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Crystals and electron bands
Pseudopotentials

Plane Wave Methods 
Local Orbital Methods 
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Solving Kohn-Sham 
Equations

• Structure, types of atoms

• Guess for input

• Solve KS Eqs.

• New Density and Potential

• Self-consistent?
• Output:

– Total energy, force, stress, ...
– Eigenvalues



Structure

• Symmetry
– Translation symmetry 

• Lattice – Reciprocal lattice
– Bloch Theorem 

• States labeled by k in Brillouin Zone (BZ)

• See Notes and examples in Lab
– Example fcc crystals

• Useful Web site
– BZ with labels for all 230 space groups

http://www.cryst.ehu.es/cryst/get_kvec.html

• “External Potential” for electrons determined  by structure 
– Lattice periodicty
– Positions of atoms in primitive cell
– Chemical identity of each atom – atomic number
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Pseudopotentials
• Pseudopotential Method – replace each potential

solid 2

Pseudopotential atom 1

• Generate Pseudopotential in atom (spherical) – use in solid
• Pseudopotential can be constructed to be weak

– Can be chosen to be smooth
– Solve Kohn-Sham equations in solid directly in Fourier space

1 2
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Pseudopotentials
• Norm-Conserving Pseudopotential (NCPP)

– Hamann, Schluter, Chaing

• Generate weak pseudopotential in atom 
with same scattering properties for valence
states as the strong all-electron potential

• Conditions
– Potential same for r > Rc

– Pseudofunction “norm-conserving” for r < Rc

Pseudopotential

r

PseudoptentialPseudoptential

Pseudofunction

Cutoff radius

Z/r

• Codes available for generating potentials
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Pseudopotentials
• Web Site:  http://www.tddft.org/programs/octopus/pseudo.php

Use with care!

Always Test!
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Fe – s,p,d valence wavefunctions – r ψ(r)

All electron functions Pseudo functions

r (Bohr)0 10

0
r (Bohr)0 10

Wavefunctions are identical
outside the core region

From  http://www.tddft.org/



Plane Waves

• See Notes and Lab for equations and descriptions - TBPW
– Examples with approximate empirical pseudopotentials

• Full self-consistent calculations – ABINIT, other codes
– Method of choice for many reasons -

Simplicity and the speed of Fast Fourier Transforms
– Forces, phonons, response functions, …
– Simulations – solids, liquids, …..

• Pseudopotential method with plane waves
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Localized orbitals
• Intuitive appeal of atomic-like states

– Gaussian basis widely 
used in chemistry

– Numerical radial orbitals
used in SIESTA

• More efficient than plane waves 
– Very useful for

complicated problems
– Localized, non-periodic problems

• Tight-binding
– Simple understanding
– Interpolation of bands calculated

by other methods
– Very fast and applicable to

very large systems

ppπ

ssσ spσ sdσ

ppσ

pdσ pdπ

ddσ ddπ ddδ

Two-center Matrix Elements
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Localized Orbitals & Tight binding 

• Localized orbitals
– Full methods – Calculate all quantities – done in SIESTA
– Tight binding – Take matrix elements as parameters
– Very useful   – qualitative   – quantitative  
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Localized Orbitals & Tight binding  

See Notes and Lab for examples – TBPW code 



Total energy and force in tight binding  

• Key Points
– Adjustable parameters in hamiltonian, overlap and f terms
– Can vary from “quick and dirty” to quite accurate 
– Very fast calculations – bands, energy, forces, ….



Deposition of C28 Buckyballs on Diamond

Example using tight-binding and “Order-N” methods

• Simulations with ~ 5000 atoms, TB Hamiltonian from Xu, et al. 
( A. Canning, G.~Galli and J .Kim, Phys.Rev.Lett.  78, 4442 (1997).



Conclusions

• Solution of the independent-particle Kohn-Sham 
equations is the essential step in DFT calculations
– Most-time-consuming part 

• All DFT calculations share many common features
– Stucture of nuclei, must specify external potential

• Differences
– Basis – Plane wave, localized, . . . 
– All-electron, pseudopotential
– Diagonalization of matrix vs iterative solution

• Many features can be illustrated by simple examples and 
a pedagogical  code TBPW
– Lab with TBPW

• Full calculations illustrated by ABINIT, SIESTA
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