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Kieron Burke and friends

Chemistry and PhysicsChemistry and Physics

UC IrvineUC Irvine

TDDFT: An overview

http://dft.ps.uci.edu
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Fractured group
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UC Irvine

•Growing theory in 
chemistry

•CHAMP=chem
phys/cond mat 
program.

•Top 20 dept, working 
toward top 10.

•Huge opportunities 
for interaction.

•Housing guaranteed.



• Warning! By 2300, entire mass of universe will be TTDFT papers

Search ISI web of Science for topic ‘TDDFT’

TDDFT publications in recent years
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Book: TDDFT from Springer 
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Recent reviews of TDDFT

Annual Reports in Comp Chem 1
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New Gordon Conf 2007
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Other recent work I’ll not talk 
about

• Semiclassical scaling of density 
functionals (Perdew et al,KB, PRL 06)

• Negative atomic ions in DFT 
(Donghyung Lee & KB, in prep.)
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Green fluorescent Protein
TDDFT 
approach for 
Biological 
Chromophores,
Marques et al, 
Phys Rev Lett
90, 258101 
(2003)
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Time-dependent DFT

• New theorem (Runge-Gross 1984) 
applied to time-dependent 
Schrödinger equation, showing 
potential a functional of ρ(r,t).

• Define TD Kohn-Sham equations 
for independent electrons 
producing right ρ(r,t).



TD Kohn-Sham equations

•Time-dependent KS equations:

• Density:

• XC potential:
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tdittv i

i
)()()(

2
1

S
2 rrr φφ =

⎭
⎬
⎫

⎩
⎨
⎧ +∇−

∑
=

=
N

i
i tt

1

2)()( rr φρ

))](0(),0(;[
'
)'(')()( XC

3
extS tnvtrdtvtv r

rr
rrr ΦΨ+
−

+= ∫
ρ

Depends on entire
history(MEMORY)

initial state(s) 
dependence(MEMORY)



Trieste 12

Overview of ALL TDDFT
1. General Time-dependent Density Functional Theory

• Any e- system subjected to any

• Only unknown:

• Treat atoms and molecules in INTENSE laser fields 

)(ext tv r

)]([XC tv rρ

2. TDDFT linear response to weak fields
• Linear response:

• Only unknown:                near ground state

• Treat electronic excitations in atoms +  molecules + solids 

∫ ∫ −= )''()','('')( ext
3 tvttdtrdt rrrr δχδρ

∫+=+ )'()']([')]([)]([ 0XC
3
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3. Ground-state Energy from TDDFT

•Fluctuation–dissipation theorem: Exc from susceptibility

•Van der Waals; seamless dissociation 

Basic approximation: ALDA ))((unif
XC tv rρ
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Dyson-like equation for a susceptibility:
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Linear response in TDDFT
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TDDFT linear response
• Probe system with AC field of freq ω
• Ask at what ω you find a self-sustaining 

response
• That’s a transition frequency!
• Need a new functional, the XC kernel, 

fxc[ρ0](r,r’,ω)

• Almost always ignore ω-dependence 
(called adiabatic approximation)

• Can view as corrections to KS response
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Success of TDDFT for excited states

• Energies to within about 0.4 eV
• Bonds to within about 1%
• Dipoles good to about 5%
• Vibrational frequencies good to 5%
• Cost scales as N2, vs N5 for CCSD
• Available now in your favorite 

quantum chemical code
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TDDFT 
results for 
vertical 
singlet 
excitations in 
Naphthalene
Elliot, Furche, KB, 
Reviews Comp Chem, 
sub. 07.

Naphthalene
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Methodology for TDDFT

• In general:  Propagate TDKS 
equations forward in time, and 
then transform the dipole moment, 
eg. Octopus code

• Linear response: Convert problem 
of finding transitions to eigenvalue 
problem (Casida, 1996).
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General notes

• Most papers are lin resp, looking at 
excitations: need gs potential, plus 
kernel

• Severe problems with Rydbergs
• Lots of physics explored with non-

standard functionals
• Simple generalization to current 

TDDFT
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Does TDDFT really work?

