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Why Density Functional: an old strategy

@ Thomas-Fermi, Slater, Kohn



Density Functional ... Successfull ?

TABLE I: Physical Review articles with more than 1000 citations

through June 2003.

PR, Physical Review; PRB, Physical Review B:

PRD, Physical Review D; PRL, Physical Review Letters; RMP, Reviews

of Modern Physics.

# | Av.
Publication cites| Age|Title Author(s)
PR 140, AT133 (1965)[ 3227| 26.7[Self-Consistent Equations Including Exchange and|[W. Kohn, L. J. Sham
Correlation Effects
PR 136, B8G4 (1964) [2460] 28.7[Inhomogeneous Electron Gas P. Hohenberg, W. Kohn
PRB 23, 5048 (1981) [2079[ 14.4]Self-Interaction Correction to Density-Functional|J. P. Perdew, A. Zunger
Approximations for Many-Electron Systems
PRL 45, 566 (1980) [ 1781 15.4]Ground State of the Electron Gas by a Stochastic[D. M. Ceperley, B. J. Alder
Method
PR 108, 1175 (1057) | 1364 20.2| Theory of Superconductivity T Bardeen, T. N Cooper, J. K. Schrioffer
PRL 19, 1264 (1967) | 1306 15.5[A Model of Leptons S. Weinberg
PRB 12, 3060 (1975) [1259] 18.4|Linear Methods in Band Theory O. K. Andersen
PR 124, 1866 (1961) [1178]28.0[Effects of Configuration Interaction on Intensities|U. Fano
and Phase Shifts
RMP 57, 287 (1985) [1055] 9.2|Disordered Electronic Systems P. A. Lee, T. V. Ramakrishnan
RMP 54, 437 (1982) [ 1045 10.8]Electronic Properties of Two-Dimensional Systems|T. Ando, A. B. Fowler, F. Stern
PRB 13, 5188 (1976) [1023] 20.8]Special Points for Brillouin-Zone Integrations H. J. Monkhorst, J. D. Pack

[d S. Redner http://arxiv.org/abs/physics/0407137
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Time Dependent DFT ... Why ?

Large field of research concerned with
many-electron systems in time-dependent fields
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Time Dependent DFT ... Why ?

Large field of research concerned with
many-electron systems in time-dependent fields

Different Phenomena

@ absorption spectra
@ energy loss spectra
o X scattering

@ high-harmonic generation

e photo-emission

a)
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Applications (ELS) Analysis
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Applications (ELS) Analysis

Linear Response Approach

System submitted to an external perturbation

-1
Viot =€ Vext

Vtot — Vext + Vind

N E=:c'D
Viot = Vext + Ving
Dielectric function e
EELS R index

AMa AL
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TDDFT

[e]e] lele]e]e)

Linear Response Approach

Definition of polarizability

not polarizable = V=V = e'l=1
polarizable = Vi # Ve = e 1#1

el=1+vy

X is the polarizability of the system )
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TDDFT Applications (ELS) Analysis

0008000

Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system  dn,_; = X% Viot
Single-particle polarizability

= 3 OG0 )65(r)

w — (€ — €j)

i

hartree, hartree-fock, dft, etc.

¥ G.D. Mahan Many Particle Physics (Plenum, New York, 1990)
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TDDFT Applications (ELS) Analysis

0008000

Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system  dn,_; = X% Viot

i
unoccupied states

© = 3 SO E16()

; w — (€ — €))

m
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TDDFT Applications (ELS) Analysis

0008000

Linear Response Approach

Polarizability

interacting system 0n = x0 Ve

non-interacting system 91, = X% Viot

Density Functional Formalism

on = 5n,,_,-

5Vtot — 5Vext + 5VH + (5ch
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Linear Response Approach

Polarizability
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0
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0
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Linear Response Approach

Polarizability

XO Vst = X° (0 Viexe + Vi + 0 Vi)
OV 5VXC)

0
— 1
X X ( + (Svext + 5 Vext

5VH . 5VH on — v
0 Vext ~ 4n O Vext -
0Vie OV On

Vet  0n Ve

X = [1—X°(v+fxc)]_1x°

with fyc = exchange-correlation kernel

fxeX

v
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢, ¢;  [Vic]
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Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢, ¢;  [Vic]

2i(r)¢; (N7 ()¢5 (r')
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0000000

Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢, ¢;  [Vic]

2i(r)¢; (N7 ()¢5 (r')
2] d)h € — XO = ZU w—(ei—¢j)

