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The Fritz-Haber-Instituteab initio molecular simulations
package

ui(r)

ipm)(r) = —

Yim() J

"LAPW-like accuracy and reliability -
plane wave pseudopotenital-like speed”

o all-electron

o Periodic, cluster systems on
equal footing

@ good scaling (system size and
CPUs)

e Hartree-Fock, hybrid
functionals, MP2, RPA

o Quasiparticle self-energie&sW,
MP2

http://www.fhi-berlin.mpg.de/aims

V. Blum, R. Gehrke, F. Hanke, P. Havu, V. Havu, X. Ren, K. Reuter, and M. Sche er,
Computer Physics Communications, 180, 2175 (2009).
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Problems with LDA and GGA

e Total energy in Kohn-Sham DFT
4 1 Z Z
Eot[N(N] = Ts+  Vex(r)n(r)dr + > dr dr®

O ¢y

9

@ E,[n(r)] has to be approximated !

LDA and GGA: very useful, but have problems in certain agtians.
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Problems with LDA and GGA

e Total energy in Kohn-Sham DFT
z 1 z ¢ n(r)n(r°
Eot[N(N)] = Ts+  Vex(r)n(r)dr + 5 dr droW + Ex[n(r)]

o Ei[n(r)] has to be approximated !
LDA and GGA: very useful, but have problems in certain aians.

@ De ciencies of LDA and GGA:
I Self-interaction error (delocalization error [1]))=
{ Underestimated band-gaps, wrong dissociation bebavibmmlecular

ions, etc.
{ Failure to describe localized electrons in both solids andlecules.

I Absence of van der Waals interaction
I Unable to treat excited states

[1] A. J. Cohen, P Mori-Sanchez, W. Yang, Science, 321, 792 (2008).
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LDA and GGA errors for atomization energy
Unit: kcal/mol (= 43.4 meV)

Atomization energy

E= #
X .
EmoI Eatom (')

Desired accuracy: 1 kal/mol

Data from
Perdew, Burke, Erzenhof,
Phys. Rev. Lett. 77, 3565 (1996).

Xinguo Ren (FHI, Berlin)

Molecules LDA PBE-GGA EXP
H2 113 105 109
LiH 60 52 58
CH4 462 420 419
NH3 337 302 297
OH 124 110 107
H20 267 234 232
HF 162 142 141
Li2 23 19 24
LiF 153 136 139
Be2 13 10 3
C2H2 460 415 405
C2H4 633 571 563
HCN 361 326 312
CcO 299 269 259
N2 267 243 229
NO 199 172 153
02 175 144 121
F2 78 53 39
P2 142 120 117
Cl2 81 63 58
Mean abs. error 31.4 7.9

Beyond LDA and GGA - Tackling exact exch

MPI CPfS, 29.10.09
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Wave-function based methods: systematically increasi
accuracy

Quantum Chemistry

approach
43.4 meV
( ) CCSD(T) { Gold standard,
6 ‘6 higher order correlations
(O]
> g MP2 { Correlation is treated up to
g IS s 2nd order of Coulomb interaction
S |8
© a Hartree-Fock{ Exchange treated exactly,
g but no correlation
o

MP2: 2nd order M ller- Plesset (many-body) Perturbation Theory

CCSD(T): Coupled-Cluster Theory with Single, Double and perturbative Triple excitations
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Perdew's construction: Jacob's ladder in DFT

(43.4 meV)
5 5 | unoccupied n(r), e.g., ACFD-RPA
< é 4 | occupied n(r), hybrid functional (e.g.,PBEO)
§ S 3| (r), meta-GGA (e.g., TPSS)
§ % 2 | r n(r), GGA (e.g., PBE)
% 1 | n(r), LDA

(r) : KS kinetic energy density

ACFD: Adiabatic Connection Fluctuation- Dissipation theorem

RPA: Random Phase Approximation
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Underlying principle of constructing Jacob's ladder

"Adiabatic Connection” a formally exact way for constructingxc

Imagine a continuum of ctitious systems governed by

X
A =T +4,,+ Ve (WhereO 1); and Vee= . 1r0j
i<

Hohenberg-Kohn theorem holds for every =) ¥,,(r) can be chosen such that

n(r=n=(r)= n(r)
Aj M>=Ej [n>:

D. C. Langreth and J. P. Perdew, Phys. Rev. B15, 2884 (1977).
O. Gunnarsson and B. I. Lundqvist, Phys. Rev. B13, 4274 (1976).

