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WAKE FOREST

UNIVERSITY

Perspectives on Materials Simulations

Fundamental Numerical Software

Theory apprO).(imations packages
and tricks

) quantum-espresso
mput (http://www.quantum-espresso.org/)

parameters abinit (https://www.abinit.org/) useful results
QbOX (http://gboxcode.org/)

FHI-aims
(https://aimsclub.fhi-berlin.mpg.de/)

It is important to know what is inside the box!
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WAKE FOREST

UNIVERSITY

Fundamental Physical Numerical Software
Theory approximations approximations packages

and tricks

Quantum mechanics and electrodynamics
as it applies to many particle systems
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WAKE FOREST

UNIVERSITY

Fundamental M\ Physical Y Numerical Software

Theory Y A 2nnroximations "4 approximations packages
and tricks

—  Born-Oppenheimer approximation [Born & Huang, Dynamical
Theory of Crystal Lattices , Oxford (1954)]: Nuclear motions
treated classically while electronic motions treated quantum
mechanically because M, >>m,

Density functional theory [Kohn, Hohenberg, Sham, PR 136, B864
— (1964), PR 140, A1133 (1965)]: Many electron system
approximated by single particle approximation using a self-
consistent mean field.

Frozen core approximation[von Barth, Gelatt, PRB 21, 2222
(1980)]: Core electrons assumed to be “frozen” at their atomic
values; valence electrons evaluated variationally.
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WAKE FOREST

UNIVERSITY

Fundamental Physical Numerical Software
Theory approximations approximations packages

and tricks

Plane wave representations of electronic
wavefunctions and densities

Pseudopotential formulations

9/29/2018 HybriD3 2018 5



: WAKE FOREST
Numerical methods more generally -- UNITVERSITY
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WAKE FOREST

UNIVERSITY

***Practical Density Functional Theory with

Plane Waves)***
Outline

* Treatment of core and valence electrons;
frozen core approximation

* Use of plane wave expansions in materials
simulations

 Pseudopotentials
* Norm conserving pseudopotentials
* Projector augmented wave formalism

* Assessment of the calculations
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P WAKE FOREST

UNIVERSITY

Summary and conclusions:

Materials simulations is a mature field; there are many great
ideas to use, but there still is plenty of room for innovation.
Maintain a skeptical attitude to the literature and to your
own results.

Introduce checks into your work. For example, perform at
least two independent calculations for a representative
sample.

On balance, static lattice results seem to be under good
control. The next frontier is more accurate treatment of
thermal effects and other aspects of representing
macroscopic systems.

Developing first-principles models of real materials to
understand and predict their properties continues to
challenge computational scientists.
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UNIVERSITY

***Practical Density Functional Theory with

Plane Waves)***
Outline

* Treatment of core and valence electrons;
frozen core approximation
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Two examples --

6

C

Carbon

12.011
20 2s 2

15°25°2p

11.2603

29 ‘s,

Cu

Copper
63.546

Ar)3d ' Vas
7.7264

WAKE FOREST

IIIIIIIIII

Partitioning electrons into core and valence contributions

n(r) = n,,,,(F)+ 1y, ()

9/29/2018

HybriD3 2018
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For spherically symmetric atom:

¢nilimi (r) - ¢”ili (F)Ylimi (f‘) | E EP [
Fs '
})nili (7)
¢nili (7") — C
v
Carbon
Example for carbon 12.011"*
n) =Y w, lh, ) | ez
— 11.2603

=47r(2‘¢1s ([ +2[¢, (’;)“.2 : 2‘¢211:(r;‘2)

j”(z\P [ +2|B, () +2|P (r)\z)
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Radial wavefunctions for carbon WAKE FOREST

UNIVERSITY

2 L]
Ghufn "
'GAWFn0' u 113 ——
GAufrl
; ; : : . 0 —
DA F S SR A e e e e
1s
el el et e T T S R S e e En e
—~
= 2p 5
S :
Q_ gl | TR . SO AR ... NN . DT | e
_1 L N N
0 1 2 4 5 B

r (Bozhr)
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Electron density of C atom WAKE FOREST

) ) ] )
f\ ‘density’ U 1:2 s
‘density’' u 1:3 ——

M\ noon s

nri/4r

nalr) 25207

L

r (Bof?r)
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Electron density of copper WAKE FOREST

