
5th ABINIT Developer Workshop – DFPT+PAW 1

Density-Functional Perturbation Theory and PAW : 

miscellaneous features available now and soon in ABINIT

M. Torrent1,

F. Jollet1, J. Zwanziger2, X. Gonze3

5th International ABINIT Developer Workshop

Han-sur-Lesse, Belgium – 11th-14th april 2011

1. CEA, DAM, DIF, F-91287 Arpajon, France

2. Dept of Chemistry and Physics and Atmospheric Sciences and Institute for Research 

in Materials, Dalhousie University, Halifax, NS B3H 4J3 Canada

3. Université Catholique de Louvain-la-Neuve, Institute of Condensed Matter, ETSF, B-

1348 Louvain-la-Neuve, Belgium



5th ABINIT Developer Workshop – DFPT+PAW 2

Introduction

DFPT+PAW  in ABINIT : historical reminder

Main DFPT+PAW formulae

Implementation in ABINIT

2009-2010 new developments

Difficulties

Available properties

Projects 

Conclusion

Outline



5th ABINIT Developer Workshop – DFPT+PAW 3

Introduction : historical reminder

DFPT available in ABINIT for Norm-
Conserving PseudoPotentials

PAW in ABINIT

Writing of DFPT+PAW formalism

DFPT+PAW in ABINIT for phonons,
response to electric field

?

1995

2004

2006-08

2009-10

…

C. Audouze, F. Jollet, M. Torrent, X. Gonze, Phys. Rev. B 73, 235101 (2006)

C. Audouze, F. Jollet, M. Torrent, X. Gonze, Phys. Rev. B 78, 035105 (2008)
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Introduction : historical reminder

Presentation during the 4th ABINIT developer 
Workshop (Autrans, France, 2009) :

Phonons at q=0

Phonons at q/=0

Correction for metals

Correction from elect. field

Phonons + GGA

Phonons + spinors

Implemented Tested
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DFPT+PAW : basics
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Density-functional Perturbation Theory

From a non-perturbed system (                               ), we want to get the responses with 

respect to a perturbation …
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A typical DFPT calculation

DFPT+PAW : basics

Ground-State properties )0()0( , nn 
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Sternheimer equation:
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Frozen WF term

Compensation charge

On-site terms – new in PAW

Variational expression

DFPT+PAW : basics

   )2()2()2(2

HxcWFFrozen EEEE

 





n

nn

V

nFrozen S
H

E

Hxc

)0()2()0(

2

2
)0()2( ~

~
~

)0(




    




ijR

R

j

R

i

KV

ijZcH

V

ppDnV
H

Hxc
,

)2()2(

2

2

~~~
~

)0(

     

     

     



 

 

 


















































































ijR

R

j

R

i

L R

L

ijHxc

R

j

R

i

L R

L

ijHxc

R

j

R

i

L R

L

ijHxc

ppdQnnV

ppdQnnV

ppdQnnV

,

)2(
)0(

)1()1()0(

)2()0(

~~ˆˆ~

~~ˆˆ~

~~ˆˆ~

3

3

3

rr

rr

rr

            


















ijR

R

j

R

i

L

L

ijHxcjHxcijHxci ppdQnnVnnVnV

R

RR
,

)2(

11

)0(

11

)0(

1

)0( ~~ˆˆ~~
ˆ~~

rr



5th ABINIT Developer Workshop – DFPT+PAW 11

                 















R

HxcHxc

RR

ddnnnnVddnnV rrrrrrrr
1

1111

11

11

1 ˆ~ˆ~

2

1

2

1

       

   
































n nn

V

n

nnn

WF

ccS
H

SH

E

Hxc

..
~

~
~

~~~

0)1()0(1

1)0(001

)2(

)0(






   )2()2()2(2

HxcWFFrozen EEEE

WF term

VHxc term

         
3

11)2( ˆ~ˆ~

2

1

R

HxcHxc ddnnnnVE rrrr

On-site terms – new in PAW

Compensation charge

DFPT+PAW : basics
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DFPT+PAW : difficulties (appeared during implementation)

