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lIf(r1,r2,..,rn) G(r1,r2,E)

simpler basic quantity
more complicate approximation

- Density Functional Theory in Sofia, EUSPEC school 2013
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lIf(r1,r2,..,rn) G(r1,r2,E)

Cl. CC, QMC MBPT

GW, BSE

simpler basic quantity
more complicate approximation
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DMFT

G(k,E)
(r.r,..r) G(r,.r,,E) D )
Cl, CC, QMC MBPT R
GW, BSE DMRG J (l')

CDFT

simpler basic quantity
more complicate approximation
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DMFT
DMRG

simpler basic quantity
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Success of DFT

Ground-state properties

@ lattice parameters

@ intermolecular distance

@ bulk modulus

@ phonons / vibrations spectra

@ total energies
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Success of DFT

Ground-state properties Excited-state energies

@ lattice parameters & ASCF

@ intermolecular distance

@ bulk modulus

@ ensemble DFT (Phys. Rev. B 95, 035120 (201

@ Variational Density-Functional Theory

@ phonons / vibrations spectra (Levy and Nagy PRL 83, 4361 (1999))
@ total energies & Adiabatic-connection formalism
9 (Perdew and Levy PRB 31, 6264 (1985))
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Success of DFT

Ground-state properties Excited-state energies

@ lattice parameters @ ASCF

@ intermolecular distance

@ bulk modulus

@ ensemble DFT (Phys. Rev. B 95, 035120 (2017))

@ Variational Density-Functional Theory

@ phonons / vibrations spectra (Levy and Nagy PRL 83, 4361 (1999))
@ total energies & Adiabatic-connection formalism
d (Perdew and Levy PRB 31, 6264 (1985))

Excitation Spectra

& band structure calculation, via Kohn-Sham /'1_)

@ optical properties, via linear response PES

>\Electron Energy Loss

| Absorption |
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Success of DFT

Ground—state Pl"OpCl"tiCS

@ lattice parameters

@ intermolecular distance i Bl T | )
@ bulk modulus

@ phonons / vibrations spectra

@ total energies

& band structure ¢

& optical properties, PES

Absorption
Francesco Sottile ~ Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



DFT —3» TDDFT

convergence to steady state

@ Optical/dielectric properties
@ system under strong laser impulses
@ multiple harmonic generation OU (r
5 1,12, 'ar-?t)
@ f@l&X&tiOﬂ [T —+ Ve—e + LrN + %xt(t)] ‘li(rb I, .y Pny t) E— 'Zh 0'{; -
9
o -
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Outline

@ Time Dependent Density Functional Theory

introduction and derivation
thoughts and particularities

approximations, applications

0 Linear Response approach

connection with spectroscopy
exchange-correlation kernel

beyond linear response

° Micro-macro connection and the DP code
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Section 1 :: TDDFT i
DFT TDDFT

Hohenberg-Kohn theorem Runge-Gross theorem
Vext, ¢— n Vext () — n(t)
(P|O¥) = Oln|

(T()|O®)2(t)) = Oln, ¥71(¢)

@ Hohenberg and Kohn, Phys. Rev. 136, B864 (1964) [ Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)
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Section 1 :: TDDFT

Runge-Gross theorem

Vext(t) +— n(t)

(T(1)[O@)|¥(t)) = Oln, ¥°)(t)

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

Demonstration

Francesco Sottile



Runge-Gross theorem

Vext(t) +— n(t)

Demonstration

1) Vew(r,t) # Vo (v, 1) +c(t) «— j(r,t) #J'(r, 1)

Francesco Sottile ity Functional Theory in Sofia, EUSPEC school 2013



Section1=TODFT mmm

Runge-Gross theorem

Vext () +— n(t)

Demonstration

1) Vew(r,t) # Vo (v, 1) +c(t) «— j(r,t) #J'(r, 1)

2) j(r,t) #j'(r;t) «— n(r,t) #n'(r,1)
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Section 1l 0NN B

