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OUTLINE

" MetaGGA
" MetaGGA + PAW
" MetaGGA + 15t order DFPT

= 3rd order DFPT + GGA

= Unitary tests for exchange-correlation
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E | - META-GGA FUNCTIONALS

= A bit of non-locality in Exchange-Correlation Fully Non-Local
Hybrid Meta GGA

Hybrid GGA

= |ntermediate level in the « Jacob’s ladder » Meta GGA

GGA

LDA

" Low computational cost (but not negligible)

= XCenergy density £,.(r) depends on n,Vn, V2n,t

. fT(T') dr = EKIN , fﬁzn(r) dr = 0 (finite or periodic syst.)

= Kinetic energy density and Laplacian are usually exclusive
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META-GGA FUNCTIONALS
i) = () Vi) = D
Hamiltonian

1= 1=
H — —EVZ -

_v (afxc v)

Non-localit
2 0T Y

tVext + Vi

Additional
term in XC

(|77 C=Fw) = [ ) var
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E META-GGA FUNCTIONALS — PLANE WAVES
l/) — z CGeiGr
G

__v’ (afxc Vi) > = zza X FFT[FFT1(iG;Cc)XV,]

2 FFTs per direction
(« coarse » grid)

V’Z( afxc )
0 (ﬁ’zn)_, V2n = FFT1 —z G?x FFT(n(r))

2 FFTs (« fine » grid_)

Numerical stability?
Cost of FFTs?
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META-GGA FUNCTIONALS - TESTING PROCEDURE

= Take advantage of the integration by parts

[5 72 [Pl a0 - | wie

Wias - [ D IOV a0

@

[} (®) Vp; (©) — 5 (1) V(1) = 0 on §

Plane-wave part is zero On-site PAW parts are zero
because of periodicity at augmentation region boundaries
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META-GGA FUNCTIONALS - TESTING PROCEDURE

Testing the kinetic energy density functional against LDA or GGA

exioEAL(r) = efPA(r) + a Vin(r) —

Integration
2

|v’n (l') | _ by parts

n(r)

epGGAZ(r) = eLDA(r) + 2a (1)

£G4 (r) = (1) — @

— - 2
Exeec4%t = ERP4 + a j n(@Vn(r)dr = EL24 — a f [Vn(r)| dr = EZ84= Ey6642

MGGA3 _ ~LDA _ 1 T(r) Modified value for the electron mass:
€xc (r) =g (r) + (1 — = .
m,/ n(r) m, = m, instead of m, = 1 (a.u.)

1 1
EKIN+XC (MGGA3) — __pKIN | ELDA | j (1 _ ~_) (r) dr = EKIN+XC (LDA)
me me
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E META-GGA + PAW

Vo) =T 1) = 1)+ [6F)7
[,R

See: Sun, Marsman et al, Phys. Rev. B. 84, 035117 (2011)

K1) Zwbl
O -0 [0 - ©

PAW on-site contributions

£ |¥n)

R ~R
HPAW_ >D ]‘

Rl]

Djj = (¢ |H(; no) @) — (&F |[H@F; 7o) | 6F)
nB() = ) pf i) ) Pl = ) fu (Bl )
L,J n
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E META-GGA + PAW

0 fxc 0fxc

(nf;me) (5 fic)

R,
Dk MGGA <V¢z

o) (5 2 o)

) =5 pE V) - Ty () = K T,
Lj L,J

1" P -
() = 52 20 (6 BREIBF @) + Hy SR IBR ()]

R [
() = d"’l ‘plr(’") G = | Y2 Vi iy, 9
ST
¢l (T') - Yl im; <pl ( ) HijL - YL VYlimi' VY[ M. ; dQ)
l J jmy
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E META-GGA IN ABINIT - HOW TO USE IT?

= Use a GGA pseudopotential file
No core correction at present
or a PAW dataset including the core kinetic energy density

JTH table - Soon metaGGA PAW datasets — See N. Holzwarth’s talk

= Put a metaGGA value for ixc input parameter

This value is from libXC and has to be negative
Examples: -202231=TPSS, -263267=SCAN, -497498=R2SCAN We definitively

have to find
= No more need of usekden input parameter 322?22%{3? '

Automatically set. Only useful to print out KDEN.

