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Overview

© Introduction

9 Correlation energy via the adiabatic-connection fluctuation-dissipation
theorem (ACFD)
@ Kohn-Sham methods with orbital-dependent functionals
o ACFD theorem
@ Approximations for the exchange-correlation kernel
@ Power series approximation (PSA) for correlation kernel
@ Parametrization and performance of PSA

© Concluding Remarks

O Literature
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Properties of electronic structure methods @ SCAST GO

DFT MP2  CCSD(T) CASSCF/PT2
(GGA, B3LYP)

accuracy low medium high high
applicability

multireference no no no yes

Van-der-Waals no yes yes yes
handling

‘black-box’-like yes yes yes no
formal scaling N3 — N* N® N’ factorial

Aim: Development of more powerful DFT methods
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Orbital-dependent functionals @ scasr g0

%=ﬂwm+mm+&wm+im¢wm+/hmmmm

Correlation from adiabatic-connection fluctuation-dissipation (ACFD) theorem
Orbitals and eigenvalues from Kohn-Sham equations

[T+ e + ool + 0ul{0}] + Bel{e.). {6:]] 60 = ci0

v.=0 EXX
Ve = vACFOH] dRPA or ACFD[H]
b, = yACFDIHxH] self-consistent v,

o
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. Adiabatic-connection fluctuation-dissipation ©
g theorem for DFT correlation energy | 2CAT

~1 -1 1 0o
= / dov /drdrli/ dw {Xa(r,r/,iw) - Xo(r,r',iw)}
T Jo . lr—r'| Jo

Integration of response functions along complex frequencies

1 [
—/ dw /dr dr'g(r, ") xo(r, v’ iw) =
T Jo

= [avar gtex') |s56) = 5 p0p0) 4 ple)30x )

*° 1
/ do -2 =T later on  g(r,r') = ——
0

a?+w? 2 v — /|
Xa(r riw) = =2 ——"_ 0 &, _E oz (LG1A(r) ) (LT IA(r)145)
n#O

Ve(@) = (To(a)| Vee|To(a)) — (Do| Vee|®o)

A. Gorling (University Erlangen-Niirnberg) Paris 2017 5/23



G AT Adiabatic-connection fluctuation-dissipation @ -
® O? FAY  theorem for DFT correlation energy Il AT 60

-1 1 1 00 1
E. = 5/0 da/drdr’m/o dw {Xa(nr',iw) — Xo(r,r/,iw)}:/o da V(a)

Integration along adiabatic connection

1
E.= /0 da Ve(a) with  V.(a) = (¥g(a)] f/ee|\llo(o¢)> — (D Vee|<1>0>

Eo(a) = (Wo(a)| T + o Ve |To(a)) — (@] T + a0 Vee|Bo)

From Hellmann-Feynman theorem follows

L) — (00(@)] e o(a)) — (2 Tul0) = Vele)

y(a) = in (U|T + o Vee|0)

Mol. Phys. 109,2473 (2010)
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ijAdiabatic-conection fluctuation-dissipation theorem(®) scA<: @ @

E- da/drdr r_r,‘/ A [Xa 0,1, i) = Xo(r, ¥/, )]

KS response function xo(r,r’,iw)

occ unocc

Xo(r, v’ iw) = —42 Z +w2 i(r)pa(r)a(r)pi(r')

Introduction of RI basis set orthonormalized with respect to Coulomb norm
—1 1 o]
—/ da/ dew Tr [Xa(m) - Xo(zw)}FH
T Jo 0

Response matrix X, (iw) from TDDFT

Xo = [1— XoFf] ™ X
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Approximations for Fy @ scasr g0

Xo =[1- XoFjd ™ Xo
(I) ACFDIH]: direct Random Phase Approximation (dRPA)
o . 1
ch%aFH fH(I‘—I')*

C o r—r|
X, = [1-XoaFy "X,

= (X0 [ - al X Fu (-X0)!] (X0

(I1) ACFD[Hx]: Hartree plus exact exchange kernel (EXXRPA)

Xo Frx Xo = Hpy

X, = Xo[Xo-aHp] "X
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Function hyy @ scAs go

(w0, 7y 7) = ZZ% r)a(r) Nia(w) Mi, 5 Ajp(w) 5(r)p(r')
m
+*ZZ% 1) (r) Nia(w) €5, Mg 5 €, A (@) 05(x") s (x")
alt — @ j
S et Am<w>%w<r'mm -
ia j @ J

. . <b|®>'<\IL - ®X|Z> / !
+Zzwz(r)@a(r)/\m(w) alr)ep(r’) +---
ia b

€p — €

Mia gb = = 4(ailjb) — (ablji) — (aj|bi) + 5ij<ﬁpa‘®>'<\“- — ) — dan (il B — s

ML 5, = —(ablji) + (aj|bi) + 655(pal 0" — Blon) — dan (@i D" — Blgy)

Aia(w) = *461'&/(5?(1 + wz) €ia = €a — €

dRPA: /i (r, 7, w) = 33 0i(r)@a(r) Aia(w) (ialjb) Ajp(w) 0;(r")ps(r’)

ia jb
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(111) Power series approximation for F,. -
ACFD[Hx+¢] @ sca g

de = aFp + ’FP + *FO) 4
XoF3 Xo = HY ., XoFuXo = Hyy, XeFWX, = H™

&c = aHp, + o®HP? 1+ o*H® 1 .

