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Motivation

Bandstructure of Si: EF
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If core states are included:

e More bands to solve for AV
— But core states are essentially inert!
e Need much larger Npw for each band \ /\

7
— Because of core wiggles Y -
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Basic idea of pseudopotentials

Pseudo wavefunction \Ppseudo

\VJ \/
All-electron wavefunction " 4’V

Cutoff radius
A

Pseudopotential

All-electron potential
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Pseudopotentials: History

Early history of pseudopotentials

e Phillips and Kleinman, 1959
— Based on OPW formalism

e Empirical pseudopotentials, 1970's
— For use in non-selfconsistent bandstructure calculations
— See, e.g., Chelikowsky and Cohen

e Model pseudopotentials, late 1970's
— For use in DFT calculations
— Not exact by construction for any property
— Usually local

e First-principles pseudopotentials, 1979—-present
— Usually semilocal or nonlocal

THE STATE UNIVERSTY OF NEW JERSEY

RUTGERS Bangalore Summer School, July 11, 2006

Pseudopotentials: Terminology

Local PSP

A

Vs = Vis(T) (local in 7, 6, ¢)
Semilocal PSP

Vps = va(sl)(r) B (local in 7, nonlocal in 6, ¢)
1

Nonlocal separable PSP (e.g., Kleinman-Bylander)

Vs = Vo2(r) + > Di| Bim ){ Bim | puf ()

o 7=/

General nonlocal separable PSP

= VIOC(T) + Z Z D'r‘r’l | ﬂTlm)(ﬂ‘r’l

7! Im

(Note: All are spherically symmetric.)
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Pseudopotentials: Terminology

Local PSP
Vps = Vps(T) (local in 7, 6, @)

|
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s, p, and d electrons
all feel the same potential
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Pseudopotentials: Terminology

Semilocal PSP

¢(r)r

¢ (r)r
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R (a.u.)

¢ (r)-r

s, p, and d electrons
feel different potentials
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Pseudopotentials: Terminology

Nonlocal separable PSP (e.g., Kleinman-Bylander)

N (
Vs = Vooo(r) H D Di| Bim }{ Bim |
L im +——— These terms

vanish outside r,

General nonlocal separable PSP

. € r'd
VPS = Vplgc(r) al Z Z D‘r‘r’l ‘ ﬂ‘rlm)(ﬂf’lm |]
KT'r" lm
pq—j (4)
e 7=/

s, p, and d electrons
feel different /
nonlocal operators
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First-principles pseudopotentials

Philosophy:

Is = M Psevelo 3s "
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F

irst-principles pseudopotentials

First-principles pseudopotentials: History

Zunger & Cohen, Starkloff & Joannoupoulos, Kerker: ~1978
Hamann, Schliter & Chang, 1979
Separability
— Kleinman & Bylander, 1982
Smoothness
— Vanderbilt, 1985
— Rappe, Rabe, Kaxiras & Joannopoulos, 1990
— Troullier & Martins, 1991
Ultrasoft pseudopotentials
— Vanderbilt, 1990

Projector-augmented-wave (PAW) potentials

— Blochl, 1994
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First-principles PSP construction

e Use “atomic DFT program”
- '[/)'n,lm(r) = Rnl('r) Yim(ga ¢)
— Works entirely with R,;(r) on radial grid

e Ignore self-consistency for the moment

e Match:
_ 1 d? l(l +1) ae
leen. l—zm d’l‘ 2mr H a.e('r) — 6nl] nl (’I') =0
Same for
r>re.

Invent: [—1 i +l(l+1) —enz]=0

2m dr? 2mr?
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First-principles PSP construction

Beyond r :
o,
Fo ‘FA: (~) - /fk a3
e (2) = La)
Also
Epe = Eps
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First-principles PSP construction

e By construction, V¢ has correct €.

— Scattering properties are correct at €,;
e Also want:

— Norm conservation

— Scattering properties remain pretty good for nearby €,;
e Surprising result of Hamann, Schliter & Chang:

— These two properties come together!

