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Framework: molecular photophysics and photochemistry with DFT
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Outline

« Sketch of TDDFT
properties and limitations

* Introduction of the spin-flip operator
 Spin-flip in TDDFT (SF-TDDFT)

* Noncollinear SF-TDDFT

 Source of spin contamination
 Spin adapted solutions
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Monday September 2nd Day 6: Quasiparticle approaches: DFT and beyond
09:00 - 10:00 Patrick Rinke Charged excitation (GW)

10:00-11:00 Claudia Draxl Neutral Excitation (BSE)
11:00-11:30 Coffee Break
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Time-independent DFT
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Time-dependent density functional

Time-independent DFT Time-dependent DFT

HK-1 mapping Runge-Gross theorem  pre 52 (1984) 997
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Non-interacting system
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Time-dependent Kohn-Sham equations

Non-interacting system
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time-dependent 1p SE
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Density matrix (Dirac) form

P 1) = 3 Prxy(MXC(r)

 Real time TDDFT
* Linear response TDDFT
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Time-dependent Kohn-Sham equations

Non-interacting system
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Time-dependent Kohn-Sham equations

Non-interacting system

vs(r,t) = p(r,t) = ps(r,t) = ; i (7, 1) ]2 V(7. t) = Vegt (1, 1) + /d3r’ ﬁ<i’:?‘ + Vge(T, )
1p potential 1p orbitals
Ng TDKS equation
i0ui(r, 1) = (—%@2 +us(r, t)) birt) = 2atl) : i9,C = FC
time-dependent 1p SE

FP — PF =0,P
Density matrix (Dirac) form

P 1) = 3 Prxy(MXC(r)

e Linear response TDDFT | ==> Quantum Chemistry codes

18t order |
P =P0O 4+ pOD idempotency

A Bl X 1 0] (X

F=FO9 L gp®

zero-frequency limit B* A*| |Y 0 —-1| |Y

oscillatory TD field (infinitesimal perturbation) non-Hermitian eigenvalue eq

1 , ‘ o
HY = _(ge ™' +glc™) (Casida’s form)



Time-dependent Kohn-Sham equations

A Bl |X 1 0| |X Aiap = dijbab(€a — &) + 55
B* A*| |Y 0 -1||Y OF.
B i | _ | | | _ BIL e 1a
“* = 9P,
Tq; © virtual-occupied e 0,0eV
Yqi : Ooccupied-virtual = (ia|fu|jb) + (ia|fr|7b)
0Py

OF o |
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Time-dependent Kohn-Sham equations

A B X 1 0 X Az’a,jb — 5z‘j5ab(€a - Ei) + apz
B* A*| |Y 0O —1|1|Y oF;,
- - = - - - 07 Bia,jb:apb.
Tq; © virtual-occupied e 0,0eV !
Yqi : Ooccupied-virtual g?z = (ia|fu|jb) + (ia|fr|7b)
J
0F;, . . . .
0B, (ial fu|bj) + (al fc|bF)
Adiabatic approximation
o 5Amc[p7 \IIO] . 5Exc[,0]
ch(T’, t) _ 5P(T7 t) ‘ ch('r) - 5p(r)
oy [T N iw(t—t! 52ch[Pa W) N 52Ewc[ﬂ]
fulrr'o) = [ d(e =)t B feelr 1) = 5 3p()

Instantaneous change xc potential

* use of time-independent xc kernel
* no retardation/memory effects
* single electron excitations
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» Good accuracies (absorption and emission properties)

 Low computational cost = large compounds Method of choice in

* Easy toimplement and use computational spectroscopy

» Coupled to environmental models
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» Poor description transitions with sizeable hole/electron spatial separation
charge transfer and Rydberg states
« Unable to deal with degeneracies or near-degeneracies
dissociations, diradicals, transition states, conical intersections
» Missing doubly or highly-excited states (adiabatic approximation)

dark states, multi-excitons,...

