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OUTLINE

= PAW on-site contributions

" Non-collinear magnetism within PAW
" DFPT within PAW

= Symmetries issue

= DFPT and GGA within PAW

" Taylor expansion of PAW exchange-correlation potential
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PROJECTOR AUGMENTED-WAVE
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PAW on-site contributions

From Norm-Conserving Pseudo-potentials to PAW
= Non-orthogonality of the pseudo-wavefunctions
= Use of a compensation charge density

= Self-consistency of the non-local operator

= Additional on-site contributions on partial wave basis
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PROJECTOR AUGMENTED WAVE

HPAW — _1/2A + ﬁHXC + z
R,i,j

~R R ~R
pi > Di; <p;

Df}is the expression of H in the partial wave basis

Dg' = <¢F|_1/2A + vch(nIf; nc)|¢f) o <$5|_%A + ﬁch(ﬁll?; ﬁc)|$f>

- . - R . :
n}(r) and AR (r) are « on-site densities » pjj is the occupancy matrix
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PAW ON-SITE KEY QUANTITIES

pg. = Efn (1/;n|'p'5><ﬁf|l/;n>—>ﬂme consuming!
n

D = (@7 | =28 + Vhre (N1 1) |67 ) = (D7 [ =2 + Drire (713 70) | B5)

1

vxc("? + 1) () = Uy (z pfj oF (r) d)j(r) + nc) — z v}?clm(r) Yim (1)
L,j

Im

X pfj is hermitian (only real part needed) and DR is symmetric

| R l
The PAW on-site energy Epaw = Xgjj PU Djj is real! packed

p{‘)j in ABINIT: pawrhoij(atom)%rhoijp(ij,spin)

n DR in ABINIT: paw ij(atom)%dij(ij,spin)
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NON-COLLINEAR MAGNETISM

Wave function
|lpn ) - 21/)% |(X > = (:zn ) 2 HPAW ‘lpn = &n gaa |¢n

Density

ﬁll (l‘) ﬁlZ (l‘)

fi(r) = an Al/};(l') lpn(r) - <ﬁ21(1') ﬁzz(l‘)

) ) = ) fu P ® P

Magnetization
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Hobbs, Kresse, Hafner, PRB 62, 11556 (2000)

NON-COLLINEAR MAGNETISM AND PAW

On-site densities

( (
nf() = Y nfm) nf(r) = Z ZpR “ (1) ¢5(r)
9 “ =
MR = ) np (@) 6 R = Y R i) gy(x) G5
\ ap x aB ]

Occupancy matrix

pil R =Yt <n55

~R ~R|.7: — R
Pi ><p] |¢Tclx> = pl] Za,DRaa; R Zaﬁpl]“ﬁo.ﬁa

NL Hamiltonian

DiF R <gbl [—1A + vy (R +1n.)]8 .5 + Vi (nR “* 4 nc

o)

— <q§i ‘ — YA + vy (AR + 7, +71)]6 ap T Uxc (”1 b 4 nc)
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SPIN-ORBIT COUPLING AND PAW

Hamiltonian
“ﬁR <¢l ‘[—1/2A +vy(nf + Ne)]8ap + Vxc (nlf e nc)
)

®F)

— (P |[—%A + vy (AF + 7ie + A)]8ap +Dxc (n1 # 4 nc)

+(0F [vihe(n +n.)|0f)

/ 2 approximations:

h? 1 dV(nl) ‘ = Potential is quasi-spherical
a, pf L-8)|B. dF
< l ngcz r y = Density is mainly in PAW regions
G PR 0 PR d 0( )
szt T\ Y| € $)[B. Yy S0 R (8 ()

Complex quantity
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PAW KEY QUANTITIES AND SOC

=  The PAW on-site energy should be real:

Raf AR fa
2,250

Rij a,B
=  The symmetry relations are:
Py =P = pli= pft =
Dg_aﬁ= Dﬁﬁa
pl], |n ABINIT: pawrhoij(atom)%rhoijp(2x ij,1:4)
= D Rin ABINIT: paw ij(atom)sdij(2x i3,1:4) Complex

ij
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DENSITY-FUNCTIONAL PERTURBATION THEORY (DFPT)

DFPT basics
1 diX

A small perturbation x@ ==

il d)

X)) =XO 4 2x® 4 2@ 4 ...