= R2SCAN only available in libXC v5.1.
Soon available in ABINIT
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META-GGA IN ABINIT - HOW TO USE IT?

= You should increase slightly FFT grid sizes:
- increase ecut, or (better) increase ngfft
- increase pawecutdg or inscrease ngfftdg

=  KED-based XC functionals require more CPU
time because of the additional FFTs

= Laplacian-based XC functionals do not need
more resources than GGA
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J i C h em. P hy S. 146’ FIG. 2. Convergence of the total energy of the crystalline silicon in the semi-

conducting diamond phase with respect to the FFT grids. The y-axis shows the

2 2 4 1 O 5 ( 2 O 1 7 ) relative energy to the converged total energy. The black line is for the SCAN
functional and the red line is for the PBE functional.
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@228 META-GGA + PAW IN ABINIT - CHECK

Yao, Kanai, J. Chem . Phys. 146, 224105 (2017)

TABLE III. Bulk modulus (GPa) of silicon and germanium in the diamond

phase.
Silicon Germanium
PBE 8795 88.6 58.73 58.9
TPSS 90.71 57.15
SCAN 99.30 994 73.38 72.8
SCAN w/PBE pp 95.03 62.76
LDA? 96.8 A 72.6
PBE? 89.2 59.7
PBE(P 100 75
Experiment® 99.2 75.8

aReference 4.
bReference 7.

ABINIT ABINIT
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E EXAMPLE: MnH7 SUPERHYDRIDE AT 150 GPA

MnH, P=150 GPa

\\\W =~ _V/“_ 7 ———_"\@.Y'///‘l\¥\ ‘ ’;‘ 1 I ] | I ] | I I I | I I I 1 l I
X ‘ O £
Y N 3

20—

\“a\\v N $
BAANON ;-
<A ‘ /\':)Q |
s e
§ 5 \ " _
m >
.~ \u 3

g : e e
\/ &-//A\\,m AN :

-IOI‘ A H K I M " eDOS (arb.units) |
See J.-B. Charraud’s talk
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E META-GGA — FORCES AND STRESS TENSOR

Forces = Just need to add a contribution from 0fxc(T)

V(r) =
the core kinetic energy density dt
et = gt — [ 1) S dr = B = 16, (6 7e(6) /57
CZ

G

Stress tensor = Apply same procedure as in: dal Corso, Resta, PRB 50, 4327 (1994)

» Use the fact that : zf" <¢l_‘ [H,rﬁ %] ‘¢i> — 0

0fxc ( ) 0°fi,
01 07g

oj2) ~

Oap = Ogqp — % Sap V.(r) (z + 7o) (r)dr + 2] (r) dr

Using WF plane sy | z fi <

wave coefs From XC routine

omputea wi Inite-dairrerences in other codes
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Il - THIRD-ORDER DFPT

=  Why? : Raman efficiencies computation within DFPT

Raman tensor: Non-linear susceptibility:
ng 1 oE o 1 PE
O | (o O1np0E0E, Xijk = 790, 9€;:08;08,

= Need several derivatives of the XC energy:
« Grid » version (plane waves) and « spherical » version

5E:cc

= r'n (¢ r’
st = [ Vel

- First order: B = /dr'n(l)(r’)

-Second order: E? = /dr (n(2>(r)ch(r) + n(l)(r)(ch(r))(l))

2

-Third order: B — / dr (n® (1) Vae(r) + 20@ (1) (Ve (1)) + 2D (1) (Ve (r) @)

£

=  Remember that: n(r) = n,(r) + n.(r)

/ N

Need order n Need order 2n or 2n+1

Non polarized version...
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@228 LET’S START SIMPLE

= DA functional €:24(n(r))

(1) jdl‘ n(l)(r) fxc( r)

XC n(l) o

0% f e (1)
(2 _ (1) (1) xc
E .o j dr dr' n'" (r)n'"’ (1) an (1)on ()
0°f (1)
® » n D (F) D () n® (7 xe
E . .o J dr dr'dr’ n'V (r)n'V (") n'V (") ) an)on)

Currently implemented in ABINIT
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AND NOW GGA - ORDER 2