Higher order terms: Power series approximation

(_XO)_%Hﬁxc(_XO)_% = a(—XO)_%HHX(_XO)—% + 0‘2(—X0)_%H£2)(_xo)—% L
= a(=Xo0) " 7Hu.(—Xo0) "% +a’ 2 |:(_XO)7%HHX(_XO)7%:| 2 +..
(_XO)%an)(_XO)% = bn |:(_X0)7%HHX(_XO)7%:|H
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ACFD[Hx] method @ sca g

_1 1 oo
E, = —/ da/ dw Tr {Xa - XO}FH
27T 0 0

Hartree plus exchange kernel for Xa:(—XO)%[—1—04(—X0)_%HHX(—XO)_%}(
=(-X()? U [-1 — a7] ' UT (-X,)

—1

—X,)?

Nl

with (—Xo)~2 Hpy (—Xo)"2 = U7 U7

B = ;/:;w/o;a {Tr [(—XU)%U([—1 — ar]™! +1)UT(—X0)%} FH}

Analytic coupling-constant integration

E. = % ODle {Tr[(—xo)%U(—r—l In[|l1 + [ + l)UT(—XO)%}FH}

o Complete frequency-dependent exchange kernel can be treated

@ N5 scaling (N* scaling for ACFD[H])
J. Chem. Phys. 136, 134102 (2012)
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ACFD[Hx+¢] method @ sca g

EL=7dw/daTr{{(_xo)éu([q—ar—ﬁg(m) — ' 1)u (—Xo)ﬂFH}

@ Parameters 3,

@ Numerical coupling-constant integration

@ N° scaling

o Additional computational cost with respect to ACFD[Hx] method is neglible

Phys. Rev. Lett. 117, 143002 (2016)
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2

Parameters of power series approximation

@ scat g'o

Training set with reaction energies

t-HONO
HNCO
HNCO
HOCN
H2CO
t-NoHso
H>O+F»
t-NoHo
CO2+4Ho
CO+3H3
HCN+-3H>
HCCH+3H,

R A A

c-HONO
HOCN
HCNO
HCNO
t-HCOH
C—N2H2
HOF+FH
N2+Hz
CH4+2H20
CH4+H>0
CH4+NH3
2CH4

HCN
HNCO
HOCN
HCNO
HCCH
CO+Hs
N2+3H>
HCCH+H»
HoCO+2H2
CO+H3504
H2O2+Ha2
Fo+Ha

N A R A

HNC
HONC
HONC
HONC
H>CC
H2CO
2NH3
CaoHy
CH4+H20
H20+CO2
2H,0
2FH

Error [eV]

2966

No dissociation

2968

2970

2972

2974

Energy [eV]

2976

2978

2980

COSD(T) ——
ACFD[Hxs&,J@ACFD[H] -
ACFDIHXJ@ACFD[H] -
ACFD[HX@ACFD[Hx]
MRCI

o
& -

o

o

A1 +orme By(an)P+Bg(on) 4 Bylan) ']
S
&

2 25 3 35 4 45 5 55
N-N distance [Bohr]

0.52,,=-0.85,,
0.60,85=-0.83,,=0.57

6

-4 2 0 2 4 6 8
at

1/ [-1 - an) = patan)? — e .. ]
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Performance of ACFD methods | @ scAait @ o

Test set with reaction barriers RMS of test set for reaction barriers

F~ + CH3F — FCH5 + F~
F~ .. CH3F — FCHy---F~
ClI= + CH3Cl — CICH3 + CI—
Cl= -+~ CH3Cl — CICH5 - - CI~
F~ + CH3Cl — FCH3 + CI~
FCH3 + CI- — F~ + CH5Cl
F~ .- CH3Cl — FCHs---CI—
FCH3---Cl~ — F~ .- CH5Cl
OH~ + CH3F — HOCH5 + F~
HOCH5 + F~ — OH~+ CH5F
HNC — HCN
HCN — HNC

Error [eV]

0.1 eV = 2.30 kcal/mol
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© Performance of ACFD methods Il @ scAait @ o

Dimerization energies from A24 test set of non-covalent bound dimers

0.02

0.018

0.016

0.014

0.012

Error [eV]

0.01

0.008
0.006

0.004

0.01 eV = 0.23 kcal/mol
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Parameters in PSA @ scAs go

% 07 O/ daTr{ [(=Xo) U ([glam)] '+ 1)U (-Xo)} | Fu }

glat) = =1 — a1 — Ba(a1)? = B3(at)® = Ba(aT)* . ..

