modeling materials using

density-functional theory
the plane-wave pseudopotential way

Stefano Baroni

Scuola Internazionale Superiore di Studi Avanzati
Trieste - Italy

lecture given at the MASTANI Summer School on Materials Simulations: Theory and Numerics,
Indian Institute of Science, Education, and Research, Pune, India, June 30 - July 11, 2014



modeling materials using

density-functional theory
the plane-wave pseudopotential way

Stefano Baroni

Scuola Internazionale Superiore di Studi Avanzati
Trieste - Italy

lecture given at the CECAM Summer School on Atomistic Simulation Techniques
for Materials Science, Nanotechnology, and Biophysics,
SISSA, Trieste, July 7-19, 2014



the saga of time and length scales

length [m]
103
106
109 4 nano scale
h=1 time [s]
| | | | |

| | | | |
10-15 1012 109 10 103



the saga of time and length scales

length [m]
103 1+
106 1+
109 4 nano scale
h=1 time [s]
| | | | |

| | | | |
10-15 1012 109 10 103



the saga of time and length scales

length [m] thermodynamics
103 —+ ] ements
106 1
109 electr
T time [s]
| | : : |




size/duration

Size vS. accuracy

classical empirical methods
& pair potentials
w force field.
o shell mo

methods

accuracy



size/duration

Size vS. accuracy

classical empirical methods

& pair potentials

@ force fields
@ shell models/

e

istent methods

~\

methods

accuracy



ab initio calculations: what, why, when, how



ab initio calculations: what, why, when, how

what: simulate the properties of materials using Schrédinger and
Maxwell equations and chemical composition as the sole input
ingredients



ab initio calculations: what, why, when, how

what: simulate the properties of materials using Schrédinger and

Maxwell equations and chemical composition as the sole input
ingredients

why: they are accurate and predictive



ab initio calculations: what, why, when, how

what:

when:

simulate the properties of materials using Schrodinger and
Maxwell equations and chemical composition as the sole input
ingredients

they are accurate and predictive

if currently available approximations make the calculations
feasible and the results meaningful (and no meaningful results
can be obtained with cheaper methods)



ab initio calculations: what, why, when, how

what: simulate the properties of materials using Schrédinger and
Maxwell equations and chemical composition as the sole input
ingredients

why: they are accurate and predictive

when: if currently available approximations make the calculations
feasible and the results meaningful (and no meaningful results
can be obtained with cheaper methods)

how: using digital computers, clever algorithms, common sense, and
scientific rigor
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ab initio simulations

M>m: the Born-Oppenheimer approximation
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the Hellmann-Feynman theorem
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oF
Uy
% %
Legendre transform: H(P,z) = E+ PV
properties: e [ convex=VZ=P
e H(Px) = m‘ax(E(V, z) + PV)
H E
e Hellmann-Feynman: 6— = 8_
ox Ox

e H concave

o FE(V,z)= mﬁn(H(P, x) — PV)
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Hohenberg-Kohn DFT

E[V] = mq;n<\1f|f( +W 4 V|D)
= min [<\mf(+v“vyxp> + / p(r)V(r)dr]
properties: e F[V]is convex (requires some work to demonstrate)

SE
* )= S

(from Hellmann-Feynman)

conseqguences. o V(r (Ist HK theorem)

) = p(r
o / V(r)p(r)dr is the Legendre transform of

o m n [F r] (2nd HK theorem)



Hohenberg-Kohn DFT
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Kohn-Sham DFT
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Kohn-Sham DFT
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Kohn-Sham DFT

Flp] = Tolp] + 2 P‘(rr)_P(rI,") rdr’ + Eqclp)
”UKSJ[f](I')

01 ¢ ;2 IO(I‘/) ! 0Bz I‘\ —

Sp(r) /!r! I"\d " 5p(r) crme

(hzv +ors|p ](r)) Yo (r) = €,1,(T)

2m

p(r) = Z !%(0\29(6@ _



Kohn-Sham DFT

(hzv2 1 UKS[p](r)) Yo (r) = €,1,(T)

2m

p(r) = Z ’¢v(r)‘29(€v — H)



Kohn-Sham DFT

vk s (T)

(hzv2 1 UKS[p](r)) Yo (r) = €,1,(T)

2m

p(r) = Z ’¢v(r)‘29(€v — H)



Kohn-Sham DFT
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exchange-correlation energy functionals

» LDA (Kohn & Sham, 60's) > meta-GGA (Perdew, early 2K’s)
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» DFT+U (Anisimov et al., 90's)
» VdW (Langreth & Lundqvist, 2K's)
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solving the Kohn-Sham equations
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solving the Kohn-Sham equations

bo(r) = S e, v)p;(x)
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requirements