— Norm-conserving PSPs have good scattering properties!

e Define these concepts:
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Scattering properties

.
e For AE and PS separately:
— Choose channel /and energy &
— Find solution of SE that is regular at
the origin at this ¢
e Compare beyond r,
¢ If match = “good scattering properties”

LPP i," ‘\\.‘ 1 14”’) :/‘-w N \ P
277 . ’ d
gf\; / e, ~ \"’ / \,‘x,,// .
\/ v ~ \/ 4
AL Y
€ = Epound € > Epound
(Used for construction) (Used for testing)
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Scattering properties

Quantify: “Logarithmic derivatives” Dg(€)

PlacrosTie RADIVS R

D(¢) =y’
) ¢Pf B, (6= Y /e !Mﬂ-
Tl
o —> 4
\/\¢A€
N
A N = d /
Dn.() \‘\ DQ -/i‘) = TR j‘l ? (4)7
> N\ ; i d?. é B R
\ e
\ ;
Epound Correct by construction at &4
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Norm conservation

e Norm conservation:

| e = [ wiwp ar
0 0

at € = Eppyng

Yjpf’/" \ (Used for construction)
4

P N,
X lc

\V -
Al

<+— Charge contained in this region
is the same (AE vs. PS)

——
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Norm conservation < Scattering properties

Fundamental advance of Hamann, Schliter and Chang,

1979:
If norm conservation is imposed, then
pseudo Dp(¢) matches all-electron Dg(€)
to second order in (€ - €.nq )
D) \ D ¢e) = [_“.. '
R b %\ Q. / e )lci zﬁ,’ ‘/4>-7R
\“ﬂ%:?é
e — Slope automatically matches
bound
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First-principles PSP construction

Typical construction algorithm for semilocal pseudopotential

e Pick reference configuration

E.g., for Si: [15%22522p%)3523p?
e Solve all-electron problem — V25(r), ¥2%(r)

sCr

e For each angular momentum channel I:

1. Construct Y,e(1) — ¥ps(T) Voo \
— Nodeless ,x’,;'f o
— Joins smoothly at 7, ' /‘f’ A
AE

— Obeys norm conservation
2. Invert Schroedinger equation to get V2, (r)

3. Descreen to obtain Vg, ,(r)

4. Export Vi) ,(r) for tests and applications

THE STATE UNIVERSTY OF NEW JERSEY

RUTGERS Bangalore Summer School, July 11, 2006



Example: Hamann, Schliter, and Chang (Semilocal PSP), 1979

100 \

¢lr)r

vES(r) au.

Q02

¢ (r)r

.
T T S W

00

=100l it 0oy :
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R (a.u.)

LOGARITHMIC DERIVATIVES ¢/ ¢ (r=30au)

p(r)-r

ENERGY (au)
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Charge self-consistency in PSP construction

Unscreening
o Construct nps(r) = Y fi [¥f*(r)[?
l

where f; is shell occupancy (e.g., 4 for p shell of oxygen)
e Obtain Vi, (r) from nps(r)

e Foreach [, set V7 () = Vi ,(r) — Vige.(r)

ion,l

In target calculation
o 1on l‘) Z Z ion, l )
¢ V= Vion + Vixc[n] where n(r ank

e Solve Schrodinger equation to obtam new ) (r) and repeat

(This procedure guarantees the desired result if the target is the free atom in its
reference configuration.)
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Transferability tests

e PSP was generated in “reference configuration”, e.g.:
[core]s?p? for Si
e Now, pick a couple of excited configurations, e.g.:
[core]sp®
[core]s?p (+1 ion)
e For each excited configuration, compare:
All-electron calculation
Pseudopotential calculation using previously generated PSP
e Points of comparison:
— Total energies
— Energy eigenvalues
— Logarithmic derivatives
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Transferability tests

Example: HSC pseudopotential for oxygen

State AE HSC
s'p? s —1.7662 —1.7649
p —0.6981 —0.6982
AE 1.0658 1.0651
s%¢ s —1.7987 —1.7957
p —0.7262 —0.7261
AFE 2.1361 2.1331
sip? s —2.8738 —2.8737
p —1.7909 —1.7904
AE o 1.2066 1.2065
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Relativisitic pseudopotentials
.}
e Do all-electron calculation on free atom using Dirac equation
Obtain ¥n;(r) forj=1+%and j=1—1%
Invert Schrédinger equation to get V;>°(r)

e For “scalar relativistic” target calc., use j-averaged PSPs:

PS() _ [+ 1) VP ] V/PS
virr) 2l+1[( T )V +é+ Vll—z]

For spin-orbit interactions, keep also

so(py _ _ 1 ps ps
vitr) = 20+ 1 Vll+2 Vl,l—]

and use, schematically speaking,

Vos = 11 [VP(r) + V°(r) L- 8] (I
l

DI T ER<S Bangalore Summer School, July 11, 2006
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Relativisitic pseudopotentials

Bachelet, Hamann & Schluter,
PRB 26, 4199 (1982) 10 4

Sy/2

P3/2

v, (r) (a.u)

] :
o] 1.0 2.0 3.0 4.0 5.0 6.0

R (a. u.)
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Issues of computational expense

e The expense is in the target calculation
(PSP construction is extremely cheap)
¢ First consideration:
— Compatibility with FFT approach to Hy ?