UNIVERSITY

Example for Cu

1522522p63523p°3104s? :

40 ¥ ) J i ) 'denéitg' m— i 29 281;2
' ‘density’ U 123 —

A Mool { | Cu

3% _ Copper
63.546

[Ar]3d 4s
7.7264
] U:E 1 1:5 3 3 4

r (Bohr) |
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P.(r)

V¥ WAKE FOREST

" UNIVERSITY

Radial wavefunctions for Cu

‘wfnBED' u 152 ——
"wFRBED' u 143
! ‘wfnBED' u 1:d ——
‘wfnfED' u 1:5 ——
"wfrBED" u 1:6
‘wfnBED' U 1:7 ——
53 "wfnBED' u 1:B
"wFnBED' L 1:9
1 /;i\\x
!

3d

N

Note that in this case, the
“semi-core” states 3s23p%3d*°
are included as “valence”

7 ]

ra( Boh/j)



Frozen core approximation WAKE FOREST

UNIVERSITY
n(r):ncore(r)—l—nvale(r)

Example for Cu Variationally optimize energy wrtn__(7)

15225%2p%3523p03¢194s1

40

'denéitg' o=

\ ' J ‘density’ W 153 — ‘
| (r)
ncore r
30
l;) 20
N
N
(.
C
0 0,4 1 1.5 2 2.4 3 2%h 4

r (Bohr)
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Systematic study of frozen core approximation in DFT

PHYSICAL REVIEW B VOLUME 21, NUMBER 6 15 MARCH 1980

Validity of the frozen-core approximation and pseudopotential theory for cohesive energy
calculations

U. von Barth
Department of Theoretical Physics, University of Lund, Lund, Sweden

C. D. Gelatt*
Physics Department, Harvard University, Cambridge, Massachuserts 02138
(Received 8 January 1979)

When atoms are brought together to form molecules or solids the change in the kinetic energy of the core
electrons can be an order of magnitude larger than the change in total energy. In spite of this,
pseudopotential methods, which neglect the redistribution of the core electrons, give results very close to the
fully self-consistent results. We explain this apparent contradiction by showing that the correction to the
frozen-core approximation, an approximation used implicitly in a pseudopotential calculation, vanishes to
first order in the charge-density differences and we give a closed formula for the second-order correction.
The cancellation of large errors involved in the frozen-core approximation is demonstrated for valence-
electron configuration changes in several free atoms and for a bee to fec transformation of Mo. In all cases

the frozen-core approximation makes an error of less than 5% in the energy of transformation, and the
second-order correction formula accurately reproduces this error.

http://journals.aps.org/prb/abstract/10.1103/PhysRevB.21.2222
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UNIVERSITY

***Practical Density Functional Theory with

Plane Waves)***
Outline

* Use of plane wave expansions in materials
simulations
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Consider a periodic material with a unit cell WAKE FOREST
described by primitive lattice vectors
a;, a,, and a;:

a3

Multiple
a, | unit cells

a,

Any position r in the material 1s related to an infinite number of
other points in the material r + T =r +na, +n,a, +n,a, because

of its periodic symmetry.

Because of Bloch's theorem, any wavefunction of the system having wavevector k,
has the property: ¥, (r+T)=¢""¥, (r). This means that ¥, (r) =¢e*"u,(r),
where u,_(r) 1s a periodic function.

All directly measurable properties of the system also reflect the periodic nature of

the system. For example, the electron density:  n(r+T) = n(r)
9/29/2018 HybriD3 2018 20



Mathematical relationships — W7 WAKE FOREST
The Fourier transform of a periodic function results in a
discrete summation based on the reciprocal lattice.

For the electron density:  n(r)= Z i(G)e'“", where G =mb, +m,b, +m,b,
G

The reciprocal lattice vectors are related to the primitive translation

anak

vectors accordingto  b,-a, =275,; b, =27

i i

a, '(aj Xak)

~ _ 1 3 -iGr
Here 7(G) ="~ j d*r e n(r).

unit cell

—> Fourier transforms are a natural basis for periodic functions.

For example, the periodic part of the Bloch wave function:
u, (r)= Z i, (G)eiGr and W, (r)= Z’Zk (G)ei(k+G).r
G G

This works well, provided the summation converges in the sense
that |i, (G)| <e for [k+G|>K,..



