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Periodic systems

Dielectric Function in Crystals

A better representation: Fourier space
dqdw
_ i(q+G)-r—iwt
E(r,t) = E / 2)4 (9 + G,w)e
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Periodic systems

Dielectric Function in Crystals

A better representation: Fourier space

dqd , :
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Linear Periodic systems ALDA the Holy Functional

Dielectric Function in Crystals

Macroscopic average

average over distance d:
o d> Op
0 dK A
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Linear Periodic systems ALDA The Quest for the Holy Functional

Dielectric Function in Crystals

Macroscopic average

(f(r,w))g = QiR/drf(r,w)

V.
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Linear Periodic systems ALDA he Quest for the Holy Functional

Dielectric Function in Crystals

Macroscopic average

(f(r,w))g = QR/drf
= oz /dr [/dqe’q'Zf q+ G,w)e’®"
R
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Linear Periodic systems ALDA The Quest for the Holy Functional

Dielectric Function in Crystals

Macroscopic average

(f(r e = g [ drf(r.0)
= i/dr [/ dqeiq"z flq+ G,w)eiG"]
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Linear Periodic systems ALDA

Dielectric Function in Crystals

Macroscopic average
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Linear Periodic systems ALDA

Dielectric Function in Crystals

Macroscopic average

(f(r e = g [ drf(r.0)
1 . .
= [ dr dqe'" flq+ G,w)e's"
o o [ et a6
:/dqeiq'rf(q—l—G,w)QiZ/dre"G"
R G
- /dqe’q'rf(q+0,w)

macroscopic electric field E(q+ 0,w) = E(q,w)

V.
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Linear Periodic systems ALDA

Dielectric Function in Crystals

Macroscopic average

(f(r e = g [ drf(r.0)
= i/dr [/ dqeiq"z flq+ G,w)eiG"]
Qg S
:/dqeiq'rf(q—l—G,w)QiZ/dre"G"
R G
- /dqeiq'rf(q +0,w)

macroscopic electric field E(q+ 0,w) = E(q,w)

macroscopic inverse dielectric function 50 (q,w)

4
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Linear Periodic systems he Quest for the Holy Functi

Absorption coefficient

General solution of Maxwell’s equation

in vacuum  E(x, t) = Ege™(*/c~t)

in a medium E(x,t) = Ege@lix/e=t)
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Linear Periodic systems The Quest for the Holy Functional

Absorption coefficient

General solution of Maxwell’s equation

in vacuum  E(x, t) = Ege™(*/c~t)

in a medium E(x,t) = Ege@lix/e=t)

complex (macroscopic) refractive index N

N=\ey=v+ix ; D=eyE

4
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Linear Periodic systems Q for the Holy Functiona

Absorption coefficient

General solution of Maxwell’s equation

in vacuum  E(x, t) = Ege™(*/c~t)

in a medium E(x,t) = Ege@lix/e=t)

complex (macroscopic) refractive index N

N=\ey=v+ix ; D=eyE

.. - - 2
absorption coefficient « (inverse distance } % =1)
_ wlmey
Rz

y
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Periodic systems

Absorption coefficient

Ellipsometry Experiment

Elliptically polarised
[, s-plane

Linearly polarised

Sample

_E

g 0 E:

em = sin?® + sindtan’d =
1+ =

E;
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

DZEME
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

DZEME

D(q + G,w) = ceer(q,w)E(q + G, w)
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

DZEME

D(q,w) = £00(q,w)E(q,w)
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

DZSME

D(q, w) = Eoo(q, W)E(q, (.U)
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

DZEME

D(q,w) = £00(q,w)E(q,w)

WRONG!

Time Dependent Density Functional Theory Francesco Sottile



Periodic systems

Dielectric Function in Crystals

Let's calculate ey

D(q + G,w) = ceer(q,w)E(q + G, w)
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

D(q + G,w) = ceer(q,w)E(q + G, w)
D(q,w) = coe'(9, w)E(q + G, w)
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Periodic systems

Dielectric Function in Crystals

Let's calculate ey

D(q + G,w) = cex(a, w)E(q + G, w)
D(q7 w) = 6OG’(CIJ w)E(q + G,a w)
7£ Eoo(q,W)E(q,W)

The average of the product is not the product of the averages
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Linear Periodic systems ALDA The Quest for the Holy Functional

Dielectric Function in Crystals

Let's calculate ey

D:8/\//E
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Linear Periodic systems ALDA

Dielectric Function in Crystals

Let's calculate ey

D:8/\//E

E(q + G,w) = ege(a,w)D(a + G, w)
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Linear Periodic systems ALDA e ( for the Holy Functional

