Section 2 :: Linear Response approach

TDDFT in linear response

Uext(ra t) — Uext(ra O) + 5ve$t (I‘, t)

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

TDDFT in linear response

Uext(ra t) — Uext(ra O) + 57)6:1:73 (I‘, t)

"small”

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

TDDFT in linear response

Uext(ra t) — Uext(ra O) + 5?)6:1375 (I‘, t)
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polarizability :: linear response function
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Section 2 :: Linear Response approach

“

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

Reflectance Anisotropy spectroscopy
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Section 2 :: Linear Response approach

Vext (I‘, t) — Ue:ct(ra O) =+ 5Uext(r7 t)

n(r,t) = n(r,0) + on(r,t) + 6 n(r,t) + ...

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

Vext (I‘, t) — Ue:ct(ra O) =+ 5Uea:t(r7 t)

n(r,t) = n(r,0) + on(r,t) + 6 n(r,t) + ...

—————

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

Vext (I‘, t) — Ue:ct(ra O) =+ 5Uea:t(r7 t)

n(r,t) = n(r,0) + on(r,t) + 6 n(r,t) + ...

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

polarizability
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Section 2 :: Linear Response approach

polarizability :: density-density response function

X(r,x' t =) =i (Wo|[A(r,t),n(r',t)][¥o)

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

polarizability :: density-density response function

X(r,x' t =) =i (Wo|[A(r,t),n(r',t)][¥o)

a(r,t) = e Hip(r)etH! (r) = Z 5(r —r;)
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Section 2 :: Linear Response approach

polarizability :: density-density response function
X(rv rla t— t,) =1 <l110 ’ [ﬁ(l‘, t)v ﬁ(r’) t,)} ‘\Ij[))

(r,t) = e Htp(r) et f(r) = Z 5(r —r;)

W — E[—E0)+ZO+ W+(E[—E())—|’?;O+

(To|A(x)|O7) (Tr|a(e!)|To)  (To|a(e!)| W) (Tr|a(r)| P,
(. r W) 2}[ ()| Wr) (Wrla(r)[Wo)  (Yolna(r))[Pr) (Wr|n(r)[Wo)

EXeI- Cise
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Section 2 :: Linear Response approach

polarizability :: density-density response function
X(rv rla t— t,) =1 <l110 ’ [ﬁ(l‘, t)v ﬁ(r’) t,)} ‘\Ij[))

a(r,t) = e Hip(r)etH! (r) = Z 5(r —r;)

(Woln(r)| W) (Prln(r)| P, Uoln(r) W) (Urln(r)|P,
(. r W) ;[ a(r)|Vr) (Pr|n()[Po)  (Tola(r)| V) (Pr|n(r)|To)

W — E[—E0)+ZO+ W+(E[—E())—|’?;O+
W
(); excitations energies Exer, Cise
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Section 2 :: Linear Response approach

Connection to spectroscopies :: inverse dielectric function

Utot — g Vext

>
Vtot — Vext + Vind
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Section 2 :: Linear Response approach

Connection to spectroscopies :: optical absorption

—
— a I,
I

-z a(w) = Im [epr(w)]
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Section 2 :: Linear Response approach

Connection to spectroscopies :: optical absorption

Elliptically polarised

Linearly polarised

Sample
1 E,
ey = sin® @ + sin® ® tan® @ | - 7
+ &

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

Connection to spectroscopies :: electron energy loss (EELS)

1
O x Im [6 (q,w)]

o4 E
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Connection to spectroscopies :: inelastic X-ray scattering (IXS)
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Absorption spectrum
Electron Energy Loss P P

Surface differential reflectivity S /

Compton Scattermg

refraction index \,\

Reflectivity
Inelastic X-ray Scattering

Reflectance Anisotropy spectroscopy
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Section 2 :: Linear Response approach

Absorption spectrum
Electron Energy Loss P P

Surface differential reflectivity S /

Compton Scattermg

1 +v(q)x(q,w

refraction index N
Reﬂectwlty

Inelastic X-ray Scattering

excitations energies

Reflectance Anisotropy spectroscopy
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Section 2 :: Linear Response approach

