/ﬁ )

oL APW stands for (linearized)
augmented plane waves.

®We have some a priori

if r € MT

otherwise

knowledge what to expect
from wavefunctions close to
nuclei and far away from them.

INTERSTITIAL
REGION

MT

Interstitial

MT = Muffin tin,
augmentation spheres

e Close to nucleus — atom-like WFs. Use
“atomic orbitals”!

INTERSTITIAL
REGION

® Away from nucleus — smooth, slowly varying
WEFs. Use plane waves!

MT = Muffin tin,
augmentation spheres

<7%V2 + va(r)) U(r) = u(r)

e If the potential is spherically symmetric, we
could solve just the radial equation

10 (,0\ W+1)
——=— =]+ G
2r2 Or or 2r2

+oks(r) | w(r) = eu(r)




Example: Helium atom

15 state can be solved for using just the radial
equation

d(r) =Y Caoa(r)
G

Example: Helium atom with APW

Example: Helium atom with APW

() = § 226 2 CaAG ui(r;)Yim(0,¢), ifr € MT
e ﬁ > Cae'Sr] otherwise

He 1s state

10 17 (141
[* w2 or (72(7> + <2 B) ) +oks(r) | w(r) = cu(r) 5 ® 1s state is spherically
reor r r symmetric, and only the [=0
s He 1s state = component should be non-
'g 3 UO(7'-, €) zero.
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S ! But how do we know the energy in advance?
What if we just guess the energy? Linearization

Which energy would you take?

S Ay (1 €)Yin (0, ), if 1 € MT

Im

ba4k(r) = {L(ﬂ(GJrk)r
va¢ ’

otherwise

B The energy parameter should
match eigenenergies of a studied
system.

The original APW method finds
the energy parameters
automatically by considering
energy-dependent Hamiltonian.
It is too complicated!

[=0 augmentation

o

£ = —0.50 Ha — approximate
a €= —0.57... Ha — exact
=
g
231 \w(re)
= ug(r, e
2
2
o
£ 1 [uo(rye)
0 0.5 1 1.5
r, ag

e Problem: we know how to compute u(r,€),
but we do not know which specific € to take.

® A step towards solution: linearize u.
w(r,€) = wi(r,er) + (e — e)iu(r, &) + O((e — 1)*)

Still depends on energy, but now we
know the direction for the improvement

LAPW basis

S [AS R us(ri 1) + BE iu(r:21)] Yin (0, 0). il r € MT

da4k(r) = {LMGA;‘),
va \ /

Smoothness condition

otherwise

MT  Interstitial

Example: Helium atom with LAPW

U(r
© = o

APW augmentation

0.50 Ha — approximate
€= —0.57... Ha - exact
up(r, €)

\

radial function
N W s

-

Im

)= {EG Y Ca [AS wi(rie) + BS,

radial function
N W s

-

i (ri€)] Yim(0,9), if r € MT

otherwise

LAPW augmentation

0.50 Ha — approximate
exact

€=-057... Ha

ug(r,e) + cg(r,e)

Features of LAPW

eImproves upon APW with frozen energy
parameters.

e Preserves the number of basis functions
compared to APW.

s limited to description of valence electrons,
since there can be only one energy parameter
per . Core states are treated differently than
valence states.




APW+lo basis Linearization, quadratization etc. Example: diamond

Diamond: band dispersion

* APW w(rye) = wi(rye)) + (e — ey (r, er)+ eConsider I=1 15 Vy
, Sim A,(ifku;(r;el))/lm(a, ), ifreMT (fisl)Qill(’r‘ 51) + (e—&)® 'ilfl(’r‘ 51) 4. €gp = 0.15 G\ [~
dak(r) = L i(GHI)r otherwise 2 ' 6 ' ! ;<\ A
va o APW method Etot, Ha g = N
eLocal orbital an(r) = {Elm AS Ry (r1e)Yim (0, ), ifr e MT :’ww .75.522230 305 i
. N . PG+ T ) L i(Gtlr wis -75.500045 2
(z’u(l‘) = [a;bul(T;ﬂ) + buul(ﬁ El)]ylm(l')f)zi,‘ Omm, va¢ ? otherwise APW+lo -75.590101 . o / :é
\ /4 ol, | orbital APW+2lo -75.590103 %\
ocal orbitals APWi3lo | -75590103 05
Local orbital is normalized and turns du(r) = [agu(ryer) + bt (r;€0)|Yim (£)011, 00, WL r X W K
to zero on the augmentation sphere . Aave o 2 .
u(r) = [avui(rser) + byiia(r; e0)|Yim ()01, 6,0m, ergkmax=8 llﬁ @__Tﬁlj
Size of the basis and Hamiltonian is defined by the number AVS 5
) = ; ; )
of plane-waves and local orbitals. de(r) = [aguy(r; er) + be Wy (r:€0))Yim (£) 011, 0, Core electrons are /u:ng the 4- Dirac equation