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09 7142



Underlying principle of constructing Jacob's ladder

"Adiabatic Connection” a formally exact way for constructingxc
Imagine a continuum of ctitious systems governed by
|

A =T +4,,+ Ve (WhereO 1); and Vee= -

i<j

Hohenberg-Kohn theorem holds for every =) ¥,,(r) can be chosen such that

n(r=n=(r)= n(r)
Aj M>=Ej [n>:

Exchange-correlation (XC) part of the interaction energy
Z Z
L 1 n(r)n(r%
U =< [nliV nj> = dr dr\—2—2~
xc [MiVed  [n]> 5 TG
exact Ry
ExactExc: Egf®= ;d Uy
D. C. Langreth and J. P. Perdew, Phys. Rev. B15, 2884 (1977).
O. Gunnarsson and B. I. Lundqvist, Phys. Rev. B13, 4274 (1976).
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Two limits of the connection

o =0, %0(r)= vs(r) (KS system)

z z
U@ = < oVed 0> 5 dr dr"i”j(rr)”(r?
z z
_ }X dr dr® m(r) n(.r) n(r)  m(r9 = goact
2 ir

Exchange-only limit, LDA/GGA are least accurate) =Instead exact
exchange is needed
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Two limits of the connection

o =0, %0(r)= vs(r) (KS system)

z z
U@ = < oVed 0> 5 dr dr"i”j(rr)”(r?
z z
_ }X dr dr® m( () o(9 w9 .= pexact
2 jr 9 X

mn

Exchange-only limit, LDA/GGA are least accurate) =Instead exact
exchange is needed
e = 1;0@31 = Vext (Full interacting system)
LDA/GGA work well.
Correlation is crucial, and exchange-only treatment wibl rwork!
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Two limits of the connection

o =0, %0(r)= vs(r) (KS system)

z z
U@ = < oVed 0> 5 dr droinj(rr)”(r?
z z
_ }X dr dr® m( () o(9 w9 .= pexact
2 jr 9 X

mn

Exchange-only limit, LDA/GGA are least accurate) =Instead exact
exchange is needed
e = 1;0@31 = Vext (Full interacting system)

LDA/GGA work well.
Correlation is crucial, and exchange-only treatment wibl rwork!

° EQéb - E)?xact_l_ 1 )EXGGA+ ECGGA

A. D. Becke, J. Chem. Phys. 98, 1372 (1993).
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@ Second-order Meller-Plesset Perturbation Theory
© Random Phase Approximation
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Hartree-Fock Theory

N-electron interacting hamiltonian

1 g
A= o1 24 Veu(ri) +
i 2 i ext( |) - jri rjj
J
II-\] Sxact(rl; ) : rN) = ngact gxact(rl; o : rN) |

Hartree-Fock approximation (single Slater determinant)

1(r))  2(ra) n(re)
P ;rN)=91:| 1(r2)  2(r2) n(r2)
1(rn)  2(rn) N(rN)

m(r) = jm >: spin-orbital

EczE(()axact Ene = exact HFj'qj HE >

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09
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Hartree-Fock (HF) vs Kohn-Sham (KS) DFT
HF equation: Eqe[f (r)g]= n(r)=0

Z
1
Er < Vext(N) + Vu(r) () + drq’x(r;r% n(r% = EF n(r)
X
Nonlocal HF exchange potentiaky(r;r9 = mj(rr)i:%(r%
m=1

KS equation: Exs[n(r)]= n(r) =0
20 v+ W) a0+ o) a0 = KS (D)

2
Exc[n(r)]

Local KS XC potential:vyc(r) = —

Exc[n(r)]: DFT exchange-correlation (XC) energy functional

v
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Solving HF equation in practice

@ Introduce a set of basis function;(r)

X
n(r) = Cin i(r):
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Solving HF equation in practice

@ Introduce a set of basis function;(r)

X
n(r) = Cin i(r):

e HF Eg. becomes a matrix (Roothaan) Eq.

