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Summary
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DFT formalism I

������������ 
��
�	�������	���
�������	������������
������	�


�H� ε= Hartree
nucl

kin
nucl

ji jiIi Ii

I

i
i

i

eeZ
m

E
HH

rr2
1

Rr2d
d

H
2

,

2
2

2

++
−

+
−

−∇−== ���
≠

�

ρ

Ground state density n0(r) minimize energy E[n]

����������� �
���������� 
��


�������� �	


iii Ψ=Ψ εH ( ) ( ) ( )
( )

���� ����� ��

�

r

rrr
2d

d
H 2

2

eff
V

xcHartreeext VVV
m

E +++∇−==
ρ

( ) ( )� Ψ=
i

in
2

0 rr 0* =
Ψi

E
δ
δ ( ) ijji δ=ΨΨ ,

������!

Honenberg - Kohn

Kohn - Sham



PAW method in electronic structure calculation 23/01/2006 4

DFT formalism II
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Some notations
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Historical context I
Wave-functions ψ are (generally) developped on a basis which is…

Localized Delocalized

Spherical harmonics + special functions, 
Gaussian functions,…

Plane waves, …

Pseudopotential

Pb: - The atomic basis is
moving with atoms

Pb: - Use of pseudos wavefunctions
- Big size of the plane wave basis

All electrons are taken into account
Only valence electrons are taken into
account: core electrons are frozen with
nuclueus and represented by a potential

All electrons approach

Pseudopotential approach
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Historical context II
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Historical context: PAW
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PAW
« The Projector Augmented-Wave method is an extension of augmented
wave methods and the pseudopotential approach, which combine their
traditions into a unified electronic structure method »

Peter Blöchl
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The PAW method
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Notations
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Calculation of the energy I
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Calculation of the energy II
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Calculation of the energy III �����
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Calculation of the energy IV

�����
��

�������� �����
�	
�/���
�	��
������������	�	��0�=����	��


�=
lmij

lm
ijijQn

,

)r()r(ˆ ρ

=	�/

1)( 2 =� drrrrg
R

l
l

3��
#��+�����������	�����#�����,�

+
�� 
���
	B�� 	��	����/���=	�/

[ ] ( )RrgYdYQ llmlm
l

R
jiji

lm
ij −⋅−⋅

�
�
�

�
�
�

−−−= � )Rr(r)Rr(Rr)r(
~

)r(
~

)r()r( *** φφφφ

( ) 0rRrRr))r(ˆ)r(~)r(( *11 =⋅−⋅−⋅−−� dYnnn lm
l

R
RR���D



PAW method in electronic structure calculation 23/01/2006 18

Calculation of the energy V
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Calculation of the energy VI
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Calculation of the Hamiltonian I
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Calculation of the Hamiltonian II

5/����/�����
	������	�	���
���������������������������

 �����


nmmn δ=ΨΨ

nmmn S δ=ΨΨ ~~

=	�/

9�/�#���/������������
#�


( ) R
j

R
j

R
i

R
j

R
i

ijR

R
i pp ~~~~IS

,

φφφφ −+= �

nnn SH �
~

�
~~ ε=

jij
ji

ieff pDpv
E ~~~

2
1

~d
d

H
~

,
�++∆−==

ρ

�

( )

( )
��

�� ∂
∂

∂
∂+

∂
∂+

∂
∂==

∆−

ijR

pp

R
ij

D

R
ij

v R
j

R
i

R
ijeff

E
d

n
n
EEE

,

~~r~

2
1

~r~
r~

~~~d
d

H
~

ρ
ρ

ρρδ
δ

ρρ
�������

	����	��	����	
 �	�	������{ }nΨ~ ττ *



PAW method in electronic structure calculation 23/01/2006 22

Calculation of the Hamiltonian III
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Building atomic data for PAW  I
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Building atomic data for PAW  II
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Building atomic data for PAW  III
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Example of fcc Ca
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Example of BaTiO3
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The PAW method - overview
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Approximations: ultrasoft and norm-conserving
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Conclusion
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CP-PAW (www.pt.tu-clausthal.de/~paw) - IBM license - Fortran

PWPAW (pwpaw.wfu.edu) – Non-profit use license - Fortran

VASP (cms.mpi.univie.ac.at/vasp) – Commercial - Fortran
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