DFT TDDFT

Kohn-Sham equation Kohn-Sham equation
N~ a%( t)
v2 = sl 890 st t) = i
-7 +va[n1(r)] i(x) = () 2 T
UKS [ﬂ; (I)O](ra t) = Uext [Tb, \DU](ra t) == n(r’, t,) dI'! + Uxe [?’Z, lIIO: (I)()] (I‘, t)
vrs[n](r) = Vext + / o] dr + Vxe[n](r) i —rf
n(r) = 14i(r)) n(r,t) =) Iu(r,t)|?
[3] Kohn and Sham, Phys. Rev. 140, A1133 (1965) [§ Runge and Gross, Phys. Rev. Lett. 52, 997 (1984)
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Section1:TDDFT

TDDFT

Kohn-Sham equation

o2 (et no self-consistency

— 5 + vks[n; <I>O](r, t)] Yi(r,t) = ZT

vks[n; @0](r, t) = vexs[n, Yol(r, t) + f n(xj,t) dr’ + ve[n, ©q, Bol(r, t) /’

lr —r/| . -
local in space and time

n(r,t) =Y [¥(r, 1) functionally non-local

OCcC

no variational from an energy functional

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

Francesco Sottile
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Section 1 :: TDDFT

| no self-consistency

ey € )

local in space and time
functionally non-local

no variational from an energy functional

no (direct) derivation of the TDKS egs.

L/) less exact conditions known

y in Sofia, EUSPEC school 201g
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Time propagation in practise

in Sofia, EUSPEC school 201§
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=

Section 1 :: TDDFT

y in Sofia, EUSPEC school 2013
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Section 1 :: TDDFT

M () = / r Yim(r) n(r, t) dr Multipoles

m Sofia, EUSPEC school 201§
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‘Section 1 :: TDDFT

My (t) = / 7 Vi () n(r, t) dr Multipoles

L,(t) = Z [ Pi(r, t)i(r X V) 4(r, t) dr Angular Momentum

| Theory in Sofia, EUSPEC school 2013
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Approximations

o ALDA

VAP (x, 1) = b (n(r. 1)) = - [ (m)]

ze
L n=n(r,t)

o AGGA

@ Orbital dependent (OEP, TDEXX, hybrids, BSE-derived)

al ;i hery in Sofia, EUSPEC school 201 8
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Section 1 :: TDDFT

TDDFT applications

@ Absorption spectra of simple molecules

® [ oss function of metals and semiconductors

"heory in Sofia, EUSPEC school 201§
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—— Experimental
---- TDLDA

Strength Function (1/eV)

Energy (eV)

Yabana and Bertsch Int.J.Mod.Phys.75, 55 (1999)
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Section1:TDDFT

Benzene GFP

10 T e : — . ; ,
Experimental
---- TDLDA
8 5
& =
“:E:' 6 F : E
S { =
¢ ., £
i : &
g 4l E ©
i | |
0 0 POty o P i .. 1I0 ......... 2|0 ......... 3|0. a2 2 g - Enel_gy (eV)
Energy (eV)
Yabana and Bertsch Int.J.Mod.Phys.75, 55 (1999) [3 M.Marques et al. Phys.Rev.Lett. 90, 258101 (2003)

Francesco Sottile ity Functional Theory in Sofia, EUSPEC school 2013




Section1:TDDFT

GEpHS Silicon

\ : : 3 ) : | T T T I
: i : LY vo s exp
s .mwi__, ,:" W\ fpa | 0.02
m e L 7 = = =rpa-nif
[ 3 5 S eerl 7 : ;
- : . T . ~0.015
: >
3 i ™ m
1 N ¢ - = :n
g g 0.01
b ([ ) \ ,'-o‘\.__,f"‘:’ g 5 |
mg . 2 Taael e s S 0.005
10 20 30 40 0 ; .
0 10 20 40 50 60

2o L Energg [eV]

5| AMarinopoulos et al. Phys.Rev.Lett 89, 76402 (2002) 3] Weissker et al. Phys. Rev. B 81, 085104 (2010)
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Section1:TDDFT
TDDFT applications

@ Absorption spectra of simple molecules

® [.oss function of metals and semiconductors
o Qualitatively first step

—>» strong field phenomena
—3 Open quantum systems
—>» superconductivity

—>» quantum optimal control
—>» beyond BO dynamics

— quantum transport

Francesco Sottile “cyFunctional Theory in Sofia, EUSPEC school 2018



Excitation energies of water clusters

6.5

Lowest singlet excitation energy (eV)