Disadvantages of fitting parameters 3, 83, 34 of truncated PSA with training set
of molecular reactions

reliable only if || not too large
choice of training set somewhat arbitrary

error cancellations because non-self-consistent v,

influence of technical issues (e.g. basis sets)
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PSA for homogeneous electron gas @ scasr g0

0

-0.005

Lol

g -

E -0.02 |

& -0.025 n, PWO2 — |
0.03 b ¥ ACFD[H] - |
0035 | ACFD[Hx] o=
-0.04 i ‘ ‘ ‘ ‘ ACFD[Hx+c“] ---------------------

10 20 30 40 50 60 70 80 90 100
rgfa.u.]
For molecules in ground state geometries typically —0.3 <7 < 3
For HEG at 7, = 100 : —10 < 7 < 1.4 - 107, at r, = 2000 : —200 < 7 < 2.8 - 10®
Taylor series —1 — ar — Ba(at)? — B3(at)® — Ba(ar)* up to fourth order cannot
work for HEG
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PSA up to infinite order | @ scasr g0

glat)=-1—at1 — 52(a7)2 — Bg(aT)S — ﬁ4((yr)4 .

g(aT) as linear combination of Gaussian functions,
optimized for Hy and HEG with 200 < r, < 1000

-0.005

-0.01

'g -0.015

8 -002

L

2 -0.025 ! ACFD[H] -~ N
-0.03 ACFD[Hx] = 4
-0.035 ,'*" Aoﬁg'[:ﬁ[Hz(*'Elq i

! X+Ci

-0.04 Y . . . . _HEG] .

10 20 30 40 50 60 70 80 90 100

rgfa.u.]
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PSA up to infinite order | @ scasr g0

glat)=-1—at1 — 52(a7)2 — Bg(aT)S — [34(047')4 .

g(aT) as linear combination of Gaussian functions,
optimized for Hy and HEG with 200 < r, < 1000

0
-0.002
T -0.004
=
©
= 0.006 1
$ PW92 —+—
ACFD[H] -
-0.008

ACFD[Hx+5,]
ACFD[Hx+8eg]

400 800 1200 1600 2000
rgfa.u.]

-0.01
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PSA up to infinite order Il

@ scAs go

E[Hartree]

glaT) =
-0.95
-Tr ,x‘W:;.—.if.*ﬂ-‘r'fi-‘-‘"""'*-**""‘
105+ % 1
-11t
115 | i CCSD —+— |
: ACFD[Hx] -
ey ACFD[H3(+C||] ...... .
s ‘ ‘  ACFD[Hx+Cygql ‘
0 05 1 15 2 25 3

Al

Paris 2017
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-1 —ar— 52(a7')2 — ﬂg(ar)?’ — ﬁ4(a7')4 .

Ho dissociation
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PSA up to infinite order 11l

0.5 [ 1
0 b
= — al
§ 05f &
o =]
at 6t
A5 B=0,4=0,8=0 —— - 8 $=0,y=0,8=0 —— i
5”: B=0.60,y=-0.83,56=0.57 . 5": B=0.60,y=-0.83,56=0.57 .
2r ‘ ‘ ‘ ‘ , Srea, 10 L ‘ . Cues ‘ ‘ ‘
6 -4 2 0 2 4 6 8 0 10 20 30 40 50 60
ot ot
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PSA up to infinite order IV

@ scat g'o

Training/test set with reaction

energies
t-HONO — cHONO
HCN — HNC
HNCO — HOCN 0.25 . . .
HNCO — HONC
HNCO — HCNO s |
HOCN — HONC
HOCN — HCNO S sl
HCNO — HONC 2
H2CO — t-HCOH g Ll
HCCH — H2CC w ’
t-NoHo — c-NoHo
CO+Ha — H»CO 005 1
HoO+F2 — HOF+FH
N2+3H> — 2NHg3 0
t-NoHo — Na2+H2
HCCH+H2 — CaHy
CO2+4H2 — CH4+2H20
HCO+2H; — CH4+H-5O
CO+3H2 — CH4+H20
CO+H202 — H20+4CO;
HCN+3Hz  — CH4+NH3
H>05+Ho — 2H50
HCCH+3Hy — 2CH4
Fo+Ho — 2FH
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Summary @ scast g'o

3 ACFD[Hx+€] methods combine accuracy at equilibrium geometries with a
correct description of dissociation (static correlation) and a highly accurate
treatment of VdW interactions

3 ACFD[Hx] and ACFD[Hx+¢] methods are self-interaction free

38 Power series approximation for correlation kernel in ACFD[Hx-+&] methods
removes singularities in ACFD frequency integration

New areas of application for DFT: highly accurate electronic structure calculations
which so far were the realm of CC and multi-reference methods
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