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Onsite corrections for ground and excited DFTB

Adriel Dominguez Garcia

Max-Planck-Institut fiir
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A. Dominguez, B. Aradi, T. Frauenheim, V. Lutsker, TAN — JCTC 9 4901 (2013)

A. Dominguez, A., TAN, T. Frauenheim — JPC A 119 3535 (2015)
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Time dependent Density Functional Theory

... describes the density evolution of a many electron system subject to a

time dependent external potential

The time-dependent density of the interacting system of interest can be

calculated as density
N

p(r ) = |oi(r, 1)

i=1
of an auxiliary noninteracting (KS) system

.0

e (n.0) = | <5V 4wl )] e,

with the local potential

welpl(r.0) = vie, ) + [ B Do v i
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DFTB approximation of TDDFT = TD-DFTB

Equation to solve (Singlets):

Z [wié,-jéab =+ 2\/wiaK/a‘jbﬁ /wjb] Fjlb = w,2 F,-{;

i Jjb

Sizaiis

Couplingmatrix K leads to correction of single-particle picture

' 1
DFT: Kijp = 2// i(r) a(r) <|r vy + fxc[p]> Vi(r") ¥p(r') drdr’

TAN, Suhai, Della Salla, Lugli, Elstner, Seifert, Frauenheim — PRB 63 085108 (2001)
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DFTB approximation of TDDFT = TD-DFTB

Equation to solve (Singlets):

Z [wié,-jéab =+ 2\/wiaK/a‘jbﬁ /wjb] Fjlb = w,2 F,-{;

i Jjb

Get single particle energies {¢;} from DFTB

Sizaiis

Couplingmatrix K leads to correction of single-particle picture

' 1
DFT: Kijp = 2// i(r) a(r) <|r i + fxc[p]> Vi(r") ¥p(r') drdr’
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DFTB approximation of TDDFT = TD-DFTB

Mulliken approximation:

i 6u(16u(1) = 38 (10u(D)? + |00 (1))

4]

Couplingmatrix K leads #0 correction of single-particle picture

DFT: Kijp =2 // <|r 1 7 f;(c[/)]> (J(r/) lb(r/) drdr’

DFTB: Kijs =2 . a4 748(IRa—Rs|,Ua,Us) q
AB

TAN, Suhai, Della Salla, Lugli, Elstner, Seifert, Frauenheim — PRB 63 085108 (2001)
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TD-DFTB: Optical spectrum of Cgg

25 Single partice pec.

as(uev)

abs[vev]

i

abs. [mol cm]
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§

§

energy (eV]

TAN, Suhai, Della Salla, Lugli, Elstner, Seifert, Frauenheim — PRB 63 085108 (2001)
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TD-DFTB performance

Excitation energies (eV)

Molecule State Exp. TD-DFTB | TDDFT!
wy Wij wy Wij

Ethylen 3By, (m — 7*) | 440 | 547 6.30 | 416 5.66
1By(m — ) | 7.65 | 7.81 6.30 | 7.44 5.66

Propynal 3A"(n— 7*) | 2.99 | 404 4.04 | 2.74 3.15
LA”(n — 7*) | 3.56 | 4.04 4.04 | 3.37 3.15

[1] BPWO1//6-311+G**
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TD-DFTB performance

Excitation energies (eV)

TD-DFTB | TDDFT!
wy Wij wy Wij
Ethylen 3By, (m — 7*) | 440 | 547 6.30 | 416 5.66
1By(m — ) | 7.65 | 7.81 6.30 | 7.44 5.66
Propynal 3A"(n— 7*) | 2.99 | 404 4.04 | 2.74 3.15
LA”(n — 7*) | 3.56 | 4.04 4.04 | 3.37 3.15

Molecule State Exp.