WAKE FOREST

UNIVERSITY

***Practical Density Functional Theory with

Plane Waves)***
Outline

 Pseudopotentials
* Norm conserving pseudopotentials
* Projector augmented wave formalism
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: : : WAKE FOREST
The notion of pseudopotential has been attributed UNIVERSITY

To Enrico Fermi in the 1930’s. “First principles” pseudopotentials
were developed by Hamann, Schliuter, and Chiang, PRL 43, 1494
(1979) and J. Kerker, J. Phys. C 13, L189 (1980).

Cs effectlve potentlal Cs 5s orbital

i u 1 ($2!$1) —
‘potential' u 1:($3/$1) —

o

] L
'‘wfnl'u 1:2 —
'wfnl'u 1:3 ———

0.8 F

(Ry)

0.6
04 F

VPseudo

0.2

VPseudo ( 7”) — Vall—Electron (7") 0 V
r>r, i -0.2 \PP eudo (7") _ \I] all-Electro ( )
VaII-EIectron »

-0.6

Potential

[
wu
L}

-20 2.5 3 3.5

| r (bohr) | | r (bohr)
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Justification for pseudopotential formalism - WAKE FOREST

UNIVERSITY
PHYSICAL REVIEW VOLUME 116, NUMBER 2 OCTOBER 15, 1959

New Method for Calculating Wave Functions in Crystals and Molecules™

James C. Purrriest anp LEONARD KrrEinMawi

Department of Physics, University of California, Berkeley, California Va Ie nce elect ron

(Received January 5, 1959; revised manuscript received June 1, 1959) orthogonality tO core

For metals and semiconductors the calculation of crystal wave functions is simplest in a plane wave :
representation. However, in order to obtain rapid convergence it is necessary that the valence electron wave e IeCt rons p rovi de a

functions be made orthogonal to the core wave functions. Herring satisfied this requirement by choosing as . .

basis functions “orthogonalized plane waves.” It is here shown that advantage can be taken of crystal rePUIs“’e effeCtlve

symmetry to construct wave functions ¢, which are best described as the smooth part of symmetrized Bloch . . .
functions. The wave equation satisfied by ¢, contains an additional term of sim[;))Ie character which corre- pOte ntia I ’ resu Itl ng Inan
sponds to the usual complicated orthogonalization terms and has a simple physical interpretation as an .

effective repulsive potential, Qualitative estimates of this potential in analytic form are presented. Several effectlve Smooth

examples are worked out which display the cancellation between attractive and repulsive potentials in the " T

core region which is responsible for rapid convergence of orthogonalized plane wave calculations for s states; pseu dO pote ntlal fO r

the slower convergence of p states is also explained. The formalism developed here can also be regarded as a

rigorous formulation of the “empirical potential’’ approach within the one-electron framework ; the present va Ie nce e I ectrons.
results are compared with previous approaches. The method can be applied equally well to the calculation of

wave functions in molecules.

Norm-conserving pseudopotential construction schemes

VoLuME 43, NUMBER 20 PHYSICAL REVIEW LETTERS 12 NOVEMBER 1979 J. Phys. C: Solid St. Phys., 13 (1980) L189-94. Printed in Great Britain

Norm-Conserving Pseudopotentials LETTER TO THE EDIXOR

D. R. Hamann, M. Schliiter, and C. Chiang
Bell Labovalovies, Murray Hill, New Jersey 07974

{Rognlvall st 1079) Non-singular atomic pseudopotentials for solid state

A very simple procedure to extract pseudopotentials from ab initio atomic calculations applications
is presented. The pseudopotentials yield exact eigenvalues and nodeless eigenfunctions
which agree with atomic wave functions beyond a chosen radius .. Moreover, logarith-
mic derivatives of real and pseudo wave functions and their first energy derivatives G P Kerker

agree for r>7, guarantesing excellent transferability of the pseudopotentials. Max-Planck-Institut fiir Festkorperforschung, 7000 Stuttgart 80, Heisenbergstrasse 1

West Germany
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Norm-conserving pseudopotentials -- continued

Vi) WAKE FOREST

" UNIVERSITY

Constructed from all-electron treatments of spherical atoms or ions:

2

2 all-Electron all-Electron
_2mv +V (r)_enlJLPnl (I"):O

2
_Qi/:l_mv2 + VPseudo (7") . En[ j LIJI;lseudo (I’) — O

Require:
VPseudo ( 7") — Vall—Electron ( 7") fO r 7> rc
\Pilseudo ( 7") — \lell-Electron ( 7") fO r 7> rc