Hy(G) = KEy(G) + (Vy)(G)

lFFT T FFT

y(r) — (Vy)(r)
Multiply on
Real space
mesh
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Issues of computational expense

Cheap, but poor Local PSP
transferability Vs = Vps(r)  (local in 7, 6, ¢)

. Semilocal PSP
Good transferability, R A
but expensive Vos = V() P (local in 7, nonlocal in 6, ¢)
!
(" Nonlocal separable PSP (e.g., Kleinman-Bylander)
~ All modern calculations = Vpoo(r) +ZD1|IBlm Y Bim |
done this way
with one or two projectors General nonlocal separable PSP
L Vps = VS:C("') + Z z DTT'l | B‘rlm ><,8'r’lm |
T’ Ilm

(Note: All are spherically symmetric.)
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Expense vs. accuracy

Compare different functional forms:

A Computational expense

[ J
Want Semilocal PSP

[
Nonlocal (KB) PSP

o
>
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Improved softness

Now assume nonlocal (KB):

4 Computational expense: Np,y

/ Smaller r,
o
Larger rc/l

® Smooth cutoff functions

Accurac
> y
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Softness and plane-wave convergence
. ]
Usual HSC Vanderbilt, 1985

5 (a) (b)

V!i°“'ps(r) (Ry)

(d)

10 qlau™

q? Vlion. PS(q) (qu)

o
/ N\ -
>
,
/ /
/ /
H 1
/ /
/
! /
7 /
/
4 /
L

" Qe ® 7 aut
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Softness and plane-wave convergence

e Apply maximal smoothness to Vpps construction
=Vanderbilt, 1985

— This was only marginally successful in lowering
the cutoff needed for the wavefunction

e Apply maximal smoothness to Yps CONstruction
=Rappe, Rabe, Kaxiras, Joannopoulos (RRKJ, 1990)
=Troullier and Martins (TM, 1991)

— Much more successful

— These (especially TM) are “standard” kind of
potentials in use today
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Softness and plane-wave convergence

Plane-wave convergence of energy
for free Cu atom

(RRKJ, 1990)

TOTAL ENERGY (eV)
H
[
[

| | I
40 60 80
PLANE-WAVE CUTOFF (Ry)
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Ultrasoft pseudopotentials

O 2p wavefunction (nodeless!)
AE PS Overshoot required by
Norm conservation
=
' ' a.u.
1.0 2.0
ﬁﬁ%&oﬁtﬁg Bangalore Summer School, July 11, 2006

Ultrasoft pseudopotentials

TM or RRKJ for O, Cu, etc:

/ Smaller r,
®

Ultrasoft PP (Vanderbilt, 1990)

A4 New

Larger rc/

Accurac
> y
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Ultrasoft pseudopotentials

O 2p wavefunction (nodeless!)
AE Usual PSP
= |/ Ultrasoft
>
/
’ ' ' a.u.
1.0 2.0
ﬁﬁ'"f&ogﬁg Bangalore Summer School, July 11, 2006
Ultrasoft pseudopotentials
Covergence tests for oxygen
-15.1 |_gHS
-152 B /
-156.3T ‘
— 15.4F L USPP, rc =1.2 au
=
©
Ta -15.5} | USPP, r.=1.8 au
Yo 156t
-15.771
15850 40 60 80 100 120

Ecut (RY)
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Ultrasoft pseudopotentials: Formalism

(Notation is for a molecule or cluster; « labels eigenstates.)

Minimize

B = 3 (Va T+ Vi o) + [ drn(c) VEX(R) + Bincln
subject to

(Yol 1+ N [45) = 6ap
where

) = 3o (val (1m)(x ]+ K2 @) [a)
and for consnstency
Ngf=/d3rf{£ls(r) just as l=/d3r]r>(r]

Euler-Lagrange equation resulting from minimization:
(T + Vi + Vi) | $a) = ea(l + N5 | $a)
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Ultrasoft pseudopotentials: Formalism

Usual NCPP:
KP(r) =0
NP =0 (so that n(r) = 3, [¢a(r)|? as usual)

USPP:
Kps Z Q‘r'r’l | ,B‘rlm ><ﬁ7"lm |
77'lm
erl)ls - Z Q‘r'r’l | B’rlm >< ﬁ‘r’lm l
T7'lm

These are known as “charge augmentation terms”

Compare

Vnpls = Z D‘r'r’l | /BTlm )(:B'r’lm|

Tr'lm
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Ultrasoft pseudopotentials: Formalism

USPP are naively not norm-conserving.
(V& [v8°) # (V& |9&°)

USPP are norm-conserving in a generalized sense:
(VB[ 1+ N7 |08°) = (37 92)

This can be shown to imply that scattering properties remain correct
to second order in (€ — €pound)-
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Ultrasoft pseudopotentials: Formalism

Typically, T=(1,2) in each angular momentum channel:

B AE
Bra () g QP%W”
T o =/ ==a.
0 1
q \ i TRl -1 0
- - - il \
| 7

Energy (Ry) \

2 -

. i .

