de bases atomic
seudopotenciales en Qui

Cuantica.

JF Rivas Silva
IFUAP

estructura electronica de los atomos est;r
specificada por los nUmeros cuanticos:
“hcapas, | subcapas, m orbitales, m_spin.

atomos de gases nobles tienen subca
letas (inertes): He 1s°, Ne [He]2s*
e]3s*3p°,.. Rn[Xe]4f**5d"°6s6



nes de los demas elemento
ididos en de core y de valencia.
VISION No es clara siempre pero en ge
configuracion de gas noble {+ subcap
f/d]
resto y mas externos son los electrones
ncia, quienes realizan los enlaces quimices
anferirse o compartirse. i
n enlace, las funciones de onda de los
,é‘jtrones de valencia cambian
ignificantemente, mientras los de core se
Ican muy poco..




-

ap acion de los pseudopote
| n considerar a los electrones
encia sujetos a la interaccion debida
leos y a los electrones de core, siend
resentada por un potencial efectivo.

gue hallar la solucion de la ecuacion d
para el sistema de los electrones enel
mo. '

gun el nivel de teoria: Schroedinger o Dir
gun el principio de minima energia a util



-

ce a aproximacion de simetria
N d l’Ulms(r) 3 Rnl(r) Ylm (9’ CD) Gs.
cuaciones se resuelven para todos |/
ones (all-electron).

considerarse que:

er el hamiltoniano un operador hermitico,
nvalores son reales.
eigenfunciones son_ ortonormales.
lese gue esto Impone una especie de
interaccion efectiva entre electrones, en
cular del core a los de valencial).

3





https://nite.nist.gov/cgi-bin/MCHF/download.pl?d=HF
https://nite.nist.gov/cgi-bin/MCHF/download.pl?d=HF

es de la aproximacion de
enciales:

over los electrones de core (disminul
de libertad)

tituir su efecto sobre los de valencia a tr
potencial efectivo gue es agregado al del

*@da sistemas electronicos de menor tama

t S mas manejables.

lerde exactitud. El error es de segund
true — p frozen-core.



an S Pseudopotenciales:

Ir una distancia desde el nticleo ato
radio de corte r_ aprox. intermedia

atomico.

S muy pequena: ps muy duro
grande, no muy transferible ‘

tinto paracada/ -
or que el ultimo nodo de la funcion

mendacion: poco menor al ultimo pic






funﬂ:;s electronicas de valencia
ntadas por funciones que a partir de
er hacla afuera son idénticas a ellas,

dentro. Estas nuevas funciones son lla

ofunciones.. Notese que estas no oscila
I

as funciones PSF resuelven la ecuacion cat"r
e se le ha agregado el pseudopotencial,
iendose los e exactos. Notese que el pote

de Coulomb ha sido sustituido por el P

ma del PS permite la “suavidad” de |



1'1

T o
E DEBE resolver |
ener las funciones de o
all electron, FAE y EAE.

ndo la eleccion de electrones de co

se encuentra el potencial que sient

de valencia, invirtiendo la ecuaci
oy

ECT [(i41 dz[rﬂl‘ (T]]
() = e — L 4 iy T

litan las contribuciones Hartree y X

y 4




‘Yt (D) (r)d

nas veces ésta no s"e exige preusamw
eniencia. ;




Pseudopotenciales desarrollados en la literatura:

Philipps, Kleinman (1958)

F | ) = €0 | 1) F | wr) = E¢ | Tfi}r‘) 3 (wr ‘ r':.ff"*z,'> = 0':: <wr ‘ w{‘“) — ‘Sm“
| ; v) = Gy | o) + Z ac | e ‘ T.E’*u) = Uy | T.L’*L') 5E Z ‘ wr><wr | 15’1))
[
(pseudoorbital)

ﬁ’ ‘ r'i,z’ﬂ) e ZEE | w{*) <wr | T,E’ﬂ) — ‘ T,'EI’L') e E’L‘Z | w{‘) <wr‘ ‘ @1;)

FPX | ) = €0 | o)



90)

rvan la norma,
de corte pequena
ncia mas rapida




an-Bylander Transformation(PRL 48, 1425,
abaja en G)
potencial semilocal a una forma separable:

D i > Vi < Yig| (3.37)

lin L
al: V(r,r’) [ nonlocal in r& Q] w

LV | (r,r)=V | (n)o(r-r’)
Lr)=V loc (r)o(r-r)o(Q,Q")
=F I *(f | F I (r') [mas rapida]

. no lineal: Louie, Froyen & Cohen, Phys.
38 (1982)]