Also require:

, , Norm conservation
3 Pseud 3 all-Electron ey o
[ drlwimee)| = | d'rwire(r) « condition; has several

< e benefits

Procedure can be carried out for one orbital ¥ , at a time
Pseudo __ 1/ Pseudo Pseudo .
Vot (r) =V (r)+ ZZV,U (") « Non-local projector operator

9/29/2018 HybriD3 2018 25



Recent improvements to norm-conserving Y{AI@RE(,)BFST
pseudopotentia Is PHYSICAL REVIEW B 88, 085117 (2013)

Optimized norm-conserving Vanderbilt pseudopotentials

D. R. Hamann
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08854-8019, USA and Mat-Sim Research LLC,
P. O. Box 742, Murray Hill, New Jersey 07974, USA
(Received 30 May 2013: revised manuscript received 1 August 2013; published 19 August 2013)

Fully nonlocal two-projector norm-conserving pseudopotentials are shown to be compatible with a systematic
approach to the optimization of convergence with the size of the plane-wave basis. A reformulation of the
optimization is developed, including the ability to apply it to positive-energy atomic scattering states and to
enforce greater continuity in the pseudopotential. The generalization of norm conservation to multiple projectors
is reviewed and recast for the present purposes. Comparisons among the results of all-electron and one- and
two-projector norm-conserving pseudopotential calculations of lattice constants and bulk moduli are made for a
group of solids chosen to represent a variety of types of bonding and a sampling of the periodic table.

DOI: 10.1103/PhysRevB.88.085117 PACS number(s): 71.15.Dx, 71.10.—w, 71.20.—b

=» Improves the accuracy of the norm conserving formulation

and allows for accurate plane wave representations of the
wavefunctions:

Y= > (G

G for [k+G|<K

max

9/29/2018 HybriD3 2018 26



Other plane wave compatible schemes -- WAKE FOREST

UNIVERSITY

References:

1. P.E.Blochl, PRB 50, 17953 (1994)

2. D. Vanderbilt, PRB 41, 7892 (1990); K.
Laasonen, A. Pasquarello, R. Car, C. Lee,
D. Vanderbilt, PRB 47, 10142 (1993)

D. R. Hamann, M. Schliiter, C. Chiang,
PRL 43, 1494 (1979); D. R. Hamann, PRB
88, 085117 (2013)

<
T

=/'Numerical method
(98]

D ional Theory
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Basic ideas of the Projector Augmented Wave WAKE FOREST

(PAW)method UNIVERSITY
Peter Blochl,

Institute of Theoretical Physics
TU Clausthal, Germany

Bloch presented his ideas at ES93 --“PAW: an all-
electron method for first-principles molecular

dynamics”
Reference: P.E. Blochl, PRB 50, 17953 (1994)

Features
* Operationally similar to other pseudopotential methods,
particularly to the ultra-soft pseudopotential method of D.
Vanderbilt; often run within frozen core approximation
* Can retrieve approximate “all-electron” wavefunctions from the
results of the calculation; useful for NMR analysis for example
 May have additional accuracy controls particularly of the higher

multipole Coulombic contributions.
9/29/2018 HybriD3 2018 28
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Basic ideas of the Projector Augmented Wave

0¥ WAKE FOREST
(PAW) method

¥ UNIVERSITY

* Valence electron wavefunctions are approximated by the form
V0=, )+ (o (r-R,) =g (r—R,))(5; (r—R,)| ¥, (1))
ab

AII-e\ectron Pseudowavef ion,

wavefunction optimized in solving
Kohn-Sham equations

Atom-centered functions:

All electron basis functions
functions
nctions

{‘f’nk (r)} : determined self-consistently within calculation

{golf (r),o, (r), p, (r)} : part of pseudopotential construction; stored in PAW dataset



Basic ideas of the Projector Augmented Wave WAKE FOREST
(PAW)method UNIVERSITY

e Evaluation of the total electronic energy:

1 > AE,

total

Pseudoenergy One-center atomic
(evaluated in plane contributions

wave basis or on (evaluated within

regular grid) augmentation spheres)
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Comment on one center energy contributions

V¥ WAKE FOREST

Norm-conserving pseudopotential scheme usin®the* = s

Kleinman-Bylander method (PRL 48, 1425 (1982)):
The non-local pseudopotential contributions for site a :

AE, =ZW<T BYAL

fixed functions depending on the non-local pseudopotentials

nk>,where ¥, (r—R") are

and corresponding pseudobasis functions; W, are occupancy

and sampling weights.
PAW and USPS :

AEZ<

nk,bb'

By )My, (| W ) where j (r — R*) are

projector functions, M,,, are matrix elements depending on
all-electron and pseudobasis functions, and WV, are

occupancy and Brillouin zone sampling weights.



