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Magnetic excitations
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Electrons in intense laser fields
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Electron-ion dynamics
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TDDFT in linear response

® Different (easier) theoretical approach

® Practical scheme for spectroscopy

and excitation energies




Uext(ra t) — Ueazt(ry O) _|_ 6Uext(r7 t)

n(r,t) = n(r,0) + dn(r,t) + 6P n(r, t) + ...

on(r,t) -————— U (1, 1)



Uext(rv t) — Ueazt(r: O) _I_ 6Uext(r7 t)

n(r,t) = n(r,0) + dn(r,t) + 6P n(r, t) + ...

on(r,t) = /dr’dt’ Uemt(rla t')

polarizability



polarizability . density—density response function
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what about spectra
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Connection to spectroscopies :: inverse dielectric function
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and X-ray

Connection to spectroscopies :: optiMﬁon




Connection to spectroscopies :: optical absorption

p-plane

Elliptically polarised

Linearly polarised

Sample

ey = sin® @ + sin® ® tan? @




Connection to spectroscopies :: electron energy loss (EELS)
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Connection to spectroscopies :: inelastic X-ray scattering (1XS)




Electron Energy Loss Absorption spectrum

Surface differential reflectivity S /

Compton Scatterlng =14 v (q) X (q, UJ)

refractlon index
Reﬂectmty

Inelastic X-ray Scattering

excitations energies

Reflectance Anisotropy spectroscopy



Polarizability of an independent-particle system
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Dyson equation for the polarizability
X=X+ X [0+ fze] X
x(r, ', w) = x°(r, v, w) +

+ /drldPQXO(ra I’l,CU) [U(rla r2) + fxc(rla I‘Q,W)] X(r27 rlaw)
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@ cvaluation of X knowing XO (ground state calculation)
@ f.. functional of the ground-state density
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Practical procedure for X and £
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1 Scaling
(With Natoms )

DFT-KS calculation ;, €; (approx :: vy, VS ) o(N'%)
Wy ()15 (x)ehi ()17 (x') 4
. 0 _ i J
creationof X = ; o — (e, — ) +in O(N )
— 0 0 2+3
determinationof X = X T X [V fze| X (approx:: fo. ) o(N“™)

evaluation of €' =1+ vy

Absorption spectrum Inelastic X-ray Scattering refraction index Surface differential reﬂectivity

Compton Scattering  Reflectivity  Electron Energy Loss  Reflectance Anisotropy spectroscopy



Dyson equation for the polarizability

X = X"+ X" [0+ fee) X

local field effects

(local inhomogeneities) exchange-correlation

(quantum) effects




EELS of graphite

- éxp

ARG PN R
% oipmﬂ?l}(_q :;.,’ \ Fpa e
NN BeOee : . = = =rpan
o Y E 5
1 : e ]

energy (er

@' Marinopoulos et al. Phys. Rev. Lett. 89, 076402 (2002)



=l

IXS of Silicon
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Absorption of Silicon
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Absorption of Argon

«  exp
ALDA

10 - —

v, Im {y,}

[5) Sottile et al. Phys. Rev. B 76, 161103(R) (2007)



ml)

Benzene

T

'__“

Experimental

---- TDLDA O

Strength Function (1/eV)

Energy (eV)

Yabana and Bertsch Int.J.Mod.Phys.75, 55 (1999)



& Absorption of simple molecules

& EELS and IXS of solids
@ Absorption of solids



Transition energies
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& Absorption of simple molecules

& EELS and IXS of solids
@ Absorption of solids
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Absorption of cycloplatinated helicenes
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choose ;(r)
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transition space




transition space




transition space
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Name of the game
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DFT world




Name of the game

Runge-Gross theorem

Hohenberg-Kohn theorem

Vext < n Vext () <— n(t)

(T°|0]¥?) = Ol (T()|O®)]¥(t)) = Oln, ¥7](¢)

