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Density Functional based Tight-Binding

Atomic DFT calculations ⇒ ρA(r), φµ(r), εµ ⇒ ρ0 =
P

A ρA

Construction of molecular Hamiltonian H0
µν [ρ0] + H1

µν [ρ− ρ0]

H0
µν =

8<:
εµ : µ = ν

〈φµ|HKS [ρA + ρB ]|φν〉 : µ ∈ A, ν ∈ B
0 : otherwise

H1
µν =

1

2
Sµν

X
α

(γµα + γνα)∆qα

γµν =

ZZ
|φµ(r)|2

„
1

|r − r′| + fxc [ρ0]

«
|φν(r′)|2drdr′ ≈ γµν(UA,UB , |RA − RB |)

Total energy

Etot =
X
µν

PµνH0
µν +

1

2

X
µν

γµν∆qµ∆qν + Erep

Seifert et al. Z. Phys. Chem. 267 529 (1986) Elstner et al. PRB 58 7260 (1998)
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Linear response in DFTB: TD-DFTB

Equation to solve (singlets):

X
kl

h
ω2

ijδikδjl + 4
√
ωijK

S
ij,kl

√
ωkl

i
F I

kl = ω2
I F I

ij

K S
ij,kl =

ZZ
ψi (r)ψj(r)

„
1

|r − r′| + fxc [ρ]

«
ψk(r

′)ψl (r
′) drdr′

Approximation:

K S
ij,kl =

X
µναβ

cµicνjcαkcβl

ZZ
φµ(r)φν(r)

„
1

|r − r′| + fxc [ρ]

«
φα(r′)φβ (r′) drdr′

Mulliken approximation: φµ(r)φν(r) ≈ 1

2
Sµν

“
|φµ(r)|2 + |φν(r)|2

”
K S

ij,kl ≈
X
µν

qij
µqkl

ν

ZZ
|φµ(r)|2

„
1

|r − r′| + fxc [ρ]

«
|φν(r′)|2drdr′
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Linear response in DFTB: TD-DFTB

Equation to solve (triplets):

X
kl

h
ω2

ijδikδjl + 4
√
ωijK

T
ij,kl

√
ωkl

i
F I

kl = ω2
I F I

ij

KT
ij,kl =

ZZ
ψi (r)ψj(r)

∂2Exc

∂m(r)∂m(r′)
ψk(r

′)ψl (r
′) drdr′

Approximation:

KT
ij,kl ≈

X
µν

qij
µqkl

ν

ZZ
|φµ(r)|2 ∂2Exc

∂m(r)∂m(r′)
|φν(r′)|2drdr′

≈
X

µ

qij
µqkl

µ Mµ Onsite only, Mµ from atomic DFT

Niehaus et al. PRB 63 085108 (2001)
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TD-DFTB performance

Excitation energies (eV)

TD-DFTB TDDFT1

Molecule State Exp.
ωI ωij ωI ωij

Ethylen 3B1u(π → π∗) 4.40 5.47 6.30 4.16 5.66
1B1u(π → π∗) 7.65 7.81 6.30 7.44 5.66

Propynal 3A′′(n → π∗) 2.99 4.04 4.04 2.74 3.15
1A′′(n → π∗) 3.56 4.04 4.04 3.37 3.15

[1] BPW91//6-311+G**

Mean absolute error (eV)

BPW91
TD-DFTB

6-311+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
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Numerical issues

Sum of CPU times (ground + excited state) for test set of 10 organic

molecules (< 10 atoms). TDDFT results are for the BPW91 functional.

1

10

1e+02

1e+03

1e+04

1e+05

6-311+G**STO-3GINDO/STD-DFTB

C
P

U
 t

im
e
 [

s
]
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Numerical issues

Scaling

Iterative subspace methods for diag.

Formal scaling of N6 reduced to N3X
kl

Ωij,klvkl =

ω2
ijvij + 4

√
ωij

X
µ

qij
µ(

X
ν

γµν(
X
kl

qkl
ν

√
ωklvkl))

5

4

3

2

3.29

3.30

2.92

C
P

U
 t
im

e
 [
s
]

    # basis functions
 1000

10

10

10

10

 500

EXC. STATE

EXC. ST. GRADIENT

GROUND STATE

Analytical excited state gradients from auxiliary Lagrangian
approach (Furche and Ahlrichs)

⇒ Heringer et al. JCC 28 2589 (2007)
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Quantum dots as fluorescent markers in biology

Functionalization with

antibodies or aptamers

In vitro

Mouse cerebellum

http://probes.invitrogen.com

In vivo

Rat tumor

Gao, Science (2004)
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Biocompatibility of Cadmium based Dots
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Silicon Dots: Generation of models

Spherical bulk fragments Si1−199

Si-Si bonds 2.33-2.38 Å

Td symmetry
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Validation of TD-DFTB

S1 − S0 energy [eV]

DFTB PBE1 B3LYP2 MR-MP22 exp3

SiH4 10.3 8.76 9.25 8.8
Si5H12 6.40 6.09 6.66 6.56 6.5
Si29H36 4.42 3.65 4.52 4.45
Si35H36 4.37 3.56 4.42 4.33

[1] Plane Wave, Degoli et al. PRB 69 155411 (2004) [2] SV(P), Garoufalis et al. PRL 87 276402 (2001)

[3] Itoh et al. JCP 85 4867 (1986)