= GGA functional S,EEA(n(r)ﬁn(r))
Vie(r) =

0 fxc _v. ( 0 fxc Vn )
6|Vn| |Vn|

on

O e VnD(r).V O e
Eg(clc) - /drn(l)(r) éfn () —|—/dr - |V(:L>(r)|n(r> 8|£n|(r)

2 (1) 2
(2) _ (1) (1) 0% fre / (1) Vn'(r).Vn(r) 0°f.c
E:I:C,n(l) /drn (r)n (I’) onon (I’) + 2 drn (I‘) \V'n(r)\ ana’vn‘ (I‘)

Vin(r).Vin(r) VanD(r). Van(r) ( 0 fe (r) — 1 Ofac (r))
IVn(r)| IVn(r)| d|Vn|o|Vn| Vn(r)| 0|Vn|
SR
'Vn(r)| 0|Vn|

+ [ dr

+ / drVnY (r).Vn(r)

Currently implemented in ABINIT
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E AND NOW THIRD ORDER

2% :/ den® (£)n (£)n ) (1) 0 A2
ze,n(t) ononon

Wy VRO ) V() P hee
+3/d n'(r)n'H(r) V(o) ané?n(?\vﬂ( )

(1) Vant (r).Vin(r) Von'l (r Vzn ( 03 fre 1 0? frc )
+3/ N 6] IVn ranlan ") T ni)] andlva] ")
[ g Y (x) Vin(r) Vont (x). Van(r )v3n<1>(r) Van(r)

[Vn(r)] [Vn(r)| [Vn(r)]

agfxc 3 82 ffL’C 1 afxc
(mwmwawnﬁ )~ e (a\wawm("’ (e O] >))

(1) oy VO (£). V0D (r) 8 fre
3 / )G T anapon] )

3 / drV1n(1)(r).V1n(1)(r)Vzn(l)(r).VQTL(r)( 0 fre 1 Ofue )

[Vn(r)] V() avalova ") T wam) aval )
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E ABINIT REFORMULATION

drn(l)

/
/

:vc n(l

drn(

_|_
w

_|_
w

+ [ dr (Vn(l)( ).Vn(r )) (Vn(l)(r).Vn(r)> (Vn(l)(r).Vn(r)> <K3wc(r,4) 5

drn(

gl
/

Kpe(r,1) =
Kuo(r,2) =
Kuc(r,3) =

Kpo(r,4) =

Kpe(r,5:7)

(1) n) (r) K330(r, 1)

(1) Vn(l)( )Vn(r)) K3:cc<r7 2)

drn® (¢ Vn<1> ). Vn(r )) (vn<1>(r).vn(r)) (Kgxc(r,fi)—

Vn(l ).V (r )) Koo(r, 3)

dr (Vn(l) ).V ( )) (Vn(l)(r).Vn(r)) Koo(r,4)

82f:1:c

onom ™) Kage(r,1) =
IV;( )| a%a(r) Kse(r,2) =
|wj( I 5S;{§cn| (r) Ksgelr,3) =
e (T ) Fuelri )=

= Vn(r)
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zc n<1) /drn

+3 / drn{" (r)n{" (r)ngn(r)K?,u(r, 3)+ / drn{” (r)n{) (0)n{? (1) Kape(r, 4)

(r)n (1>( )Kgm(r,l)—|—3/drngl)(r)ngl)(r)nil)(r)ngc(r, 2)

+3/drn§1)(r) (n%l)(r)Vn%l)(r).VnT(r)Kgu(r, 5) +
+3 / drn{"(r) (nil)(r)Vnil)(r).Vni( ) Ksae(r,6) + 08 (1) Vi) (). Vn(r) Ksge (r, 8) +

1
+3 / den{? (1) Vi (r). Vg (1) Vn (r). Vng (r) (K3m<r, 10) = 1oy Koelr 6))
+3 / drn{) (1) V(" (r).Vny (r)Va{) (r).Vny (r) (Kg,wc(r, - — Ko, 7))