Dielectric Function in Crystals

Let's calculate ey

D:8/\//E

E(q + G,w) = ege(a,w)D(a + G, w)
E(q + G,w) = ego(a,w)D(a,w)
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Linear Periodic systems ALDA

Dielectric Function in Crystals

Let's calculate ey

D:€ME

E(q+G,w) = eg¢/(a,w)D(a + G,w)
E(a+ G,w) = ego(a,w)D(q,w)
E(q7w) = EEOI(Q7W)D(q7w)
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Linear Periodic systems ALDA

Dielectric Function in Crystals

Let's calculate ey

D:8/\//E

E(q+G,w) = eg¢/(a,w)D(a + G,w)
E(a+ G,w) = ego(a,w)D(q,w)
E(q7w) = 6601(q7w)D(q7w)

1

EM = —
601
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Periodic systems

Dielectric Function in Crystals

The Energy Loss Spectra

Imaginary part of the macroscopic inverse dielectric function

ELS = Imeyg
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Periodic systems

Dielectric Function in Crystals

The Energy Loss Spectra

Imaginary part of the macroscopic inverse dielectric function

ELS = Imeyg

2
FW:A>>>QR
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Periodic systems

Dielectric Function in Crystals

Absoprtion Spectra Energy Loss Spectra

1 1
abs = Imey = Im— ELS = Imsgol = Imm—
€00 &M
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Periodic systems

Dielectric Function in Crystals

€oo is not the macroscopic dielectric function
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Periodic systems

Dielectric Function in Crystals

€oo is not the macroscopic dielectric function
What is it then ?
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Periodic systems

Dielectric Function in Crystals

€oo is not the macroscopic dielectric function
What is it then ?
€00 Is the macroscopic dielectric function ...
without local fields.

Time Dependent Density Functional Theory Francesco Sottile



Linear Periodic systems The Quest for the Holy Functional

Solids

Reciprocal space

Xo(r7 rl7 w) — ch’(q7 w)

G =reciprocal lattice vector
g =momentum transfer of the perturbation
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Linear Periodic systems The Quest for the Holy Functional

Solids

Xeo (4, w) = Z <¢Vk|el(q+c)r|¢ﬁk+q> <¢ck+q|e"(q+c’)r’|¢»‘;k>
GG/ \ M ==

— w — (€ckrq = €vk) + 1]

unoccupied states

m
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Linear Periodic systems

Solids

Xeo (4, w) = Z <¢Vk|el(q+c)r|¢ﬁk+q> <¢ck+q|e"(q+c’)r’|¢»‘;k>
GG/ \ M ==

vek W — (€cktq — €vk) + 11

Xeo'(@,w) = X° + X7 (v + fic) X
66_61’((" w) = dee' + Ve(Q) Xee (A, w)
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Linear Periodic systems

Solids

Reciprocal space

Xeo (4, w) = Z <¢Vk|el(q+c)r|¢ﬁk+q> <¢ck+q|e_l(q+cl)f'|¢>‘k/k>
GG/ \ M ==

— w — (€ckrq = €vk) + 1]

Xeo'(@,w) = X° + X7 (v + fic) X
66_61’((" w) = dee' + Ve(Q) Xee (A, w)

_
6601(q7 W)J

@ S.L.Adler, Phys.Rev 126, 413 (1962); N.Wiser Phys.Rev 129, 62 (1963)

q—0

ELS(q,w) = —Im {€5y (q,w)} ; Abs(w) = lim Im{

v
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Linear Periodic systems

Solids

Xeo (4, w) = Z <¢Vk|el(q+c)r|¢ﬁk+q> <¢ck+q|e_l(q+cl)f'|¢>‘k/k>
GG/ \ M ==

— w — (€ckrq = €vk) + 1]

Xeo'(@,w) = X° + X7 (v + fic) X
66_61’((" w) = dee' + Ve(Q) Xee (A, w)

ELS(w) :_cl,mlm{%l(q’w)} ; Abs(w) :Amlm{%}

@ S.L.Adler, Phys.Rev 126, 413 (1962); N.Wiser Phys.Rev 129, 62 (1963)

v
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Linear Periodic systems The Quest for the Holy Functional

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {egg (w)} ; Abs(w)=Im {?1(@}

v
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Linear Periodic systems

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = I {3 ()}  Abs(w) = Im { = |

anl(w) =1+ voXgo(w)

v
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Linear Periodic systems

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = I {3 ()}  Abs(w) = Im { = |

ELS(w) = —voIm {xpo(w)} ; Abs(w) = —voIm {;}

v
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Linear Periodic systems he for the Holy Functional

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {egg (w)} ; Abs(w)=Im {?1(@}