Comment on one center energy contributions
-- continued for PAW and USPS

M,,. matrix elements (different for USPS and PAW) are evaluated

within the augmentation spheres. For example, the kinetic energy term:

Kt =5 6. U d{d% (r) dgi(r) _dd () dgy <r>j
o 2m dr dr dr

0¥ WAKE FOREST

P’ UNIVERSITY

H,, + 1>ﬁ ) - 00 WB

0

¢b(’”)Y

lymy,

where ¢ (r) = ) and g(r)=2 ) Uy @)

Note that for USPS, the operator Q,,.(r) = (¢b" (r)g,.(r) — &b“ (r)¢7b‘f (r))

1s pseudized, while for PAW it is evaluated within matrix elements and
"compensation charges'" are added. In both cases, multipole moments

are conserved.



_ _ WAKE FOREST
Summary of properties of norm-conserving (NC), UNIVERSITY

ultra-soft-pseudopotential (USPS) and projector augmented wave
(PAW) methods

NC USPS PAW

Multipole moments
in Hartree interaction

Retrieve all-electron
wavefunction

Conservation of charge ( ( (
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Some details — use of “compensation charge” Y\&@REQBF ST

PAW approximation to valence all-electron wave function

¥, =¥, )+ (9 (r-R,)- (r-R,))(5; (r-R,)
ab

PAW approximation to all-electron density

nvalence (l’) ~ ZVVnk LIJnk (r)|2
nk
DI 2
nk
+ 2 W 2 (P
nk

DAL FENEIE:
=ii()+ > (n" (r~R,) =" (r-R,))
=)« St (=R X (" (1= R, ) =7 (1R, ) =i (r-R7)
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¥, (r)

i) (| ¥ ) (0 (r =R, )@ (r =R, )= (r =R, )@, (r - R, ))

‘ijnk>QZb' (r o Ra )j



¥ WAKE FOREST

P’ UNIVERSITY

Some details — use of “compensation charge”
-- continued

Compensation charge 1s designed to have the same
multipole moments of one-center charge differences:

j d’r 'Y, (F)A‘(r) = j dr 'Y, (B)(n' (1) =i (r))

a a
rSrC rSrc

L=0

Typical shape of
compensation charge
for L=0 component --




V¥ WAKE FOREST

¥ UNIVERSITY

Some details — use of “compensation charge”
-- continued

The inclusion of the "compensation" charge ensures

1. Hartree energy of smooth charge density represents correct charge

2. Hartree energy contributions of one-center charge 1s confined within
augmentation sphere:

J‘ d3r'na(r)_ﬁa(r)_ﬁa(r) _ VI?artree(r) for r < I,.c“
‘r—r" 0 forr>r'

a
rSrc



V% WAKE FOREST

" UNIVERSITY

Some details — form of exchange-correlation
contributions

R . non-linear core correction (S. G.
For  E, [n(n)]= j d’r K, .(n(r)): O Louie et al. PRB 26, 1738 (1982))

Smooth contribution: E_=FE [n(r)+n, (r)]

One-center contributions: E* —E*=E_[n“(r)+n°, (r)]—E_[7‘(r)+ 7’ ()]

Note that VASP and Quantum-Espresso use
E_[i(r)+7_ (r)+A(r)]

~

and E_[n(r)+n,  (r)+n'(r)]

which can cause trouble occasionally.