[V (r)[?
+3/drn (r)Va (r).Vn(r)Va (r). Vna(r) <K3wc(r,12) - WKZC(I',HQ
+3/drn @)V (r).Vn(r) Ve (r).Vna(r) <K3m(r, 13) — v 1( I Kao(r, 12)>
+ / drvn) (r). Vg (r) Vil (r). Vg (r) Vel (r). Vi (r) (ngc(r,lél)— WKM(E 8)) Kae(r,1) =
T
(1) (1) (1) 3 Kae(r,2) =
+ [ drVn ' (r).Vn (r)Vn] '(r).Vn (r)Vn) 7 (r).Vny(r) ngc(r,lf))fwl(m(r,g)
1
Kpe(r,3) =
+ / eV (). V(@) Ve (£).Vn () VO (x). Vn(r) (ngc(r, 16) — =5 Kou(r, 13))

[Vn(r)] Koo(r,4) =
+3 / drn{) (1) vl (r). V) (r) Kpe(r, 6) + 3 / drn{) (r)Va® (r).Vn® (r) Ky (r, 11) Konle,5) =
+3 / drn{" (1) V(" (r).Vn{Y (r) Koe(r, 7) + 3 / drn () (r)Vn® (r).Vn® (r) K,e(r, 12) Koo(r,6) =

3 / drvn) (r). Vil (1) Vit (). Vg (£) K e (r, 8) Kpolr,7) =
3 / drvn) (r). V(" (1)) (). Vi (r) Ke(r, 9) Kaelr,8) =
+3/drVn(l)(I').Vn(l)(r)Vn(l)(r).Vn(r)KM(r7 13) Faelr ) =
Koe(r, 10) =
T —
Koe(r, 11) =
Ke(r,12) =
Koe(r, 13) =
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JUST FOR FUN: SPIN-POLARIZED VERSION!

n{) (1) (1) Vn(r) Kage(r, 7) + 0 (0) Va® (£). Vn(r) Kspe(r, 8))

n{) () Vn® (r).Vn(r) Ko (r, 9))

a fZC
8”T6"T
a fZC
8n¢6n¢
a2f1}C
8’(@3”4’ r
Lo
[Vt (r)] 0| V|
L S
Vn, (r)] 0]Vn, |
1 o
V()] 0n10]Vng]
1 e
Wy @)] 9,0 Vg )
1 2 fa 1 Of
Vg2 (mwa\w( [V ()] 9V
1 ( Pl L
Vi \ OV (12|

1L o
|Vn(r)|8|Vn\( r)

1P
[V (o)] ny0|va] ™

1 P
[Vn(x)] 030 v )

1 0%f, 1 Ofs
[Vn[? <a|vn\a\vn|() [Vn(r) \a\vm(’))

(r)

r
o )] D]

KBzc(r7 ]-) =
K3xc(r7 2) =
K3acc(r: 3) =

K3zc(ra 4) =

ngc(l‘, 5)

K?mc(ra 6) =

K3zc(r1 7)
KBzc(r7 8)
KBzc(r7 9)

K34c(r,10) =

(r >K3xc(r 11) =
>> Kaaelr,12) =

K3ge(r,13) =

Ksye(r,14) =

Ksuc(r,15) =

Ks40(r,16) =

0 fre
anTamanT
0 fre
BnTanTanl
0 fre
Onqydn Ony
D fre
8n¢8n¢6nl

1 O fu
[V 2)] By
1 B fy
V)] 9y 0m, 0] )
1 O3 f.
[Vn(r) \HnT{')nTa\VM( 2
1 P fe
[Vn(r)| 6nT8n¢6\Vn|( r)
1 e
[Vn(r)| anlama\vm( r)
! Ol (r)
[Vng(r)]? 0nt0|Vng| 0| Vg
1 B fy
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a IMPLEMENTATION FEASIBLE THANKS TO LIBXC V5

ol0] =Vp;-Vpr  o[1]=Vp;-Vp, 02| =Vp,-Vp,

Oe

. . d?
vsigma, ; B_aa v3rho2sigma, gz, ; 9pad p; d0
@ Y
a . d3 €
v2rhosigma,; ; 3 20',3 v3rhosigma2 ; ; 8pad0 300,
(44
| Pe . . d’e _
v2sigma2,; ; 90,00, v3sigmald ;. ; 80,00300,

Need to convert libXC objects into ABINIT ones...

1 Jdf, 1 df, do 1 dfy .= dfy
Vn|d\Vn| |Vn| 90 JVn| |Vn| 90

Jdo
L _Jd ( L Pf ) P f
Val| VAT \|VnT| J|VnT|dn! Indo
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HOW TO CHECK?