Bi Hohenberg and Kohn, Phys. Rev. 136, B864 (1964) B Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)




Name of the game
| TDDFT _ is it troe?
Runge-Gross theorem g Demonstration
Vealt) +— n(t
(WO (1)) = Oln, ¥)(1 3 but in practice?
K'S equations

I Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)




Runge-Gross theorem

Vext (t) +— n(t)

Demounstration
1) Vexi(r,t) # Vi (v, t) +c(t) «— j(r,t) #j'(xr,t)

2) j(r,t) #j'(r,t) «— n(r,t) # n'(r,1)



Demonstration of the Runge Gross theorem

1) Vet (r, 1) # Voo (r,8) + c(t) <— j(x, 1) #§'(r, )

0j(r,t) _

0w fi). HO) (D)
B ) fe). 101 (0)
PG 0] = (llite), H(0) — H'(0)]|%)

= —i ng(r)V [Vexs (r,0) — Vi (r,0)]

if two potentials differ by more than a constant at t=0,
they will generate two different current densities
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i o = ()| [i(xr), H(t)], H][T(1))
QWO _ 00, 0] 0] 00}
UeXt 52 y O ,
2 ) =0l = o)V o Vexe(r,1) = Vi (r,0)
Taylor =l =
expandable \ .
8k+1 8k
Otk+1 [j(r,t) —j’(r,t)] _ = —no(r)V ﬁ [Vext(rat) V;a/xt(rvt)] -

two different potentials will generate two different current densities



Runge-Gross theorem

Vext (t) +— n(t)

Demonstration

( ‘/ext(r,t) # Vve/Xt(I',t) + C(t) —— j(I’,t) #j/(rjt)

2) j(r,t) #§(r,t) > n(r,t) £n/(r,t)



Demonstration of the Runge Gross theorem

2) j(r.t) 5 (x,0) +— n(r,t) #n'(r,1)

on(r,t) :
— _V-i(r.t
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/
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Demonstration of the Runge Gross theorem

2) j(r.t) 5 (x,0) +— n(r,t) #n'(r,1)

8k+2
atk—|—2

(

two different potentials will generate two different densities

provided that the divergence does not vanish



Runge-Gross Theorem

@ Functional of the TD density n(r,t)
and of the initial state @Y

J Vext Taylor expandable

dV [ vvk] £ 0
non-vanishing divergence

E Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)
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Name of the game
| TDDFT _ is it troe?
Runge-Gross theorem g Demonstration
Vealt) +— n(t
(WO (1)) = Oln, ¥)(1 3 but in practice?
K'S equations

I Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)







D 1 Yi(r1)  Yi(r2) .. i(rw)

¢2(I'1) ¢2(I‘2) .. ¢2(I'N)

¢N(T1) ¢N(I‘2) . ¢N(TN)

. B . n(r',t) 0 0 Kohn-Sham
Vks[n, @7](r,t) = Ve [n, U7)(r, t) Jr/ r — 1[-/|dr F Vaeln, W7, @7 (r 8) potential
2 .
_% + Viks[n, ® ](r,t)} Y (r,t) = 81?7,6(;’, ) Kohn-Sham equations




K'ohn-Sham Equations

@ No self-consistency

@ No variational principle

D Vie[n, ¥°, ®°(r, t)

(local in space and time) functionally non-local

non-interacting v-representability




non-interacting v-representability

van L.eeuwen
theorem

conditions for the existence of ~ Vie[n, ¥, ®°)(r, t)

i R.van Leeuwen, Phys. Rev. Lett. 82, 3863 (1999)



Name of the game
| TDDFT _ is it troe?
Runge-Gross theorem g Demonstration
Vealt) +— n(t
(WO (1)) = Oln, ¥)(1 3 but in practice?
K'S equations

I Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)




| approximate Vi [n,U° ®%(r,¢)