N WAKE FOREST

NP’ UNIVERSITY

Pseudopotential schemes enable the accurate
use of plane wave and regular grid based numerical methods

Convergence of plane wave expansions:

¥, )=, (G (kdkk,)
G

Electron density: n(r)= Z 1 (l‘)‘2
nk (occ)
2
~ i(k+G)r| ~ iGr
n(r)= D w, [, (G| =D A(G)e
nk (occ) G G
k+G|< K Gl <2k



i i i i WAKE FOREST
Some convenient numerical “tricks” involved UNIVERSITY

with Fourier transforms using discrete Fourier transforms

Y (r) = Zunk (G ™"

€Discrete summation due
(\k+G\gKmaX) to lattice periodicity

Discrete Fourier transforms =» Fast Fourier transforms
FFT equations  http://www.fftw.org/

”1’"1 ”2’”2_'_”3””3)

o 20
f(npnz»n Z f m19m29m3)e

my 1y My
f(mmm) annn)e Lo
1977409113 [>7%257%3
N,N,N

3 ny,ny,ny
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FFT grid size

Reciprocal space

_|G|=K,,,
P

9/29/2018

0<n <N,

WAKE FOREST

UNIVERSITY

Enclosing parallelepiped

G =nb, +n,b, +nb,

Real space grid points

m, m,
r=—a +—=
N, N,

m;,
a2 ‘|‘—a3
N,

G r=2r
(Nl

HybriD3 2018

nm n,m n.m
11_|_ 2 2_|_ 37773
NZ N3
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UNIVERSITY

***Practical Density Functional Theory with

Plane Waves)***
Outline

e Assessment of the calculations
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Assessment of the calculations WAKE FOREST

Science 25 MARCH 2016 VOL 351 ISSUE 6280 URLYERSLITY
http://science.sciencemag.org/content/sci/351/6280/aad3000.full.pdf

RESEARCH ARTICLE

DFT METHODS

Reproducibility in density functional
theory calculations of solids

Kurt Lejaeghere,' Gustav Bihlmayer,” Torbjorn Bjorkman,*>* Peter Blaha,”

Stefan Bliigel,? Volker Blum,® Damien Caliste,™® Ivano E. Castelli,” Stewart J. Clark,'®
Andrea Dal Corso,"” Stefano de Gironcoli,” Thierry Deutsch,”® John Kay Dewhurst,'?
Igor Di Marco,"? Claudia Draxl,"*" Marcin Dulak,'® Olle Eriksson,'®

José A. Flores-Livas,'? Kevin F. Garrity,"” Luigi Genovese,”® Paolo Giannozzi,'®
Matteo Giantomassi,"® Stefan Goedecker,?® Xavier Gonze,'® Oscar Granis,”>*

E. K. U. Gross,'” Andris Gulans,'*" Francois Gygi,”” D. R. Hamann,>»?*

Phil J. Hasnip,?* N. A. W. Holzwarth,?® Diana Iusan,'® Dominik B. Jochym,*’
Francois Jollet,” Daniel Jones,”® Georg Kresse,’” Klaus Koepernik,*"**

Emine Kiiciikbenli,”" Yaroslav O. Kvashnin,"® Inka L. M. Locht,’**® Sven Lubeck,™*
Martijn Marsman,>° Nicola Marzari,” Ulrike Nitzsche,* Lars Nordstrom,'®

Taisuke Ozaki,>* Lorenzo Paulatto,?* Chris J. Pickard,?® Ward Poelmans,"*”

Matt I. J. Probert,” Keith Refson,”**® Manuel Richter,”"*? Gian-Marco Rignanese,"”
Santanu Saha,*® Matthias Scheffler,"*° Martin Schlipf,** Karlheinz Schwarz,”
Sangeeta Sharma,"” Francesca Tavazza,"” Patrik Thunstrom,*' Alexandre Tkatchenko,”**
Mare Torrent,?® David Vanderbilt,>® Michiel J. van Setten,'®

Veronique Van Speybroeck,’ John M. Wills,** Jonathan R. Yates,”®

Guo-Xu Zhane.** Stefaan Cottenier’*>*
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: : AKE FOREST
Webpage for standardized comparison of codes \UA{] KE FORES

https://molmod.ugent.be/deltacodesdft

() CENTER FOR
N MOLECULAR MODELING

Comparing Solid State DFT Codes, Basis
Sets and Potentials

This web page offers all necessary information to determine the A-value between two solid state DFT codes within
the PBE formalism. A is defined as the root-mean-square energy difference between the equations of state of the two
codes, averaged over all crystals in a purely elemental benchmark set. This quantity can act as an accuracy-based
guideline when selecting a solid state DFT code for a specific task. A README has been provided in the zip-file (see
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) WAKE FOREST

UNIVERSITY

Assessment of your specific calculations

* You can expect that even well-converged calculations will
differ between pseudopotential datasets and code packages.
It is incumbent on us to trace and document these differences.