- n(r)[Wo)
W — E[—E0)+ZO+ w—|—(E1—E0)—|—z'O+

I‘I'(.U

-3 [ (Wolna(r) | W) (Wr|n(r)|Wo) — (Woln(r')[Wr) (¥

I
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Section 2 :: Linear Response approach

Polarizability of an independent-particle system

W — E[—E0)+ZO+ w—|—(E1—E0)—|—z'0+

(er ) Z[%'” D7) (rla) o) (Wola(r)|Wr) (Wyla(r)|Wo)

I

/] 0 single determinant

N 4
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Section 2 :: Linear Response approach

Polarizability of an independent-particle system

W — E[—E0)+ZO+ w—|—(E1—E0)—|—z'0+

(1 w) Z[ (Wo|n(r)[Wr) (Pr|n(r)|Wo)  (Woln(r")|Wr) (Vi]n(r)|Wo)

I

/] 0 single determinant Exere;,,

N 4

©7 (0); ()i ()i (') bi(r) 5 ()7 ('), (r')
w— (€ —€) + 07T w+ (€, —€) + 10T

]

Xo(rvrlaw) — Z(fl - fj‘) [

\—v—-}
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Section 2 :: Linear Response approach

on = Xoéveff on
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Section 2 :: Linear Response approach

on = Xoéveff 0N = XOVeyt
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Section 2 :: Linear Response approach

on = Xoéveff 0N = XOVeyt

DFT

XO0Vert = XO(;Ueff
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Section 2 :: Linear Response approach

on = Xoéveff 0N = XOVeyt

DFT

XO0Vert = XO(;Ueff

OVeff = OVegt + OVH + 0Uge
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Section 2 :: Linear Response approach

Dyson equation for the polarizability

@ evalu

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

Dyson equation for the polarizability

0 0 @ evalu
X=X +X [v+ foe]x
e fZCC
X(rr',w) = x"(r,r',w) + @ apprc
+ /drlderO(rarlaw) [v(r1,r2) + fae(ri, T2, w)] X (12, 1", W) ‘
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Section 2 :: Linear Response approach

Dyson equation for the polarizability

— 0 0 @ cevalu
X=X TX [’U T fwc] X
@ fic
x(r, v’ w) = x(r, ', w) + o o
+ /dmdrzxo(r,rl,w) [v(r1,r9) + fae(ri, ra, w)] x(ro, I",w) q
OUzc |
fmc — exchange-correlation kernel ‘

on
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Section 2 :: Linear Response approach

@ cvaluation of X knowing XO (ground state calculation)
@ /.. functional of the ground-state density

@ approximations for f,..

) of:zﬂ'c:O

e _ 0vge coherence vs freedom
f$C —

on

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

Practical procedure for X and et Scal
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Section 2 :: Linear Response approach

Practical procedure for X and 5_1 Scalin

@ DFT-KS calculation 5, €; (approx = vy, V25 ) o(N1+3)

0N
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Section 2 :: Linear Response approach

Practical procedure for X and 5_1 Scalin

& DFT-KS calculation ?f}q;, €; (approx: v, Vo ) o(N 13

0N

Y7 (1) (r) i (x") 5 (v
@ creation of X = Z UE 3 (EE' 1 E«;:() —|)-z()EL ) O(N4)

ij
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Section 2 :: Linear Response approach

Practical procedure for X and 5_1 Scalin
@ DFT-KScalculation 5, €; (approx:: v, VP ) o( N1T3
O cosinar - S LA e
@ determinationof X = X" + X" [v+ feel X (approx: fy. ) o(N*7%)
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Section 2 :: Linear Response approach

9

- —1 -
Practical procedure for X and ¢ Scaling
DFT-KS calculation 0;, €; (approx : v,V ) o(N'7?)
i (2)1h; ()¢ (x') 05 (x)
creation of X' = %: o — (jej — ) + i6+ O(N4)
. — U 0 . 2+3
determination of X = X~ + X [v+ fee] X (approx: fi. ) o(N"™)

Francesco Sottile

evaluation of ¢! =1+ vy

Absorption spectrum Inelastic X-ray Scattering refraction index Surface differential reflectivicy
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Section 2 :: Linear Response approach