SV

=v . .
Q ,r variation of the potentials
== f;<c
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TDDFT Applications S Analysis

0000000

Linear Response Approach

Polarizability x in TDDFT

@ DFT ground-state calc. — ¢, ¢;  [Vic]

6i(r) ¢} (N} () g(r')
2] d)h € — XO = ZU w—(ei—¢j)
oV _
on
° _6;/,75 — f;<c
O x=x"+x"(v+fe)x

}variation of the potentials
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Theoretical Spectroscopy

X(r7 rla CU) — XG,G’(qa w) — 8601((:'7 CU)

Energy Loss Function = —Im {eaol(q,w)}

1
Absorption = Im {1—}
€00 (q7 w)
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Applications (ELS)

Some good results ... (graphite)

Analysis

T T T T T
; A oy sy
s (= 0 eesl € H A fpa
. q j - = =IPA

o g :
" : T N £ 5
TR
NN 1
B = 5 e 7

10 20 30 40
energy (eV)

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

v
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TDDFT Applications (ELS)

Inelastic X-ray Scattering

TD-LDA on IXS of Silicon

q=(1.375,1.375,1.375)

£'(q0) [keV']

L 1 n
0 20 40
Energy [eV]

[§ H-C. Weissker et al., Physical Review Letters 97, 237602 (2006)
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Applications (ELS)

Inelastic X-ray Scattering

TD-LDA on IXS of Silicon

@ H-C. Weissker et al., Physical Review Letters 97, 237602 (2006)
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TDDFT Applications (ELS) Analysis

Semi-core states

L-edge of Silicon

q(1.75,1.75,1.75)
0.10 T T X T ! T y T ! T
— Experiment
—— TDLDA Standard
0.08Fk TDLDA core + scissor

q=1.86au.ll 111 SO

L 1 1 1 1 1 3
0'0070 80 90 100 110 120 130
Energy [eV]

[3 Luppi et al. Phys. Rev. B 78, 245124 (2008)



Applications (ELS)

EELS of LiF : many-body effects (beyond TDLDA)

(q,0)]

-1

Imle,

0

[{ AMarini et al., PRL 91, 256402 (2003).
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TDDFT Applications (ELS) Analysis

Prediction

ELS of Hafnium Oxide

Hafnium Oxide
=0
2 T T T T T T T
| — cubic |
—— monoclinic
—— tetragonal
15 Exp &
TS
0.5
1 L | L
0 30 40 50

@ Zobelli and Sottile, work in progress.
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Analysis

Why the numerical approach is important

Analysis J
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TDDFT Applications (ELS)

Analysis

ELS of Hafnium Oxide

Hafnium Oxide
cubic phase ; q—>0

=]
Ime

50

Analysis

@ Zobelli and Sottile, work in progress
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TDDFT cations (ELS) Analysis

Analysis

ELS of Nanotubes via Graphene analysis

10 : 10
q=0.408 1/A

S

) :

g /
0

= i

3 b _Jf.—/a
o '

4

w

R

T-plasmon position - Energy (eV)

== |PA
1 00 02 04 06 08 1

-Im(1/e) [arb. u.] momentum transfer q (1/A)

[§ Kramberger et al., Phys. Rev. Lett. 100, 196803 (2008)
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Analysis

EELS of nanotubes: plasmon dispersion

VA-SWCNT

diameter: 2nm

Normalized Intensity

nearly isolated

[d Kramberger et al., Phys. Rev. Lett. 100, 196803 (2008)
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EELS of nanotubes: plasmon dispersion

eel ()

5 Tube (3,3) - 8A — R0
T T T I T s a0 e
N gy @it

v N a0 0 @it

[T
)
— ey esor

Jigj=020a*

qA™

Jlal

0.12|0.32
0.23|0.38

Jo.3s|046

0.47(0.55

10.58|0.65

0.70|0.76
0.82|0.87
0.93|0.98
1.05/1.09

w(ev)

Analysis
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Graphic tools: 'see’ the plasmons or the excitons

E=9eV E=30eV

@ See Ralf Hambach's Poster.
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Analysis

ELNES of BN

Nitrogen Edge

/J\EWMQ\_/\

Intensity (arb. units)

| M M | | | |
405 410 415 420 425 430 435 440

Energy (eV)

& Courtesy of Sangeeta Sharma.
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Analysis

