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Optical properties of nanostrutures

I. Motivation. Basic concepts. Foundations TDDFT.

II. Illustration of the physics for nano- and bio structures

III. Extended systems: problems and new developments
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Optical properties of nanostrutures

III. Extended systems: problems and new developments

Introduction:
how to handle the electron dynamics in extended systems under the

influence of an external electromagnetic field?

TDDFT:
- Problems with standard exchange-correlation functionals
- A new fxc derived from Many-body perturbation theory

proper description of excitonic effecs!!!
- Applications to poliacetilene as one-dimensional system

G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (2002)



Time-dependent approach for extended systems: a gauge formalism
G.F. Bertsch, J.I. Iwata, AR, K. Yabana, PRB62, 7998 (2000)
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The Lagrangian of a periodic system in a volume V under a uniform field is

The equation of motion are:

L
i i

i
t

1

2 m
p

e

c
A

2

V
ion i

E
Hartree

E
xc

V

8 c2

d A

dt

2

i
t i

1

2 m
p

e

c
A

2

V
ion

V
H

V
xc i

d
2

A

dt 2
4 e2 n

m
A 4 c

e

V i i

p

m i

For the electric field is:
d E

dt
4 j j

e

V i i

p

m i

e
2

c
n Aand



Lithium Diamond

?



Non-local fxc for extended systems:

See for a review: G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (2002)



Why a non-local (static?) fxc  for extended systems:
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- In the EEL spectra f
xc

is added to the full coulomb

that already contains a long range contribution

The lack of a long range term in f
xc

LDA is relatively weightless in

the EEL but is crucial in the absorption spectra!!!
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L. Reining, V. Olevano, AR, G. Onida, PRL88, 0664041 (2002); S. Botti et al, PRB (2004).
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Density Functional versus Many-body perturbation theory

Diagrammatic 
expansion

Band-gap problem!!!!!



Density Functional Theory and Many-Body
Perturbation Theory

Exchange-correlation Potential: Real, Local in space, Frequency independent
Density Functional Theory

Self-Energy: Complex, Non-local in space, Frequency dependent

Many-Body Perturbation Theory

F. Aryasetiawan, Rep. Prog. Phys. 61, 237-312 (1998)

R. O. Jones and O. Gunnarsson, Rev. Mod. Phys. 61, 689 (1989)

G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (2002)



=Kohn-Sham states
=Plasmons/Electron-hole states

The self-energy physics

The pseudopotential approach

Hedin Equation's (1965)

The GW ''soup''



From "Quasiparticle calculations in solids", W.G. Aulbur, L. Jönsson and J.W. Wilkins, Solid State Physics 54 1 (2000),

also available in preprint form at http://www.physics.ohio-state.edu/~wilkins/vita/publications.html#reviews



Bethe-Salpeter equation: excitonic effects

G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (2002)



... and Many-Body Perturbation Theory



Many-Body approach to the Exchange-Correlation
Kernel of TDDFT

A. Marini, R. Del Sole and AR, PRL (2003)

Hypothesis

It exists a ''many-body xc-kernel'' such that
the TDDFT and Many-Body polarization

functions are identical

Consequently TDDFT equation can be used as an equation for the xc-kernel
and as a formal solution can be found in terms of an iterative equation for

the nth order contribution

A diagrammatic approach



Many-Body approach to the Exchange-Correlation Kernel of TDDFT

TDDFT

MBPT

Bethe-Salpeter Equation

Iterative equation for fxc

A. Marini, R. Del Sole and AR, PRL (2003)



=

BSE
TDDFT Experiment

TDDFT, scalar fxc

Bound excitons in TDDFT

A. Marini, R. Del Sole and AR, PRL (2003)
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A many-body causal TDDFT kernel

Causal/T-ordered

Causal/T-ordered fxc

BSE
TDDFT 1st order
TDDFT 2nd order

Same agreement between BSE and
TDDFT for the finite transferred momentum

absorption spectra...

...and for the off-diagonal elements of the
miscroscopic dielectric function



Low dimensional sytems (1D): polyacetylane

M. van Faassen et al. PRL 88 186401 (2002)
S.J.A. Van Gisbergen PRL 83 694 (1999)

Electric field dependence of the XC

Potenital in Molecular Chains

f
xc

BSE r , r ' ,

In LDA and GGA xc potential lack of a term
counteracting the applied electric field

Isolated infinite Polyacetylene chain



Is TDDFT ''fast'' compared to the BSE ?
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When the only optical spectra is calculated TDDFT is as time consuming as BSE...

...but when the full dielectric matrix is needed TDDFT is more favorable than BSE



G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (2002)

What about the description of
decaying quasiparticle processes

within TDDFT?



Lifetime of quasiparticles

interactions between quasiparticles limit how long the
corresponding quantum states retain their identity, i.e., the lifetime

of the excitation.
In combination with the velocity, this lifetime determines
the mean free path, a measure of influence of the excitation

hυ

Importance of lifetime

- surface photochemistry
- electron transfer across interfaces
- electron dynamics and energy transfer

- screening in an electron gas
- electron-phonon coupling
- localization



Free electrons
Quinn (1962)

Density of States (DOS) versus Screening

Density of states

More DOS

More phase space
available

More probability
for the process

Shorter lifetimes

Screening

More DOS

More screening

Weaker
interaction

Longer lifetimes

EF
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τ 1 = 2 Σ∫ dr ∫ dr' φ i*(r) φ f*(r') ImW(r,r';ω) φ i(r') φ f(r)

PHYSICS OF LIFETIME



from F.Reinert et al., PRB 63 (2001) 115415.

Experimental lifetimes change
quickly with time!

Heimann et al. 1977

Kevan et al. 1987

Paniago et al. 1995

Nicolay et al. 2000

binding energy [meV]



The 2-point vertex function
Suppose to have a good approximation fot the (TD)DFT potential...

PRL 91, 056402 (2003);PRL 91, 256402 (2003). PRL 88, 066404 (2002) etc etc

No difference with GoWo using ALDA or similar approaches
PRL 62, 2718 (1989); PRB 49, 8024 (1994); PRB 56, 12832 (1997).

BUT IS ?
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Excitonic effects (via TDDFT) on the lifetimes of LiF

10'000x10'000 BS kernel

Up to 200 G-vectors dielectric

function, 256 Q-points in the

whole BZ

Small broadening stability

The fxc kernel remains
stable and robust even
with a 10 meV
broadening and energies
up to 20 eV

A BS-based calculation
is, in this
case,enormously less
convenient than using
TDDFT

Linear behaviour
Small penetration of

the RPA ''forbidden
region''



Acknowledgements

A. Castro, A. Marini, X. López, L Wirtz, D. Varsano
Department of Material Physics, Centro Mixto CSIC-UPV, University of the Basque

Country, and Donostia International Physics Center (DIPC), Donostia, Spain

L. Reining, V. Olevano

G.F. Bertsch, K. Yabana

École Polytechnique, Palaiseau, France

Physics Department and Institute for Nuclear Theory University of Washinton, Seattle (USA)

R. Del Sole and G. Onida
Istituto Nazionale per la Fisica della Materia e Dipartimento di Fisica

dell'Università di Roma ``Tor Vergata'', Roma, Italy

M. A. L. Marques, C.A. Rozzi, and E. K. U. Gross
Institut für Theoretische Physik, Freie Universität, Berlin, Germany



Thank yo
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http://dipc.ehu.es/arubio E-mail: arubio@sc.ehu.es

It is one of the first duties of a professor, in any subject,

to exaggerate a little both the importance of his subject and his

own importance in it.

G.H. Hardy (A Mathematician's Apology)