2N+1 theorem
(2p) — i, (0 p.1,®)
E r}r?nn ( z/l + Y triar A
1'[)m trial
Sternheimerequation

P (MY - &) R 10) = —P: (M, — &) . 15”)

Parallel transport gauge

i< (p- L>|¢<z>>

=0
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DFPT AND INCOMMENSURATE PERTURBATIONS

v (r+ Ry, ¥ + Ry) = v (r, 1)

ext

(1)

Vextq( T Ra, I+ R g) = e'dRa véxzq(r,r’)

1 1 . 1
1/’15,1Z,q(1' +R,) = ei(k+@)Rq I/sz,lz,q(f)

X)) =XO 4 (AX&D + A*XSI))
2 v (2) x v (2) * (2) «2 v (2)
+ (23 + A xP + xS+ 12x8)_ )+

Factorisation of the phase
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PAW, DFPT AND INCOMMENSURATE PERTURBATIONS

1))
’

(ol er1a”) + (7
55}1) zfn_ +<¢1§)‘(ﬁ5 >< z’o‘f)q

= qg-periodicity of 1/;793

=  Factorisation of the phase

—R (1) —iq-R R (1)
= Pij.q € “Pijq
Complex
SR _ _—igqRa R (1)/
= DU q e aDl.j,q
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PAW KEY QUANTITIES AND DFPT AND Q%0

= The PAW 2"9-order on-site energy is:
(2) (2)
Dy sROpBRW PG pr g O
PAWq RijPijq Yijq oA

— Problem!
To have the full matrixes,
ph (D= R L) we need to compute

="The symmetry relations are:

ija - Pji—q
two g-vectors
AR M) _ [R@A)
Dij,q - Dji,—q or... change the structure

of the PAW code

Using a trick related to the symmetry of the imaginary part

n pl]g) in ABINIT: pawrhoijl(atom)%rhoijp(2x ij,spin)
R(1) . Complex
= Dl]q in ABINIT: paw ijl(atom)%dij(2x ij,spin)
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AND NOW: PAW QUANTITIES AND NC MAGNETISM (SOC) AND DFPT!

= How to have a storage compatible with symmetries and imaginary numbers?

How to use existing routines?

And mix
R R .
p;; "= pji"" = plj= pjt T
Rapf _ AR pa
Di]. = Dii
and
_R(1)__—R()
ijq ~ Fji—q
nRA)_ /mR@A)
Dijq = Dji—q
Rap (1)_ RPa(
l]'q B ji,_q

R
_m].i
— Complex due to SOC
— Complex phase
1) R(1)_ RQ) mR (1) _—R (1)
ijq ~ Fjiq ’7"ijq jig

pRaBD)_ pREa(l)

ij,q

JuL—q
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PAW+DFPT+SOC — ABINIT INTERNAL REPRESENTATION

5;1) A% + i4}] cos(qR,) + i - [BR + iBL] sin(qR,)
\ \

1 R 1 : DFPT phase
Similar storage for ml](q) and DU ZB @ Imaginary number P

due to SOC

- Ag, A{], Bg, BI have the single jj symmetry of the initial coding
= Allinitial routines can be reused, with small changes

= The lej symmetrization routine is applied on each 4 components
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PAW+DFPT+SOC — ABINIT INTERNAL REPRESENTATION

R(1) —R(1).
b Mia  in ABINIT

pawrhoijl(atom)%rhoijp(cplex rhoijx gphasex nlmn,l:nspden)

. Raf (1) .
Djiq = inABINIT

paw ijl(atom)%dij(cplex dijx gphasex nlmn,l:nspden)

With this internal representation...

= We do not change libPAW interfaces
Other codes do not have to change (for single GS calc.)

= A generic pawaccenergy routine has been created and
is used for all Zij pi;jD;j-like accumulations.

= Changes in existing code have been few
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LOCAL DENSITY APPROXIMATION (LDA) AND DFPT

" First-order change of the XC potential (factorized phase)

7D @Vxe (()(r)+ﬁ (r))

xc q(r) o dn

n(®)(r)

= Spin-polarized LDA

_T (1)( ) dzfXC
XCq r dan T

d* fre

-
(1)( )+ it and dn'dn'

n(0)(r)

_L(1)
ng (r)

n(®)(r)

" Non-collinear LDA — See E. Bousquet’s talk
x(cl()l(r) ( dzfxc ( T(l) +m _;Ell)) n dzfxc (ﬁ;(l) _m;fll)> n dzfxc

dn'dn' 2 dntdn' 2 dn'dn'

ﬁfﬁ)
(0)
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GENERALIZED GRADIENT APPROXIMATION (GGA) AND DFPT

= XC potential

a,f.X'C
on

Uy (I‘) — - 6 .