ELS(w) = —voIm {xgo(w)} ; Abs(w) = —voIm {m}

ELS(w) = —vo Im {xgo(w)} ; Abs(w)= —voIm {¥go(w)}

v
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Linear Periodic systems he for the Holy Functional

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {egg (w)} ; Abs(w)=Im {?1(@}

ELS(w) = —voIm {xgo(w)} ; Abs(w) = —voIm {m}

ELS(w) = —vo Im {xgo(w)} ; Abs(w)= —voIm {¥go(w)}

X=x"+x° (v + ) x
X = 0+XO(V+f>«:)X
— {VG VG#O
Vg =

0 6=

v
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Linear Periodic systems he for the Holy Functional

Solids

Absorption and Energy Loss Spectra q — 0

ELS(w) = ~Im {egg (w)} ; Abs(w)=Im {?1(@}

ELS(w) = —voIm {xgo(w)} ; Abs(w) = —voIm {m}

ELS(w) = —vo Im {xgo(w)} ; Abs(w)= —voIm {¥go(w)}

v
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the Holy Functional

Linear Periodic systems

Solids

Abs and ELS (q — 0) differs only by v

ELS(w) = —Im {egg (w)} ; Abs(w)=Im {Kl(w)}

Abs(w) = —vo Im {Xgo(w) }

ELS(w) = —vo Im {xpo(w)} ;
X =x"+x° (v +fc) x
X=x"+x°(V+ fic) X

_ Ve Ve#0 . .
Ve = { (;3 ¢ 7&0 microscopic components
G =
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Linear Periodic systems . 3 or the Holy Functiona

Solids

Microscopic components v

v = local field effects

=0+ X0 @+ ) N
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Linear Periodic systems The Quest for the Holy Functional

Solids

Microscopic components v

v = local field effects

=0+ X0 @+ ) N

AbsNLF — — o Im {XNLF}
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Linear Periodic systems The Quest for the Holy Functional

Solids

Microscopic components v

v = local field effects

=0+ X0 @+ ) N
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Linear Periodic systems The Quest for the Holy Functional

Solids

Microscopic components v

v = local field effects

=0+ X0 @+ ) N
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Linear Periodic systems for the Holy Functiona

Solids

Microscopic components v

v = local field effects

=0+ X0 @+ ) N

AbsNLF — — o Im {XNLF}

AbsNYF = Tm {ego}

AbsNF = — v Im {)ZNLF} = Im {eqo} )
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Linear Periodic systems The Quest for the Holy Functional

EELS of Graphite

T T T T
: T N e
RN, o) N pa |
eRmRewe, a g7 N - = -rpanif
BRI L ) :
: N N
a A S

energy (eV)
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Periodic systems

Absorption of Silicon

60 T T T T
I / \ . Exp. 1
50— I = == [P-RPA (RPA nlfj H
A RPA

10
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Outline

© ALDA: Achievements and Shortcomings
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ALDA

ALDA: Achievements and Shortcomings

Electron Energy Loss Spectrum of Graphite

¥ : ) : :
RPA vs EXP ; : 3|
YN = 30 0 vy N ¢ : S
N .:.msw]q
X=X TX VX - G55 s T
ELS = —voIm {00} en

10 20 30 40
energy (eV)

[§ A.Marinopoulos et al. Phys.Rev.Lett 89, 76402 (2002)
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ALDA

ALDA: Achievements and Shortcomings

Photo-absorption cross section of Benzene

10
Experimental
---- TDLDA )
8r \
=
& >
= O—= -
=R 2
.%
ALDA vs EXP 5
£ 4
2
_ _Arw 5
Abs=—4“Im[drzn(r,w) £
2 -
0
0
Energy (eV)
o

[§ K.Yabana and G.F.Bertsch Int.J.Mod.Phys.75, 55 (1999)
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ALDA

ALDA: Achievements and Shortcomings

Inelastic X-ray scattering of Silicon

0.02- N 8

ALDA vs RPA vs EXP

S(Q,m) [eV ]

S(q,w)= 4ﬂ262 Im500

s
Energy [eV]

[8 Weissker et al., PRL 97, 237602 (2006)
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ALDA

ALDA: Achievements and Shortcomings

Absorption Spectrum of Silicon

60— ‘ . ‘ ; .