* There is some error cancelation in a set of calculations using a
given set of pseudopotential datasets and a single code
package.

* On the other hand, the best way to validate your results, is to
compare two or more independent calculations for a
representative sample.



: WAKE FOREST
Various code packages UNTVERSITY

Code for generating PAW datasets
http://pwpaw.wfu.edu

ATOMPAW

DATASETS Download source code and example files:

(SONINILIN SN o atompaw-4.1.0.4.tar.gz (5.5mb) 9/2018 Introduced a check on the
charge density sent to the exchange-correlation functionals. This was
sl hif found to cause trouble when including the compensation charge in the
exchange-correlation functional as is done in the current version of
Quantum Espresso and in abinit running in the usexcnhat mode. In

NAWH Web

PHYSICS Web these cases, when negative arguments of the exchange-correlation
functional is detected, no data file is generated and the output gives the
U Web advice to change the magnitude of the pseudo core density function.

Link to notes on this subject.
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: WAKE FOREST
Various code packages UNTVERSITY

ABINIT -- Electron structure code package mainly based on
plane waves

https://www.abinit.org/

ABINIT SCHOOL
2019

New-comer Oriented
School to Ab Initio
Nanoscience Simulations

From Laptop to Supercomputers

January 21st - 25th, 2019
Bruyeéres-le-Chdatel, France

9/29/2018 HybriD3 2018 46



: WAKE FOREST
Various code packages UNTVERSITY

Quantum Espresso — Electron structure code package mainly
based on plane waves

http://www.quantum-espresso.org/

&
OUU ANTUMESPRESSO

HOME PROJECT DOWNLOAD RESOURCES PSEUDOPOTENTIALS CONTACTS NEWS&EVENTS

NEWS

03.07.18
QUANTUM ESPRESSO V.6.3

Version 6.3 of QuanTum ESPRESSO is
available for download from GitHub and GitLab.

10.05.18
THE WALTER KOHN PRIZE
Nominations are now being accepted for the

second Walter Kohn Prize for quantum-
mechanical materia...
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) WAKE FOREST

¥ UNIVERSITY

General advice about generating PAW datasets

 ATOMPAW code* available at http://pwpaw.wfu.edu

* Develop and test atomic datasets for the full scope of your
project =» determine r_2? define frozen core

* Determine local pseudopotential from self-consistent all-
electron potential

* Determine basis functions for valence (and perhaps
semicore) states; usually 2 sets of basis functions and
projectors for each / channel.

* Test binding energy curves for a few binary compounds
related to your project.

* Check plane wave (or grid spacing) convergence of your
data sets before starting production runs.

*With major modification by Marc Torrent and other Abinit
developers.



V¥ WAKE FOREST

7’ UNIVERSITY

Recipes for constructing projector and
basis functions

iw=2Dy, ¢ Go=-2"y @ mo=-2Cy, @
Constraints: o, (r)=@,(r) forr=r'
p,(r)=0 forr>r'
(5|05 ) =6
Peter Blochl’s scheme (set #1) David Vanderbilt’s scheme (set #2)
Choose projectors p; (r)* Choose pseudo bases @, ()™
= Derive @ (r) = Derive p, (7)

*Typically Bessel-like function ~ *Polynomial or Bessel function

with zero value and derivative =~ form following RRKJ, PRB 41,
at rc 1227 (1990)



Example projector and basis functions WAKE FOREST

UNIVERSITY

Br 4s orbital

2r ~a
'b(r)

1

0 2

-1+

2k

00 05 10 15 20 | | | |

a (A) 0.0 0.5 10 L5 2.0
a(A)
From set #1 From set #2
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Set of basis and projector functions for set #1

Cs

55

o

a(A)

9/29/2018

a(A)

-

00 05 1.0 15 2.0 25 3.0 3500 05 1.0 15 2.0 25 30 35

WAKE FOREST

UNIVERSITY

Br

4s

2000 05 10 15 20
a(A)

00 05 10 15
a(A)
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Sources of pseudopotential and paw datasets WAKE FOREST

on the web

https://www.abinit.org/psp-tables http://www.quantum-espresso.orz/pseudopotentials
PROJECTOR AUGMENTED-WAVE (PAW) DATASETS

PSLIBRARY

Elements for which at least a pseudopotential is available will appear in red in the periodic table.