[1] BPWO1//6-311+G**

Mean absolute error (eV)

BPWOI1

TD-DFTB 6-3114+G** | STO-3G INDO/S
Sing. (16 Com.) 0.38 0.36 1.19 0.56
Trip. (13/11 Com.) 0.64 0.37 0.49 1.38

TAN, Suhai, Della Salla, Lugli, Elstner, Seifert, Frauenheim — PRB 63 085108 (2001)
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TD-DFTB performance

Excitation energies (eV)

TD-DFTB | TDDFT!
wy Wij wy Wij
Ethylen 3By, (m — 7*) | 440 | 547 6.30 | 416 5.66
1By(m — ) | 7.65 | 7.81 6.30 | 7.44 5.66
Propynal 3A"(n— 7*) | 2.99 | 404 4.04 | 2.74 3.15
LA”(n — 7*) | 3.56 | 4.04 4.04 | 3.37 3.15

Molecule State Exp.

[1] BPWO1//6-311+G**

Ethylen (g2 # 0) Propynal (g

-.
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Beyond the Mulliken approximation: The onsite correction

Second order DFTB: E = EO[pg] + E@)[pg, Ap]
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Beyond the Mulliken approximation: The onsite correction

Second order DFTB: E = EO[pg] + E@)[pg, Ap]

Dual density matrix: P = % (PS — SP)
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Beyond the Mulliken approximation: The onsite correction

Second order DFTB: E = EO[pg] + E@)[pg, Ap]

Dual density matrix: P = % (PS — SP)

1 ~ ~
E(2)[p0,Ap] - Pup (ppllvv) Py
2 "
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Beyond the Mulliken approximation: The onsite correction

Second order DFTB: E = EO[pg] + E@)[pg, Ap]

Dual density matrix: P = % (PS — SP)

1 ~ ~
E(2)[p0,Ap] - Pup (ppllvv) Py
2 "

o7

—|—% Z Z ﬁ,u,u (MVHMV) ﬁl‘l”

A prveA
Same idea as in INDO

Thomas Niehaus LC-DFTB 9 of 38



TD-DFTB performance (beyond Mulliken)

Excitation energies (eV)

TD-DFTB | TDDFT"
wy Wij wy Wij
Ethylen By, (m — ") | 440 | 467 6.30 | 416 5.66
'Biy(mr — 1) | 7.65 | 8.08 6.30 | 7.44 5.66
Propynal  3A”(n— 7*) | 299 | 3.75 4.04 | 2.74 3.15
A”(n— m*) | 3.56 | 424 4.04 | 3.37 3.15

Molecule State Exp.

*

*

[1] BPWO1//6-311+G**

TO-DFT ~ © TD-DFTB (new) TD-DFTB (old)

energy (eV)
Absorption of nitric oxide (NO)
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Thiel's benchmarks set: Comparison against best estimates

TD-DFTB (new) TD-DFTB (new)
TD-DFTB (old) TD-DFTB (old)
PeE PBE

PBEO PREQ

CAMBILYP (RPA) CAMB3LYP (RPA)

CAM-B3LYP (TDA) CAM-3LYP (TDA) 016 .
0.6 0 04 08 0.6 0 06
RMS (V) MSD (eV) RMS (eV) MSD (eV)
Singlet excitations Triplet excitations

Qualitative improvement in general and also quantitative
improvement for triplets

Dominguez, Aradi, Frauenheim, Lutsker, TAN — JCTC 9 4901 (2013)
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Absorption of TiO, polymorphs

5o I S

O Rutle O Anatase Pa

€ (103 M'em™)
o
Absorbance, arb.u.