EXEIITIple: diamond Spec1es Radial degrees of freedom for =1 Semicore states
e Consider I=1 ) AW o (7'; Ez)7 g (T‘; El), -+ have nodal structures
g9p = 0.15 Radial degrees of freedom for I=1 s (r 39) + byt (v, £29) that are not compatible with the semicore. We
anun(r,2ay) + brin (2, . .
APWo need a basis function that recovers the correct
method Etot, Ha ( ) azui(r, e2p) + baiia (1, £25) APW2l0 nodal structure.
APW 75.576230 urlr, 2p "
APW su (1, 22p) + byt 1 (ry €2p) . . .
CAPWI RE75IS90075 sz e A choice that brings you to the “APW level”:
APW:lo | 75590101 ayuy (1, €2p) + bri (r,€2p) = . y(r: e ), 0
o T v ?” APW+lo <custon ‘type="apw" trialEnergy="0.1500" searchE="false"/> d),,(l‘) [a“ul (r; El) + bPUl(T’ €l )]Ylm(r)m’/‘ Omm,
-75. <lo 1=
o (7 e . <wf matchingOrder="0" trialEnergy="0.15" searchE="false"/> ° i i i it!
APW+3lo | 75590103 aguy (1, 2p) + baiia (r,€2p) APW210 e e oo e Use expansion 1(n sene.s to g{o beyqnq 1t‘
:ﬁoi:"rs d’u(r) = [auul (ryef) + bu’ul(T?51’)]Ylm(l‘)1)H, Omm,,
> £ <wf matchingOrder="0" trialEnergy="0.15" searchE="false"/> . AN o -
ergkmax=8 agua(r; ezp) + 31 (1, 2p) SF matchingorder—"2" trislEncrgyo"a.15" searche—"false"/s & (r) = [avu(r;ef) + byiis(r; €5) ] Yim (£) 00, G,
APW+3lo </lo>
<lo 1="1">

Ge(r) = lagui(ryef) + beta (r; €7)|Yim (8) 011, O

<wf matchingOrder="0" trialEnergy="0.15" searchE="false"/>
<wf matchingOrder="3" trialEnergy="0.15" searchE="false"/>
</lo>

Core electrons are considere ("SSpEnee

Example: diamond Example: diamond Features of APW+lo

p
®Consider =0 with 1s and 2s both considered e Consider [=0 Wil  Radial degrees of freedom for I=0 eImproves upon APW with frozen energy
as valence electrons ) ) as valence electror] parameters.
Diamond: band dispersion
Els = *9;20 Els = *9;20 . o Slightly increases the number of basis
= = up(r,e2s N -
€25 =0.15 €25 =0.15 e APW functions compared to APW.
e ol £ method  Etot, Ha artio(r, €24) +bro (7, €14) o Can describe valence states, semicore states
APW -29.678023 B APW -29.678023 APW+lo 4
3 and even core states. But normally core states
LAPW -29.745748 w LAPW -29.745748 HE“O(V 51~) + bzﬂu(l‘. 51,») .
APWHo 75556600 APWHo 75556600 ’ =) APW+2l0 are treated differently than valence states.
APW+2 -75.589507 APW+2ls -75.589507 . . .
o e asuo(r, €25) + batio (1, £24) o Can be easily adjusted to yield any accuracy
APW+3lo -75.590142 APW+3lo -75.590142 APW+3lo 0 l.ke
APW+4lo -75.590143 APW-+4lo -75.590143 you like.
aguo(r, €1s) + batio(r,€15)
APW+4lo
ergkmax=8 ergkmax=8 N




What about plane waves?

® Accuracy of the plane-wave part of the basis is
controlled by their cut-off. However, the
required cut-off strongly depends on the size of
muffin tins. Hence the LAPW community uses
RanimGrax  as the dimensionless cut-off
parameter.

e Larger is /217 Gmax, more accurate is your
calculation. But do not abuse it! By the value of
~12 you get ~1 pHa at a high expense. Beyond
it, the basis becomes almost linearly dependent.

Example: diamond

l0g|AE(Ryy)|
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Gulans et al., JPCM 26, 363202 (2014)

Example: G2-1 molecule set

Total energies of molecules: MRA vs. LAPW

0 10 20 30 40 50
moleciile index

Gulans, Kozhevnikov, Draxl, submitted.
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exciting input

e Extensible Markup Language (XML)
e Input validation

*Elements - actions

* Attributes —  parameters

input.xml

i cinput>
<title>Lithium Fluoride</title>
<structure speciespath=".">
<crystal>
<basevect> 3.80402 3.80402 0.00000 </basevect>
<basevect> 3.80402 0.00000 3.80402 </basevect>
. <basevect> 0.00000 3.80402 3.80402 </basevect>
s <forystal>
. <species speciesfile="Li.xml">
<atom coord="0.0000 0.0000 0.0000"/>
" </species>
<species speciesfilo="F.xml">
<atom coord="0.5000 0.5000 0.5000"/>
</species>
</structure>
<groundstate

20 Swidth="0.0001">
a </groundstate>

= </imput>
input.xml input.xml input.xml
<input> <input> <input>
<title> Title </title> <title> Title </title>
<structure .> .. </structure>
</input> </input>

</input>




input.xml input.xml input.xml

<input>
<title> Title </title>

<input>
<title> Title </title>

<input>
<title> Title </title>

<structure speciespath='/path/species’> <structure ..> .. </structure> <structure .> .. </structure>

</structure>

<groundstate ..> .. </groundstate> <groundstate ngridk='8 8 8' ..>
</groundstate>
</input> </input> </input>
input.xml input.xml =
’ ’ HoW
<input> <input> / |

<title> Title </title>

<structure ..> .. </structure>

<phonon ..> .. </phonon>
<groundstate ..> .. </groundstate>

</input>
<relax ..>
</relax>
July 31 - August 9, 2018
=/l Berlin, Germany
https:/lwww2.physik.hu-berlin.de/how-exciting-2018/
Summary

® Full-potential all-electron code
® Flexible (L)APW+lo basis

® Broad functionality:

¢ DFT
° GW
¢ TDDFT

* Bethe-Salpeter equation
® Open-source code distributed under the GPL license

Gulans et al., JP.CM 26, 363202 (2014)
exciting-code.org




