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1995

2004
2006-08

2009-10

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

?

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

Implemented  Tested
Phonons at g=0 w
Phonons at q/=0 [ N ]
Correction for metals | JWMI. |
Correction from elect. field |_I
Phonons + GGA H”I
Phonons + spinors w
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1

Hamiltonian |:| — _§A+\7eff n Z‘ b'iR DUF_Q <EJR ‘
R,ij Variable
Density JORDRATAC S WHACAGEAGAG)

matrix EiR >< 5JR ‘CI}“>

Occupations R T
P pij - Z fn <LPn
n

Pseudopotential D'T - DICJ) + ;pﬁl Eijkl T Di)j(C + Z I[\/ch +Vloc ](r)(jllj_ (r)dr

strength L ro
Charge ﬁ(r): Zpijéilj_ (I’)
compensation ij,L
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Density-functional Perturbation Theory

From a non-perturbed system (- E© /© n©(r), we want to get the responses with
respect to a perturbation A...

Any physical quantity X is expanded as:

X[A]= X O+ 2.XW 4+ 22 X® 1. with x0 -1 4y
indid )

To be computed: E®

____________________________________________________________________________________________________

DFPT, 2n+1 theorem :

E@) obtained from PV
solving a variational problem (Sternheimer equation)

E@ directly obtained from ¥
(non variational)
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A typical DFPT calculation

Ground-State properties ¥, g%

n '*n
———
energie atomique - energies alternatives / \

For each perturbation 1

2
Frozen part of OB
04,104, . ,
Solve Sternheimer equation
Depends on V%, &, Minimize Stationnary SCF cycle
expression of 0°E,,
1st-order properties @b (1
For each perturbation 1, /
M Mix PV, e with non self-consistent changes of ~ and OFr
82 Etot 0’E ” g
< | Using Non-stationnary expression of —
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Sternheimer equation:

Parallel-transport gauge

<{f;i(1) ‘S<O)‘{I}j(o)> __ % <{I‘,i(o) ‘ S(l)‘{i_',j(o)>
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DFPT+PAW : basics

VO =v, (A+nA)

C

Compensation charge

[Z _[VH“X)C A +n)-Q;(r): dr}

LR3

(5057

(BVG )y,
3| -GN +n){¢>QR (57 )()
Z IVH“X)C i, +1,)-Qp (r)dr

On-site terms — new in PAW

+2

R,ij

(BVR(n);),,
>RV TY)
- V) Gtk
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DFPT+PAW : basics

Variational expression
o (2) _ (2)
E EFrozen T EWF E

eeeeeeeeeeeeee . energies alternatives /Frozen WF term

ch

~ 1 0%H ~
e, = (0 sose|g)
Vg

[ [V ) &y (r)-ar |-(37)(p5 )
g @) ~ ~r |V

N RS ol 13 o AR K e

Vi R
o[ i) (5051 )
L R

Compensation charge

] el (R )~ ) g (5 )

On-site terms — new in PAW
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WF term
”<C13rg1) ny grgo)sm‘ 7 ,51)> ‘
(2) _ ~
EWF = ;4 +<L'I‘Jr§1) @_H 850)8(1)‘(Ijr£o)>+CC -
OA | )
\ Vch J
Vi term
E@ =L (VO 7 +a)r). (7+n)2(r)drdr
2 R? Compensation charge
o3 U e n a2 U )G ) >dr’dr]

On-site terms - new in PAW
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C@J 1. PAW non-local Hamiltonian depends on each atom
_ (not only atom type)

energie atomique - energies alternatives

2. PAW non-local Hamiltonian is self-consistent

3. 2"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 2"d-order energy
> iS hon-symetric
> contains lot of additional tferms (wr NC pseudopotentials)
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DFPT+PAW : difficulties (appeared during implementation)

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

b o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
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This integral changes
when atom A moves

\\\\\\
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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 o be strongly modified
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alter

nati

ves

3. 2" 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 :

This term depends only on the change of the geometry..

~ N~
6LPr$1) — Z<LIJ(0)

m

m=1

Example of « frozen » term :

< S ‘ HU _ c© S“'Z)‘\f’rfo)>

J1, j2 are two different perturbations
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' 4, Non-stationnary expression of 2"d-order energy
Cea E > contains lot of additional terms (wr to NC pseudopotentials)
| > is non-symetric :

energie atomique - energies alternatives

2
——% s obtained using a « non-stationnary » expression,
0404, variational with respect to one of the two perturbations

While in NC pseudopotential formalism, the non-stationnary
expression is obtained by putting Wi =Q
in the stationnary expression,...

.. within PAW it is obtained by putting W02 = spi2
in the stationnary expression,...