T B
ented wave (PAWS

'Projector augmented-wave method".
17978

L

ni

all electron, der. Pseudof.
& -
S

2.2 (lo_>—|o° >

'E.'fl-’n( = '[. n ‘|‘ > > ( ]){F’ |{- UTE




3061.0398 eV, 224.9801 Ry

W _PBE Ag_pv 09Dec2005
F use ultrasoft PP ?
1 unscreen: O-lin 1-nonlin 2-no
= 2.000 partial core radius :
= 107.868; ZVAL = 17.000 masstand valenz
2.200 outmost cutoff radius |
- 2.300; RWIGS = 1.217 wigner-seitz radius (au A)
297.865; ENMIN = 223.399 eV
3 local potential
T correct aug charges
T paw PP
= 532.843
.000
53 core radius for proj-oper
0 factor for augmentation sphere
radius for radial grids
core radius for aug-charge

.
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ATOMPAW

DATASETS General information:

CONTRIBUTERS This code, originally written by N. A. W. Holzwarth, A. R. Tackett, and G. E. Matthews, is described in the
publication A Projector Augmented Wave (PAW) code for electronic structure calculations, Part I: atompaw for
CONTACT INFO generating atom-centered functions Computer Physics Communications 135 329-347 (2001) -- (local copy) -- With
the help of several collaborators at Wake Forest University as well as several international collaborators, the code
has been continually updated and adapted for use with various electronic structure codes including abinit, quantum-
espresso, socorro, and pwpaw.

PHYSICS Web
WEU Web Feedback

We strongly encourage extensive testing of the datasets before using them on your research projects. Feedback on
the code and on the atomic datasets is appreciated. Contact: natalie@wfu.edu Additional information on PAW
datasets is available on the abinit website.

Thanks to Sina Zolghadr (with help from Eric Chapman) for the webpage design.
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A Projector Augmented Wave (PAW) code
for electronic structure calculations, Part I:
atompaw for generating atom-centered functions

N.A.W. Holzwarth **, A R. Tackett®, G.E. Matthews ?

4 Department of Physics, Wake Forest University Winston-Salem, NC 27109, USA
b Department of Physics and Astronomy, Vanderbilt University, Nashville, TN 37235, USA

Received 21 July 2000; accepted 26 October 2000

Abstract

The computer program afompaw generates projector and basis functions which are needed for performing electronic structure
calculations based on the Projector Augmented Wave (PAW) method. The program is applicable to materials throughout the
periodic table. For each element, the user inputs the atomic number, the electronic configuration, a choice of basis functions, and
an augmentation radius. The program produces an output file containing the projector and basis functions and the corresponding
matrix elements in a form which can be read be the pwpaw PAW code. Additional data files are also produced which can be
used to help evaluate the accuracy and efficiency of the generated functions. © 2001 Elsevier Science B.V. All rights reserved.

PACS: T1.15.Ap; T1.15Hx; TL.15.Mb; T1.15.Nc; 7T1.15.Pd; 2.70.c; 7.05.Tp

Keywords: Electronic structure calculations; Density functional calculation; Local density approximation; Projector Augmented Wave method;
PAW: Calculational methods
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I
"potential” using 1312 ——

"potential” using 133 ———

[V J—

T
"wfn2" using 1:2

"wfn2" uzing 1:3
"wfn2" using 1:4
0




T
"wfnl" using 132
"wfnl" using 113 ——
"wfrl" uzing 134 ——
0

T T T T T
"wfn3" uzing 1:2 ——
"wfn3" uzing 1:3 —
"wfn3" uzing 1:4 —— i
[
1 1 1 1 1
0 1 2 3 4 5 E

- A a4 P ——



AN BILT Besselshape
OULLIER
.2500000000000E-02" mesh=" 969" xmin="-7.0000000000
+01">

ize=" 969" columns="3">
46E-05 8.39410935153656594E-05 8.49969424924
E-05 8.71486503358199859E-05 8.824484541

o
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Effective core pseudo-potentials - ECP

ree variable wvalue

IeAning

e A PSN pseudo-potential keyword:
HAYWLC  Hay and Wadt large core ECP.
HAYWSC  Hay and Wadt small core ECP.
BARTHE Durand and Barthelat ECP.
DURAND  Durand and Barthelat ECP.
INPUT free ECP - input follows.
if PSN = INPUT insert 11
e x ZNUC effective core charge (ZN in eq. |2.16).
M Number of terms in eq. [2.17
MO Number of terms in eq. [2. 18| for £ =0.
M1 Number of terms in eq. [2. 18| for § =1.
M2 Number of terms in eq. [2. 18| for { =2.
M3 Number of terms in eq. [2. 18| for § =3.
M4 Number of terms in eq. [2.18|for £ =4. - CRYSTALD9
insert M+M0+M1+M2+M3+M4 records 11
e x» ALFKL Exponents of the Gaussians: o,.
CGKL Coefficient of the Gaussians: (.
NKL Exponent of the r factors: ng,.