1

T

—

|

BSE@GoWo  BSE@evGW |
® @PBE B @PBE
® @PBE( B @PBE0 _

5 .
@ ) g—
e A
@ s § i
‘, | | | | | | | |-
1 2 3 4 5 6 6 6 6

Number of water molecules

Blase et al. . Chem. Phys. 144, 034109 (2016)
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Section 1 :: TDDFT

Excitation energies of water clusters Abs of solid Argon
T T Tl BSE@GoWo  BSE@evGW | | | |
@ @PBE B @PBE - —T )
oL @ @PBED B @PBE0D _| ” —— Abinitio kernel
— — ALDA

15

Lowest singlet excitation energy (eV)
-V, Im {fm}
o
|
|

7_ -
o &
ol e o ° L |- |
SO
6 @ 8 ..8 i
', | | | | | | | I
1 2 3 4 5 6 6 6 6

Number of water molecules

Marsili et al. Phys. Rev. B 76, 161101(R) (2007)

Blase et al. . Chem. Phys. 144, 034109 (2016)
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TDDFT challenges
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TDDFT challenges




Outline

@ Time Dependent Density Functional Theory

introduction and derivation
thoughts and particularities

approximations, applications

0 Linear Response approach

connection with spectroscopy
exchange-correlation kernel

beyond linear response

° Micro-macro connection and the DP code

Francesco Sottile Time D.e_p‘en-= 1t Density Functional Theory in Sofia, EUSPEC school 2013



‘Demonstration of the Runge Gross theorem
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'Demonstration of the Runge Gross theorem

) Vo (1, 8) # Vi (r8) +clt) > j(r,8) £ 5 (x.0)

'r:j @sﬂ}wl 2018




| Demonstration of the Runge Gross theorem

) Vo (1, 8) # Vi (r8) +clt) > j(r,8) £ 5 (x.0)

0j(r,t)

]

5 — (ZO)i(r), H))|2 (@)

CSC}IOI 2018
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| Demonstration of the Runge Gross theorem

) Vo (1, 8) # Vi (r8) +clt) > j(r,8) £ 5 (x.0)

B8 w56, 1)) 0)
B0 4y o), 2 )] 1)

 Sofia, EUSPEC school 2018



' Demonstration of the Runge Gross theorem

) Vo (1, 8) # Vi (r8) +clt) > j(r,8) £ 5 (x.0)

A = w)(), HO W)

D o)), B 0] (1)

heory in Sofia, EUSPEC school 201
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Section 1 :: TDDFT

' Demonstration of the Runge Gross theorem

) Vee (r,8) # Voo (r,1) +¢(t) «— j(r, 1) # J'(r.2)

heory in Sofia, EUSPEC school 2018
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Section 1 :: TDDFT e

Demonstration of the Runge Gross theorem

) Ve (r,t) # Ve (r,1) +c(t) «— j(r,¢) #j'(r,1)

i = w()[i(r), H O] (1)

5 = (COI), £ Q1))

0 y : /
i Bt =3 0]] = (Wollj(x), H(0) — H'(0)]|Wo)
t=0
= 10 (r)V [Vext (1, 0) — vy (1, 0)]
if two potentials differ by more than a constant at t=0,
they will generate two different current densities

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



0 [j(r), H(t
(IO ) [156e), 1)) 1] (1)




O 1j(r), H(t)]

i———a—— = (YOI[ i), H@)], H]|%(1))

28_ [j(n t) _j"(r’ t)] = ng(r)V % ['Uext(ra t) o U:ext (I‘, t)] e

%@whl 2018




O 1j(r), H(t)]

i———a—— = (YOI[ i), H@)], H]|%(1))

Vet Taylor expandable (in t)

0% . v 0 ,
o2 - - ?’LQ(I') a [Uext (I‘, t) — Uext (I‘, t)] -

@sﬂhgl 2018
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= (T®I[[i(r), H@)], H]|¥(t))

7 =

Taylor expandable (in t)

0 /

= ?’LQ(I‘)V i [Uext (I‘, t) — Uext

ot

oF ;

=Ny (r)V e [Uext (I', t) — VUext

 Sofia, EUSPEC school 201¢



Section1:TDDFT

Vext Taylor expandable (in t)
0” / Y :
7/@ [.](ra t) —J (ra t)] — ?’LO(I') a [Uext(r t) — Vext (ra t)]
t=to t=0
m
m
m
m
8k-|—1 OF .