Strong limitations for photochemistry and photobiology



TDDFT in Quantum Chemistry

Casida’s formulation of TDDF
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LR-TDDFT failures

Electronic degeneracy

X Ry X R
Double bond torsion
> light = mechanical motion —_—
> photobiological systems (vision)
> technological uses (optical memories)

H H H H H
H H H H H H

*k

T U

-0.3

B3LYP/DZP

*k

Excited state 1l: excitation energy (eV) = -1.0654

Total energy for state 1: -78.47809856 au
Multiplicity: Triplet
Trans. Mom.: 0.0000 X 0.0000 Y 0.0000 2z
Strength $ 0.0000000000

-04 7 D( 8) --> V( 1) amplitude = 0.9964

Energy (au)

Excited state 2: excitation energy (eV) = 1.6800
Total energy for state 2: -78.37720765 au
T TC Multiplicity: Singlet
05— Trans. Mom.: 0.7975 X 0.0000 Y 0.0000 2z
| | : Strength $ 0.0261748746
0 45 90 135 180 D( 8) —-—> V( 1) amplitude = 0.9748
torsion

KS ground state is ill-defined > linear response fails
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Double excitations

Example: all-trans polyenes
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LR-TDDFT failures
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Double excitations

Example: all-trans polyenes

NG

12

Hexatriene (n=3)

LR-TDDFT failures

1.2

Int. J. Quantum Chem. 66 (1998) 157
J. Phys. Chem. A 105 (2001) 451
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AE = E(2'A) — E(1'B,)

TDDFT/B3LYP
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HOMO



Spin-flip excitation operator
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Spin-flip excitation operator

Spin-flip in CC and Cl

(H, R]|Uo) = wR|T,)

Wy

4717

=
»
I

spin-flip: o — 3

}?AMS:—l

—

4% |

"I’f>:f‘3|‘1’0>

Wy
=
—
H -
H -

Ms=0

Chem. Phys. Lett. 338 (2001) 375
Chem. Phys. Lett. 350 (2001) 522
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Spin-flip excitation operator

e Chem. Phys. Lett. 338 (2001) 375
Spin-flip in CC and Cl Chem. Phys. Lett. 350 (2001) 522

[H, R]|Wo) = wR| W) W s) = R|W) H=cTH

Wy spin-flip: o — B

}?AMS:—l

—>

4717
4% |
+F1F
FFT+1 =
FF4+T

Ms =1 Ms=0

Characterization Ground and low-lying excited states

of diradicals Double excitations

+FFT

FFT 14



Energy, kcal/mol

FANES N
-100 /

Examples: SF in wave function methods

Ground state

Diradicals, triradicals, bond-breaking

‘MD

-25

50 :\ ////ﬁy —A— SF-CIS O—T—QQ "

' A SF-CIS(D) . N
\\/1/// ——SFcsp || T 8 1 H- 00

7o —— SF-CCSD +

1.0 15 2.0 25 3.0 35 3+ reference
r, Angstroms



Examples: SF in wave function methods

Excited states

Diradicals, triradicals, bond-breaking

Pl L
’ ’, meta-xylylene " ’
Excited states in open-shell molecul
119 eV Jr ) Jﬁ cited states open-shell molecules
"B 47 1 RFMg=-1) Ali
g b EOM-SF-CCSD




Spin-flip in DFT: SF-TDDFT

i 17 0Fa
A Bl Ix 1 ol Ix Aia b = 0ij0ap(€a — &) + P,
- OF;, ’
_B A. | _Y_ _O _]__ _Y_ Bid,bj — —aPIﬁ
Zgi : virtual-occupied i€ O0(a),a e V(P Appss = 66u0(ca — ) + (ial ful D) + (i focl D)

Yqi - occupied-virtual i€O(f),acV(a) By = (i flb]) + (i) fuelb])
wa,jb T zc



Spin-flip in DFT: SF-TDDFT

i I i 0F
A B |X 1 0| |X Aia b = 0ij0ap(€a — &) + Py
* * - oF;
B* A Y 0O —-1||Y Biay; = 9P
L _ L _ L _ = _ bj
2 virtual- ied ic€O(a),acV e
Ta; : virtual-occupie i€ O(a),acV(B) Ao = 0ii0as(ea — &) + (il fur|jb) + (ia| fucl D)
. ied-vi 1€0(B),acV . - . -
Yai : occupied-virtual - i € 0(f),a € Via) Biajr = (ia|fu|bj) + (ia| frc|bg)

(il fulB) = [ 6:ra)6a(r) - 05(r2)n(r)dradry {eu] ) el o) = 0

11 — 72|

6?E

(ial focli®) = [ Si(r)dalr) 5 oS

¢;(ra)dp(ra)dridry {oq|Br){aa|B2) =0



Spin-flip in DFT: SF-TDDFT

[ 17 [ 0F
A B X 1 0 X Ajagp = 0ijdas(€a — €) + OPj,
* * - oF;
B* A Y 0 —1 Y Biay; = 5P
_ 4 L i 4 L _ bj
ai . virtual- ied € 0(a),aeV . T . -
Tg : virtual-occupie i€ O(a),acV(B) Ajajb = 0ij0ap(€a — €) + (ial fu[jb) + (i@ frc| D)
P ied-vi i€O0(B),acV . L .
v+ oceupted-virtual i € O(F). € V(@) Buags = (il fult7) + il £

