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State of the art methodology

] Density-functional theory
Kohn-Sham equation

T Ve (1) + Vi (1) + Vie (] 05 (1) = efS0f(r) |




State of the art methodology

] Density-functional theory
Kohn-Sham equation

T Ve (1) + Vi (1) + Vie (] 05 (1) = efS0f(r) |




tate of the art methodology
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State of the art methodology

[

] Density-functional theory
Kohn-Sham equation

[T+ Vext (r)+ VH(r)+ ch(")] Yo(r) = €Y S(r)'

Electron-hole pair
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State of the art methodology

eI T Hhole - Hel hole] A)\ = E)\A)\l

Bethe-Salpeter equation

M@Jny=b©©ily perturbation theory

GoW, approximation

nk>>

eQP = (K5 <nk(>: VKS
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State of the art methodology




Light-matter interaction
Response to external electric field E

Polarizabllity  Po = D XasEs -I-Zxam E;E, + ...
3

Linear approximation
Susceptibility g P=yE
Conductivity o J =0cE

Dielectric tensor ¢ D = ¢E

D(rt)—Z// B(rrt ’)E(r t")

r’ t/
Fourier transtorm

Da(q+ G‘,CU) — Zzeaﬁ(q_l_ Gaq_l_ G,Jw)Eﬁ(q_I_ Glaw)
g G




Optical “constants™
Complex dielectric tensor

oo w' Im eqp(W)

»  Reeyg(w) = dopt— P/

W2
Optical conductivity Re oop(w) = :J—?Tlm eap(W)

Complex refractive index

naa(w) — \/|€aa(w)| +2Re Eaa(w) kaa(w) — \/|€aa(&))| —2Re Eaa(W)

o o B (naa _ 1)2 + k(21'0:
Reflectivity Raa(w) = (2 335 >
Absorption coefficient Ape (o) = 22 Kaalw)

C
. 1
Loss function Laa(w) = —Im ( )



Symmetry of dielectric tensor

triclinic

monoclinic (a.p=90°)

orthorhombic

tetragonal, hexagonal

cubic

Im exx
Im EXy

Im €EXZ



Absorpftion process

Quasi-particle formed by quasi-electron and
quasi-hole

Exciton

Viewed as effective hydrogen atom

with binding energy
_rl
Eb [RJ/] — m <2

effective reduced mass u

dielectric constant ¢



Absorpftion process

Bethe-Salpeter equation (BSE)

| Ay = E\A)

[Hef + Hhofe + Hef—ho!e

Two-body wavefunction

ref rhofe ZA)\ WC ref f‘%)v rhoa’e)

/N

from groundstate




Diagrammatic representation of BSE

Dyson equation for two-particle correlation function

1’ 2 1’ 2’ 1’ 3’ + 2

2 diagrams
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Two-particle eigenvalue problem

ie—h A
Z I_J vck!v;cfkf Avfcfkf E)\ AVCk

v/c’k’ 4
dcaling
Diagonal term Metals
diag o semic
HVCk vic’k! (ECk EVk)Ovv‘r OCC’ Okkr [l JJ'
nsuiat

Direct term - attractive

cvk,c’v'k! —

Hdir - der d3rl 77DV|((r) j;k(r,] 6_1(I’, r,)wi’k’(r)wdk’(r,)

Exchange term - repulsive

e = /d3rd3r' S5 (0) (1, ) G (Ve (F)



Different scenarios

Spin singlets

He—h _ Hdiag + 7 Hdir 4 2,%{ H*
Spin triplets

He—h _ Hdiag + 7 Hdir 4+ 2,_?2 H*
Random-phase approximation

He— h Hdlag_l_ yvld'r—l—Z Hx

Independent-particle approximation
He— h Hdlag_l_ﬁ“‘ dlr_|_2 X'_Ix



Role of electron-hole interaction
in specira

Dielectric function in IPA

e~ So[ElVY

Ec — &
cv C %

6(ec — ey, —w)

Dielectric function from BSE

2

Peaks at electron-hole pair energies
Redistribution of oscillator strength
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Examples
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Organic semiconductors: oligoacenes

