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The electronic structure of
organic molecular layers:
DFT compared to ARPES
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gmaxacllysAligned Sexiphenyl

ARPES data from Stephen Berkebile
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gmaxacllysAligned Sexiphenyl

Band structure from:
Puschnig et al., PRB 60, 7891 (1999).
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Overview

Photoemission Intensity
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b
b
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B4 Intra- and Intermolecular Dispersion
i’

From reciprocal to real space

Conclusion and Outlook



BHBLOEMISSION Spectroscopy
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E A excitation
into a damped
final state

hv

wave matching
at the surface

-7

Photoemission Intensity

[k, w) = Iyk, v, A)f(w)A(k, »)

/

“Matrix-Element-Effects”
(depends on energy and
polarization of photon, and on the
electron momentum)

*

Spectral Function
(energy renormalzation
and life time due

to many-body effects)

0

[HUfner, “Photoelectron Spectroscopy,” (Springer, 1995), Damascelli, Phys. Scr., T109, 61-74 (2004).
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Photoemission Intensity

One Step Model

I(Q P: Ekm 3‘( Z‘ 9 O Ekm) X (S(E‘3 + &+ Epy — hw‘)

>2

E ‘ ) excitation wave matching
ol e e surface t « Independent-Particle Picture
AN « Sudden Approximation
E It Y
I(k, w) = Iy(k, v, A)f(w)A(k, w)
hv / *
“Matrix-Element-Effects” Spectral Function
E. (depends on energy and (energy renormalzation
| polarization of photon, and on the and life time due
» electron momentum) to many-body effects)
-

0
[HUfner, “Photoelectron Spectroscopy,” (Springer, 1995). Damascelli, Phys. Scr., T109, 61-74 (2004).
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2noteoemission Intensity

One Step Model

I(9~ P: Ekin) X Z ‘(11}?(& 0 Ekin)‘A ) p‘/vz) X 0 (Ez + & + Ekin _ hu))
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2noteoemission Intensity

One Step Model
1(0.6: Ban) < Y |(05(0. &1 Eyan)|A - pley)

T

H;, = (A p+p-A)= —A . p Interaction with the photon field
2mc me treated as perturbation

2

A

r

N
[p, A] = —1hV-A =0 Electric dipole approximation
(electric field is constant over
atomic dimensions, which holds
for the ultra-violet regime)
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2noteoemission Intensity

One Step Model
1(0. & Eyin) o ) ‘(@'l’f(f?; O: Exin)|A - plty)| x 0 (E; + ¢ + By — Iiw)

™~
_ oy

molecular orbital
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One Step Model
1(0. & Eyin) o ) ‘(@'l’f(f?; O: Exin)|A - plty)| x 0 (E; + ¢ + By — Iiw)

VAR,

plane wave e'*"

Approximation: final state = plane wave
L;(0,0) o |(A - K)[* x |4, (k)

AN

Fourier Transform of Initial State Orbital

[Feibelman and Eastman, Phys. Rev. B 10, 4932 (1974).]
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pPlanetWave Final State

The Independent Atomic Centre approximation (IAC)

[W. D. Grobman, Phys. Rev. B 17, 4573 (1978).]

R Ekm Z Z Ca' n!mesz Z U(-%Em Ekm YL’LI(E)
@ nlm LM
» Widely used for molecules adsorbed at surfaces
« Goes beyond plane wave final state approximtion

e Describes the PE intensity as independent, but coherent
sum from individual atomic centers.
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pPlanerWave Final State

The Independent Atomic Centre approximation (IAC)
[W. D. Grobman, Phys. Rev. B 17, 4573 (1978).]

R Ekm Z ZCCY nimesz Z M L}f,:m Ekm L'll'(ﬁl))

o nlm LM

Reduces to the PW final state result, if
« All contributing atomic orbitals are of the same type
(e.g. m-orbitals)
* The emission direction is close to the polarization vector
of the incoming photon
e The molecule consists of only light atoms (C, N, O) with

small scattering cross sections

[Goldberg et al, Solid State Commun. 28, 459-463 (1978),
Puschnig et al., supporting online material to Science 326, 702 (2009)]

Peter Puschnig, TU Graz, Solid State Seminar, 19. Mai 2010 Slide 14



Comparson with DFET

Molecular Orbital in Real Space

Calculation of
the Fourier Transform 5

2

0
k (1/4)
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gomparison with DFT

Hemispherical Cut Through
3D Fourier Transform

Molecular Orbital in Real Space

(VIT) N

o)

Calculation of
the Fourier Transform 5

2

0
k (1/4)
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somparison with DFET

Hemispherical Cut Through
3D Fourier Transform

Molecular Orbital in Real Space

21/a

-2

1 0

Calculation of - o
kx (1/A)

the Fourier Transform

0
k (1/4)
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Intramolecular Band Structure

~1/2 r —_ma 2m/a

Binding Energy (eV)
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dlanar vs. Twisted

m/a 2mw/a

k (1/A)

_3 -
-3 -2 1 0 1 2 3 - -2
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wisted Sexiphenyl

-/ I __ma 2n/a

Binding Energy (eV)

DO -1 -0.5 0 0.5 1 1.5
k_(1/A)