(effective) completeness easily checked and systematically
improved

matrix elements easy to calculate and/or Hy products easily
computed on the fly

Hartree and XC potentials easy to represent and compute

orthogonality is a plus
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plane-wave basis sets

P(r) =) c(f)p;(r)
j
1 . h?
pj(r) = ﬁe“”"‘ —q; < Eews

periodic boundary conditions

finite systems (! = a)

q=0G




the Bloch theorem & plane waves
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using plane waves
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discrete Fourier transforms
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discrete Fourier transforms
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the fast Fourier transform
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the fast Fourier transform

NT 1
® = Zhe! 2mi O (N?) ops
1=0

O N?¢.1 .0 Nlog(N)



multivariate FFTs

F(r)= F(r+R) ! , & G &4 =0 mod (2!)



multivariate FFTs

¢

F(r)=  €°9F(G)

F(r)= F(r+R) ! L& L%
& F(G)= — e 'CaE(r)dr " NE e 'Cpos &
| A Imn
=)

qus= PJg1 + 92 + SQO3
ol m o on gi aay = 21"
Imn — N 1 N 2 N 3




multivariate FFTs

¢

F(r)=  €d%9F(G)
F(r)= F(r+R) ! L& L%
é F(G)= — e 'CaE(r)dr " NE g 'Cpasd@m |,
! Imn
GDCIS - pgl + qg2 + SQs3 qus érlmn
: —|a+ma+na giag =2!"; ! _2!(I+ m+ sn)
Imn — N 1 N 2 ﬁ 3 - N P q



multivariate FFTs

¢

F(r)=  €d%9F(G)
F(r)= F(r+R) ! L& L%
é F.(G): I_ | IGaF(r)dr m e! 1 G pgs & Imn Flmn
! Imn
GDCIS - pgl + qg2 + SQs3 qus érlmn
: —|a+ma+na giag =2!"; ! _2!(I+ m+ sn)
Imn — N 1 N 2 ﬁ 3 - N P q

/ al \
. 1 1 32l pk+qgl+sm m
F(pg11 0s2, Sg3) — m Z € 2 N = (%al, %az, Nag)
kim

pk-l-ql—l- sm
F (vau, yaz, as) Z e F(pg1, 0g2, Sg3)

\/



multivariate FFTs (ll)

F(k,1,m)= Zemp“qNHsm F(p.g,9

pgs




multivariate FFTs (ll)

F(k,1,m) = Ze’%pkw“”sm F(p.g,9

pgs

— Z esz Z eZZ’]TN Z e’LZﬂ% F(p, of S)



multivariate FFTs (ll)

F(k,1,m) = Zemp“qNHsm F(p.g,9

prqgs
— Zeﬁﬂ ZeZZ’iTN Ze’LZW% F(p,q,S)
N2 FFT (N)
N2 FFT (N)

\ 4
-~

N2 FFT (N)




multivariate FFTs (Il)

F(k,I,m) = Zempk+qu+sm F(p,qg,9

prqgs
— Zez%r ZeﬂﬂN Zeﬂﬂ% F(p,q,S)
N2 FFT (N)
N2 FFT (N)

\ 4
-~

N2 FFT (N)




solving the Poisson equation

LV (r) =41 (r)



solving the Poisson equation

V() =41 ()

V(r) = Ir"!(r.r)!ldr!




solving the Poisson equation

V() =41 ()

V(r) = |r"!(r.r)!|dr!

V(G) = %'%(G) V(G =0)=0




solving the Poisson equation

V() =41 ()
V(r) = |r"!(r.r)!|dr!
V(G) = %'%(G) V(G =0)=0
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PWs: pros & cons

approach to completeness easily and systematically checked
(Ik+Gl2 < Ecut)

basis set independent of nuclear positions (no Pulay forces)
matrix elements and Hy products easily calculated

density, Hartree, and XC potentials easily calculated
orthonormality

basis set depends on volume shape/size (Pulay stresses)

uniform spatial resolution (no core states!)
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Ateam at Lawrence Berkeley National Laboratories reported the discovery of elements 116 and 118 in Jine 1999.
‘The same team retracted the discovery in July 2001. The discovery of elements 113, 114, and 115 has been reported but not confirmed.
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trashing core states: pseudopotentials



trashing core states: pseudopotentials

pseudo-atoms do not have core states: valence states of any
given angular symmetry are the lowest-lying states of that
symmetry:

PS

val IS nodeless and smooth



trashing core states: pseudopotentials

pseudo-atoms do not have core states: valence states of any
given angular symmetry are the lowest-lying states of that
symmetry:

PS

val IS nhodeless and smooth

the chemical properties of the pseudo-atom are the same as
those of the true atom:

|pS — |ae
"val "val

val(r) = ¢val(r) for r > I'c
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US pseudopotentials

Cu




US pseudopotentials
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