2 solve the TD Kohn-Sham equations

C lookK at some observables




Approximations

Live in the present

Vie[n(r', 1€ ) MK 388 (v, 1)  ornogrudge

4ppr oximation



Approximations

@ Adiabatic Vxé [n(r’, t)|(r,t)

o ALDA v nl(rt) =i (n(r, 1)) = & [ne(n)

o AGGA
@ Orbital dependent

n=n(r,t)

@ non-adiabatic (few examples like Vignale Kohn)



approximate V. [n, U’ ®%(r,t)

2 solve the TD Kohn-Sham equations

C lookK at some observables
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TD KS equations
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Time evolution operator

=H@t)yt) =—3 () =U(tto)¥(to)

t
U(t,to) = 1—2/ d7'1H<7'1)U<7'1,t0) = 1— ”L/ dTlH 7'1 / dTl/ dTQH 7'2 7'2 to
to to to

U(t,t()):l—’l/ dTlH ’7'1 / dTl/ dTQH 7'1 7'2
to to

(—i)S/t: dr /t: drs /t: drsH (1) H (19)H (73)+



Time evolution operator

P Hn) — 00 = Ul to)(t)
dU(t,ty)
o = HOU(t, to)
U(t,to) = 1—’i/th1H<Tl)U(Tl,t0) = 1— ”L/ dTlH 7'1 / dTl/ dTQH 7'2 7'2 to

Ult,tg) =1+ Z / d7'1/ dro - / i drp,H(m)H (1) - -H (1)
to to



Time evolution operator

P Hn) — 00 = Ul to)(t)
dU(t,ty)
o = HOU(t, to)
U(t,to) = 1—’i/th1H<Tl)U(Tl,t0) = 1— ”L/ dTlH 7'1 / dTl/ dTQH 7'2 7'2 to

Ut t0) =1+ 3 / i / rs. / dr,T CH(r,)]

n=1

Ut to) = Te_iftto drH (1)



Time evolution operator

second-order differencing Taylor expansion
Crank-Nicholson implicit midpoint .

, p p Chebychev polynomials
predictor-corrector
splitting techniques Lanczos iterative scheme

Magnus expansion
& p [3 Castro et al. Lect. Notes Phys. 706, 197 (2004)

exponential midpoint



C look at some observables

ey
2

- Vics|n, @°)(x, 1) | vi(x, t) = iawg?w

n(r,t) = Z ¥;(r, t)\2

OCC



/dI' TL(I', t) = Nelectrons
A

10 Nescaped :Nelectrons_/dr n(rat)
Q
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0.1
—— —
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@ C.Ullrich et al., J. Phys. B: At. Mol. Opt. Phys. 30, 5043 (1997)



Time Dependent ELF

ELF(r,t) = 4 n(r,t) 2 n(r,t)

L+ (z (e, LT 1f<r,t>> }

@ T. Burnus, M. A. L. Marques, and E. K. U. Gross, Phys. Rev. A 71, 010501(R) (2005)



One—particle operator

(T(1)|O]T (1)) = /O(r)n(r,t)dr



Some observables

L,(t) = Z / i(r,t)i(r X V) 4;(r,t)dr  Angular Momentum
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@ Yabana and Bertsch Int.J.Mod.Phys.75, 55 (1999)
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@ M.Marques et al. Phys.Rev.Lett. 90, 258101 (2003)
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: V) (V,
® Linear response approach ) V) (N

access to excitations energies A

build the spectrum w by w

[ frequency range "
2 K'S excitations contribution
Qj\&!ySlS { singlet/triplet \

dark excitations
k AN

® Foll Time Dependent K'S eqs.

access to full spectrum at once
non-linear effects avtomatically included

better scaling




TDDFT applications

e Absorption spectra of simple molecules

® J.oss function of metals and semiconductors

@ Excitations energies

o Qualitatively first step

—>» strong field phenomena
—> open quantum systems
—> superconductivity

—>» quantum optimal control
—> beyond BO dynamics

N quantum transport
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