2.5 3 35 4 28 29 30 31 32 33 34
Photon energy, eV

energy (eV)

) ) Experiment:
TD-DFTB: UV-vis absorption spectrum for J. Lumin 146 199 (2014)

rutile and anatase TiO; clusters

J. Freitag, A. Dominguez, TAN, A. Huelsewig, R. Dillert, T. Frauenheim, D.
Bahnemann — JPC C 119 4488 (2015)
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Onsite correction: Impact on ground state properties

Hydrogen bonding in water 16-mers:

MUD in the 5 binding energies
(with respect to CCSD(T))

DFTB (old)

DFTB (old + 3ord)
DFTB (old + g_h)
DFTB3

DFTB (new)

DFTB (new+3ord)
PBE

PBEO

CAM-B3LYP

MUD (keal/mol) o

JCTC,9:995-1006,2013

Competitive with DFTB3, but free of empirical parameters

A. Dominguez, A., TAN, T. Frauenheim — JPC A 119 3535 (2015)
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9 Exciton couplings from TD-DFTB
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Exciton couplings from TD-DFTB

Resonance energy transfer
Electron transfer

REACTION
CENTER

Chiorophyll “antennae” centers

Oliver Kiihn

Forster energy transfer

Universitat
u —0— —_— wmo -o0—
RO StO C k Traditio et Innovatio " - H . ‘ s '
oo —O—— 00— owo —O—O—  ——0—
Donor* Accep Donor Acceptor®

(excited donor)

Figure 2
The schematic diagram of coulombic intercatian.

k oc [(WEWg | Veou [ WRWE) 2

P-A. Plétz, TAN, O. Kiihn, JCP 140 174101 (2014)
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Practical evaluation in TD-DFTB

Required matrix element for Forster transfer:

mn—// r>_<u:| V) gy gy

Transition density known exactly in TD-DFT(B):

pTO(r) = (Wm|d Z\/ 2Wia Fiathi(r)a(r’

= Jmn ~ Z Z Q—AJ_D’-YABQ;D

AeEm Ben

Thomas Niehaus LC-DFTB 16 of 38



Proof

concept: The formaldehyde oxime dimer

£
{
¢

Thomas Niehaus

0.2

TBFE ——
TD-DFTB (supermolecule)
dipole—dipole (TD-DFTB)
dipole— dlpcle(BSLYP;
Jmn (J, BBLYP) ———
§Cs-CC2 O

Ny,

R0 o.

TBFE —

TD-DFTB (supermolecule)

dipole-dipole (TD-DFTB)
dipole-dipole BaLVP;

I —_—

B3LYP;
CS-CC2 O

LC-DFTB

10

15

20 25 30 35 40 45
a/degrees
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A more complex case: PBI

Map of Coulomb couplings

0.1

0.08
0.06
0.04
0.02

Ax/A

-0.02

0.1

0.08
0.06
0.04
0.02

o e

Ad/rad

TD-DFTB Sy — Sj transition charges for PBI -0.02

Ay/A

(@) e ‘ Couplings Jmn [eV]
Dooa 0 S Configuration TD-DFTB  TD-B3LYP

B s s H 0.091 0.103
’ T AR H+1A 0.068 0.076

= =3 J -0.030 -0.034
- J+1A -0.019 -0.021

H and J aggregates of PBI
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© LC-DFTB: Range-separated functionals in DFTB
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Range-separated functionals in the DFTB method

Vitalij Lutsker Balint Aradi Fabio della Sala Julien Toulouse
(BCCMS) (NNL Lecce) (CNRS Paris)

Implementation and benchmark of a long-range corrected functional in
the density functional based tight-binding method
V. Lutsker, B. Aradi, T.A. Niehaus

arXiv:1504.00243
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Some failures of local/semi-local functionals

Incorrect dissociation of radical cations
A. J. Cohen et al. — Science 321 792 (2008)

v

v

Incorrect description of metal-organic interfaces
J. B. Neaton et al. — PRL 97 216405 (2006)

v

Instability of polaronic defects
T. A. Niehaus et al. — Org. Electron. 5 167 (2004)

v

Underestimation of charge-transfer excited states
A. Dreuw and M. Head-Gordon — JACS 126 4007 (2004)