-1 0

+ t
3 Energy (Ry)
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Terminology and Comparison

e In current usage, PSPs are classified as either
— NCPP = Norm-conserving pseudopotentials
— USPP = Ultrasoft pseudopotentials

e However, remember that USPP are norm-conserving in a
generalized sense

e Thus, they retain the “good features” of NCPP

— In fact, their accuracy is usually better than NCPP
e Warning:

— Extra coding required in solid-state code

— Not all code packages accept USPP
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Ultrasoft Pseudopotentials

Referee B
Referee’s Report: Manuscript #LJ4237

Title: Soft self-consistent pseudopotentials in ...
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USPP and PAW

P.E. Blochl, “Projector Augmented-Wave Method”
PRB 50, 17953 (1994)

G. Kresse and D. Joubert, “From USPP to PAW”
PRB 59, 1758 (1999)

NCPP| = |usPP PAW | & |LAPW
MeoR& VAR 1R Troad
COMPLEXITY us/ /e
w CoRE PROTECTORS
L _J
S —y

CLOSE COULSING
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Resources: Web Sites

¢ Jose Luis Martins site for Troullier-Martins potentials:
http://bohr.inesc-mn.pt/~jlm/pseudo.html

e "Octopus” web interface for pseudopotential generation
http://www.tddft.org/programs/octopus/pseudo.php

e Vanderbilt Ultrasoft Pseudopotential site:
http://www.physics.rutgers.edu/~dhv/uspp
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Octopus Web Site

@ htp:/ /www.tddft.org/programs/octopus/

News

Download
Wiki
Pseudopotentials

Contributors

Photograph © by Roy Caldwell

octopus is a program aimed at the ab initio virtual experimentation on a hopefully ever
increasing range of systems types. Its main characteristics are:
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Octopus Web Site

Just click on an element

Not everything works, but part does!
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Octopus Web Site

News | Download | Wiki | Pseudopotentials | Contributors

OCTOPUS

Pseudo-potential for Silicon

What should | do? pseudopotential generation w/o core correction

Which pseudopotential? Improved Troullier and Martins v

Wrich spin?
Which exchange-correlation?
Logder radius: _

core radil

s P d f
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Octopus Web Site

Pseudo-potential

y [Ryd]

.8

al wave-functions

Pseudo-potential wave-function

x [bohr]
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Octopus Web Site

o

=g

[

=]

x Lhohrd
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Ultrasoft Pseudopotential Web Site

File Edit View Go Bookmarks Tools Window Help

) » a : ' -
Back CEoneard T Ratohd Zsior I http:/fwna physics. rutgers.edui~dhviuspps j Print S

Home Bookmarks 4/ Google 4/ SmartUpdate

I3

Rutgers University Department of Physics and Astronomy

Vanderbilt Ultra-Soft Pseudopotential Site r

This is the primary site for the distribution of the “UltraSoft PseudoPotential” (USPP) generation code from the group of David
YVanderbilt at Rutgers University.

Table of Contents

LA AR A A I AR

Browsing and Downloading the USPP Package

To take afirst look at this package and get familiar with its contents, you can browse the latest version in the form of a DIFEC

TREE.
Haweouer tn 1ice the narkane winii chauld doumnlnad it ac deceribad halaus L‘
FIEEED | -]
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Ultrasoft Pseudopotential Web Site

= ‘Vanderbilt Ultra—Soft Pseudopotential Site — Web Browser_ [
' File Edit View Go Bookmarks Tools Window Help

e .2 .9 .
| Back et 54 ks Stop | http:/fwwaw.physics rutgers.edui~dhv/uspp/#LIBRARY :l Eh

;v! Home | Bookmarks 4/ Google 7 SmartUpdate
comments making up the first few hundred lines main program runatom.f.

Library of pseudopotentials

This distribution contains a library of pseudopotentials that have been generated by members of the Vanderbilt group or contributed
by members of the wider user community. The current status of the library is summarized as follows.

=]
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