1. PAW non-local Hamiltonian depends on each atom
(not only atom type)

2. PAW non-local Hamiltonian is self-consistent 

3. 2nd order « frozen » matrix is non-diagonal
> because of long-range terms connecting 2 atomic sites
> because of derivative of wave-function overlap

4. Non-stationnary expression of 2nd-order energy
> is non-symetric
> contains lot of additional terms (wr NC pseudopotentials)
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DFPT+PAW : difficulties (appeared during implementation)

1. PAW non-local Hamiltonian depends on each atom
(not only atom type)

This integral changes 

when atom A moves
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DFPT+PAW : difficulties (appeared during implementation)

2. PAW non-local Hamiltonian is self-consistent 
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Depends on the density and the 

occupation matrix (and derivatives)  

- Computation of H(1) had to be modularized
- Structure of ABINIT routines had to be strongly modified
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DFPT+PAW : difficulties (appeared during implementation)

3. 2nd order « frozen » matrix is non-diagonal (wr to atoms)
> because of long-range terms connecting 2 atomic sites
> because of derivative of wave-function overlap

Change of wave-function overlap with respect to perturbation : 
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Example of « frozen » term :
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j1, j2 are two different perturbations

This term depends only on the change of the geometry… 
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While in NC pseudopotential formalism, the non-stationnary 

expression is obtained by putting

in the stationnary expression,…

DFPT+PAW : difficulties (appeared during implementation)

4. Non-stationnary expression of 2nd-order energy
> contains lot of additional terms (wr to NC pseudopotentials)
> is non-symetric
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is obtained using a « non-stationnary » expression,
variational with respect to one of the two perturbations 

… within PAW it is obtained by putting

in the stationnary expression,…

Lot of new terms appear :

   j2j1

nnn SH 
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DFPT+PAW : phonons

Implemented during the 2009-10 period :

• Phonons at non-zero q

• Completely rewritten non-stationnary 
expression of 2nd-order energy

• Several new terms not published in papers
(papers only valid for insulators at q=0)

• Phonons for metals

 – iron  phonons LDA       (not converged)
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DFPT+PAW : response to electric field

Done in 2009

1- Implementation of 1st-order wave function
 J. Zwanziger visit at CEA-Bruyères-le-Châtel (May 09)



2- Implementation of response to mixed perturbations
(atomic position + electric field)  Born effective charges
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DFPT+PAW : response to electric field

GaAs
Electric tensor and
Born Effective Charges
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Full usage of cut3d

Spectra

Phonon DOS

LO-TO splitting

Electron-phonon coupling

DFPT+PAW : available functionnalities

Available

Spin-orbit coupling

Elastic constants

Non-linear response

Not
available
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Phonons at q=0

Phonons at q/=0

Correction for metals

Correction from elect. field

Phonons + GGA

Phonons + spinors

Implemented     Tested

Current status for phonons
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Project 1 : Elastic tensor

Formalism has to be derived :

No contribution from local basis change

- 2nd-order Hamiltonan

- Non-stationnary expression of 2nd-order energy

First-order Hamiltonian already implemented
(nonlocal Hamiltonian uses Ylm)
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Project 2 : non-linear response

3rd derivative of total energy

- Formulae have been published in 2006 paper

- Only 1st-order wave-function(s) needed (already available within PAW)

- Complicated task : 3rd-order Hamiltonian H(3)

- only q=0

- No change in anaddb

B

ijk

tot

R

E
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EE

3
ijk

totE
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3

C. Audouze, F. Jollet, M. Torrent, X. Gonze, Phys. Rev. B 73, 235101 (2006)
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Conclusion

• DFPT+PAW is an ongoing project…

• Phonons : done at 99%
Code structure has been revised in 2009-10
All capabilities of cut3d available
To be tested : spin-orbit

• (Mixed) response to electric field : OK

• Starting projects :
Elastic tensor
Non-linear response

WANTED

PhD
Post-docs

CEA & ENS Lyon

Contact : 
marc.torrent@cea.fr