50

'S
=

ALDA vs RPA vs EXP

©
=]

Vo Im {Xg}

X =x"+x° (v + £ )x

20

Abs = —vpIlm {)_(00}
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ALDA

ALDA: Achievements and Shortcomings

Absorption Spectrum of Argon

10—

ALDA vs EXP

v, Im (7}

X=X+ (4 £ )X

@

Abs = —vpIm {)’(00}
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ALDA

ALDA: Achievements and Shortcomings

Good results

Bad results

@ Photo-absorption of
small molecules

@ ELS of solids

o Absorption of solids
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Good results

Bad results

@ Photo-absorption of
small molecules

@ ELS of solids

o Absorption of solids
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ALDA

ALDA: Achievements and Shortcomings

Good results

Bad results

@ Photo-absorption of
small molecules

@ ELS of solids

ALDA
fXC

o Absorption of solids

is short-range

1
f(q — 0) ~ —
(q—0) 7

4
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Linear e e Q the Holy Functional

ALDA: Achlevements and Shortcomings

[§ L.Reining et al. Phys.Rev.Lett. 88, 66404 (2002)
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find better
fxc for solids
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The Quest for the Holy Functional

Outline

@ The Quest for the Holy Functional

Time Dependent Density Functional Theory Francesco Sottile



The Quest for the Holy Functional

Beyond ALDA approximation

The problem of Abs in solids. Towards a better understanding

[{ Reining et al. Phys.Rev.Lett. 88, 66404 (2002)
Long-range kernel

de Boeij et al. J.Chem.Phys. 115, 1995 (2002)
Polarization density functional. Long-range.

Exact-exchange

Sottile et al. Phys.Rev.B 68, 205112 (2003)

B
[§ Kim and Gérling Phys.Rev.Lett. 89, 96402 (2002)
[
Long-range and contact exciton.

3

Botti et al. Phys. Rev. B 72, 125203 (2005)
Dynamic long-range component

v
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The Quest for the Holy Functional

Beyond ALDA approximation

The problem of Abs in solids. Towards a better understanding

[{ Reining et al. Phys.Rev.Lett. 88, 66404 (2002)
Long-range kernel

de Boeij et al. J.Chem.Phys. 115, 1995 (2002)
Polarization density functional. Long-range.

Exact-exchange

Sottile et al. Phys.Rev.B 68, 205112 (2003)

B
[§ Kim and Gérling Phys.Rev.Lett. 89, 96402 (2002)
[
Long-range and contact exciton.

3

Botti et al. Phys. Rev. B 72, 125203 (2005)
Dynamic long-range component

Parameters to fit to experiments.

v
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The Quest for the Holy Functional

Beyond ALDA approximation

Abs in solids. Insights from MBPT

Parameter-free Ab initio kernels

[@ Sottile et al. Phys.Rev.Lett. 91, 56402 (2003)
Full many-body kernel. Mapping Theory.

[§ Marini et al. Phys.Rev.Lett. 91, 256402 (2003)
Full many-body kernel. Perturbation Theory.
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The Quest for the Holy Functional

The Mapping Theory: Results

Absorption of Silicon
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The Quest for the Holy Functional

The Mapping Theory: Results

Absorption of Silicon
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The Quest for the Holy Functional

The Mapping Theory: Results

Absorption of Silicon
[§ F.Sottile et al. Phys.Rev.Lett 91, 56402 (2003)
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The Quest for the Holy Functional

The Mapping Theory: Results

Absorption of Silicon Carbide and Diamond

[@ last week preliminary results =)

Time Dependent Density Functional Theory Francesco Sottile



The Quest for the Holy Functional

The Mapping Theory: Results

Absorption of Argon
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The Quest for the Holy Functional

The Mapping Theory: Results

Absorption of Argon

[@ F.Sottile et al., submitted to Phys.Rev.Lett.
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The Quest for the Holy Functional

The Mapping Theory: Results

Tested also on absorption of SiO,, DNA bases, Ge-nanowires,
RAS of diamond surface, and EELS of LiF.

Marini et al. Phys.Rev.Lett. 91, 256402 (2003).
Bruno et al. Phys.Rev.B 72 153310, (2005).
Palummo et al. Phys.Rev.Lett. 94 087404 (2005).

) ) )

Varsano et al. J.Phys.Chem.B 110 7129 (2006).
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The Quest for the Holy Functional
Spectra of simple systems

TDDFT is the method of choice

\/ Absorption spectra of solids and simple molecules
\/ Electron energy loss spectra
\/ Refraction indexes

\/ Inelastic X-ray scattering spectroscopy
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The Quest for the Holy Functional

Towards new applications

Strongly correlated systems

TDLDA (Broadening 0.5 eV)

1.8

" TSEMICO ——
EXp o

1.6

G (arb. units)

31
é 08

0.6

0.4 F

0.2 Energy (eV)

0 L L L L I

T e T e SRS R T Abs spectrum of Green
EEL spectrum of VO, Fluorescent Protein )

[ M.Gatti, preliminary results [ M.Marques et al. Phys.Rev.Lett

90, 258101 (2003)
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