Lot of new terms appear :

<éq;r$jl)‘|_~|<12) _850)S<12>‘@£0)> < ~rgjl)‘|_|~<0) _8r§0)5(0)‘q;r512)>
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Implemented during the 2009-10 period :

0

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

Phonons at non-zero q

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

GaAs - Phonons

Phonons for metals

€—iron phOﬂOﬂS LDA (not converged)

3
z 300
§ 263 -
T
o) 25 -
"g‘ 1% /\.
>
bl 150
g
g 113
P
S /
BH
0 G M K G A K
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Done in 2009

0
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1- Implementation of 1st-order wave function
' — J. Zwanziger visit at CEA-Bruyeéres-le-Chatel (May 09)

2- Implementation of response to mixed perturbations
(atomic position + electric field) — Born effective charges

New terms for Born Effective Charge:
non-diagonal contribution to frozen terms

A(E)=—a+T, + &7+ X |F7)(D (E)+ 57 &R

R.ij

mzz aq"5‘R><"5J'R‘)(xR +SFR?) +5abG”‘etZﬂ *)Si (B L

oRZ0L, 7 aR; e

==> Compute Derivative Database <==
2nd-order matrix (non-cartesian coordinates, masses not included,
asr not included )
jl j2 matrix element
dir pert dir pert real part imaginary part
1 1 1 1 5.1970177489 -0.0000000000
1 1 2 1 2.8974276861 -0.2083331780
—_—p 1 1 3 1 2.2996058366 -0.2083335520
1 1 1 2 -2.1529739716 -2.1529856454
1 1 2 2 -2.2637511671 -0.0000123995
1 1 3 2 -2.1529767949 0.1107713384
o I
S R _ R R R R % @ @ a 2.8974270759 0.2083337358
|J - ¢| ¢J - ¢| ¢J 2 1 2 1 5.7948550464 -0.0000000000
2 1 3 1 2.8974278341 -0.2083327220
~ ~ 2 1 1 2 -2.0421972253 -0.0000125041
x R R R ¢R ¢ R R R 2 1, 2 2 0.0000005201 -0.0000252275
|J o - I o J 1 o J 2 1 3 2 -2.0422004924 -0.0000124574
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DFPT+PAW : response to electric field

Dielectric tensor, in cartesian coordinates,

" jl j2 matrix element
dir pert dir pert real part imaginary part

1 4 1 4 10.0184419580 -0.0000000000

1 4 2 4 -0.0000000000 -0.0000000000

energie atomique - energies alternatives 1 4 3 4 -0.0000000000 -0.0000000000
2 4 1 4 -0.0000000000 -0.0000000000

2 4 2 4 9.9527284463 -0.0000000000

2 4 3 4 -0.0000000000 -0.0000000000

3 4 1 4 -0.0000000000 -0.0000000000

a S 3 4 2 4 -0.0000000000 -0.0000000000

3 4 3 4 9.9439753269 -06.0000000000

Effective charges, in cartesian coordinates,

EICCTI"IC TenSOI" Clnd (from electric field response).
if specified in the inputs, asr has been imposed

Bor'n EffCCTIVQ Char‘ges jl j2 matrix element

dir pert dir pert real part imaginary part

1 Y. =X 4 7.8973715868 0.0000000000
2 1 1 4 0.0000000000 0.0000000000
3 1 1 B 0.0000000000 0.0000000000
1 2 1 4 0.4288167154 0.0000000000
2 2 1 4 0.0000000000 0.0000000000
3 2 1 4 0.0000000000 0.0000000000
1 1 2 4 0.0000000000 0.0000000000
2 Y 2 4 7.8443360516 0.0000000000
3 1 2 4 0.0000000000 0.0000000000
1 2 2 B 0.0000000000 0.0000000000
2 2 2 4 0.4284995080 0.0000000000
3 2 2 4 -0.0000000000 0.0000000000
1 1 3 4 -0.0000000000 0.0000000000
2 1 3 4 0.0000000000 0.0000000000
3 Y 3 4 7.8585491314 0.0000000000
1 2 3 4 -0.0000000000 0.0000000000
2 2 3 4 -0.0000000000 0.0000000000
3 2 3 4 0.4256180822 0.0000000000
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Full usage of cut3d
energie atomique - energies alternatives i SpeC'I' ra

Available Phonon DOS
LO-TO splitting

Electron-phonon coupling

Not Spin-orbit coupling

available Elastic constants

Non-linear response
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Current status for phonons

0
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Phonons at g=0
Phonons at q/=0

Correction for metals

Correction from elect.

Phonons + GGA

Phonons + spinors
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Formalism has to be derived:
No contribution from local basis change

- 2"d-order Hamiltonan
- Non-stationnary expression of 2"d-order energy

____________________________________________________________________

First-order Hamiltonian already implemented
(nonlocal Hamiltonian uses Yim)

~

~ oH ~
(af) _ (aB)
H* = p +V i
oH ) o ([ =R\ /<R [\ VD v (f+R)
Py :VH(an:) +ZDij | Pi ><pj Hxc T Yhixe
aff |y (0 Rl ~+ on - siteterms

-+ on — siteterms
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3rd derivative of total enerqgy

0

energie atomique - energies alternatives

- Formulae have been published in 2006 paper

- Only 1st-order wave-function(s) needed (already available within PAW)
- Complicated task : 3rd-order Hamiltonian H®)

- only q=0

- No change in anaddb

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

WANTED Elastic tensor
Non-linear response

PhD
Post-docs

CEA & ENS Lyon

Contact:
marc.torrent@cea.fr
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