8tk-_|_1 [.]( t) —J ( t)] e — ?’LD(I‘)V % [’Uext (rat) - ’Uext(l‘,t)]

t=0

two different potentials WI|| generate two different current densities
‘ime Dependent Density Functional Theory in Sofia, EUSPEC school 2013
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Demonstration of the Runge Gross theorem

2) j(r,t) #j'(r,t) +— n(r.t) #n'(xr,?)

. EUSP: C5€h01 2018

Francesco Sottile



' Demonstration of the Runge Gross theorem

2) j(r,t) #j'(r,t) +— n(r.t) #n'(xr,?)

on(r,t) ,
5 = Vi)

on’ (v, 1)

= -V j(r,1)

ot

 in Sofia, EUSPEC school 201¢
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Demonstration of the Runge Gross theorem '

2) j(r,t) #j'(r,t) +— n(r.t) #n'(xr,?)

8né? t) _ —V - j(r,t)
8n’é§, t) — Y .j’(r, t)
52 ['n»( ) - n’(ryt)] f—0 S % [-](rﬂt) _J,(rjt)] t=0

Francesco Sottile




Demonstration of the Runge Gross theorem

2) j(r,t) #j'(r,t) +— n(r.t) #n'(xr,?)

ang};, t) — N7, j(r, t)
8’)’1,(;;‘, t) N v. j,(r, t)
g , 0 ;
i [n(r,t) = (1, ) A [j(r,t) —j'(r,1)] L

=V - [no(r)V [Vexs (x, 0) — vy (x, 0)]

Francesco Sottile l Theory in Sofia, EUSPEC school 2013



Demonstration of the Runge Gross theorem

2) j(r,t) #j'(r,t) +— n(r.t) #n'(xr,1)

8k—l—2

iz (1) —n'(r,t)]

=V- [ng(r)v T

t=0

>ry in S "‘ EUSPEC school 2018
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Section 1 :: TDDFT B e
Demonstration of the Runge Gross theorem

2) j(r,t) #j'(r,t) «— n(r,t) #n'(r,?)

,3k+2 3k ;
= V- [10(1)V 5 [exa(r,8) = vl (x, 1)

[n(r,t) —n'(r,1)]

Zatk—l—Z

t=0 t=0

two different potentials will generate two different densities

provided that the surface integral does not vanish

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 1 3 TDDFT e

Time evolution operator

D(r,
ot

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 1 1: TODFT T

Time evolution operator

iﬁw(r, t)
ot

Ult,tg) =1— z'/t drH(T)U(T,tp)

to

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 201§



(U o)
, dr
Ut to) =1— f

to

CHill

T2)+
t droH (11)H(

dry

' (11) Jrf

| drn H

Ui fo)=1- /

to
to
to

+
H(73)
2)

" H(ry)H (T

T1 der/ d’rg

i f an /to o
N to

EC sthl 2




i . ; -
U(t,to) = 1—2[ dTlH(T1)+/ d’Tl/ dTQH(Tl)H(TQ)+
to to

to

t T1 T2
_ / i / i / drs H (1) H () H (75)+
to to to

oo t T1 Tn—1
Ut to) =1+ 3 (—i)" / i / - - / i E (i Y U ) - BT, S
n—=1 to to to

Ult,to) =1+ Z /to dry fto drs - fto dr, T [H (1) H(72) - -H(70)]

 in Sofia, EUSPEC school 201¢
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Section 1 :: TD

second-order differencing Taylor expansion
Crank-Nicholson implicit midpoint Chebychev polynomials
predictor-corrector Lanczos iterative scheme

splitting techniques

Magnus expansion

exponential midpoint

Ut + 6t 1) = e StHE+5/2)

Francesco Sottile y in Sofia, EUSPEC school 2013




Section 2 :: Linear Response approach

TDDFT in linear response

Uemt(ra t) — Uegxt (I', O) T &Uemt (I‘, t)