.



D
Valence-electron only caleulations can be performed with the aid of effective core pseudo-
potentials (ECP). The ECP input must be inserted into the basis set input of the atoms with
conventional atomic number = 200.

¢ terms: a

where:

A
W0 =3 rmCre o (2.17)
k=1
4 M, .
SL=>Y [} 1 Cue ™ |P (2.18)
=0 k=1

Zp 1s the effective nuclear charge, equal to total nuclear charge minus the number of electrons
represented by the ECP, Py is the projection operator related to the £ angular quantum number,
and M, ng, ap, My, nge. Cry, oy are atomic pseudo-potential parameters,

B
£y




HAY AND WADT LARGE CORE ECP. CRYSTALOZ2 DATA




R e e ——————
Free input
228 5 Z=28 nickel basis set - 5 shells (valence only)
INPUT keyword: free ECP (Large Core)- input follows
L0} 545200 nuclear charge; number of terms in eq. mand 2.18
344 B4 L) - 1E.(MHHH) -1 eq- |2.17] 5 records:
G4 82281 11795937 0O a, C, n
14. 28477 -20.43970 0
3.82101 -10.38626 0
1.16976 -0.89249 0
18.64238 3.00000 -2 eq. |2.18] 4 records £ = 0
4.89161 19.24490 -1
1.16606 23.93060 0
0.95239 -9.35414 0
30.60070 500000 -2 eq. [2.18] 5 records £ = 1
14.30081 19.81155 -1
15.03304 54.33856 0
4.64601 H4.08T782 0
0.98106 7.31027 0
4.56008 0.26292 0 eq. |2.18] 2 records £ = 2
LGTG4T -(.43862 0 basis set input follows - valence only
0112 1. lst shell: sp type; 1 GTF; CHE=2; scale fact.=1
1.257 1. 1. exponent, s coefficient, p coefficient
0110 1. Znd shell: sp type; 1 GTF; CHE=0; scale fact.=1
1.052 1. 1.
0110 1. drd shell: sp type; 1 GTF; CHE=(); scale fact.=1
0.07T90 1.0 1.
0348 1. 4dth shell; d type; 4 GTF; CHE=8; scale fact.=1
4.3580E401 03204
L199TE401 17577
3.2038E400 41461
1.271 46122
0310 1. Sth shell; d type; 1 GTF; CHE=0; scale fact.=1
0.385 1.




Ejemplo de calculo con CRYSTAL
usando PS:

CaF2, fluorita, Cay F a,., = 5.462 A

Ca:

http://www.crystal.unito.it/basis-sets.php
Ca2+ SC-31G_doll 2010

A Kulkarni, K. Daoll, J. C. Schoen, and M.
Jansen

Global Exploration of the Enthalpy
Landscape of Calcium Carbide

J. Phys. Chem. B 114, 15573 (2010)
based on the pseudopotential and basis set
from:

M. Kaupp, P. V. R. Schleyer, H. Stoll, H . Preuss, J. Chem. Phys. 94, 1360 (1991

7-311G nada 1993

ada, C.R.A. Catlow, C. Pisani and R. Orlando,
Initio Hartree-Fock perturbed-cluster study of neutral defects in LIF",
lling. Simul. Mater. Sci. Eng. 1, 165-187 (1993).



9.46 90. 90. 90.




11323900
26.728178 0

0.0587400
-0.4013440
0.5928750










a 5.52875073 A

IKEN POPULATION ANALYSIS - NO. OF
RONS 28.000000

- ZCHARGE A.O. POPULATION

220 8.084 0.825 1.121 0.105 1.651 1.651 1.651
0.360 1
0.360 r
9 9.958 1.999 0.835 1.048 1.048 1.048 0.860
0.523
0.523 0.311 0.414 0.414 0.414
9 9.958 1.999 0.835 1.048 1.048 1.048 0.860
23
0.523 0.311 0.414 0.414 0.414




E/a.u.

E/a.u.




DOS
arb. un.)

E_Féerrni

.........................................................................................................................................................................................................

............................................................................................................................................................................................................
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