
Information
Band / Volume 104
ISBN 978-3-95806-766-0

Information
Band / Volume 104
ISBN 978-3-95806-766-0

Advances in Photoemission Orbital Tomography
Anja Haags

104

A
dv

an
ce

s 
in

 P
ho

to
em

is
si

on
 O

rb
ita

l T
om

og
ra

ph
y

A
nj

a 
H

aa
gs

In
fo

rm
at

io
n



Forschungszentrum Jülich GmbH
Peter Grünberg Institut (PGI)
Quantum Nanoscience (PGI-3)

Advances in Photoemission Orbital  
Tomography

Anja Haags

Schriften des Forschungszentrums Jülich
Reihe Information / Information Band / Volume 104

ISSN 1866-1777  ISBN 978-3-95806-766-0



Contents

1 Introduction 1

2 Concepts of Photoemission Orbital Tomography 7
2.1 Photoelectron spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Photoemission di�erential cross section . . . . . . . . . . . . . . . . 10
2.3 Angle-resolved photoemission spectroscopy . . . . . . . . . . . . . . 12
2.4 Photoemission orbital tomography . . . . . . . . . . . . . . . . . . . 14

2.4.1 Plane wave �nal state approximation . . . . . . . . . . . . . 17
2.4.2 Independent atomic center approximation . . . . . . . . . . 19
2.4.3 Scattered-wave approximation . . . . . . . . . . . . . . . . . 23
2.4.4 Toroidal electron analyzer . . . . . . . . . . . . . . . . . . . 34
2.4.5 Measurement modes . . . . . . . . . . . . . . . . . . . . . . 36
2.4.6 Photon �ux calibration . . . . . . . . . . . . . . . . . . . . . 39
2.4.7 Treatment of experimental data . . . . . . . . . . . . . . . . 42

3 Momentum Space Imaging of σ Orbitals for Chemical Analysis 45
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1.1 Orbitals in surface chemical analysis . . . . . . . . . . . . . 46
3.1.2 Ullmann-type reactions on metal surfaces . . . . . . . . . . . 47
3.1.3 Potential products of DBBA/Cu(110) . . . . . . . . . . . . . 48
3.1.4 σ orbitals in POT . . . . . . . . . . . . . . . . . . . . . . . . 49

3.2 Thermal reaction of DBBA/Cu(110) . . . . . . . . . . . . . . . . . 50
3.2.1 Band maps . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
3.2.2 Electronic structure calculations . . . . . . . . . . . . . . . . 52
3.2.3 Identi�cation of adsorption species . . . . . . . . . . . . . . 54

3.2.3.1 Frontier π orbitals . . . . . . . . . . . . . . . . . . 54
3.2.3.2 Uppermost σ orbitals . . . . . . . . . . . . . . . . . 56
3.2.3.3 π orbitals below Cu d band . . . . . . . . . . . . . 61

3.3 Energy level alignment . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.3.1 Approaches 1 & 2 . . . . . . . . . . . . . . . . . . . . . . . 67
3.3.2 Experimental MOPDOS of σ orbitals . . . . . . . . . . . . . 69
3.3.3 Binding energies of π orbitals . . . . . . . . . . . . . . . . . 77
3.3.4 Benchmarking theory . . . . . . . . . . . . . . . . . . . . . . 82

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

vii



Contents

4 Aromatic Stabilization in Kekulene 91
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1.1 Literature review . . . . . . . . . . . . . . . . . . . . . . . . 94
4.1.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . 95

4.2 STM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.3 Aromaticity of kekulene from geometric perspective . . . . . . . . . 98

4.3.1 DFT optimization . . . . . . . . . . . . . . . . . . . . . . . . 98
4.3.2 Quantitative analysis of aromaticity . . . . . . . . . . . . . 101

4.4 Aromaticity of kekulene from electronic perspective . . . . . . . . . 105
4.4.1 POT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
4.4.2 POT analysis of the HOMO . . . . . . . . . . . . . . . . . . 108
4.4.3 Bond order analysis . . . . . . . . . . . . . . . . . . . . . . . 114

4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5 Identi�cation of Nonplanar Iso-kekulene on Cu(110) 119
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
5.2 Experimental details . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.2.1 Synthesis of precursor molecule . . . . . . . . . . . . . . . . 124
5.2.2 On-surface synthesis on Cu(110) . . . . . . . . . . . . . . . . 124

5.3 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.3.1 STM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.3.2 Band maps . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
5.3.3 POT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

5.4 DFT calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.4.1 Geometry relaxations . . . . . . . . . . . . . . . . . . . . . . 130
5.4.2 Electronic structure calculations . . . . . . . . . . . . . . . . 134

5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.5.1 Deconvolution . . . . . . . . . . . . . . . . . . . . . . . . . . 139
5.5.2 Intensity pro�le analysis . . . . . . . . . . . . . . . . . . . . 140
5.5.3 DFT-simulated STM-contrast . . . . . . . . . . . . . . . . . 142
5.5.4 Relation between substrate symmetry and reaction products 143

5.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6 Incidence-Angle-Dependent POT to Approach Spherical Wave Ap-
proximation 149
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.2 Investigated systems . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.2.1 Benzene/Pd(110) . . . . . . . . . . . . . . . . . . . . . . . . 151
6.2.2 Bisanthene/Cu(110) . . . . . . . . . . . . . . . . . . . . . . 155
6.2.3 Epitaxial monolayer graphene . . . . . . . . . . . . . . . . . 156