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

TDDFT in linear response

Uemt(ra t) — Uegxt (I', O) T 5Uemt (I‘, t)

"small”

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

TDDFT in linear response

Uemt(ra t) — Uegxt (I', O) T 5Uemt (I‘, t)

"small”

x(r,r',w)

polarizability .+ linear response function

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013
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Section 2 :: Linear Response approach

———————————— e ———

excitations energies
Absorption spectrum
Electron Energy Loss
refraction index
Inelastic X-ray Scattering
Compton Scattering
Reflectivity
Surface differential reflectivity

Reflectance Anisotropy spectroscopy

Francesco Sottile Time m&emDensxty Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Vext (I', t) — UVegxt (I‘, O) _l_ 5Uemt(ra t)

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

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Vext (I', t) — UVegxt (I‘, 0) + 5Uemt(ra t)

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

L I —— TR
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Section 2 :: Linear Response approach

Vext (I', t) — UVegxt (I‘, O) _l_ 5Uemt(ra t)

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

on(r,t) = /dr’dt’ x(r, v’ t — ") 0verns (v/, 1)

polarizability

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013




Section 2 :: Linear Response approach

polarizability :: density-density response function

x(r, v’ t — ) =i (Vo|[n(r,t), n(r', t")]|Ty)

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

polarizability :: density-density response function

x(r, v’ t — ) =i (Vo|[n(r,t), n(r', t")]|Ty)

n(r,t) = e "Mt (r)et! n(r) = Z O(r —1;)

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

polarizability :: density-density response function
X(r, vt — 1) = i (Wo|[a(r, £), A(x’, #)]| o)

i(r, t) = e~ Htj(r)el HE A(r) = 6(r—r;)

1) (Trla(’)[Wo)  (Poln(x")|¥r) (Yr|(r)[¥o)

(r,r ) = 3 | LFolnlr i
7 w—(E[—E0)+?O+ Ld+(E[—E0)+i0+

eerSe

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

polarizability :: density-density response function
X(r, vt — 1) = i (Wo|[a(r, £), A(x’, #)]| o)

i(r, t) = e~ Htj(r)el HE A(r) = 6(r—r;)

(Wo | (r)|[ W) (Tl )|To)  (To|a(e!)|Tr) (T;|a(r)| P
Z[ ()| Wr) (Yrln(e)[Wo)  (Yolaa(r)[Wr) (Wr|n(r)[¥o)

(x, 7, w) g w— (Er— Eo) +i0F  w+ (B — Eo) + 0+
W
(); excitations energies E"efcise

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Connection to spectroscopies :: inverse dielectric function

Vtot = Vegxt Tt Vind

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013




Section 2 :: Linear Response approach

Connection to spectroscopies :: optical absorption

a(w) = Im [epr(w),

al Theo: in Sofia, EUSPEC school 2013
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Section 2 :: Linear Response approach

Connection to spectroscopies :: optical absorption

Elliptically polarised

Linearly polarised

Sample
1 — Lo
; . E;
EN = sin® ® + sin® ® tan? ® —
1+ o

emi;emDens:ty Functional Theory in Sofia, EUSPEC school 2013
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Section 2 :: Linear Response approach

Connection to spectroscopies :: electron energy loss (EELS)

.Ei q;

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2014



Section 2 :: Linear Response approach

Connection to spectroscopies :: inelastic X-ray scattering (IXS)

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2014



Section 2 :: Linear Response approach

Electron Energy Loss Absorption spectrum

Surface differential reflectivity S /

Lompton Scattermg

refraction index \/\

Reflectivity
Inelastic X-ray Scattering

Reflectance Anisotropy spectroscopy

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Electron Energy Loss Absorption spectrum

Surface differential reflectivity S /

Lompton Scattermg — 1 + v (q) X (q, W

refractlon index
Reﬂe ctivity

Inelastic X-ray Scattering

excitations energies

Reflectance Anisotropy spectroscopy

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

ool el Z[ (To|n(x)|Ty) (Tr|n(r’)[To)  (To|n(r")|[Tr) (Lr]i(r)]¥o)
w — (Er — Eg) 107" w+ (Er — Eg) + 307

