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Bonding 
(the ‘glue’ in matter)

is determined
by the valence electrons

MOTIVATION





Effective potential for valence electrons
Pseudopotential
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Internal electrons are inert, and do not 
participate in the chemical bond



A bit of history



Orthogonalized plane-wave method (Herring, 1940)

Phillips-Kleinman
cancellation theorem

(1959)



Empirical pseudopotentials





The modern era 
of pseudopotentials

A bit of history…

Hamann, Schlüter, Chiang (1979)
Kerker (1980)



Pseudopotential
obtained
by inverting the
Schrödinger equation
using as a solution
the pseudo-wavefunction
and the same eigenvalue

Remove nodes in
wavefunction to
obtain the
pseudo-wavefunction

Nodes reflect the
orthogonality to
the core states.

All-Electron
Wave-function 
for 3s valence
state in Si

Conserve
the norm

Un-screen with
valence charge
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Ab-initio pseudopotentials
Essential non-locality







NORM
CONSERVATION



(Many) newer developments to 
address transferability and cost 

issues

• Refinements of the “node ironing” and 
inversion procedures.  (Many authors)

• Ultrasoft pseudopotentials (Vanderbilt, 1990)

• Norm-conserving schemes using multiple 
projectors  (Hamann, 2013)



More…

• Find out how your favorite materials 
simulation code uses pseudopotentials.

• Become familiar with the available databases. 

• (Remember to test your pseudopotentials!)



Databases of curated pseudopotentials
http://www.pseudo-dojo.org/



Practical issues
in Siesta



PS use in Siesta

• Legacy format:  .psf extension
• PSML format:  .psml  extension (recommended)

• Richer metadata
• Can use Pseudo-Dojo database

Generation of pseudopotentials:
• ATOM program: https://docs.siesta-project.org/projects/atom
• ONCV program: See https://www.pseudo-dojo.org

Norm-conserving pseudopotentials only

https://docs.siesta-project.org/projects/atom
https://www.pseudo-dojo.org


PS use in Siesta

• Siesta will:
• Process the pseudopotential information, generating 

the Kleinman-Bylander projectors.
• Generate the appropriate basis set (with almost 

automatic handling of special features, such as semi-
core states)

Norm-conserving pseudopotentials only



KBgen: Kleinman-Bylander projectors:  
  l= 0   rc=  1.293209   el= -1.742414   Ekb=  9.076872   kbcos=  0.325320 
  l= 1   rc=  1.284119   el= -0.676589   Ekb= -8.194485   kbcos= -0.396010 
  l= 2   rc=  1.433152   el=  0.013307   Ekb= -2.071665   kbcos= -0.003690 
  l= 3   rc=  1.540891   el=  0.019584   Ekb= -0.817137   kbcos= -0.000371

---- Processing specs for species: O 
Ground state valence configuration:   2s02  2p04 
Reading pseudopotential information in formatted form from: O.psf

%block PAO.Basis                 # Define Basis set 
O                     2              # Species label, number of l-shells 
 n=2   0   2                         # n, l, Nzeta  
   3.561      2.320    
   1.000      1.000    
 n=2   1   2 P   1                   # n, l, Nzeta, Polarization, NzetaPol 
   4.291      2.782    
   1.000      1.000    

Information on projectors and basis orbitals is stored in O.ion (or O.ion.nc) file



Thanks !





Core electrons are chemically inert 
All electron calculation for an isolated Si atom 

Angularly integrated core and valence charge densities 

CORE

VALENCE

Radial profile of charge density for Si atom
<latexit sha1_base64="nAFuU4AzHCKmo9TqAgId7bcJlF8=">AAACBXicbVC7TsMwFHV4lvIKMLJYVCCmKklRYaxgYSwSfUh9yXGc1qqTWLaDVEWZWfgVFoRYQGLlF/gbnDRLW45k6+ice319j8sZlcqyfo219Y3Nre3STnl3b//g0Dw6bssoFpi0cMQi0XWRJIyGpKWoYqTLBUGBy0jHnd5lfueJCEmj8FHNOBkEaBxSn2KktDQyL2w5dKCTX3xYh0k/fzMRxEthLZNrfOikI7NiVa0ccJXYBamAAs2R+dP3IhwHJFSYISl7tsXVIEFCUcxIWu7HknCEp2hMknxiCs+15EE/EvqECubqQh0KpJwFrq4MkJrIZS8T//N6sfJvBgkNeaxIiOeD/JhBFcEsEuhRQbBiM00QFlT/EOIJEggrHVxZr24vL7pK2k7VrldrD1eVxm0RQgmcgjNwCWxwDRrgHjRBC2DwAt7AJ/gyno1X4934mJeuGUXPCViA8f0HBymWKA==</latexit>
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Core electrons are chemically inert 
All electron calculation for an isolated Si atom 

Angularly integrated core and valence charge densities 

Radial profile of charge density for Si atom



Core electrons are chemically inert 
All electron calculation for an isolated Si atom 

Angularly integrated core and valence charge densities 

Radial profile of charge density for Si atom



Empirical 
pseudopotentials

A bit of history…



Common metal:  Na









: Pseudo wavefunction
<latexit sha1_base64="EhDvc8dDqr5n7Tg486Wgk/tQGLA=">AAAB8HicbVDLSgMxFL1TX7W+prpUJFgEV2VGQV0W3bhswT6gU0omk2lDMw+SjFKGWfoPbkTcKPgF/QR/wW/wJ0ynbtp6IHA45yQ357oxZ1JZ1rdRWFldW98obpa2tnd298zyfktGiSC0SSIeiY6LJeUspE3FFKedWFAcuJy23dHt1G8/UCFZFN6rcUx7AR6EzGcEKy31zXLq5I+kgnqZEw9Z1jcrVtXKgZaJ/UcqtaNJ4+fpeFLvm1+OF5EkoKEiHEvZta1Y9VIsFCOcZiUnkTTGZIQHNM1nZehUSx7yI6FPqFCuzuVwIOU4cHUywGooF72p+J/XTZR/3UtZGCeKhmQ2yE84UhGatkceE5QoPtYEE8H0DxEZYoGJ0jsq6er2YtFl0jqv2pfVi4bewQ3MUIRDOIEzsOEKanAHdWgCgUd4gXf4MITxbLwab7Nowfi7cwBzMD5/Aa3Rk/I=</latexit>
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Hamann, Schluter, Chiang (1979)
Kerker (1980)









non-linear 
core corrections


