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DRIVING
INTRODUCTION ¥EENE§¢%CNALE
Total energy in solids

Many-body energy Ey = /drdr!nl(rr)lnr(!rll)

!

E[n]! Ten] + / drvVex ()N(r) + Ep [N]

\ I
|

Mean-field approach
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INTRODUCTION MAXE S
What’s in! .,

Eln] = Tuln] +  df veq (1)n(r) + En [n] + By [n]

l) JULICH
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INTRODUCTION

Hartree approximation

Eln] = Toln] +  dr ve (r)n(r) + Bu [n 9/

By = [arar )

Ir! r'|

mms) [..[n] includes a self-interaction correction

E...|n] describes how electrons avoid each other

x: pauli exclusion principle |
C: Screening, L Lot’s of bonding
self-interaction correction, happens here!
"the rest” .
- @) JULICH
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DRIVING
INTRODUCTION
Local Spin Density Approximation

v(r) — vp(r), vy (r)

n(r) ! ni(r),n-(r)

In a system with V(r) = V4(r) = V| (r) whose groundstate

can be spin-polarized, LSDA will preform better than LDA

IJ JULICH
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INTRODUCTION

Local Density Approximation

£ ()= [ den(@)<lEC (n(e)

HEG

mm) use quantum monte carlo to interpolate <.

=) |ot's of parametrizations
mm) 3|l equivalent

mm) Exact for any uniform density

IJ JULICH
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INTRODUCTION MaXi g

Density of silicone

IJ JULICH
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PERFORMANCE OF LDA

Lattice parameters

5 ® LDA
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INTRODUCTION

Local Density Approximation: Why does it work?

Eveln] = 5 / drdy! )Pz (1, 1)

v — 1|

On the Constitution of Metallic Sodium

E. WIGNER AND F. Ski1z, Department of Physics, Princeton University
(Received March 18, 1933)

ngo(r,r'): xc-hole density

nXC(r’rL)J: nX(r!rL)J-l- nC(r1r\§

U —

P

LDA fullfils these exact constraints: —————— ==
Ny <0

d Ny — | 1 n)IZEA (I‘,I'!) Fulfils these conditions,
I Ny (r’ r ) - because it's based on a physical system!

[ denetrx) =0 @) JiLicH
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PERFORMANCE OF LDA

Band gap
40
® ® LDA
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DRIVING
MAX THE EXASCALE
TRANSITION

Mean Error:
-0.97 eV

Mean abs. Error:
0.984 eV

IJ JULICH
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BEYOND LDA

Generalized Gradient Approximation

|dea:
Get more information about the density

through a Taylor expansion

Include | N to
Excln,! n] = drlxc(n(r),! n(r))

mmm) Unlike LDA, there are a lot of GGAs

‘ Not strictly ab-initio anymore
‘ Choice of GGA is a parameter

JULICH
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DRIVING
BEYOND LDA
GGAs in FLEUR

‘ FLEUR has 5 native GGAs:
pw91, pbe (1996), rpbe(1998), Rpbe(1998), wc(2006)

U JV

revises revises

=, LibXC has ~125 GGAs

—_— =

PBEsoI EVI3PW91 and everything else

www.flapw.de

mm) /[ |leur has~125GGAs

&) JULICH
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GGAS IN FLEUR

LibXC

redies@mb-redies ~
> $ FC=mpifort CC=gcc ./configure.sh -libxc true

8l <xcFunctional name="pbe" relativisticCorrections="F"/>

<xcFunctional name="LibXC" relativisticCorrections="F">
<LibXCName exchange="gga_x_pbe_sol" correlation="gga_c_pbe_sol"/>
</xcFunctional>

JULICH
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PERFORMANCE OF GGA

Lattice parameters
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DRIVING
MAX THE EXASCALE
TRANSITION

LDA

Mean error:

-6.1 pm

Mean abs. error:
6.1 pm

PBE:

Mean Error:

3.1 pm

Mean abs. Error:
4.3 pm

PBEsol:

Mean Error:

-2.2 pm

Mean abs. Error:
2.8 pm

/.
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PERFORMANCE OF GGA

Band gap
LDA:
75 Y e LDA Mean Error:
B PBE -0.97 eV
50 A Y EVO3 Mean abs. Error:
. s 0.984 eV
X 25-
é 0d v v PBE:
; ’ v v Mean Error:
_% —25 v g b z - -0.909 eV
g . v e 0 v Mean abs. Error:
° m 0.923 eV
_75 .
v EVO3PW91:
—100 + | | | . Mean Error:
s O O 8] z % & 'GE) o g -0.58 eV
O E T O O A N Mean abs. Error:
0.6121 eV

IJ JULICH

Member of the Helmholtz Association 12th September 2019 Page 15 Forschungszentrum



DRIVING
WX THE EXASCALE
TRANSITION

| —— PBE —=— B97D _,es""""" |

VAN DER WAALS

PBE layer distance in Graphite

=
o
N

=
<
Egg7plHtr]

- 1074

0.8 1.0 1.2 1.4 1.6
CoFT
Cexp

‘ Graphene layers are weakly van-der-Walls bonded

mmm) GGAs and LDAs are bad with vdW materials
@) JULICH
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VAN DER WAALS

van-der-Waals functionals

Exc[nN] = EX®A [n]+ E¢™ [n]+ EZ [n]
\ Y/
Eln| = /drn(r)exc(r)
EN = drd3r'n(M o (F, ) n ()

‘ Dispersion needs a non-local description

NI

‘ Fleur has an undocumented van-der-Waals feature

‘ Contact us!
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BEYOND LDA & GGA

Jacobs ladder

DFT Heaven Computational Effort
GW, RPA unoccupied! ; (r') GW, RPA
} non-local
Hybrid
Hybrid occupied! i (r')
1!
Meta-GGA =3 I ()
[
= Generalized gradient approx. = Vn(r) Meta-GGA
_ Generalized gradient approx. semi-local
= Local density approximation n(r) — Local density approximation

UJ JULICH
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DRIVING
MAX THE EXASCALE
BEYOND LDA & GGA
TABLE I. Satisfaction(Yes/No of selected exact constraints by
approximate exchangebcorrelation functionals.

Constraint LSDA PBE PKZB TPSS — SCAN fulfils all 17 known
Global properties .
constraints

E,&0
Sun, Jianwei, et at I"'# 115

E.<O
E O if fn(r)d3! 1
E..=# D/n*3(r)d°r®

a m Mean Error ($,) | Mean abs. Error($.)
Spin and density scalifig
X[n‘ n. ]I 220"' EX[2nu’]h E 0-056 0.061

o

E.! ESPA, n,,n.! const
EJl# U[n]if fn(r)d3! 1°
Highest order inV for ESEA®

Highest order inv for ESEA®

cooZ2<X<<xzZz<<

NOoO ZX<XzZ <<
_<

NN Z X Z<Z<

o B S << <<

Y Y Y Y
; InJ! NE[n]' Y Y Y Y
dm]' AE{n], A" 1 A SCAN 0.018 0.030
My 4 E C[n)\]# oo} N Y Y Y
N Ec[n 1'# ol Y Y Y Y . .
dLl!II{:Tn(%\\zZ £ (] i N \ \ \ From F. Tran, et al Journal of Chemical Physics
alimys oELNX]'# ooJ_ Y Y Y Y
;Iimk#mEc[n)X\]'# 0l N Y Y % . . e
ot belmior - SCAN is a significant
Vi (D)# # 1, r# o N N N N .
Ve Prite atthe nuckeus Y NN YN Improvement on PBE

Ifv (r) bnite at the nucleus Y N YN YN

SGA Moo mm) Ask if you are interested

Staroverov, Viktor N., et al I"$ , 69

IJ JULICH
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POTENTIALS IN METAGGAS

WA )= 1o
VGCA (1) = 'E[n, ! n]+ lE[n,! n]
'n(r) ' n(r)
_'E[n,!'n"] 'E[n!n"] 'E[n!n,"]
MGGA ()= I'n(r) ¥ It n(r) * "

Since &depends on the orbitals, rather
than the density this isn’t straight-forward

In FLEUR:
— calculate E,. iIn SCAN and v,. In PBE
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POTENTIALS IN METAGGAS

DRIVING
MAX THE EXASCALE
TRANSITION

Special class of 6
MetaGGAs provides
"o directly

14
12 |

10

Optimized for
specific material
properties

Theoretical band gap (eV)
0]