Overestimation of conductances
S. H. Ke et al. JCP 126 201102 (2007)

v

Often due to self-interaction error

Thomas Niehaus LC-DFTB 21 of 38



Self-interaction in DFT

Hartree-Fock energy:

N 1 N
EHF:Zh2+§Z(JU—Ki')+Enuc

y
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Self-interaction in DFT

Hartree-Fock energy: J; = Kj; = self-interaction drops out

N 1 N
EHF:Zh2+§Z(JU—Ki')+Enuc

y
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Self-interaction in DFT

Hartree-Fock energy: J; = Kj; = self-interaction drops out

N 1 N
EHF:Zh2+§Z(JU—Ki')+Enuc

y

In LDA/GGA exchange is approximated
= remaining self-interaction
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Self-interaction in DFT

Hartree-Fock energy: J; = Kj; = self-interaction drops out
N L

Eur = D i+ 52 (Jy = Ky) + Enuc

1

y

In LDA/GGA exchange is approximated
= remaining self-interaction

Hybrid functionals:
Exe = aoENF + (1 — a9) EPPA 4 EPFA
Either full SIE removal and low accuracy (ag = 1) or good

accuracy for many systems and remaining SIE (ag # 1)

Thomas Niehaus LC-DFTB 22 of 38



Range-separation

Idea: Separate e-e interaction into short-range and long-range parts

1 l—erf(wr—r|) erf(wr—r)
r—r| lr—r| r—r|

et _
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Range-separation

Idea: Separate e-e interaction into short-range and long-range parts

1 l—erf(wr—r|) erf(wr—r)
r—r| lr—r| r—r|
e

Short-range exchange treated by density functionals, long-range by
Hartree-Fock

E. = EPPA(w) + ENF(w) + EPFA

X,Sr x,Ir

EL-DA is known, GGAs likewise Savin & Flad — 1JQC 56 327 (1995)
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Asymptotic behaviour

KS and average GKS potential tails Total energy for fractional number

for Argon of electrons

Potential [Ha]
E@N)EMN) [eY]

0.8 | HF |

/ LDA ——1 0

; BNL-Y, w=05 [1/ag] —=

/ BNL-Y, w=08 [1/ag] ——

Al ---

El ) )

1 2 3 4 5 6 7 8 9 0.8 -0.6 0.4 0.2 o 0.2 04 0.6 08 1

T [agl &N

See for example
Baer et al. — Annu. Rev. Phys. Chem. 61, 85 (2010)
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Hitches in LC-DFTB

©® DFTB is fundamentally a Kohn-Sham method and based on a
density expansion

@ Slater-Koster scheme possibly not applicable

© Typical approximations (2-center, crystal field) in DFTB are
not guaranteed to work

© Method will be slower. Is the ratio i;ﬁ“{fﬁfz still acceptable?

Thomas Niehaus LC-DFTB 25 of 38



LC-DFTB: Derivation and implementation

TAN & Della Sala — Phys. Status Solidi B, 249, 237 (2012)

> Basis and atomic density matrix: {¢, €.} — {¢%, €0}
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LC-DFTB: Derivation and implementation

TAN & Della Sala — Phys. Status Solidi B, 249, 237 (2012)

> Basis and atomic density matrix: {¢, €.} — {¢%, €

» DFTB (Zeroth order):

H;(w) — H;(w — 33 PY (A k) J
V, — Ve
(A1) = [ [ du(rn)on(rn) =222 (1), (v2)drydira

= Evaluation of (uv|\x)"™ done numerically

Becke & Dickson — J. Chem. Phys. 89, 2993 (1988)
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Slater-Koster tables?

virleol = > ZPS'/?/ ¢ﬁ(f2)¢§(f2)Mﬁ(fl)ﬁ(fl)dhdfz

r
Q=A ap 12
Reduction by symmetry Rotation to molecular frame
Yot @ f” > + -
F' o [ —f—
*",,TJ .‘ y| 8=90
e ‘ S e -
<r.'> 1 4»77” —— o
. i | = 0,~180 X
(Source: A. Krasheninnikov, U Helsinki) (Source: A. Krasheninnikov, U Helsinki)