Electron-hole binding energy depends on
nmolecular size

. 1 2 ' 3 . < . S |
molecular packing of | oA
polarization of light i = W -

e —

8 0.4 o A

O R

Sigl 0.7 LY
EXCIONPINAINGENETTIES 4 W ;

I ; ] " | | | -
Singlet ~1 evV.-0.1 eV T i : ry =
Triplet ~2eV-1eV 4f [ BSE )‘ﬁ:t( :

| e T T

K. Hummer & CAD, PRB 71, 081202(R) (2005).



Organic semiconductors: oligoacenes

Size of electron-hole pairs depends on

EXCIIoN LINGINGENENTIES
Singlet ~1 eV -0.1 eV
Triplet ~2eV-1eV

K. Hummer, P. Puschnig, & CD, PRL 92, 147402 (2004).
K. Hummer & CAD, PRB 71, 081202(R) (2005).




C / BN heterostructures

Several patterns open
a gap in graphene

see also R. Quhe et al,,
NPG Asia Materials (2012)

W. Aggoune, C. Cocchi, K. Rezouali, M. Belkhir, and CD,
J. Phys. Chem. Lett. 8, 1464 (2017).



C / BN heterostructures
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C / BN heterosiructures

Intense peaks in the IR region
Finite absorption in the visible
Excitons in the near-UV range

Energy [eV]
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C / BN heterosiructures

V, VI: BN « BN

Strongly bound intralayer exciton
Like in h-BN buill

” L. Wirtz et al.,
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C / BN heterosiructures
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ll, IV: graphene « BN
Weakly bound CT excitations
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Absorption process

Independent-particle approximation

/-/.\ v energy conservation

selection rules

47re?
e, (@) = Z/dk (el ) (Pl 3(eq, — 2, — )

T 202



LDA eigenvaiues
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Theory & experiment IDA eigenvalues’

Energy regime up to 100 eV

Cu Pt
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Theory & experiment

Overall very good agreement
in the entire energy range (up to 100 eV)

Journal of
AI P Physical and Chemical
Reference Data

OIS e Librarians Interactive Featuras

J. Phys. Chem. Ref. Drata # Waolume 38 7 |ssue &

Optical Constants and Inelastic Electron-Scattering Data for
17 Elemental Metals

New REELS data agree
much better with DFT

J.Phys. Chern. Ref. Data 38, 1013 (200%), doin10.10630M1 3243762

Detoils Of the bond Published 10 December 2009
StrUCture mdtter ceen ABSTRACT || REFERENCES (79) |

Wolfgang 5. M Werner

fnstitut fiy Allgermeine Physlk, lenna University of Technology, Wiedner Hayptstralie 510, A 1040
IFlenna, Adstria

Kathrin Glantzchnig

Chalr of Atomistic Modeliing ahd Desion of Materials, University of Leoben, Franz-Josefstalie 18, A
G700 Austrig and Institot Fir Physik, Fachbereich Theoreltische Physik, Unlversity of Graz,
Universitdtspiatz 5, A 3070 Graz, Austria

W. Werner, K. Glantschnig, and CAD Clautia Armbrasch-Draxd

Chalr of Atamistic Modeliing ahd Desion of Materials, University of Leoben, Franz-Josefstrale 18, 4

J. Phys. Chem. Ref. Data 38, 1013 (2009). |l am0aweta




Details matter ...

Interband transition onset - d band position
AD initio color

7 |
Al — LDA |
— . LDA-opt
_o + Ehrenreich (1962)
5j ‘ = Johnson (1972) | PBE
A - Robin (1966)
woT ¢ Hagemann (1975)
£ 3l — Werner (2009)
oF \ GwW
1
00 o5 A Alkauskas, et al.

Energy (eV) PRB 88, 195124 (2013).
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Eleciro-magnetic specirum

wavelength

10¢ 102 10° 102 104 ci 10% 10-10 1012 1014 A [l

radio waves microwaves IR j§ UV X-rays TI'-rays

frequency
104 105 108 1010 1012 14 1016 1018 1020 1022 v [HZ]

energy
101 108 10€ 104 10Z% 1Q% 102 104 106 108 E [eV]

visible light
4



Dielectric function
eg.q/(q,w)

Macroscopic dielectric constant
1

eon (q, w)

Momentum transfer by visible light very small

EM(qa LU) -

Wavelength much larger than interatomic distances

a~10"m 27
A~10% m by

X-rays: not the case any more!



