
Contents
i Introduction.............................................................................. i

2 Cryogenic single molecule spectroscopy.................................. 7
2.1 Guest-host systems ............................................................................ 7
2.2 Zero phonon lines and phonon sidebands ........................................ 9
2.3 Lifetime-limited linewidths at cryogenic temperatures ................. 11
2.4 Inhomogeneous broadening................................................................ 14
2.5 Light-molecule interaction................................................................... 15
2.6 Developments in single molecule spectroscopy............................... 19

3 Vibronic transitions.................................................................. 21
3.1 Vibrational quantum states................................................................ 22

3.1.1 Normal modes......................................................................... 22
3.1.2 Vibrational wave functions.................................................. 27
3.1.3 Totally symmetric modes..................................................... 31

3.2 Franck-Condon factors.......................................................................... 33
3.2.1 Franck-Condon principle...................................................... 33
3.2.2 Diatomic molecules............................................................... 35
3.2.3 Polyatomic molecules............................................................ 38
3.2.4 Deformed molecules ............................................................ 44

3.3 Vibrational relaxation and cooling in molecular crystals.................. 48
3.4 Vibronic spectroscopy of single molecules at low temperatures . . 54

4 Light-vibration interaction....................................................... 57
4.1 Internal decay processes of DBT in a pDCB crystal............................ 57

4.1.1 Vibrational relaxation cascade............................................... 58
4.1.2 Simplified level scheme for DBT............................................ 62
4.1.3 Excited state decay rate......................................................... 64
4.1.4 Intersystem crossing............................................................... 66

4.2 Fluorescence excitation spectroscopy............................................... 70
4.2.1 Fluorescence excitation of a vibronic transition................. 70

vii

https://d-nb.info/127375641X


4-2.2 Vibronic vs. oo-ZPL excitation.............................................. 72
4.3 Stimulated emission depletion spectroscopy..................................... 73

4.3.1 Literature on stimulated emission pumping and STED . . 74
4.3.2 STED spectroscopy of a vibronic transition....................... 75

4.4 Splitting of a vibronic line.................................................................. 79
4.4.1 Coherent effects in three-level systems.............................. 79
4.4.2 Four-level model for vibronic line splitting....................... 81

5 Experimental setup.................................................................. 89
5.1 Optical setup ....................................................................................... 89
5.2 Sample preparation............................................................................. 92

5.2.1 DBT in para-dichlorobenzene............................................... 92
5.2.2 DBT in anthracene ............................................................... 94

5.3 Dilution cryostat................................................................................... 95
5.3.1 Cryostat model and sample holder insert........................... 95
5.3.2 Operation of the cryostat..................................................... 101
5.3.3 Optical access......................................................................... 103

6 High-resolution vibronic spectroscopy of single molecules 105
6.1 Fluorescence excitation spectroscopy of vibronic transitions .... 107

6.1.1 Limit of a single DBT molecule per excitation volume . . . 107
6.1.2 Saturation behavior of vibronic transitions........................ 108
6.1.3 Fluorescence excitation scan of the vibrational manifold of 

the excited state........................................................ 116
6.1.4 Intermolecular variation........................................................ 118
6.1.5 Combination modes............................................................... 121

6.2 Stimulated emission pumping spectroscopy...................................... 123
6.2.1 Stimulated emission pumping spectrum of a single DBT 

molecule .................................................................. 124
6.2.2 Saturation behavior of stimulated vibronic transitions . . 127
6.2.3 Intermolecular variation........................................................ 129
6.2.4 Comparison of modes in So and S1 ...................................... 134
6.2.5 States with low relaxation rates............................................ 136

6.3 Density functional theory calculations................................................ 138
6.3.1 Isolated DBT ......................................................................... 138
6.3.2 DBT in pDCB......................................................................... 143

6.4 Comparison between para-dichlorobenzene and anthracene ... 151
6.5 Discussion.............................................................................................. 154

6.5.1 Spectroscopic details............................................................ 155
6.5.2 Outlook and applications..................................................... 158

viii



7 Vibronic line splitting.............................................................. 161
7.1 Molecular system ................................................................................ 161
7.2 Seven-level model for fitting................................................................ 163
7.3 Vibronic line splitting measurements............................................... 166
7.4 Discussion............................................................................................. 172

8 Concluding remarks................................................................. 175

Bibliography .................................................................................. 177

A Abbreviations...................................................................... 201
A.1 Molecules............................................................................................. 201
A.2 List of abbreviations............................................................................. 201

B Glossary.................................................................................... 203

C Normal mode analysis.............................................................. 207
C.i Diatomic molecule................................................................................ 207

C.1.1 Normal modes......................................................................... 207
C.1.2 Vibrational wave functions.................................................. 209
C.1.3 Franck-Condon factors......................................................... 210

C.2 Linear triatomic molecule................................................................... 211
C.2.1 Normal modes......................................................................... 211
C.2.2 Franck-Condon factors......................................................... 213

D Various formulas and calculations......................................... 215
D.1 Rotating wave approximation and rotating frame........................... 215
D.2 Born-Oppenheimer approximation.................................................. 216
D.3 Recursion formula for multi-dimensional FC factors........................ 217
D.4 Vibrational relaxation cascade............................................................ 218
D.5 Bunching behavior under vibronic excitation.................................. 219
D.6 Lindblad master equation for fluorescence excitation..................... 220
D.7 Lindblad master equation for STED spectroscopy........................... 223
D.8 STED spectroscopy of overlapping vibronic dips.............................. 225
D.9 Seven-level model for vibronic line splitting..................................... 227

D.10 Background induced by the intense control laser........................... 229
D.11 Overlap of fundamental excitations of vibrational modes.............. 230

E Peer-reviewed publications .................................................... 233

ix