G. Koller et al., Science 317, 351 (2007).
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ntermejlecular Dispersion

0.6
K, A1
G. Koller et al., Science 317, 351 (2007).

0.2

0.4

on Cu(110) (2x1)0
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ntermejlecular Dispersion
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Binding Energy [eV]
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. 8 b
Uniaxially ordered para-sexiphenyl film
on Cu(110) (2x1)O

Peter Puschnig, TU Graz, Solid State Seminar, 19. Mai 2010

1. Why is the dispersion so different?
2. Why \is the PE intensity so different?
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Zahotoemission Intensity

3 2 1 0 1 2 3 3 2 1 0 1 2 3
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1
=N

1
=)

Binding Energy w.r.t. E_ (eV)
2 n

1
CO

22 Carbons lead to
11 occupied 1t orbitals

gcet

eee

S. Berkebile et al., Phys. Rev. B77, 115312 (2008)
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Prbitaltlomography

The Toroidal Electron Spectrometer for Angle- /X
Resolved Photoelectron Spectroscopy with
Synchrotron Radiation at BESSY I
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Pentacene HOMO

Azimuthal Scans at constant photon energy and constant kinetic energy

100

100
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Azimuthal scan from a
multilayer of

Pentacene/Cu(110) (2x1) .
at the HOMO energy



Pentacene HOMO

Hemispherical Cut Through
3D Fourier Transform

Molecular Orbital in Real Space

Calculation of
the Fourier Transform .

1 0 o P 2
K (UA) ?
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Theory

ARPES

% 2 0 1 2 3
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Pentacene HOMO
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SEXPHERYINIoReIayeron Cu(110)
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Zi=NMomentum Maps

ARPES

<

data for a =
monolayer of =
6P / Cu(110)
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z-NMomentum Maps
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¢ [deg]

Raw ARPES data

6P HOMO
from ARPES

BReconstruction of Orbitals

kX-ky plot with phase

Puschnig et al., Science 326, 702 (2009).
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Reconstiruction of Orbi

HOMO

Filled
LUMO
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Meorio]

PTCDA

perylene-3,4,9,10-tetracarboxylic-
3,4,9,10-dianhydride

Uniaxially aligned PTCDA/Ag(110)
Temirov et al., New J. Phys.
10, 053012 (2008)
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Ziroff et al., Phys. Rev. Lett. (June, 2010)
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VioRolayerrPICDA / Ag(110)

DFT

Ziroff et al., Phys. Rev. Lett. (June, 2010)
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VioRolayerrPICDA / Ag(110)

Ziroff et al., Phys. Rev. Lett. (June, 2010)

X
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VioRolayerrPICDA /[ Ag(111)

o
tn

binding energy [eV]
o

2 molecular orientations +
6 symmetrically equivalent domains 20

LUMO shows signature of
hybridization with Ag:

(1) Node-free charge accumulation
around the central carbon ring

(2) Maybe due to intermolecular
interactions

intensity [au]

HOMO remains undistorted upon
adsorption on Ag(111)
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Ziroff et al., Phys. Rev. Lett. (June, 2010)
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goncliusion and Outlook

Angle-resolved photoemission: From reciprocal space to real space
F.J. Himpsel, ]. Electron Spectrosc. Relat. Phenom. (2010), doi:10.1016/j.elspec.2010.03.007
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goncliusion and Outlook

Angle-resolved photoemission: From reciprocal space to real space
F.J. Himpsel, ]. Electron Spectrosc. Relat. Phenom. (2010), doi:10.1016/j.elspec.2010.03.007

* 1D and 2D wave function imaging demonstrated
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1ciusion and Outiook

Angle-resolved photoemission: From reciprocal space to real space
F.J. Himpsel, ]. Electron Spectrosc. Relat. Phenom. (2010), doi:10.1016/j.elspec.2010.03.007

* 1D and 2D wave function imaging demonstrated

* Prospect of 3D imaging through scans of the photon energy
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goncliusion and Outlook

Angle-resolved photoemission: From reciprocal space to real space
F.J. Himpsel, ]. Electron Spectrosc. Relat. Phenom. (2010), doi:10.1016/j.elspec.2010.03.007

* 1D and 2D wave function imaging demonstrated
« Prospect of 3D imaging through scans of the photon energy

* Desireable to do PE experiments on individual nano-objects
(goal IS to reach the focussing I|m|t of soft X- rays 25 nm)
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goncliusion and Outlook

Angle-resolved photoemission: From reciprocal space to real space
F.J. Himpsel, ]. Electron Spectrosc. Relat. Phenom. (2010), doi:10.1016/j.elspec.2010.03.007

* 1D and 2D wave function imaging demonstrated
» Prospect of 3D imaging through scans of the photon energy

« Desireable to do PE experiments on individual nano-objects
(goal is to reach the focussing limit of soft x-rays 25 nm)

« Scanning tunneling microscopy and PE complement each other

Rohlfing et al. PRB 76 (2007) Ziroff et al. PRL (2010)
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mprevementsiin Theory

« Electronic structure
« Band structure: go beyond DFT
« Accurate band energies and band alignments from GW
« Van der Waals Interactions
* Description of the Photoemission Intensity
» Take into account Molecule / Substrate Interactions

» More accurate description of final state
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