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Physical Processes: Spectroscopies
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OUTLINE

®Introduction:

= Quasiparticle concept
- Basic DFT and TDDFT:

® Application to finite systems:
- Linear Response applications : benzene, clusters
= Non-linear regime: Femtosecond dynamics: Sodium dimer

®Spectroscopy of Solids: optics and EELS
- TDDFT and Many-body perturbation theory
% Problems with standard exchange-correlation functionals
% New fxc : Bound excitons
= Applications to 1D: Linear chains and polymers



QUASIPARTICLES

- a fundamental concept in condensed-matter physics - MBPT-

a system composed of interacting real bodies acts
as if it were composed of weakly interacting

fictitous bodies (quasiparticles)

Cloud of

bare particle :
P other particles

quasiparticle

one many-body problem II- many one-body problems



DFT Kohn-Sham approach (1965):

Fully interacting system
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Some summary of DFT results for finite and extended systems

Property LSDA GGA
Exchange Energy 5% (not negative enough) 0.5%
Correlation Energy 100% (too negative) 5%
bond length 1% (short) 1% (long)
structure favours close packing 1Improves
energy barrie 100% (too low) 30% (low)

Approx Mean absolute error in the atomisation energy for 20 molecules
Unrestricted HF 3.1 eV (underbinding)

LSDA 1.3 eV (overbinding)

GGA 0.3 eV (mostly overbinding)

Chemical accuray 0.05 eV

J.P. Perdew and S. Kurth in A chemist's guide to density functional theory, W. Koch and M.C. Holthausen, (Wiley-VCH,, 2000)



Density Functional Theory vs Many-Body Perturbation Theory

X Vot (1) + Vit () 1)+ Vi (1) 1 ) = 0

2
R. O. Jones and O. Gunnarsson, Rev. Mod. Phys. 61, 689 (1989)

_5E«'Il‘t‘3 [ﬂ’} LDA n) = rn(r Eh.um nlr
el gt = [ den o) (m

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

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

Many-Body Perturbation Theory

[Hixs — Vae (r)] (r) ¢ (r; EN) + / @ (v B) = Ej (w) ¢a (r, E))

G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (200
F. Aryasetiawan, Rep. Prog. Phys. 61, 237-312 (1998)
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Screening effects: e=1-vP polarisation

Independent Electrons (KS!)
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Hedin's GW (1965)

(O =Kohn-Sham states
@ =Plasmons/Electron-hole states

P(12) = —-iG(12)G (217)
£(12) = iG(12") W (12)



Hedin Equation's (1965)

P{13) = —ifd{34}{}‘{13}{?(4 11) T (34,2)
W12 = ﬂ{12}+[d{Eé}W’{lE}F{34}ﬂ{4E}
$(12) = i[d{34}G(14+} W(13)T(42,3)

G(12) = Gy (1 2}+[&{3¢1}G“{13}[E{34}—5{34}un{4}]{}'{42}
55 (12)

r'{12.3) = 5{12}5{13}+[d{456?} G46)G(T5)T'(67,3)

G (45)

P(12) = —iG(12)G (217)
The GW "soup" v(12) =iG(127) W (12)



Bey()nd DFT: MBQFT: Exciton and
. Bethe-Salpeter equation

Polarisation
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Dimensionality effects: nanotubes as quasi-1D structure



Fully interacting system Non interacting system

Hohenberg- KDI‘II‘I“M\"‘>

Theorem "
‘__;"‘*

Same
Ground-State
density n(r)

O = Kohn-Sham particle

What about excited-state properties:
electron-ion dynamics, spectroscopies



Time Dependent Density Functional Theory (Runge and Gross 1984)

Electron-dynamics first, then e-ion problem

HK-like theorem: v(r,t) <------ > p(r,b)
The time dependent density determines uniquely the time-dependent
external potential and therefore all physical observables

Kohn-Sham formalism:
The time dependent density of the interacting system can be
calculated as the density of an auxilary non-interacting system

. d d .
ih ®=H® = ih—w=Hy| W ||w, i=1:N

n 2
HKS Zm(v_ﬁ( )