PO is diagonal = Ok! No m-dependence = Ok!
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LC-DFTB: Derivation and implementation

TAN & Della Sala — Phys. Status Solidi B, 249, 237 (2012)

» Basis and atomic density matrix: {¢,,€,} — { ‘/j,e‘;j}

» DFTB (Zeroth order):

H;(L?,) — Hﬁ(tg)w_% e P (A

) J

V., — Ve

(uA[50)r = [ [ ¢u(r1)da(r1)2="20x(r2)p,(r2)dr1dr;
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LC-DFTB: Derivation and implementation

TAN & Della Sala — Phys. Status Solidi B, 249, 237 (2012)

» Basis and atomic density matrix: {¢,,€,} — { o, e

» DFTB (Zeroth order):

. )Inw

) HED 35, P

Vi — V¥ ,
(uA|kp)re = I [ Q;)#(rl)ﬁb)\(rl)lieiw

- 2 B (r2)du(r2)dridrs
» SCC-DFTB (Second order):

H/Sl) Avfr 4+ Av/r

uv

A zfrv = 3Sw > (Vic +78c) Dac, neA veB
Avller - _% 2(13 S/“‘iSﬁI/A'DQS ( TuB + ,\/(}3 /;11/ + ’\/(I\r1/>

Thomas Niehaus LC-DFTB
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Pre-screening and numerical perfomance

1
Hiiy = =5 D BPopSuaSev (Vs + Y + Ve + Vo)

Time per SCF cycle [sec]

ap

SBpSAcAPT < €threshold

T
L 106 .
» .
() .
e ]
100 £ 'S 107 E =
g
@ n & A
S 108 4
£ -
% 10° - 1 1
= 100 400 700 1000
10 F Number of basis functions
“
» o
e _
.
1
by DFTB .
- LC-DFTB, Eproshaia=107°
LC-DFTB, €ipreshoa=10"2 M
— LC-DFTB, €itreshold=10 -
1
100 1000

Number of basis functions

Thomas Niehaus DFTB
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Pre-screening and numerical perfomance

Table : Wall time [s] of DFT calculations versus LC-DFTB
(€thresh = 107°). Asterisk denotes execution on 12 cores.

molecule BNL/3-21G BNL/cc-pVTZ LC-DFTB DFTB

5-acene 325 59701 6 1
perylene 541 113414 6 1
H,P 932 23825* 8 1
coronene 2116 260677 6 1
6-acene 507 79993 8 2
5-thiophene 1303 144735 11 2
PTCDA 3748 521424 10 2
H,Pc 3034 366838* 14 2
H, TPP 5735 744967* 22 4
Ceo 7221 655789* 23 2

Speedup two orders of magnitude
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pyridazine
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1,3-butadiene
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formaldehyde
dimethysulfide
dimethylether
ketene
cyclopropene
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coronene
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5-thiophene
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1-thiophene
thiadiazole
benzothiadiazole
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Polyacenes: Fundamental g

< \ \
P
10~ O IP-EA (exp) -
0--0 LC-DFTB, 1=0.001
@A ©-® GW-DFTB 1
g | << LC-DFTB, »=0.3
8- e PBE/ccpvVTZ 7
| A n e B3LYPlcc-pVTZ |
¥ N A BNL/cc-pVTZ
> 60 -
2 g A
g | @ ]
w °
4 ®sd
IS oq _
0.® o qg
L Qg Lgig |
Y Oy
2 ®oe _
oo < <
| ° 0.0 N )
Q
0 L ° [®"0 o anole b
0 5 10 15 20 25 30
# monomers

TAN et. al. — PRA 71, 022508 (2005)
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Polarizability of polyacetylene chains

Figure : Long-axis linear polarizability of PA (40 units)

a [au]