I

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Polarizability of an independent-particle system

x(r, 1. w) Z[ (Wo ()W) (Pr|n(r')[W) (Wo|n(e")| W) (Ur|n(r)|Po)
w— (Er — Eo) +1407 w+ (Er — Eo) +i0+

I

single determinant

Wy

o U, (0 (00 ) () () () (1)
X(P;P;w)_Z(féfj){ w—(Ej_Ei)+?:0+ - w‘l‘(fj—ﬁi)—i—i[]"'

t]

—

one-particle excitations energies

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Polarizability of an independent-particle system

(e, v ) = 3 [N (rlA) W) _ (Folle)|¥r) (Erla(x)]|Fo)
w — (Er — Eg) 107" w+ (Er — Eg) + 307

I

single determinant

Wy

O N [ () ()i () i(r)f () ()¢ (r)
x (e, T, w) ;(ﬁ_—jj) { w— (6 —)+i0t w4 (g —€) +i0F

—

one-particle excitations energies
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Section 2 :: Linear Response approach

on = XO5’Ueff on = X(S’Ueggt
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Section 2 :: Linear Response approach

on = XO5’Ueff on = X(Svezct

DFT

XO0Uept — Xoéveff

OVeff = OVegt + OUE + 0Vgc
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Section 2 :: Linear Response approach

on = XO5’Ueff on = X(Svesct

DFT

0
XOUVezt = X OUeff
OVeff = OVegt + OUE + 0Vgc

Dyson equation for the polarizability

X=X"+X"[v+ fee] X
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Section 2 :: Linear Response approach

Dyson equation for the polarizability

X =X"+ X" [v+ fre] X

X(ra I',,W) — XO(I‘,I',,(JJ) +

+ /drldI'QXO(ra rl;w) [U(I‘lal‘z) +f:cc(1‘1,P2;w)]X(I‘2,1"aw)
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Section 2 :: Linear Response approach

Dyson equation for the polarizability
X=X"+X"[v+ fac] X
x(r, v, w) = x°(r,r',w) +

+ /drldI'QXO(ra rl;w) [U(I‘lal‘z) +f:cc(1‘1,P2;w)]X(I‘2,1"aw)

OV

f — exchange-correlation kernel
IC

on
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Section 2 :: Linear Response approach

@ cvaluation of kyowing (gro)@%d state calculation)
@ f.. functional of the ground-state density

@ approximations for f,.

® f rc — 0
dvI*
® fro = Zc coherence vs freedom

on

@ any other f,.
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Section 2 :: Linear Response approach

Practical procedure for X and 6_1
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Section 2 :: Linear Response approach

Practical procedure for X and gt

@ DFT-KS calculation 1@@,6?; (approx :: Yge, VLS

20N
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Section 2 :: Linear Response approach

Practical procedure for X and gt

@ DFT-KS calculation w?;,e?; (approx :: Yge, VLS

20N

0 Z Vi (r)Y; (r)w?(r’)wz‘ (r')

i]
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Section 2 :: Linear Response approach

Practical procedure for X and gt

@ DFT-KS calculation 10?;,6?; (approx :: Yge, VLS

on

0 Z Vi (r)Y; (r)w?(r’)w;‘ (r')

i]

@ determination of X = X"+ x° [v+ fael X (approx :: )fzc

Francesco Sottile Time Dependent Density Functional Theory in Sofia, EUSPEC school 2013



Section 2 :: Linear Response approach

Practical procedure for X and g1

@ DFT-KS calculation ?,D?;,E?; (approx :: e, VS

on

0 Z b7 (1) (r)i(r")3 (r')

i]
O determination of X = XO + XO (v + frel X (approx :: )fzc

& cevaluation of el =1+vyx

Absorption specttum  Inelastic X-ray Scattering  refractionindex  Surface differential reflectivity

Compton Scattering ~ Reflectivity ~ Electron Energy Loss ~ Reflectance Anisotropy spectroscopy
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Section 2 :: Linear Response approach

s —1 Scaling
Practical procedure for X and ¢ :
(with, ).
& DFT-KS calculation ’QD@, €; (apPLOX o ues Vi, o(N1+3)
. i ()5 ()i ()3 (x')
0 creation of X = %: i — (; — &)+ 3-6+ 0(N4)
O determination of X = XO + XO [v+ fee] X (approx :: Jfe o(N*77)