Current version of the Iibrary' _ITH -v1.1 Click on the element entry and follow the link to access the pseudopotentials and a minimal
i description of their characteristics.

Download the entire dataset table: LDA table, PBE table

If you use datasets from the web, it is still your responsibility to
test them for accuracy wrt to your project.
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Measure of accuracy WAKE FOREST
Sometimes, calculations can surprise!! pRvERSIEY

Binding energy curve for CsBr

0.4+ ! | I | | | | 2
— Wien2k
O Set #1/Abinit
0.3 m Set #1/Quantum Espresso |
~ O Set #2/Abinit
-
3 0.2+ _
Set #2 fails to
011 converge in QE!
0.0 | |

T2 43 44 45 46 47
a(A)
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WAKE FOREST
Mystery_ UNIVERSITY

Why does the Cs dataset #1 do well in abinit but fail in espresso??
Binding energy curves for CsBr

0.4+ 1 T T T AN 0.4_ I I I T ]
— Wien2k — Wien2k
O Set #1/Abinit » [ Set #2°/Abinit
0.3F = Set #1/Quantum Espresso 4 0.3 = Set #2’/Quantum Espresso .
- O Set #2/Abinit . O Set #2/Abinit
~ ~
N3 v
3 0.2 . 50.2— _
0.1 ] 0.1- .
0039 4.0 4 43 4.4 45 4.6 4.7 0.0 &% |
| | ) .a ( A; ) ) | | ’ 4.2 ﬁl.3 44 45 4.6 4.7
a(A)
Set #2’ now converges
Answer -- ; e
_ , in QE and abinit!
Treatments of the exchange-correlation energies
L7 - - ompensation charge; does
Abinit : B, =E. [n(r)+ 7, (r)] @Eot logically belong in this

QE & VASP: Exc = Exc[ﬁ(r) 4 ﬁcore (r)+ ﬁvale (r)] expression and can cause

argument to be negative.
9/29/2018 HybriD3 2018 54



radial density

o
[9]

1
=

Densities fo Cs --

45 L] L] L] L L] L]
~ 'tryl/density' u 1:4 =——
4 -’/l ‘tryl/density’ u 1:($4+$6) — = 4
'try2/density’ u 1:4 =——
35 COIC ‘tryxdensity’ u 1:($4+$6) — — o
| vale y
25 Pk .
2 F , -
sl Set #2 |
1l -
0.5 | -
core -
0 /
etk#i2 ‘N +1
0 0.5 1 1.5 2 2.5 3 3.5 4

r (bohr)

9/29/2018

AE (eV)

UNIVERSITY

' WAKE FOREST

Binding energy curve for CsBr

0.4

0.3

0.2

0.1

0.0

HybriD3 2018

— Wien2k
[] Set #2°/Abinit
= Set #2’/Quantum Espresso ,

O Set #2/Abinit

a(A)
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WAKE FOREST

Other surprises due to the same issue CNIvERSTTY
For NaCl, the electronic structure calculations performed with both QE

and Abinit agreed well, but the density functional perturbation theory

step resulted in incorrect phonon densities of states.

0.12

01

0.08

0.06

004 f

0.02

Phonon densities of states for NaCl

Original dataset for Ci

0.12

"NaCl_QE phdos'
‘NaCl_AB.phdos'

Abinit

5.0 100 1;0 200 250
v (cm)?

9/29/2018

0.1 f
0.08 }
0.06

0.04

W]

0 50 100 150 200 250 300

Corrected dataset for ClI

‘NaCl-QE-pos.phdos’
‘NaCl-AB-pos.phdos’

QE

Abinit

N

v (cm)t
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UNIVERSITY

Summary and conclusions:

Materials simulations is a mature field; there are many great
ideas to use, but there still is plenty of room for innovation
Maintain a skeptical attitude to the literature and to your
own results

Introduce checks into your work. For example, perform at
least two independent calculations for a representative
sample.

On balance, static lattice results seem to be under good
control. The next frontier is more accurate treatment of
thermal effects and other aspects of representing
macroscopic systems.

Developing first-principles models of real materials to
understand and predict their properties continues to
challenge computational scientists.