X
Fij Gin

Fij

Si

X
HF Sjgn:  (Fj : Fock matrix)
j
A 1 _
< ijPkE] i>=< il Er 2+ Vexe(r) + VH(D)j j >
< w9y >
< ij j >

o Exchange matrix requires a special treatment

Xinguo Ren (FHI, Berlin)

Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09
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Evaluating HF exchange matrix

Viij = < ijw(rir%j g >
W2 20 a0 a0 X
= dr - dr® = = Di (ikjlj)
m=1 Ir I‘(] ki
Dy = CkmCm: (density matrix)
m=1
i(r) 1(r9
Two electron Coulomb repulsion integral g
Z Z
(r) «(r) ; (Y ;(r9 k(1) i(r9

(ikjlj) = dr dr T
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Two electron Coulomb integral in practice

o Gaussian-type orbital (r) = x'y™z"e "

- Gaussian product theorem
e U R dr Rei®=exp ; ,jRa Rsj’= exp jr P}

= 1+ 2 P=( 1Ra+ 2Rg)=

- Analytical evaluation
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Two electron Coulomb integral in practice

o Gaussian-type orbital (r) = x'y™z"e "

- Gaussian product theorem
e U R dr Rei®=exp ; ,jRa Rsj’= exp jr P}

= 1+ 25 P=( 1Rat+ 2Re)=
- Analytical evaluation
@ Numerical atomic orbital (r) = Ry (r)Ym(#"' )

(ikjlj) :  O(N? o many 6-dimensional integrals: )=

basi
very expensive to calculate and to store !

But, do we have to do this ?
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Auxiliary basis to two electron Coulomb integral
(Resolution of Identity (RI))

@ Observation:

{ Ngasis many pair productd (r) j(r)g, wherei;j =1;2;  Npasis
are heavily linear dependent
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Auxiliary basis to two electron Coulomb integral
(Resolution of Identity (RI))

@ Observation:
{ N2, many pair products i(r) ;(r)g, wherei;j =1;2;  Npasis
are heavily linear dependent

@ There must exist an auxiliary basis seP (r)g

I Linear independent, (henclaux << NZ.qo
I Su ciently accurate to representf ;(r) j(r)g

X
i(r) «(r) CiP (n)

I It follows X X
(ikil)) Ci<PViP >C = GV ¢
X R
G = O;S* where Oy = dr i(r) j(r)P (r), and
R
S = drP ()P (r)

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09
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Construction of auxiliary basis

A very simple procedure, but it works!
@ Should also be atom-centered orbitals

P(r)= q()Ym#" ') (normal" basis: (r)= Ry (r)Ym(#"' ))

numerically easy to manipulate
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Construction of auxiliary basis
A very simple procedure, but it works!
@ Should also be atom-centered orbitals

P(N= aq()Ym@®#" ) (normal" basis: (r) = Rn(r)Ym(#" ))

numerically easy to manipulate
o Determine the shape ofq(r)

For every atom, |
Rnlll(r) anlz(r)

[l <=1<=LL

Gram—Schmid& Orthonormalization

. { \On-site" pairs

ql i(r Ra) j(r Ra)\exactly"
{ fP (r)g are orthonormal on each represented by (r) !
SFZTén?lth%gorthogonal between { But how about \o -site" pairs
' i(r Ra) j(r Rg)?
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On the accuracy of RI approximation (for o -site pairs)

A B
(Hy: d =07 A)
1s(X  Xa) 1s(x  Xg) 25(X  Xa) 2p(X  Xg)
0.0 0.4
; T E
00 CRGon| 0%
0.04- 02
0.02 01
0 0O
20 10 00 ¢ : ‘

00 ° 10 : 20 10 060 10 20
x coordinate (angstrom) X

coordinate (angstrom)
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On the accuracy of Rl approximation

HF binding energy curve for H

o~ 4 N
>
2
S 2 1
[}
G
o OF i
c
] - FHI-aims (RI) I
& -2F — NWchem (without RI)
cc-pVQZ basis
-4 I ! I L I L I

1 15 2 25
Bond length (angstrom)
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On the convergence of NAO basis set