@ cvaluationof 7' =1+ vy

Absorption specttum  Inelastic X-ray Scattering  refractionindex  Surface differential reflectivity

Compton Scattering ~ Reflectivity ~ Electron Energy Loss ~ Reflectance Anisotropy spectroscopy
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Section 2 :: Linear Response approach

EELS of graphite

il
&\'E a---eixp
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energy (er
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Section 2 :: Linear Response approach

IXS of Silicon

0 10 20 SIO 40 50 60
Energy [eV]
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Section 2 :: Linear Response approach

Absorption of Silicon

(‘!0 | I 1 I
i / \ o Exp.
50 |- I == === [P-RPA (RPA nlf)
) RPA

30

10
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Section 2 :: Linear Response approach

Absorption of Argon

' | I | | | ‘

e exXp
— ALDA

10 —

Y, Im {xm}

L
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Section 2 :: Linear Response approach
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Section 2 :: Linear Response approach
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Section 2 :: Linear Response approach

X(ra I‘,,CU) — XO(I‘,I‘,,(M) +

+ /drldr2xo(r; ri,w) [v(ry,ra) + fre(ri,ra,w)] x(ra,r',w)
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Section 2 :: Linear Response approach

X(ra rfaw) — Xo(ra I',,CL)) +

=+ /drlerXO(ra I'l,(U) [U(rla I'Q) =+ fmc(rla I’Q,w)] X(riza rfaw)

basis change

M / f 2 (03 (0) s () () F(x, 1) drdr
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Section 2 :: Linear Response approach

x(r, v, w) = x°(r,r',w) +

+ /dr1dl‘2XO(I‘,I‘1,w) [w(ry, 1) + fre(ry, ro,w)] x(ra, v, w)

basis change

5= [ [ 6@ @) fr) drar

kIl .07k Z 01™" | op op kl
Xij _ [X Lﬁj T [X ]?k Umn + [fIEC]mn Xop
mnop
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Section 2 :: Linear Response approach

[XO]]-{% _ (fi = J3)0irdji diagonalin 77, kl
Vo w— (g — )
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Section 2 :: Linear Response approach

X =X+ X [v+ fael X

_ EXGI‘CI' Se

("]

x=1(x°)" = @+ fae)

—1
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Section 2 :: Linear Response approach

X =X+ X [v+ fael X

_ EXGI‘CI' Se

x=[&%4—%v+ﬁdyl

x={@%4—K}
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Section 2 :: Linear Response approach

X:

kl
Xij
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Section 2 :: Linear Response approach

X?liyl W — (Ej = E@;)(S@kéﬂ
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Section 2 :: Linear Response approach

4 -1
X = | (X — K

Xi;l W = (E] o E?:)(Sik'éjl K = /]i-f’.:*(r)'z,;_“)j(r)i,:_’.r?;(r")f;__f’)f(r’)K(r,r’)(lrdr"

tJ 1 J
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Section 2 :: Linear Response approach
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Section 2 :: Linear Response approach
tJ
klm

(€5 — €)dirdji kl
. K; ]
L ]
EXC . ki
H — (€5 — €3)0sx 05 Kij
_— L ]
ki
kl
Kk
L
Lkl

(€5 — €:)0ir0;1
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Section 2 :: Linear Response approach
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Section 2 :: Linear Response approach
kl K

A B
B* -A*
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Section 2 :: Linear Response approach

A B||X X
B* -A*||Y Y
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Section 2 :: Linear Response approach

A Bllx 1 0
B* A*_Y 0O -11|Y

<
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Section 2 :: Linear Response approach
kl K

HEXC —

Tamm-Dancoftt approx
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Section 2 :: Linear Response approach

HEXC __ ’5 .

Tamm-Dancott approx
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Section 2 :: Linear Response approach

N 7~ N\
full spectrum
Y = XO _t XO [?) e fxc} Y ) excitations energies
N scaling
A Bllx ) % few excitations energies .
— B . . . .
B* -A*||Y Y iterative techniques scaling
analysis
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