Open symbols
are triplet, 
closed 
are singlet; all 
using exact 
ground-state 
potential;  Meta 
van Faassen + 
KB, in prep.
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Complications for solids

• Locality of XC approximations 
implies no corrections to 
(g=0,g’=0) RPA matrix element in 
thermodynamic limit!*

• fH=1/|r-r’|, but fxc
ALDA = δ(3)(r-r’) 

fxc
unif(n(r))

• As q->0, need q2 fHxc -> constant 
to get effects.

*Thanks to Lucia Reining for pointing out error in original   statement.
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New functionals

• Current-density functionals
–Gross-Kohn (96): Gradient expansion 

in current
–Various attempts to generalize

• Orbital-dependent functionals
–Build in exact exchange, good 

potentials, no self-interaction error, 
improved gaps(?),…
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Improvements for solids: currents

• Current-dependence: Snijders, de 
Boeij, et al – improved optical 
response via ‘adjusted’ VK
–Also yields improved polarizabilities of 

long chain conjugated polymers.
–Can relate to modern theory of 

polarization (Maitra, Souza, KB, PRB 03).
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Other features of Vignale-Kohn

• Provides XC correction to current 
in molecular electronics

• Finite lifetime to plasmons in 
double quantum wells

• But wrongly gives finite lifetime to 
electronic transitions in molecules 
(Ullrich + KB, JCP 04)
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Solids: orbital-dependence

• Reining, Rubio, etc.
• Find what terms needed in fxc to 

reproduce Bethe-Salpeter results.
• Reproduces optical response 

accurately, especially excitons, but 
not a general functional.
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Much recent work

• Double excitations 
• Understanding how it works
• X-ray spectra
• Rydberg series from LDA potential
• Errors in DFT for transport
• Failure for charge transfer excitations
• Elastic electron-atom scattering
• Quantum control
• Double ionization in He in strong fields
• …
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Singlet scattering from H

Meta van 
Faassen’
s most 
recent 
results
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Break junction expts
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Simple view of single-molecule 
transport

Chang, Koentopp, KB, and Car, in prep, JPhysB
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Orbital-dependent  calculations

• For weak coupling, see much lower 
conductance when SIC turned on.

V(eV)

Tohar, Filipetti, Sanvito, and KB (PRL, 05).
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Weak bias results
(Koentopp, Evers, Burke, PRB 05)

• As ω->0, σs indep of r,r’ and -> Ts(εF).

Becomes

Compare with
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B

Au

Au

Au

• Treats electric field in periodic 
potential correctly: no left and 
right chemical potentials

• No empirical parameters

• Leads chemically accurate (CP 
code)

• Entire problem becomes time-
dependent, with no ground 
state, but only steady-state 
solutions

• So must have dissipation, 
including via DFT Master 
equation.

∫−=
t

tdtc
0

)'('EA

Finite Electric Fields WITHOUT open 
boundaries (Burke, Gebauer, Car, PRL 05)
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Master equation for dissipation

• H=Hel+Hph+Kel-ph

• Assume relaxation time much longer 
than time for transitions or phonon 
periods

• Coarse-grain over electronic transitions 
and average over bath fluctuations

• Master equation for system density 
matrix:

))((],[ tSCSHi
dt
dS

+−=
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Kohn-Sham Master equation

• Define a Kohn-Sham Master 
equation yielding same ρ(r,t) from 
vs (r,t), but choose Cs to equilibrate 
to the Mermin-Kohn-Sham Ss(0)

))((],[ tSCSHi
dt

dS
sss

s +−=
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Return to weak bias

• Usual Kubo calculation yields 
adiabatic conductivity 

• Our approach produces true 
isothermal conductivity

• Can show, as Cs->0, it becomes iη
in Kubo formula
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Summary

• TDDFT allows calculation of 
electronic excitations with DFT via 
linear response.

• Complications in solids as need 
nonlocality, using currents or 
orbitals

• New theories being developed for 
molecular electronics
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