HF binding energy curve for H

<) 4 1
>
L
52 :
[}
G
o O I
c
.-6 0 r 1
-5 2k - FHI-aims/Tier1(5) |
— NWchem/cc-pvVQZ(30) |
405 1 _ 15 2 25 3

5 2 2.5
Bond length (angstrom)
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On the convergence of NAO basis set

HF binding energy curve for H

=4 b
>
L
52 :
]
o
= ]
'-g - FHI-aims/Tier1(5)
@ -2 - FHI-aims/Tier2(15)

— NWchem/cc-pvVQZ(30)

7\ L | L | L | L | L | L |
%5 1 15 2 25 3
Bond length (angstrom)
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Hybrid functional

General principle:

Mixing a fraction of \exact exchange" with GGA semilocal &emnge
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Hybrid functional

General principle:

Mixing a fraction of \exact exchange" with GGA semilocal &emnge
@ B3LYP (semi-empirical)
EB3LYP _ E)%SDA + ag(EACt E)%SDA)_'_ ax EESS + ac ECLYP
ap=0:20,ax =0:72ac =0:81
@ PBEO (non-empirical)
EPBEO = 0:25 EPet+ 075 EPBE + EgBE

A. D. Becke, J. Chem. Phys. 98, 5648 (1993).
J. P. Perdew, M. Ernzerhof, and K. Burke, J. Chem. Phys. 105, 9982 (1996).
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Binding energy for N2

__Or —hF a Vibrational frequency
2 « Bxp (cm 1)
; — PBEO (aims/Tier2)
<y
(]
& o 1 HF: 2729.7 (371.1)
2 PBE: 2347.9 (-10.7)
2 PBEO: 2478.3 (119.7)
m .

10 EXP: 2358.6

08 1 12 4 1.6

1
Bond length (Angstrom)

PBEO improves over PBE for the atomization energy, but noeth
vibrational frequency
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Argon dimer: importance of the vdW interaction

3 — ‘ s 2
<) \ \ __ F [} [
S L £ fo_
Q LR PBE i N
EFT -- PBEO 50 P —————
> Vo — Accurate 15}
2 10 T <
2 g c/R°
(o)) 0 E -4
£ m
2
T -10r _6 I I
@ 45 5 55 6
‘ ‘ ‘ ‘ ‘ Bond length (angstrom)
20535 5 55 6

4 45
Bond length (angstrom)

"Accurate" result:

K. T. Tang and J. P. Toennies, J. Chem. Phys. . .
Nonlocal correlation is needed for
118, 4976 (2003). . . .
describing the aymptotic behavior.
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Second Order M ller-Plesset perturbation theory (MP2)

o Rayleigh-Schredinger perturbation theory
A=AQ+90; AQjn>=EPjn>
X j<ovin>j?

@ _ NS @ _
Es” =< 0Vj0o> EfY =
v B £
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Second Order M ller-Plesset perturbation theory (MP2)

o Rayleigh-Schredinger perturbation theory
A=AQ+90; AQjn>=EPjn>
X j<0ovin> 2,

@ _ NS @ _
Es” =< 0Vj0o> EfY =
v B £

e MP2

AQ = Aye; Ege = Eéo) + ESM

EMP2 = LR [(iajib)  (ibja) ] (iajjb)
4 it ] a b

ij ab

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09 25/ 42



Second Order M ller-Plesset perturbation theory (MP2)

o Rayleigh-Schredinger perturbation theory
A=AQ+90; AQjn>=EPjn>
X j<0Vjn>j?2

1 _ VI R 2 _
Ey’ =< QVj0> E) = 5 o
o B &

o MP2
AQ = Aye; Ege = Eéo) + ESM

EMP2 = 1 XX [(iajjb)  (ibjja) ] (iajjb)
4 i ab it ] a b
@ Nonlocal correlation ¥ van der Waals (vdW) interaction

MP2

C B
EMP21 o whenRag ! 1 6 R
'AB
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MP2 calculations for a benchmark database S22

e S22 Benchmark
database containing 2
weakly bonded
molecular complex [1]

e The complete basis sef
limit is approached
with Tier4 basis set
(remaining error about
5% on average).

