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Solving the Kohn-Sham equations

(_h—QVQ + V(r)> n(r) = €nthn(r)

2m

Yu(r) = c(i,n)ey(r)
Z representation &
storage

matrix eigenvalue
problem

> h(i,§)e(j,n) = enc(i,n)
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Requirements

p (effective) completeness easily checked and
systematically improved

P matrix elements easy to calculate and/or HY
products easily calculated on the fly

p Hartree and XC potentials easy to represent
and calculate

p orthogonality is a plus




Bloch states & plane waves

Yn(r) = €Ty k(r)




Bloch states & plane waves

k

S wn,k(r) = ¢

periodic over “L”

U,k (T)




Bloch states & plane waves

1k

() = 6T (1) <

periodic over “L” periodic over “a”




Bloch states & plane waves

k

() = 6T (1) <

periodic over “L” periodic over “a”

Unk(r) =) cn(G)e'S™
G




Bloch states & plane waves

k

() = 6T (1) <

periodic over “L” periodic over “a”




Using plane waves

~VZ4(r) —  [k+ G[*ck(G)
V(io)y(r) — /e_iG'rV(r)unk(r)dr




Using plane waves

~VZ4(r) —  [k+ G[*ck(G)
V(io)y(r) — /e_iG'rV(r)unk(r)dr

scatter FFT
cnk(G) = k(M1 G1 +12Ga + n3G3) EF upk(mary + mors + mars)
gather FFT-!




Using plane waves

~VZ4(r) —  [k+ G[*ck(G)
V(io)y(r) — /e_iG'rV(r)unk(r)dr

scatter FFT
cnk(G) = k(M1 G1 +12Ga + n3G3) EF upk(mary + mors + mars)
gather FFT-!

,0(1') — Z ’un,k(r)‘Q Va:c(r) — Hzc (p(r))




Using plane waves

~VZ4(r) —  [k+ G[*ck(G)
V(io)y(r) — /e_iG'rV(r)unk(r)dr

scatter FFT
cnk(G) = k(M1 Gy + n2Ga + 13G3) = uyk(miry + mors + msrs)
FFT-!
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Pros & cons

(©) approach to completeness easily and systematically checked
(Ik+G|*<Ecu)

©) basis set independent of nuclear positions (no Pulay forces)
© matrix elements and HY poducts easily calculated

© density, Hartree, and XC potentials easily calculated

© orthonormality

@ basis set depends on volume shape/size (Pulay stress)

@ uniform spatial resolution (no core states!)
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If two systems have similar physical
and chemical properties, their
simulation should require a similar
amount of computer resources
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Power to the imagination

Chemically similar atoms have potentials with very

different, possibly nasty, mathematical properties?
Well ...

Imagine pseudo atoms whose chemical properties
are very similar to those of real atoms, but whose
(pseudo) potentials are as gentle as possible.
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Properties of pseudopotentials

Vps does not have core states: valence states of any
given angular symmetry are the lowest-lying states

of that symmetry:

ps

val 1S nodeless and smooth

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

R J
2D Potential Enerqy Surface steepest descent

R, =R,_1+c¢ F(Rn—l)

_‘_\_‘_'_‘—\_

T
initial ionic configuration=

The minimum is reached !!!
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The tricks of the trade

Plane waves require supercells for treating finite (or semi-
infinite) systems

Plane-wave basis sets are usually large: iterative diagonalization
vs. global minimization

Summing over occupied states: special-point and Gaussian-
smearing techniques

Non-linear extrapolation for SCF acceleration and density
prediction in MD

Choice of fictitious masses in CP dynamics

...and many others (and you got to know them all!)
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®
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quantum dynamics

Numerical approximations / limitations
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What do | (can’t |) calculate today?

v/ Strong covalent and metallic bonds

v Weak e-e correlations

v/ Structural optimization, lattice vibrations, adiabatic
dynamics, static response functions

? Strong correlations / Mott-Hubbard insulators
? Optical properties / excitation energies

? Dispersion forces / weak chemical bonds
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Which algorithm shall | use!?

Electronic structure: SCF diagonalization vs. energy minimization
Geometry optimization: standard DFT

Lattice vibrations, static response functions: DFPT

Dynamics: Car-Parrinello vs. Born-Oppenheimer

Slow kinetics and rare events: path sampling vs. Parrinello-Laio
metadynamics

Optical properties, excited states: TDDFT vs. MBPT
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What should | care today!?

Finite-size effects:

> Finite systems — supercells

> Infinite systems — k-point sampling (+ Gaussian smearing)
Finite-basis effects:

> Choice of the basis set (PW’s, LCAO, PAW’s, LMTO, ...)

> Size of the basis set
Pseudo-potentials:

> “Hard” node-less orbitals (2p, 3d ...)

> Semi-core states + NL XC core correction
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> Choice of the diagonalization / minimization algorithms
> MD time steps & CP fictitious masses
> Numerical and algorithmic details of the implementation
Integration & FFT meshes (1D/3D)
Differentiation and interpolation schemes

Parallelization issues (by band / by k-point / by G-
vector)
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The Quantum ESPRESSO *
suite of ab-initio codes

*opEn Source Package for Research in
in Electronic Structure, Simulation, and Optimization
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