32000 T T T T
T
\ 008 y=0.001 —= -
28000 w=01 —v— ol
X w=03 —— -
Z o025t B35 o y
=
24000 - s
5
c
]
=
20000 - 2
16000 - . . . . .
15 20 25 30 35 40
n
12000 ~
8000
0 0.2 0.4 06 08 1 1.2 1.4 1.6 1.8

Counteracting electric field present in LC-DFTB

Thomas Niehaus
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Test of LC-DFTB on polythiophene dications

Localization of excess charge accompanied by a local lattice
distortion

» Polaron is responsible for transport in charged polymer chains
» Thiophene nT%* dication

Be! { A ¥ : A3 A0
T O e S B e By

» local DFT(B) calculations predict delocalized charge

» (SIE-free) MP2, Hartree-Fock and SSH model predict charge
localization

TAN et al. — Organic Electronics 5, 167 (2004)

Ehrendorfer & Karpfen — J. Phys. Chem. 98, 7492 (1994)
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Charge distribution, w = 0.001 a;* (local DFT limit)

Charge per ring [e]

0.35

0.3

0.25

0.2

0.15

0.1

0.05

LA s S ALY { 2 { { g
T T T T T T T T T T
LC-DFTB, w=0.001, 21T2* —®
LC-DFTB, w=0.001, 17T2* —®*
LC-DFTB, w=0.001, 15T2* —v— |
LC-DFTB, w=0.001, 11T2* —4—
A/"*"‘**——AH‘HHA—J*"’k'\A

— VTV ——v—» v—v v v—w

>—v— Y T

.,—"i ——a 5 a = B = [*"”’Fi"'—-

6% " " o ¢ o o o ¢ 0 o o o o o o o " O
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Charge distribution, w = 0.3 ay’

Charge per ring [e]

e I AL AL AL AL A
> { . N\, - >
o 202020 0% e%
0.35 T T T T ! ! y
LC-DFTB, w=0.3, 21T2* —®
LC-DFTB, w=0.3, 177%* — %
sl LC-DFTB, w=0.3, 15T2* —¥
. LC-DFTB, w=0.3, 172" —*—
0.25 -

0.2

0.15

0.1

0.05 ¢
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12

Number of ring
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Charge distribution, w = 20.0 a;* (HF+C limit)

J
0.35 T T T T T T T T T T
LC-DFTB, w=20.0, 21T%* —®
LC-DFTB, w=20.0, 17T2* —%
03l LC-DFTB, w=20.0, 15T2* —v— |
: LC-DFTB, w=20.0, 1172* —4—
0.25 e
)
2 o2t i
]
Q
(0]
© 015 E
©
<
O
0.1 e
//
0.05 ;/,/ U B
q L M |
O L L L L L L L L L L
2 4 6 8 10 12 14 16 18 20

Number of ring
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Summary - recent developm

Charge per ing [e]

’ Onsite correction ‘

— TDDFT O TD-DFTB(new) O TD-DFTB (old)
25+
‘{.
{1 T
L -
2 f
\x10
XA
6 8 10 12
energy (eV)

’ New class of functionals ‘

sin DFTB

’ Exciton couplings ‘

01

0.08
0.06
0.04
0.02

AxA

-0.02

01
0.08
0.06

0.02

Ap/rad

-0.02

To-Do list LC-DFTB

LC-DFTB, w=20.0, 21T —#-
LC-DFTB, w=20.0, 17T2* —#
A LEDFTe, e300, 1672+ .
. “ LC-DFTB, w=20.0, 1172 —4-
7
/. e AN
. N
- : : .
- v~ AN -
- ™
2 4 6 5 0 12 1t . 1w 2
Number o ing

Thomas Niehaus

Optimized repulsive potentials
Spin-unrestricted formalism

Periodic boundary conditions
= HSE functional

» TD-DFTB with LC

LC-DFTB
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