TB09 provides an 41
accurate Band gap
prediction

11 11

Ask if you are interested

Member of the Helmholtz Association 12t September 2019

Experimental band gap (eV)

F. Tran PRL102,226401 (2009)
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EXACT EXCHANGE MAX i

GW, RPA unoccupied! ; (r')
Hybrid occupied! ;(r") -
1: N 2
Meta-GGA Hr)=5 1)l

= Generalized gradient approx. = Vn(r)

= Local density approximation n(r)

l) JULICH
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EXACT EXCHANGE MAX i

GW, RPA unoccupied! ; (r') <=
Hybrid occupied! i (r')
1: | 2
Meta-GGA I'(r) = 5 (9]

= Generalized gradient approx. = Vn(r)

= Local density approximation n(r)

l) JULICH
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EXACT EXCHANGE

Hartree

Hartree-Fock

1 1a(ra) Da(rz) &&atl (rn)

1 1 Yoa(ry) !'a(rn) aaal a(rn)
= 1= . . .

n!

() 1n(r2) 44! (1)

‘ By design: Exact exchange

ES* =12 1] () %!j ()1 (r2)dryar, |BD-Integral

! IJ JULICH
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DRIVING
THE EXASCALE
TRANSITION

EXACT EXCHANGE

Hartree-Fock Problems

bi(ra) 'a(r2) aaal(rn)
Lo(ry) 'o(rn) aaal(rn)

02 ta(r) A&dl, ()
m) " (raro) ! N (ra)n(ry) | RN
Good correlation

Exact exchange No exact exchange

\, d

ER° = bE™ +(1 ! DESS + EL°
E}f{l(}:/b _ E}]—;JCSDA + ag (ngact . EJI;SDA) 4+ CLCEAE;}GA 4+ CLCAESGA

IJ JULICH
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HYBRID FUNCTIONALS

Lattice constant performance

4.0 PBE

PBEO
HSEO3

mdedEuuwdwﬁhh%ﬂd

w
o
EO0CSm

N
o

il

Relative error (%)
|_\
o
IllIIIIIIIIIIIIIIIIIIIIIII

0.0 IZ'-B 'J
-1.0 n
-2.0 L L1 L1 L1 L L L1 L1
Na A| Rh Ag GaAs GaP GaN BN NacCl NaF
Li Cu Pd Si BP SiC C MgO LiCl LiF
PBE PBEO HSEO3 B3LYP
All solids
ME 0.038 0.006 0.012 0.046
MAE 0.044 0.022 0.024 0.053
MRE (%) 0.8 0.1 0.2 1.0
MARE (%) 1.0 0.5 0.5 1.2

Marsman, M., et al, %&'(&*+,-+ .'/(0120+21'345526 , vol. 20, no. 6, 2008

Forschungszentrum
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HYBRID FUNCTIONALS

Band gap performance

+0 , § ; ; HSE:
e e MR & | Mean Error: -0.24 eV
%) 8| A A B3PW91 ...................... ...................... ......... .. ,,,,,, Mean abS EfTOr 037 eV (16%)
— ||®m = B3LYP | o
o ; 5 : g
8 6Ll @ e ______________________ ______________________ _____________________ 1 PBEO:
o Mean Error: 0.43 eV
| B S VA A S Mean abs. Error: 0.59 eV (45%)
3
S ol 88 & % T S S | B3LYP:

: é i % Mean Error: 0.16 eV
0 ; ; sl ; Mean abs. Error: 0.47 eV (25%)
0 2 4 6 8 10

Experimental Gap (eV)
Garza, Alejandro J. et al, %&'(8*+,-47 [)28,+56*'#25526+ vol. 7, no. (2016)

mmm) HSE & PBEO are implemented in FLEUR (Ask us)
IJ JULICH
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DRIVING
MAX THE EXASCALE
SUMMARY

e Confusing amount of functionals

e Some properties are described well

with semi-local methods Next talk:
e | attice constant

DFT Heaven
e Bulk modulus

e For some properties semi-local functionals fail:

GW, RPA

unoccupied ¢; (r') <=
e Band gap

Hybrid occupied ; (r’)

» Use hybrid for improved accuracy

Meta-GGA

1 . 2
7(r) = 52 Vi (r)]
= Generalized gradient approx. = Vn(r)

L= Local density approximation n(r)

|Right results for the right reasons |
@) JULICH

Forschungszentrum
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