FHI-aims calculations performed by Alexandre Tkatchenko
[1] Jureka, Sponer, Cerry, and Hobza, Phys. Chem. Chem. Phys.8 , 1985 (2006)
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MP2 for Argon dimer

N

30, : s |
<) --HF 1 R ———————
2 201 PBE 1 B
é -- PBEO 22t 9 ]
- — MP2 ) IR
© 10r — Accurate | 5.4 i
(O] o
8 6 L L
g’ 0 45 Bong length (angsét?om) 6
._é
@ -10F

_ L I L I L I L I L I L

2335 "4 4 5 55 6

5 .
Bond length (angstrom)

"Accurate” result:
K. T. Tang and J. P. Toennies, J. Chem. Phys. 118,
4976 (2003).

Nonlocal correlation in MP2
is crucial for a quantitative
description.
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Successes and limitations of MP2

Pros

+ \Cheapest" ab-initio post-HF
method for incorporating
non-local correlation e ect;

+ Good for properties of organic
molecule

+ Very good for hydrogen bonding

+ Good for charge transfer barriers

(which LDA/GGA strongly
underestimate)

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09
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Successes and limitations of MP2

Pros

+ \Cheapest" ab-initio post-HF
method for incorporating
non-local correlation e ect;

Cons
- Bad for small-gap systems,
molecules containing transition
metal/rare earth ions, and
+ Good for properties of organic completely fails (diverges) for
molecule 3D metals

+ Very good for hydrogen bonding _ Reason: HF reference, and

+ Good for charge transfer barriers perturbatign base_d orbare
(which LDA/GGA strongly Coulomb interaction
underestimate)
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Adiabatic connection uctuation dissipation theorem

e Exact XC energy via \adiabatic connection"
Z,
EREU= d Uy
0

Uy is related to thedensity-density uctuationof the system.

D. C. Langreth and J. P. Perdew, Phys. Rev. B15, 2884 (1977).

O. Gunnarsson and B. I. Lundqvist, Phys. Rev. B13, 4274 (1976).
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Adiabatic connection uctuation dissipation theorem

e Exact XC energy via \adiabatic connection"
Z,
EREU= d Uy
0

Uy is related to thedensity-density uctuationof the system.
o Fluctuation-dissipation theorem
2z 121
U= 5 dr di(r /9 = dtim (%) n(r) (r
Fluctuation 0 Dissipation

(r;r%t  tY) = n(r;t)= Ve, (r%t"): Response function
(the imaginary part of which describe the dissipation presg

=) Opens a new route to construdiy,

D. C. Langreth and J. P. Perdew, Phys. Rev. B15, 2884 (1977).

O. Gunnarsson and B. I. Lundqvist, Phys. Rev. B13, 4274 (1976).
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RPA formulated within DFT framework

o Dyson equation for (in TDDFT)

= ot ol v+ 1)
. 0. o _ ch(r;t)
fe(r;rst t) = 7n(r°,t°)

o RPA:f =0
ERPA - Eexact+ ECRPA
XC

ERPA = > d Tr[in(@  o(it)v)+  oi! V]
0
R R
Tr=dr dr°

@ RPA is donenon-self-consistently as a post-correction to LDA/GGA.

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09 31/42



Some attractive features of RPA

The application of RPA to realistic systems is just at the li@gg. Its

further development and systematic assessment is underway

RPA _ exact RPA
Etot —Ts+Eext+EH+Ex +Ec

o \Exact exchange" incorporated, self-interaction error is
dramatically reduced.

@ Nonlocal vdW interactions are included automatically
(and seamlessly).

@ Screening e ect is taken into account, thus works for
metals/small gap systems, in contrast to MP2.