Why core speciroscopye

'_ A azobenzene molecule _'
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XAS of molecuar materials

Azobenzene SAMs

Excellent agreement with experiment:
exciton character and relative intensities

N 1s

Iheory Expenment
B IP g LUMO
m* (LUMO ad ) NEXAFS
‘ ( ) — BSE /I0+n) N1s edge
= Y
" oazt1) | b0
E 1T* (LUMO+I’1) o* 100% - - magic
- 1 : ; angle
A ). ’ — \
— S 8 8 8 BB /I 1 1 1 I | I | 1 I LRI I LILILALI I i
400 405 400 405 410 415420 425
Energy [eV] Photon energy (eV)

C. Cocchi & CD, PRB 92, 205105 (2015). Moldt et al. Langmuir 31, 1048 (2015).



XAS of azobenzene SAMs LIPL P4 w0
Impact of packing W L+1
{M}-} L+2
Amo ec: e |

éﬂ J) Independent-particle picture

I

E 3 transitions
i A: 15 = LUMO (11*)
B: 1s — LUMO+3 (11¥)
C: 1s —» LUMO+7 (11¥)
Peak positions unchanged

Similar intensities of A & C

Energy [eV]



XAS of azobenzene SAMs SIPL P4 Lo
Impact of packing W L+1

M‘ L+2

LIPLpe 1o

A’k T IPA molecule
Uy Inclusion Of excitonic effects

Mixing of transitions
Molecule
A E, ~6eV
B"/C": E,~3.7/42eV
P-SAM

395 400 405 A" E,~4eV
Energy [eV]

Im Ex)




Structural fingerprints
Complementing ELNES experiments

B-Ga,0, -

— BSE g
- Experiment .

L
L%
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Energy [eV]

C. Cocchi et al., PRB (2016).



Structural fingerprints
Probing different index planes

- theory
- experiment

« experiment

C. Vorwerk, C. Cocchi, and €D
Layer Optics: Microscopic
modeling of optical coeffcients
in layered materials

Comp. Phys. Commun.

201, 119 (2016).
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Energy (eV) Energy (eV)

C. Cocchi et al., PRB (2016).
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Beyond Tamm-Dancoff

resonant part, +w coupling term
7 — R C
-\ =C* —R* :
/= anti-resonant part, - w
8
o ﬂ — FULL
] - TDA
G -
— D -
é/ J
= 4 -
9 g
9
1 4
U - T T 1 ' 1 b I

0 2 4 6 8 10
hw/eV

C. Vorwerk, et al., Electronic Structure, 1, 037001 (2019).
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P. Pavone, S. Rigamonti, S. Sagmeister, U. Werner,

http://exciting-code.org and C. Drax|
)8 exciting: a full-potential all-electron package
excﬁ;:t j_ ng implementing density-functional theory and many-
\ body perturbation theory

J. Phys: Condens. Matter 26, 363202 (2014).

Home

Documentation
Tutorials

Input Reference The exciting Code Download exciting

Template Market

wnons  EXCHTEEING IS a full-potential all-electron density-functional-theory
roting package implementing the families of linearized augmented
e planewave methods. It can be applied to all kinds of materials,
... lrrespective of the atomic species involved, and also allows for
=nm  @xploring the physics of core electrons. A particular focus are

Pevilopment— @xcited states within many-body perturbation theory.

Developers space A. Gulans, S. Kontur, C. Meisenbichler, D. Nabok, P. Pavone, 7 Eow exciting! Hands-on w
Manage Wik S. Rigamonti, 5. Sagmeister, U. Wemer, and C. Draxl,
Internal "exciting — a full-potential all-electron package implementing
density-functional theory and many-body perturbation
edit this panel | recent changes theory", J. Phys.: Condens. Matter 26, 363202 (2014) DEVEIDPEFS Team

Events ® gxcliting huob at the Homboldt Uni
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