0fx

—

ag

j=Vn

= 1st-order change of XC potential (factorized phase, polarized)

=1(1) _
xc,q —
- 27 (1 N >0 (1
ﬂﬁul) n 0 frc _1 (1) 0% frc gT-gq() 02f,. gl.gq()
on'on! 4 " anlont 1~ on'og" g ontagt gt
1 0f, 10f:\ =1 . 10f 21 (1)
<9T 09" " gog) 91 Tgag % 19 GS terms
- =1 2T(1) to store
o Y v S YO B [1 5fx]g 52
gloghon®™  “og'lg'ag"| 4
-  2(1)
o2 S a1 0*fe @, 9 [_1 afc]g'gq p
| \gagon™® " gagon''® " aglgagl g |
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PAW AND EXCHANGE-CORRELATION — ON-SITE TERMS

=  « Brute force » approach

Ve (P) = vy (1,0, @) = vyc[n(7,0, @)]

Same formulae as previous slide

= « Taylor development » approach (LDA/GGA version, non
polarized)

AVyc
Ve (F) = Uyc|ng ()] + [n(r) — ng (r)]L‘ [n(r) ng (I‘)]

\ / \,‘ e <
Vye(T) = Z vxClm(T) Yim(6, @) Finite differences M® ?a‘,nﬁa‘e

2
vxc

\NO‘C\

Im

vxclm(r) = 4n Uxclns(r)] +

1 d?vy
2vV4T dn? Iy,

2irso ' m! (r)? ifI=0

dvxc 1 d? vy,

2 dn? Iy,

l
Uxepm (1) = My (1) Lo ! (1) nl”m”(r)g’lmz’,l”mn
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@28 PAW AND NON-COLLINEAR MAGNETISM

" « Taylor development » approach

V() = vy [0 ﬁ]+[n—n]dvxc +[m_m5] M dVxc
xe ek 51 dn |ns mg dn |ns
Mg , i
+E [n(r) — s (l‘)] dn2? |™s +E mg dn2 |™s
T?ls ms
[M-ms]-mg|” d“vxc
-I-[Tl N nS] [ m dndm|™s
S ms
. AVyc mlm'ms AVyc

vxclm(r) Nim — ns + - am | s +

5 mg mg
1d°vy, Im
5 dn2 | M Zl’l/l>0[nl’m’ nl”m”g'l’m’,l”mn] +

M
1d2vxc (Myrmr-ms) (Myrmrms) _Im
Py 2 | Ms Zl’lll>0 2 Um" U'"mu
2 dm= | mg m.,l'm
ms — —
dzvxc nl,ml(ml”m”.mS) lm f]>0
dndm 25 Zl,l”>0 ms Um' U""mn 1

S
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@28 PAW WITH DFPT AND GGA

—(1) > 2(1)
) |9 fee cay | 0% fxc 5 | 0 2y, (10%fxe 1y, 9 Fafxclg-gq .
x4 = |gnan ondg g g dg g gadgon 9 dglg dg g

T(1 T
xgq)lm(r) = fdﬂ vxglcz(r» 6, 0)Yi (6, 9) Non polarized!

* « Taylor development » approach

(1) 1 —~(1) 2 > 2(1) Im
qulm(r) Z {[Kxcl,m, Ng l”m,/-l_KxCl’m’ (g "Yq )l,,m”] g’l’m’,l"mn}

l m,,l”m”

_v) | [ z {[(K’?Cl’m’ﬁ‘(ll)l”mn + Kj?cl’m’ (g . g:)((ll))l”mll) g) " x%l,m/ (5((11))1”7””] g'?r;n’,l”m”}]
Um!1""m!!

Vg :lafxc 1 _ 0% fxc 2 16 fxc K3 :_1_6 [_].afxc]
xc g 90g xc onon xc g ondg xc
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PAW WITH DFPT AND GGA AND NC MAGNETISM!

_1 —
ng,lti (n, n((ll), m, mgll))lm = ..
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@20 FINALLY... APHONON SPECTRUM

(a) LP-N P =244 GPa (b) HLP-N P =244 GPa
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Figure S9: Phonon band structure of the LP-N (a) and HLP-N (b) phases at 244 GPa along with their vibrational DOS.
The optical phonons in HLP-N (all but three lowest-frequency modes) at the I' point are at frequencies between ~340 and
~1600 cm1.

2 dynamically phases (polymeric) stable
1 is seen experimentally

PAW+DFPT+GGA

Hexagonal Layered Polymeric Nitrogen Phase Synthesized near 250 Gpa,
Laniel, Geneste, Weck, Mezouar, Loubeyre, PRL 122, 066001 (2019)
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CONCLUSION

= Current status of PAW+DFPT implementation:
- DFPT+GGA=in ABINIT official version 8.10
- DFPT+SPINORS= in private version, only for nspden=1
- DFPT+SOC= in private version, only for nspden=1
- DFPT+SOC+GGA= in private version, only for nspden=1

= Private version will be merged soon, after more checking

= Available for all perturbations, except strain perturbation,
including incommensurate perturbations

= Separately, each formalism is not so complicated

But all together, implementation becomes heavy:
PAW+DFPT+SPINORS+SOC+GGA

= Change of internal PAW datastructures was necessary

= On-going developments (first in “brute force” approach)
- meta-GGA
- GGA+3™ order DFPT
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