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Charged Excitations Neutral Excitations

Photoemission Spectroscopy Absorption Spectroscopy
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Probe particle

Many-electron system
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Quasi-electron with weaker interaction
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From DFT calculation
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1-particle Green's function Screened Coulomb interaction
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L. Hedin, Phys. Rev. 139, A796 (1965)

L. Hedin and B. I. Lundqvist, Solid State Phys. 23, 1 (1969)
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Green's function

Polarizability

Screened Coulomb interaction

Self-energy
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L. Hedin, Phys. Rev. 139, A796 (1965)

L. Hedin and B. I. Lundqvist, Solid State Phys. 23, 1 (1969)
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RPA Polarizibility

Dielectric function

Dynamically screened Coulomb interaction
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Basis function 

Expansion coefficients 
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����Use only    with�

� � �������������������������������������%

��� Form orthonormal basis + eliminate linearly dependent 

products

    Take in account the translational symmetry

F. Aryasetiawan and O. Gunnarsson, Phys. Rev. B 49, 16214 (1994)

T. Kotani and M. van Schilfgaarde, Solid State Comm. 121, 461 (2002)
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    Form overlap matrix

    Diagonalize

    Build an orthonormal basis set:

, where
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Generalized tetrahedron method (LIBBZINT library):
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Basis Set Quality

����������	�
��
�
���	�

����������	�
��
�
���	�

� �

���������	
���
��	�	����	�������	�	��������	������	��	��
���������	���
�	�	��������� 

������
���

�

Two contributions to Coulomb interaction

Two contributions to self-energy

Explicit Integral over frequencies �������������������

Analytic integral over frequencies
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Type of calculations:

 ''band''  

QP band-structure plot

 ''dos'' 

 QP density of states 

 

Quality of 

the product basis
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D. Nabok, A. Gulans, and C. Draxl, Phys. Rev. B 94 (3), 035118 (2016)

GaAs

Highly accurate GW results

� Convergence w/ respect 

to number of unoccupied 

states and k-grid

� Basis completeness

ZnO
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A. Gulans et al., J. Phys.: Condens. Matter 26, 363202 (2014)  
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Q. Fu, D. Nabok, and C. Draxl, J. Phys. Chem. C 120 (21), 11671-11678

Very small change in band 

energies upon formation

Bands shifts of ~100 meV
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J. Gesenhues, D. Nabok, M. Rohlfing, and C. Draxl, Phys. Rev. B 96, 245124 (2017) � �
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E
F

Exciton

�
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Sensitive probe for

� Unoccupied electronic structure

� Local chemical environment

� Symmetry, bonding ...
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Electron-hole correlation

Two contributions:

� Screened Coulomb interaction

� Exchange interaction 
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Rehr, J.J.; Albers, R.C.: Rev. Mod. Phys. 72 (2000), 621-654.

 https://commons.wikimedia.org/w/index.php?curid=832879
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� Strongly bound states

� Spherical symmetric potential

� Strong spin-orbit coupling

Radial Dirac equation in 

� Extended unoccupied states

� Spin-unpolarized, non-magnetic

system

Linearized Augmented 

Planewaves (LAPW) Basis Set

1s

2p
1/2

2p
3/2
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spherical potential
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 XANES calculation

absorbing atom

Initial states

Final states
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Exp.: P.C. Angelome et al.:

J. Phys. Chem. C 111, 10886 (2007).

C. Vorwerk, C. Cocchi, and C. Draxl, Phys. Rev. B 95, 155121 (2017). 

�BSE spectra in good 

agreement with 

experimental ones

�Systematic red-shift of 

BSE spectra compared to 

IPA ones

�No distinct fingerprint of 

the two phases
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��Transitions into lowest band

� Mostly Ti 3d character

� Allowed due to hybridization

with Ti p states

� Qualitatively described by IPA 

� ���Bound excitons

� Require many-body

treatment

� Bright in anatase, dark in

rutile
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C. Vorwerk, C. Cocchi, and C. Draxl, Phys. Rev. B 95, 155121 (2017). 
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Good Agreement with previous works
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bright dark

darkweak

E. L. Shirley, J. Electron Spectrosc. Relat. Phenom. 136, 77 (2004).

T. Mizoguchi et al., Micron 41, 695 (2010).
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MAPbI
3

PbI
2
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A B

� Feature due to bound 

excitons in both material

� Binding energies of 

480 meV (MAPbI
3
) 

 450 meV (PbI
2
)

A

� Band-like transitions to I d 

states

� Distinct peak in PbI
2
 

traced back to electronic 

structure

B

C. Vorwerk, C. Hartmann, C. Cocchi, G. Sadoughi, S. Habisreutinger, R. Felix, R.G. Wilks, H. 

Snaith, M. Bär, and C. Draxl: preprint (2017). � �
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A
� Strong excitonic feature 

formed by transitions to 

Pb p states

� Binding energies of 

860 meV (MAPbI
3
) 

950 meV (PbI
2
)

� Additional experimental 

feature at lower transition 

energies

A

C. Vorwerk, C. Hartmann, C. Cocchi, G. Sadoughi, S. Habisreutinger, R. Felix, R.G. Wilks, H. 

Snaith, M. Bär, and C. Draxl: preprint (2017).
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