B3LYP functional of choice for SiQD
DFTB is fine for larger dots
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UV-Vis absorption energies of H-SiQD

Anticipated Particle-in-a-box behaviour

Wang, JPC C 111 12588 (2007), APL 90 123116 (2007)

Thomas Niehaus, EDiCS@BCCMS Semiempirical TDDFT – Chances and Challenges 17 of 37



DFTB: Ground state
TD-DFTB: Solution in frequency domain

TD-DFTB: Solution in time domain

Approximations for the coupling matrix
Luminescence of Silicon Quantum Dots
Excited state PES of organic compounds

Experimental reports on SiQD photoluminescence

Peak PL versus Si nanocrystal size

Wilcoxon et al. PRB 60 2704 (1999)
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Luminescence and excited state processes
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Luminescence properties of H-SiQD

Huge Stokes shift for small particles

Wang et al. JPC C 111 12588 (2007), APL 90 123116 (2007)
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Structure relaxation in the excited state

S1 optimum of Si35H36

HOMO LUMO LUMO HOMO

S0 opt. S1 opt.
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Azulene

TD-DFTB minimum energy paths along the S1

Circles/Squares (BPW91/6-311+G**)

Wanko et al. JCP 120 1674 (2004)
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Retinal chromophores

Rhodopsin - Photoreceptor for colour vision

http://www.ks.uiuc.edu

Garavelli et al. JACS 121 1023 (1999)

N
+

H

H

6-s-cis-PSB11 N+

H

H

N+

H

H

model 2

model 1

CASSCF/CASPT2 Minimum energy path

Garavelli et al. PNAS 97 9379 (2000)
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TD-DFT(B) treatment

Vertical excitation energy [eV] - Model 2, FC point

State TD-DFTB BP861 CASPT22 exp3

S1 2.77 2.89 2.58 2.92
S2 3.34 3.49 3.61

[1] 6-311++G** [2] Garavelli et al. JACS 125 12509 (2003)

[3] PSB analogue in solution, Balogh-Nair et al. PCPB 33 483 (1981)
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Initial relaxation from the FC point
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starting at A

Wanko et al. JCP 120 1674 (2004)

Comparison of TD-DFTB and CASSCF (bondlengths in

parentheses) geometries of structure A.
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Quantum-classical Lagrangian approach

First-principles KS (adiabatic approximation):

L =
X
A

1

2
MAṘ2

A−
occX
i

〈Ψi (r, t)|H[ρ](r, t) |Ψi (r, t)〉 − EDC[ρ](r, t) − Eii

+
occX
i

〈Ψi (r, t)| i
∂

∂t
|Ψi (r, t)〉

DFTB case:
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X
µ
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i
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Electronic equation of motion

Variation with respect to b∗
µi :

ḃνi = −
∑

δµ
S−1

νδ

[
iHδµ +

∑
A

ṘA〈φδ|
∂

∂RA
φµ〉

]
bµi

Conventional TD-KS equation in
non-orthogonal position dependent basis
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Ionic equation of motion

Variation with respect to RA:

MAR̈A = −
occX
i

X
µν

b∗µi

 
dH0

µν

dRα
+

dSµν

dRα

X
B

γAB∆qB

!
bνi

+
occX
i
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µνδγ

„
b∗µi 〈

dφµ

dRα
|φν〉S−1

νδ Hδγbγi + c.c.

«

−
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i

X
µνδγ

„
ib∗µi 〈

dφµ

dRα
|φν〉S−1

νδ 〈φδ |φ̇γ〉bγi + c.c.

«
+

occX
i

X
µν

„
ib∗µi 〈

dφµ

dRα
|φ̇ν〉bνi + c.c.

«

− ∆qA

X
B

dγAB

dRα
∆qB −

dErep

dRα
,

Conservation of total energy, momentum, norm and charge

Niehaus et al. EPJD 35 467 (2005) Todorov, JPCM 13 10125 (2001)
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Pump-probe experiments on C60 films

Typical pump-probe experimental setup
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Dexheimer et al. Ultrafast Phenomena VIII

Springer, Berlin (1993).

Negative differential transmittance of C60 film as function

of delay between 12 fs/2 eV pump and probe pulses.
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Simulation details

Modified Cayley algorithm for time propagation

Time step of 6 as during pulse, 25 as after

Pulse length 12 fs, Gaussian envelope

Carrier frequency 2.0 eV

Sampling 1 ps, ∆Etot/Etot < 10−6

Spectral density from FT[〈v(t)v(0)〉]
CPU time 13 h for one trajectory
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Weak intensity excitation

Theoretical spectral density
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Experimental spontaneous Raman spectrum

Eklund et al. JPCS 53, 1391 (1992)

All Raman active modes excited
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Medium intensity excitation

Theoretical spectral density
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Dexheimer et al. Ultrafast Phenomena VIII

Springer, Berlin (1993).

tp = 12 fs, ω = 2.0 eV, F ≈ 10 mJ/cm2

Selective excitation of totally symmetric modes
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High intensity excitation

Theoretical spectral density
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Differential reflectivity of K3C60 film

tp = 10 fs, ω = 1.85 eV, F ≈ 10 mJ/cm2

Fleischer et al. APL 17 2734 (1997)

Selective excitation of the breathing mode
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Summary TD-DFTB

Chances and challenges . . .

Reproduces accuracy and trends of TDDFT

Problems with triplet and Rydberg states

Favourable scaling, low prefactor

Allows for detailed investigation of PES
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