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Probability density plots.

Hydrogen Wave Function
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sp2 Hybrid atomic orbitals
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sp? Hybrid atomic orbitals
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sp Hybrid atomic orbitals
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Multiple bonds with VB

The set of orbitals sp” + p Sigma (o) bonds
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Overlap of p orbitals leading to pi () bond




Molecular Orbitals from p A.O.

‘TJ':- (antibonding)
[
"\_“
i 2, D- Q-O o, (bonding)

m;qu:lihnndiug}

Tan {bonding)
73, (antibonding)

ﬂzpfhmdin;]




Modern MO calculations

W.Kohn J. A. Pople
(1923-) (1925-2004)

Nobel prize n Chenustry e
1998



TB (tight-binding) formalism
tzw. przyblizenie ,,sztywnego wigzania”

LCAO — Linear Combination of Atomic Orbitals

e

H—ES=0
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where

Hym =) dn™H bydr  and  Spm = [dn™ d,dr

Coulomb integral Overlap intergral

> (Huy -ESp) C,=0  HC=ESC



Metody obliczen struktury elektronowej: pseudopotencijaly, ..

Richard M. Martin

Single-particle Methods of Solution

Flectronic Structure

Basic Theory and Practical Methods Local orbitals; LCAO-Hiickel

Plane waves

Augmented plane waves (APW)
Othogonalized plane waves (OPW)
Green's function methods (KKR)

Pseudopotentials
PAW

NOU bk wn e

Walter Kohn

CAMBRIDGE

Pseudopotentials (~1959) were born before DFT (1964)



Bloch's theorem: can choose eigenstates of a periodic Hamiltonian in the form

T(R)Y(F) =y + R) =exp(ik - Ry(F) (label as y.)
(eigenvalue of H labeled as &)
(eigenvalue of translation T(R) is exp(fE ‘R)

—_

k and k + G give the same translation eigenvalue.

E 10 chaim band structure
] ] ]
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1d free electrons EE —H°k /2m Path in kspace

1d free electrons with periodicity of k-space (the reciprocal lattice)

1d single-orbital tight-binding band
LCAO: vy, =Zexp(ikR)o(r-R) g, = -2tcos(ka)



PHYSICAL REVIEW

volume 51 (1937)
Wave Functions in a Periodic Potential

I. C. SLATERY

Augmented Plane Waves (APW)

The wave function is expanded in spherical
harmonics and radial solutions of the wave
equation within the spheres, and in plane

waves outside the spheres, joining students:
continuously at the surface. A single
unperturbed function consists of a single plane Leland Allen
wave outside the spheres, together with the Don Ellis
necessary spherical functions within the Art Freeman
spheres. ... It is hoped that the method will be Frank Herman
useful for comparatively low energy excited George Koster
electrons, for which the usual method of Len Mattheiss
expansion in plane waves converges too slowly. Dick Watson
John Wood

Birth of computational electronic structure theory?



Birth of the pseudopotential

New Method for Calculating Wave Functions in Crystals and Molecules’

*
o ~ W
James C. Puoneies] ann Leonarp Krzinmaw] }

Departiment of Physics, University of California, Berkeley, California
Phys. Rev. 116, 287 (1959)

T National Science Foundation Postdoctoral Fellow.
T National Science Foundation Predoctoral Fellow.

L C. Herring, Phys. Rev. 57, 1169 (1940).]
V. Heine, Proc. Roy. Soc. {London) A240, 340 (1957).
i F. Herman, Phys, Rev. 88, 1210 (1952); 93, 1214 (1954),
¢ J. C. Slater, Phys, Rev, 92, 603 (1953),
We begin by
imagining that we knrow the exact crystal wave function
Y. which transforms according to an irreducible repre-
sentation of the cubic point group I', which has s or p
atomic symmetry.” Since ¥, must be orthogonal to the
core states of similar symmetry, we have

Vo= ot 2 n Ga%@a”, (2.1)

(™= — (‘F’a:"iﬁ'uﬂ}- {2'2)

If we had chosen ¢ to be a single plane wave Herring’s?
results would follow,

Scanned af tha & "I-:"II:HF: i
Imgtituts ol Phyalcs

Conyers Herring



Schemat obliczen samouzgodnionych struktury elektronowej

Supercell geometry: lattice
vectors + atoms in the unit
cell

Plane-wave basis set,
determined by the lattice

and by a single parameter
(cutoff)

Atom-based pseudopotentials
representing the electron-
nuclei potential (V,,u. in the
figure)

Charge density with valence
electrons only

Ve Known/constructed

L
* Initial guess n(r)

L

Generate Calculate Vyln] & Vydn]
new ,,
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F Y
L

Huyi(r) = [-112V? + V5(r)] wilr) = & wir)
k J

Calculate new n(r) = L,|wir)|? |

¥

No
Self-consistent?

vy Yes

Problem solved! Can now calculate energy, forces, etc.




