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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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oF
Uy
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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)
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Kohn-Sham DFT
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exchange-correlation energy functionals

» LDA (Kohn & Sham, 60's) > meta-GGA (Perdew, early 2K’s)
Exclp] = / exc(p(r)) p(r)dr Emcea = / p(r)x
> GGA (Becke, Perdew, et al., 80's) emea (p(r), [Vp(r)] 7s(r)) dr

1 2. (p)|2
Exc = /P(r)EGGA (p(r), |Vp(r)]) dr 7s(r) = 2 Z [Veai(r))|

» DFT+U (Anisimov et al., 90's)
» VdW (Langreth & Lundqvist, 2K's)

Eprr+ulpl = Eprr + Un(n — 1)
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/ /
> hybrids (Becke et al., 90's) Dvaw[p](r, ¥ )drdr
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solving the Kohn-Sham equations

V(r) = 3 el )y x)

hy(r) = c(v, )

> hisld(i, )e(f, v) = epcli,v)

C(Z, U) — — Z hKS[C](ivj)C(j7 U)—|—
Zch(i,v)
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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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infinite crystals
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discrete Fourier transforms
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the fast Fourier transform
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solving the Poisson equation

AV (r) = 4mp(r)
V(r) = / Py

r — 1’|
~ 41 _ -
V(G) = 50(G) V(G
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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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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

IS hodeless and smooth
val

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

6psl — 6fual
bo(r) = dgai(r) for r>r,
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