6° frc(T)
on(r)on(r)on(r”)

E® j dr dr'dr” n® (r) n® () n® (")

xcn@ -

Number of terms to implement :

functional LDA LDA GGA GGA
polarization unpola. | pola. | unpola. pola.
(Vae(r))d) 1 2% 2 5 2x11

B® 1 8 6 24

¢ with real or complex densities
* with or without core correction

“ with or without compensating charge (PAW)
on FFT grids or PAW spheres (for the latter : 3 different implementations!)

Problem with the usual finite difference tests :

® test only the total energy : hard to test individual terms...
® not so cheap in some situations
® precision is not high in PAW, and many terms could be small...

Need of a very quick and precise test for the validation of E,(‘B)A (1) in GGA
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HOW TO CHECK?

We define a fictive density (here a distorded gaussian) depending on fictive parameters :

n(r) :Ae—B(r—R)TM(r—R,) — Ao~ BXaplra—Ra)Myg(rg—Rg)

we can compute the first derivative of the XC energy analytically or by finite difference :

Eic [n—{—ARa] — Egc [n—ARa]
2R,

B = [aen O Vi) BER =

Input : Output :

l

A set of 18 tests is added to the testsuite (“dfpt-test”) : different functionals, polarization, etc...
The 18 tests are done in 35 seconds on a laptop (1 CPU), for a relative error of 10~ * or lower on
energies (10~ “ on potentials).

= Can be easily extended to magnetic case (nspden=4) or metaGGA functionals (local part only).
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@228 CONCLUSION

Current status
= metaGGA + PAW in the next ABINIT version

" Including stress tensor (was not available in NCPP)
= Link with libXC 5.1 in the next version

= A set of automatic tests for XC derivatives

Next to come
= Raman intensities + GGA

= Need to finish the implementation and check

Upcoming plans

" metaGGGA + 2"d order DFPT
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META-GGA FUNCTIONALS - KINETIC ENERGY DENSITY

= Every function which integrates as EX/N is a kinetic energy density
Choose which one?

1 —
1) = =5 ) YO VDo

operator

Jﬁzn(r) dr =0

1O = 2
T2(r) = +5 E |Vipi ()| _ Common 1,(1) = (¥) - 3 V()

Used

= Within (scalar-)relativistic scheme, what is the definition of 7(r)?

Tra®) = )l Vo) = V(1) = Vexe (O] W0 o

i Like 74
1
27(T) 12

c2n(r)l ™ ke

T (8) = 2 n(r) [1 +

See: Sim, Larkin, Burke, Bock, J. Chem. Phys. 118, 8140 (2003)
Becke, J. Chem. Phys. 131, 244118 (2009)
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a META-GGA FUNCTIONALS - TESTING PROCEDURE

Testing the kinetic energy density functional against LDA

Use a modified value for the electron mass:
m, = M, instead of m, = 1 (a.u.)

OO (r) = el + (1 - f; )ng
Ofec¢4 1 0fuc ™"
f 7y ()= (1 - “‘_e) fan (1) = R

EKIN+XC (MGGA) _ NL EKIN 4 ELDA j (1 _ NL) (r) dr = EKIN+XC (LDA)
M, m

e
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META-GGA FUNCTIONALS - TESTING PROCEDURE

Testing MGGA(Laplacian) against MGGA(KED) against GGA Use 1 Or_z
electronic
MGGA1 LDA 2 ofMecaL o =, bands
€xc (r) = g 2(r) + a Vn(r) . (r) = Vi’ (r) +a Ven(r)
0 fMGGA2
X (1) = VEPA(r) +2a (1)
on Integration
by parts
v OfeA
£56A(r) = £LDA(r) — o | B (1) = yeace)
n(r) § f.G6A B
= —(r) = —2a|Vn(r)|
|Vn(r)|
MGGA2
emGGAZ(r) = eLDA(r) + 2a 7(r) a];xiz (r) = a n(r)
Vén
afogGGAz Can mix all
dt(r) (r) = 2an(r) approaches

R _ 2
EMGGAL = ELDA 4 o j n(r)V?n(r)dr = ELP4 — aj|Vn(r)| dr = ESGA= pHeeA2

Commissariat a I’énergie atomique et aux énergies alternatives Abidev2021 - June 1, 2021