+ Vexternal + V V V

hartree exchange correlation



By virtue of time-dependent Hohenberg-Kohn
theorem, ALL observables are funtionals of
the TD density

some observables are easily expressed in terms
of the density (no approximations involved)

e.g. TD dipole moment d(t) :J p(r, t)zd’r
photon spectrum -~ |d(0)) ‘ ’

other observables are more difficult to express
in terms of the density (involving further
approximation)

e.g. ionization yields



The is aim to the first principle description of the excite state
electron-ion dynamics of nanostructures and extended systems within TDDFT
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* Applications to finite systems:

- Linear Response applications : benzene, clusters
- Biological photoreceptors



Linear optical response: general aspects

& Oy v
dv_(r) -
Kij:fdl"pi(r) dp(r) pj(r) fiLDA(r,rl,w)za(r_r')d(ilz (naizm)
p(r)

Singl?'l’(’l_e =| Q= (e i —ek0)+K
approximation

K=[d’r[d’ro, (r)o; (r)py, (o, (1)




Optical response: Benzene
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M.A.L Marques, A. Castro, G.F. Bertsch and AR, Comp. Phys. Comm. (2002);
K. Yabana and G. F. Bertsch, Int. J. Quantum Chem._75, 55 (1999)



Strength Function (1/eV)

Assessment of xc-functionals in TDDFT

EXX- dotted line
Bethe-Salpeter
Experiments

M.A.L. Marques, A. Castro and AR, J. Chem. Phys. 115, 3006 (2001 )
G. Onida, L. Reining and AR, Rev. Mod. Phys. 74, 601 (2002)



Biological molecules: photoreceptors
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T.M.H. Creemers et al, Proc. Natl. Acad. Sci.. USA (1999)

M.A.L Marques, X. Lopez, D. Varsano, A. Castro, and A. n. rryy. nev. Lett. U, 1J01UL1L (LUUD)
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Blue Fluorescent Protein - Mutants
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Azobenzene: spectroscopy along femtosecond-laser
induced photoisomerization

APB optical trigger Single-Molecule Optomechanical Cycle
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Optical absorption and electron energy loss
spectroscopy of extended systems

TDDFT:
- Problems with standard exchange-correlation functionals
- A new fxc derived from Many-body perturbation theory
proper description of excitonic effects!!!
- Applications to one-dimensional systems

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



Non-local fxc for extended systems:

Motivation
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The LDA Kernel is not able to reproduce
Optical Properties in Solids

See for a review:

BSE vs TDLDA

comparison on EEL
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The LDA Kernel already offers a good
representation of the Electron Energy Loss
(EEL) spectrum in Solids

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



Low dimensional systems (1D): polyacetylane

Electric field dependence of the XC
Potential in Molecular Chains

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



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

A diagrammatic approach

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



BSE < {AE +<v>—<W>} A, = E\A,

TDDFT < [AE +<v>+<fxc>} A = E\A,

<v>= [drdr' ¢,(r)gi(r) v(r,r) &) (r)

L. Reining, V. Olevano, AR, G. Onida, PRL88, 0664041 (2002);
F. Sottile et al, PRL (2004) ; S. Botti et al, PRB (2004)

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



Bound excitons
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Low dimensional sytems (1D): polyacetylane

fo5(rr',w)

Isolated infinite Polyacetylene chain
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Low dimensional sytems (1D): polyacetylane
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BN-sheet (transparent)
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Bound excitons in bulk h-BN

-— RPA
— RPA + scissor (GW)

— Bethe-Salpeter

| - 1st bound exciton

energy broadening: 1 eV

2nd bound exciton
(+ admixtures of 3rd exciton)




Combined effect of GW-shift and excitons
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Dimensionality erfect:
EXClton 1n (qua81 ) 1 D 2 D 3 D
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*TDDFT 1s a powerful tool to handle the combined dynamics of electron/ion in
response to external electromagnetic fields of nanostructures, biological
molecules and extended systems.

Ongoing work on applications to.

“Time-resolved spectroscopies: pump-probe simulations.
*High-harmonic generation from quantum dots.

*OM/MM._: for excited-state dynamics in biomolecules:

*Control chemical reactivity:Pulse optimization in laser induced reaction

*Non-linear effects in One-dimensional systems
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*Quantum nuclei, etc......
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