ELNES of Cu

—_
)
=
c
=]
a
=
o
£
>
=
[}
=
[7]
2
£

Experiment

T I N IR BN BN
o 2 4 6 8 10 12 14

Energy(eV)

[@ Courtesy of Sangeeta Sharma.
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Applications (ELS) Analysis

Numerical simulations

ab-initio calculations

DFT ground-state calculations (LDA)
Independant Particles polarizability: x°

RPA Full polarisability:  x = [1 — x%v] 10 &;5&3

Dielectric function ¢! =1+ vy

energy loss function —Im{s~1(q,w)}

Time Dependent Density Functional Theory Francesco Sottile



Analysis

Independent particle picture

energy loss in graphene
(in-plane, g = 0.41A)

- 0.
— ghen by 12
interpretation in terms of

S band-transitions
g
8
FI'OO
E

T T T T T T T T f.\
0 2 4 6 8 10

energy loss (eV)
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Independent particle picture

energy loss in graphene
(in-plane, g = 0.41A)

— IPA
m—mlat K

~Imeg* (arb. u.)

T T i I T T T T
0 2 4 6 8
energy loss (eV)

10

Energie (eV)

-10
-15

-20
M

Analysis

bandstructure

r

7T[
N
=
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Analysis

RPA: random phase approx.

energy loss in graphene
(in-plane, g = 0.41A)

— IPA
n-mlat K

5 — RPA @ given by x:
-(% no interpretation by
o band-transitions
)
E

T T i T i T i T i

0 2 4 6 8 10

energy loss (eV)
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Analysis

RPA: random phase approx.

energy loss in graphene
(in-plane, g = 0.41A)

— IPA
m-mlat K

— RPA

-- without "K"

@ given by x:
no interpretation by
band-transitions

@ contributions from K

~Imeg* (arb. u.)

@ mixing of transitions

energy loss (eV)
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Analysis

Plasmon dispersion

g=0.408 1/A ‘

Energy loss [eV]

\

teplasmon position - Energy (eV)

N

— IPA
1 00 02 04 06 08 1
-Im(1/¢) [arb. u.]

momentum transfer q (1/A)
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Analysis

SWCNT vs. Graphene

(a) Experiment

T T 7
9f *
B . ]
S8l ©
L ¢ 1
%77 * a
2 L |
N O —
@ 6 ¢ 7
& :‘o' ]
51 ¢ * VASWCNT] -

4"”\”‘\”‘\”‘\”‘
0 0.2 04 0.6 0.8
momentum transfer g (1/A)
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Analysis

SWCNT vs. Graphene

(a) Experiment (b) Calculation

R A o e o A RS-
9 *T ¢
L 1 *
i ¢ 1 ¢
%\ 8 . T o ]
O T .
o [ ¢ T .
87 ¢ T o 7
= [ *
& I o T . ] O —
g 6 ¢ T .
< S § T ¢ ]
T [ e T e ]
5l e + VASWCNT! +.¢ ¢ graphene-1L|]
C Te :
| |

4"”\”‘\‘” NI BRI RN U RN BRI B
0O 02 04 06 08 0 0.2 04 06 0. 1
momentum transfer ¢ (1/A)
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Analysis

SWCNT vs. Graphene

(a) Experiment

(b) Calculation

9 ¢ T *
[ ) ¢ ”
Ss8f : T ‘o ]
L b4 .
.

i LT 1 XX
2 e o’ O
o °
Pust B Py T * n
g bpe | T ] AYAY4
o [ e T e 1

5l e * VASWCNT H.* ¢ graphene-1L|]

* bulk-SWCNT[1*

47Hm”mHm”\HfﬂwmH\H‘\Hw”f
0O 02 04 06 08 0 0.2 04 06 0. 1
momentum transfer ¢ (1/A)
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Analysis

SWCNT vs. Graphene

(a) Experiment (b) Calculation

rrrTTrTTTTTTTT I T L LA I B T T Hi
9+ s P
[ ) ¢ ‘.
S\ 8 O * —+ “ |
() L [} ]
Y - o ¢ o:’
@70 .o T .ot ] S/C)\é _
SO A e -
Dot -‘ O
N - e _
2007 . o N7
(] ‘0 Te * ]
5L * [+ VASWCNT [I.* |* 9raphene-1L
e bulk-SWCNT |1* e graphene-2L|]
| |

4"”\”‘\‘” NI BRI RN U RN BRI B
0O 020406 08 0 0.2 04 06 0. 1
momentum transfer ¢ (1/A)
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