Contents

1 Introduction . ... ... .. ... ... ... .. ... 1
2 Cryogenicsingle molecule spectroscopy . . . .. ... ... .. 7
21 Guest-hostsystems . . . .. ... ... ... ... 7

2.2 Zero phonon linesand phononsidebands . . . . ... ... ... 9

2.3 Lifetime-limited linewidths at cryogenic temperatures . . . . . . 1

2.4 Inhomogeneousbroadening . . . . .. ... ... ........ 14

2.5 Light-molecule interaction. . . . . ... ... .. ... ..... 15

2.6 Developments in single molecule spectroscopy . . . . ... . .. 19

3 Vibronictransitions . . . .. ... .... ... .......... 21
3.1 Vibrational quantumstates . . . . . ... ... ... L. 22
3.1.1 Normalmodes. . . . . . . ... ... ... ....... 22

3.1.2  Vibrational wave functions . . . . ... ... .... .. 27

3.3  Totallysymmetricmodes . . . . ... ... ....... 31

3.2 Franck-Condonfactors. . . . . .. ... ... ... ....... 33
3.21  Franck-Condonprinciple . . . ... ... ... ..... 33

3.2.2 Diatomicmolecules . . . . ... ... ... ..., 35

3.2.3 Polyatomicmolecules . . . . . ... ... ... ... .. 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-vibrationinteraction . . . . . . ... ... ......... 57
4.1 Internal decay processes of DBT inapDCBecrystal . . . . ... .. 57
411 Vibrational relaxationcascade . . . . . . ... ... ... 58

412 Simplified level schemeforDBT . . . . . .. ... .... 62

413  Excited statedecayrate . . ... ... ... ....... 64

414 Intersystemcrossing. . . . .. . ... ... ... ... 66

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

vii

Bibliografische Informationen E
https://d-nb.info/127375641X digitalisiert durch 3 |I THLE


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

viii

4.2.2  Vibronicvs. oo-ZPLexcitation . . . . . . ... ... ...

4.3 Stimulated emission depletion spectroscopy . . . . . . . .. . ..
4.31  Literature on stimulated emission pumping and STED
4.3.2  STED spectroscopy of a vibronic transition . . . . . . ..

4.4 Splitting of avibronicline . . . . ... ... ... ... ..
4.41  Coherent effects in three-level systems . . .. ... ...
4.4.2  Four-level model for vibronic line splitting . . . . . . ..

Experimentalsetup ... ... .. ... ... ..........
51 Opticalsetup . . . . . ... .. e

5.2 Samplepreparation . . . . ... . ... ...,
5.21  DBT in para-dichlorobenzene . . . . . . ... ... ...
5.22 DBTinanthracene . .. ... ..............

5.3 Dilutionceryostat . . . . . . ... oL
531  Cryostat model and sample holderinsert . . . . ... ..
5.3.2 Operationofthecryostat . . . .. ... .........
5.3.3 Opticalaccess . . . . ... .. .. ... ... ...,

High-resolution vibronic spectroscopy of single molecules

6.1 Fluorescence excitation spectroscopy of vibronic transitions . . . .
6.1 Limit of a single DBT molecule per excitation volume . . .

6.1.2  Saturation behavior of vibronic transitions . . . ... ..

6.1.3  Fluorescence excitation scan of the vibrational manifold of
theexcitedstate . . . . . . .. ... ... ... .....

6.1.4 Intermolecularvariation. . . . ... ... ... ... ..

6.1.5 Combinationmodes . . . . . .. ... ... .......

6.2 Stimulated emission pumping spectroscopy . . . . . . . . . . ..
6.21  Stimulated emission pumping spectrum of a single DBT
molecule . . .. .. ... o

6.2.2  Saturation behavior of stimulated vibronic transitions
6.2.3 Intermolecularvariation. . . . . ... .. ... .....
6.2.4 Comparisonof modesinSyand$; .. ..........
6.2.5  States with low relaxationrates . . ... ... ... ...

6.3 Density functional theory calculations . . . . ... ... ... ..
631 Isolated DBT . ... ... ... ... .. .. ......
632 DBTinpDCB . ... ...................

6.4 Comparison between para-dichlorobenzene and anthracene

6.5 Discussion . . . . ... .. L L e
6.51  Spectroscopicdetails . . . ... ... ... ... ....
6.5.2 Outlookand applications . . . . ... ..........

72
73

74
75

79

79
81

89
89
92
92
94

95

95
101

103

105

107
107
108

16
18
121

123

124
127
129
134
136



7 Vibroniclinesplitting . . . .. ... ....... ... ... ... 161
71  Molecularsystem . .. ... ..... ... ... ... .... 161

7.2 Seven-level model forfitting . . . . . . ... ... ... ... .. 163

7.3  Vibronic line splitting measurements . . . . ... ... ... .. 166

7.4 Discussion . . . . . . ... e 172

8 Concludingremarks . . . ... ... ... ... ... ... .... 175
Bibliography . ... .. ... ... ... ... ... .. ... ... 177
A Abbreviations . . . . ... ... L 201
A1l Molecules . . ... .. .. 201
A2 Listofabbreviations . . . . ... ... .... ... ....... 201

B Glossary . . . ... ... ... ... ... .. ... 203
Normal modeanalysis . . . .. ... ................ 207

Ca Diatomicmolecule . . . . .. ... ... ... L ... 207
Ci1 Normalmodes. . . ... ... .............. 207

Ci12  Vibrational wave functions . . . . ... ......... 209

Ci13 Franck-Condonfactors . ... ... ........... 210

C.2 Lineartriatomicmolecule . . . . ... ... ... ........ 211
C21 Normalmodes. .. ... ................. 211

C.2.2 Franck-Condonfactors . . ... ............. 213

D Various formulas and calculations . . . ... .......... 215
D.a  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 relaxationcascade . . . . . . ... ... .. ... .. 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 vibronicdips . . . . . . . . .. 225
D.g Seven-level model for vibronic line splitting . . . . . . ... ... 227
Do Background induced by the intense control laser . . . . ... .. 229
D.u  Overlap of fundamental excitations of vibrational modes . . . . . 230

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

ix