9

Practical procedure for X and ¢ L Scaling
DFT-KS calculation ), €; (approx s e, V7 ) o(N'7)
creation of X' = %: tbifrzﬁbéil‘)_?f};()rrﬁff) O(N 4)
determination of X = X" + X" [V + fzel X (approxz fu. ) o(N?79)

Francesco Sottile

evaluation of ¢! =1+ vy

Absorption spectrum Inelastic X-ray Scattering refraction index Surface differential reflectivity
Compton Scattering Reflectivity ~Electron Energy Loss Reflectance Anisotropy spectroscopy
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Section 2 :: Linear Response approach

Practical procedure for X and g1 Scaling (with N,..... )
@ DFTKS calculation ;, €; (approx = v, V2 ) o(N'+3)
@ crcationof X = ZJ: wufr_)%ziir)_i()rkéf) o(N*)
@ determination of X = X" + X" [v+ facl X (approx: frc ) o(N*+3) —
@ cvaluationof ¢! =1+ vy B

Absorption spectrum  Inelastic X-ray Scattering refraction index Surface differential reflectivity
Compton Scattering Reflectivity ~Electron Energy Loss Reflectance Anisotropy spectroscopy

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



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

IXS of Silicon
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Section 2 :: Linear Response approach

Absorption of Silicon

= ' ' 1 , I
/\ ° Exp.
50 / —— = IP-RPA (RPA nlf) H
A RPA

30

10
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Section 2 :: Linear Response approach

Absorption of Argon
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Section 2 :: Linear Response approach

: 291 —
UV-vis (P,Ss)-2a
45 (M,Ss)'2a2 _____ ]
P-3a ——
0 P-1a J P
o
35 18
N Absorption of cycloplatinated helicenes | %
x 30+ |3
! £
§ o5+t 1%
S £
€ 20 { D
3 g
© 15t 12
3]
7]
o)
10 y
5t "
0
EE 3 AE A aE a2 & o
Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017

Energy / ev



250 300 350 400 450

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 rlaw) — Xo(ra I‘,,CU) +

+ /drldI'QXO(ry ri,w) [v(ry,r2) + fre(ry, re,w)] x(r2, r',w)
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Section 2 :: Linear Response approach

x(r, v, w) = x(r,r,w) +

+ / drlerXO(rv 1'1,0.)) [U(rlp r2) + fmc(rla I'Q,W)] X(r27 rlaw)

basis change

S = [ [ 600 ) £ o) dra
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Section 2 :: Linear Response approach

x(r, v’ w) = x(r,r,w) +

+ /dﬁdI'QXO(Pa ri,w) [v(ry,r2) + fee(ry, ro,w)] x(r2, v/, w)
basis change

5= [ [ e () e, ) drde

ijl — _|_ Z mn [ gfn -+ [f:UC]mni|Xop

mnop
Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

[XO} kl _ (fi = f3)0idji diagonal in 779, kl

T w— (g — &)
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Section 2 :: Linear Response approach

X =X"+ X" [v+ fee) X

Exer Cise
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Section 2 :: Linear Response approach

X =X"+ X" [v+ fee) X

X = [(XO)_I — K}
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Section 2 :: Linear Response approach

T 1
X = | (X — K

kl (e — NS ds |
X’L] W (63 61)5zk63l K[ = //d);‘(r)?,/)j(r)z/;i(r’)z/); (r")K (r,r") dedr’
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Section 2 :: Linear Response approach

1 3 V3) 83 (VA
— W )

X = Foxc
H' NN N — W
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Section 2 :: Linear Response approach

A B ||X X
— By

-B* -A™|Y Y
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Tamm-Dancoft approx
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HEXC _ i .

Tamm-Dancoft approx

Francesco Sottile Time Dependent Density Functional Theory in Aussois, ISTPC school 2017



Section 2 :: Linear Response approach

full spectrum

Y = XO 4+ XO [V + frel X excitations energies
N? scaling

few excitations energies

A B |X X

o . 6 ..
_p* -A*|| Y v iterative techniques N7 scaling

analysis
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