6.3 Data analysis procedure . . . . . . . . . . . . . . . . . . . . . . . . 158

viii



Contents

6.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
6.4.1 Benzene/Pd(110) . . . . . . . . . . . . . . . . . . . . . . . . 166
6.4.2 Bisanthene/Cu(110) . . . . . . . . . . . . . . . . . . . . . . 171
6.4.3 Epitaxial monolayer graphene . . . . . . . . . . . . . . . . . 176

6.5 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . 183

7 Final State Descriptions for Photon-Energy-Dependent POT 185
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
7.2 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
7.3 Band maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
7.4 Overview of measurements . . . . . . . . . . . . . . . . . . . . . . . 191
7.5 Experimental hν-dependent intensity distributions of EMLG and

QFMLG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
7.6 SWA: A simple extension of the plane-wave �nal state . . . . . . . . 199

7.6.1 Scattered-wave approximation . . . . . . . . . . . . . . . . . 203
7.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
7.8 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

8 Summary and Conclusion 211

A Data Analysis Software 215

B MOPDOS Obtained with Approach 2 219

C LEED of Iso-kekulene/Cu(110) 225

D Photon-Energy-Dependent POT of Graphene 227

Bibliography 235

List of Own Publications 251

Acknowledgments 255

ix



Information
Band / Volume 104
ISBN 978-3-95806-766-0

Information
Band / Volume 104
ISBN 978-3-95806-766-0

Advances in Photoemission Orbital Tomography
Anja Haags

104

A
dv

an
ce

s 
in

 P
ho

to
em

is
si

on
 O

rb
ita

l T
om

og
ra

ph
y

A
nj

a 
H

aa
gs

In
fo

rm
at

io
n


	Title Page
	Contents
	1 Introduction
	2 Concepts of Photoemission Orbital Tomography
	2.1 Photoelectron spectroscopy
	2.2 Photoemission differential cross section
	2.3 Angle-resolved photoemission spectroscopy
	2.4 Photoemission orbital tomography
	2.4.1 Plane wave final state approximation
	2.4.2 Independent atomic center approximation
	2.4.3 Scattered-wave approximation
	2.4.4 Toroidal electron analyzer
	2.4.5 Measurement modes
	2.4.6 Photon flux calibration
	2.4.7 Treatment of experimental data


	3 Momentum Space Imaging of  Orbitals for Chemical Analysis
	3.1 Introduction
	3.1.1 Orbitals in surface chemical analysis
	3.1.2 Ullmann-type reactions on metal surfaces
	3.1.3 Potential products of DBBA/Cu(110)
	3.1.4  orbitals in POT

	3.2 Thermal reaction of DBBA/Cu(110)
	3.2.1 Band maps
	3.2.2 Electronic structure calculations
	3.2.3 Identification of adsorption species
	3.2.3.1 Frontier  orbitals
	3.2.3.2 Uppermost  orbitals
	3.2.3.3  orbitals below Cu d band


	3.3 Energy level alignment 
	3.3.1 Approaches 1 & 2 
	3.3.2 Experimental MOPDOS of  orbitals
	3.3.3 Binding energies of  orbitals
	3.3.4 Benchmarking theory

	3.4 Conclusion

	4 Aromatic Stabilization in Kekulene
	4.1 Introduction
	4.1.1 Literature review
	4.1.2 Experimental details

	4.2 STM
	4.3 Aromaticity of kekulene from geometric perspective
	4.3.1 DFT optimization
	4.3.2 Quantitative analysis of aromaticity 

	4.4 Aromaticity of kekulene from electronic perspective
	4.4.1 POT
	4.4.2 POT analysis of the HOMO
	4.4.3 Bond order analysis

	4.5 Conclusion

	5 Identification of Nonplanar Iso-kekulene on Cu(110)
	5.1 Introduction
	5.2 Experimental details
	5.2.1 Synthesis of precursor molecule
	5.2.2 On-surface synthesis on Cu(110)

	5.3 Experimental results
	5.3.1 STM
	5.3.2 Band maps
	5.3.3 POT

	5.4 DFT calculations
	5.4.1 Geometry relaxations
	5.4.2 Electronic structure calculations

	5.5 Discussion
	5.5.1 Deconvolution
	5.5.2 Intensity profile analysis
	5.5.3 DFT-simulated STM-contrast
	5.5.4 Relation between substrate symmetry and reaction products

	5.6 Conclusion

	6 Incidence-Angle-Dependent POT to Approach Spherical Wave Approximation
	6.1 Introduction
	6.2 Investigated systems
	6.2.1 Benzene/Pd(110) 
	6.2.2 Bisanthene/Cu(110)
	6.2.3 Epitaxial monolayer graphene 

	6.3 Data analysis procedure
	6.4 Results
	6.4.1 Benzene/Pd(110)
	6.4.2 Bisanthene/Cu(110)
	6.4.3 Epitaxial monolayer graphene

	6.5 Conclusion and outlook

	7 Final State Descriptions for Photon-Energy-Dependent POT
	7.1 Introduction
	7.2 Sample preparation
	7.3 Band maps
	7.4 Overview of measurements
	7.5 Experimental h-dependent intensity distributions of EMLG and QFMLG
	7.6 SWA: A simple extension of the plane-wave final state
	7.6.1 Scattered-wave approximation

	7.7 Conclusion
	7.8 Outlook

	8 Summary and Conclusion
	A Data Analysis Software
	B MOPDOS Obtained with Approach 2
	C LEED of Iso-kekulene/Cu(110)
	D Photon-Energy-Dependent POT of Graphene
	Bibliography
	List of Own Publications
	Acknowledgments
	Leere Seite