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09
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RPA in FHI-aims

RPA correlation energy
Z,

ECRPA:Zi di Trin(  ofi! )v)+ ofi! V]
0

@ Noninteracting response function in real space

(fn fm) m(r) n(r) n(r% m(r9

i! m* n

X
o(r;r%ir)y =2
mn

0 fn 1: Fermi occupation number

Xinguo Ren (FHI, Berlin) Beyond LDA and GGA - Tackling exact exch MPI CPfS, 29.10.09
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RPA in FHI-aims

RPA correlation energy
Z,

ECRPA:Zi di Trln(  ofit )v)+ ofi! V]
0

@ Noninteracting response function in real space

(fn fm) m(r) n(r) n(r% m(r9

i! m* n

X
o(r;r%it)y=2
mn
0 fn 1: Fermi occupation number
o Matrix representation with auxiliary basis
(fn fm)omnonm
il m+ n

X
oo =<PjoP >=2

Z mn
whereOQ,,, = dr ,(r) n(r)P (r).
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RPA in FHI-aims

RPA correlation energy
Z,

ECRPA:Zi di Trln(  ofit )v)+ ofi! V]
0

@ Noninteracting response function in real space

(fn fm) m(r) n(r) n(r% m(r9

i! m* n

o(r;r%it)y=2
mn
0 fn 1: Fermi occupation number
o Matrix representation with auxiliary basis
(fn fm)OmnOpm
il m+ n

X
oo =<PjoP >=2
Z mn
whereO,, = m() n(r)P (r).
groP (NP (1) (r9
NN
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Atomization energy for small molecules
Table: Unit in eV

Molecule PBE PBEO RPA EXP
H> 454 453 473 473
N2 10.58 9.75 9.67 9.88
Oy 6.24 536 486 5.03
Fa 230 148 130 1.65
CO 11.70 11.09 10.58 11.23
HF 6.16 593 574 6.11
H,O 10.17 9.84 9.67 10.06
CoH2 18.00 17.54 16.52 17.56

mean abs. error 0.48 0.17 0.45

* Gaussian basis extrapolated to basis set limit
@ The accuracy achieved by hybrid functionals for atomizatienergies

is hard to beat. A simple RPA does not improve over PBEO.
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RPA for Argon dimer
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Both RPA and MP2 give the correct

asymptotic behavior.
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Binding energy of two graphene layers
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CO adsorption puzzle

CO adsorbed on transition metal surfaces

o LDA and GGAs (PW91, PBE,
RPBE, AMO5) predict the
wrong adsorption site, and the
adsorption energies are largely
overestimated.
e For Cu, Pt, Rh, hollow site in
prefered in LDA/GGA, for Ag,
Au, hollow and top site are
almost degenerate. Low converage limit

P.J. Feibelman et al., J. Phys. Chem. B 105, 4018 (2001).
A. Stroppa and G. Kresse, New J. Phys,10, 063030 (2008).
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RPA adsorption energy for CO@Cu(111)

h i
Bags= _ Im  EGF(XC)  ELS®(PBE)

cluster!l

Q.-M. Hu, K. Reuter, and M. Sche er, Phys. Rev. Lett.,, 98, 176103 (2007)
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CO@Cu(111) adsorption Energies: A Comparison

Eads top (eV) fcc (eV) (eV)

PBE[1] -0.71 -0.87 0.16
PBEO[1] -0.61 -0.58 -0.03
CASSCF[2] -0.49 >0 <-0.49
EXP -0.46, -0.49 / /

this work [3]

PBE -0.72 -0.86 0.14

PBEO -0.58 0.04 -0.54 0.01 -0.04 o0.01
RPA@PBE -0.35 0.02 -0.17 0.02 0.18 0.02
RPA@PBEO -0.37 0.02 -0.15 0.02 0.22 0.02

[1] A. Stroppa and G. Kresse, New J. Phys,10, 063030 (2008)
[2] Sharifzadeh, P. Huang, and E. Carter, J. Phys. CHem. C112, 4649 (2008)

[3] X. Ren, P. Rinke, and M. Sche er, Phys. Rev. B, 80, 045402 (2009)
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Summary

Quantum chemistry methodHF, MP2

and in the DFT world
(43.4 meV) o Post-LDA/GGA approaches

5 5 | ACFD-RPA improve things in one way or
o .
o |8 4 |hybrid functionals anoth_erz bL:lt they have their
> z own limitations.
S e} 3 | meta-GGA e Present higher rungs (hybrid
Ol® :
S §_ > | GGA functl_o_nals and RPA) are
= promising, but the improvement
8 1| LDA is not (yet) systematic.More
work are needed to construct

these rungs, and FHI-aims
provides such a platform.
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