(il fulB) = [ 6:ra)6a(r) - 05(r2)n(r)dradry {eu] ) el o) = 0

11 — 72|

6?E

(ial focli®) = [ Si(r)dalr) 5 oS

¢;(ra)dp(ra)dridry {oq|Br){aa|B2) =0

Pure xc-functional
Aia,jE = 5ij566(66 - ei)
Bz‘a,jb =0

No coupling between SF states



Spin-flip in DFT: SF-TDDFT

[ 17 [ 0F
A B X 1 0 X Ajagp = 0ijdas(€a — €) + OPj,
* * - oF;
B* A Y 0 —1 Y Biayj = 5P
_ 4 L i 4 L _ bj
- virtual- i cO(a).acV P
Tg : virtual-occupied i € O(a),a € V(p) Ajajb = 0ij0ap(€a — €) + (ial fu[jb) + (i@ frc| D)
7. i -vi i O ) S V . - . =
v occupied-vistual 7€ O, € Vie) Buags = (ialfultd) + (il £lt)

(il fulB) = [ 6:ra)6a(r) - 05(r2)n(r)dradry {eu] ) el o) = 0

11 — 72|

2
(i@ frcljb) = /¢z‘(7"1)¢a(7"1)W%(Tz)%(rz)dﬁdrz (a1|fr)(az|B2) =0
Pure xc-functional Hybrid xc-functional
Ajajp = 0ij0ap(€a — €i) A = 0ij0ap(€a — €) — cur(ij] fi|ab)
B = 0 Bjaie = —cur(ib|fulaj)

No coupling between SF states



Spin-flip in DFT: SF-TDDFT

[ 1717 0F;
A Bl |X 1 0| |X Aia.gp = 0ij0an(ca — &) + P
- OF,. ’
_B A. ] _Y_ _O _1_ _Y_ Bia,b} - an§
. virtual- - cO(a).acV s e e
Tas : virtual-occupied i € Ola).a € V(p) Ay = Oi0up(ea — ) + (il fuljb) + (ia] e D)

b occupied-virtual ¢ € OF).a € Vie) Bigs = (il fult) + (ia] flb)
1a,j0 T xc

(ia| fu|jb) = /¢z‘(7"1)¢a(7“1)1¢j(7"2)¢b(”’2)d7"1d7‘2 (a1|B1)(az|B2) = 0

|7"1—7“2’

2
(i@ frcljb) = /¢i(7"1)¢a(7"1)W%(Tz)%(rz)dﬁdrz (a1|fr)(az|B2) =0
Pure xc-functional Hybrid xc-functional
Ajajp = 0ij0ap(€a — €i) A = 0ij0ap(€a — €) — cur(ij] fi|ab)
Bz = 0 Bjaie = —cur(ib|fulaj)

No coupling between SF states
Best performance of SF-TDDFT achieved with

functionals with large amounts of HF exchange
BHHLYP, 50-50 or PBES0 (50%)
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Example: HF dissociation

Ground state dissociation

BHHLYP/6-31G

50 |

FCI
— BHHLYP

1¥* ground state



Example: HF dissociation

Ground state dissociation

BHHLYP/6-31G

100

50

e
£ X
g
=
> 50 |
o X FCI
LLI

100 | — BHHLYP

— SF-BHHLYP

-150

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

3¥* reference



Example: ethene torsion

Ground state PES

Energy, kcal/mol

40 T

30 T

1.0 t

0.0

Basis set: DZP

/ \

o\
o N
/A

a

/ N\
// \ UB3LYP
/ \

SF-B3LYP
SF-BHHLYP

TCSCF-CISD

\

/

\

0

torsion

Energy (au)

-0.5

-0.3

-0.4

45

T
90

torsion

135

180



Example: ethene torsion

Ground state PES

Energy, kcal/mol

45

4.0 +
SF-B3LYP

20 SF-BHHLYP

| o " e\ TCSCF-CISD
UB3LYP

20 ///'\\\

25 ¢+

20 V44

Basis set: DZP

60

75

90

torsion

105

120

Energy (au)

torsion

H H
*k &
T T

-0.3

04-

T
05 T
| I I
0 45 % 135 180



Energy, kcal/mol

Example: ethene torsion

Ground state PES

4.5

Basis set: DZP

40 1

SF-B3LYP
SF-BHHLYP

UB3LYP

TCSCF-CISD

90

torsion

105

120

SF-TDDFT

* PES in chemical reactions
* Transition state characterization

H H H H
* sk
T T
-0.3
=
o,
=
=
&
5 04
T
0.5 n
| | |

0 45 90 135 180
torsion



Be atom

Example: Excitation energies

2S

Ground state

% 1§ 22



Example: Excitation energies

Be atom
2p '
\7
2p '
\7
1 19n1
2 % P 2s'2p
2p ?

3 19n1
9g ¢ P 2s'2p
2p Ground state

1 2
2 % S 2S



Example: Excitation energies

Be atom
2p '
\Z
» — —
26 4 P 2s'2p 2
2p ?
3 1901
9 ¢ P 2s'2p
2p Ground state
1
25 % S 282

Basis set: 6-31G

------- -—1D
_p
B —_— 3P
| | | |
SF-BLYP SF-B3LYP SF-BHHLYP FCI
Az = 0i0:5(ea — &) — cur(ij|fulab)
B —cr(ibl fulaj)

ia,jb —




Noncollinear SF-TDDFT

XC potential

JE . .
= ?;[p ] s: spin density
m: magnetic vector
~e _ 0Exclp) 4 0Exclp]m -0 o : Pauli matrices
0p o0s s J. Chem. Phys. 121 (2004) 6658

non-relativistic TDDFT collinear Vge

relativistic TDDFT noncollinear

[




Noncollinear SF-TDDFT

XC potential
. : o = SExclp) s: spin densit
non-relativistic TDDFT collinear ze 5p  Spin gensity
5B 5K m: magnetic vector
relativistic TDDFT noncollinear V¢ = g{c[f’] N ;cc[p]m-a o : Pauli matrices
P S8 J. Chem. Phys. 121 (2004) 6658
SOC=0 NC _ ,C
IF a./B spin-orbitals Yoo = Yac




non-relativistic TDDFT

Noncollinear SF-TDDFT

XC potential
SE
collinear Uhe = j;(; Z s: spin density

m: magnetic vector
relativistic TDDFT noncollinear ¢ = 5E§O[f’] n 5E§c[p] m - o o : Pauli matrices
P S8 J. Chem. Phys. 121 (2004) 6658
SOC =0 ve o 15t order change in o, and v
IF OL/B Spin-orbitals Uge = Uge BUT D perturbation

(spin-flip transition)

J. Chem. Phys. 121 (2004) 12191



Noncollinear SF-TDDFT

XC potential
L . WO dExclp] - spin densit
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XC potential
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non-relativistic TDDFT collinear = ) S Spin aensity
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SOC =0 Ne c 1st order change in o,z and Uffcc
IF 18 spin-orbital Voo = Uy BUT  TD perturbation o B
a/[3 spin-orbitals (spin-flip transition)
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Atomic excitation energies: open-shell ground state
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Spin contamination in SF-TDDFT

Sources of spin contamination

« Spin-unrestricted KS reference
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| | | : : 4 electrons in
— KS triplet ill-defined . » 4 (nearly degenerate) orbitals
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Spin contamination in SF-TDDFT

Sources of spin contamination

Spin-incompleteness of SF (1-elec) operator

AAMg=—1
Ry

Double excitations needed Ry 5=

for spin-completeness |::>

For open-shell systems, the excited configuration
space cannot be made spin-adapted within the
truncated rank.
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Spin contamination in SF-TDDFT

Spin adaptation in SF-TDDFT

higher-rank {\/ WFT

e)fcitaAtions X TDDFT <= Adiabatic approximation
Ry, Ry, ..

« “Dressed” TDDFT  <— corrections to AA (frequency dependent XC kernel)

J. Chem. Phys. 122 (2005) 054111

* “Transfer rule”
J. Chem. Phys. 133 (2010) 064106 SA'TDHF 9 SA'TDDFT

KS
Fog — qu

J. Chem. Phys. 149 (2018) 104101 (pqlsr) — (prlsq) — (palsr) + (pqlfuclsr)
tensor/mixed reference generalized excitations
—— N\ 2 ﬁAMS:—l,O,-I-l
= [+ =] [+ )
l * 4
‘T_ v | _l_
Mg = 1 Ms=0 | | Mg=-1




Wrapping up

SF-TDDFT near degeneracies and double excitations within DFT
Ground and excited state method

Collinear kernel requires exact exchange (%30)

Noncollinear kernel naturally couples SF excitations
Computational cost scales as TDDFT

Spin contamination: reference and target states

Limited to low-lying states



