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ABSTRACT :  Understanding and ul t imately control l ing the propert ies of  matter,  f rom molecular to quantum systems,
requires imaging their  e lementary exci tat ions on their  natural  t ime and length scales of  femtoseconds and
nanometers.  In order to achieve this goal ,  we developed scanning probe microscopy with ul t rafast  and shaped laser
pulses for mult iscale spat io- temporal  opt ical  nano- imaging. In corresponding ul t rafast  movies,  we resolve the
fundamental  quantum dynamics f rom the fastest  few-femtosecond coherent to the nanosecond thermal t ransport
regime (Fig.  1) .  
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Last ly,  we advanced nano- imaging also into the strong f ie ld,  Purcel l -enhanced, and strongly-coupled QED
regime, wi th coherent superposi t ion states for  novel  quantum-enhanced sensing and imaging [5,6] .  Probing
direct ly in the local  e lectronic and molecular environments th is wi l l  inform on the most fundamental  level
what l imi ts coherence in sol id-state quantum systems. I  wi l l  then close with a perspect ive towards the
ul t imate goal  of  imaging and control ,  to systemat ical ly l ink coupled internal  degrees of  f reedom to overcome
relaxat ion and dissipat ion towards quantum mater ia ls wi th desired macroscopic performance. 

Fig. 1.  Ultrafast  opt ical  nano- imaging with s imultaneous nanometer
spat ia l  and femtosecond temporal  resolut ion resolv ing f rom few-fs
electronic coherence, to ps coupled electron- lat t ice,  and ns thermal
transport  dynamics in molecular and quantum mater ia ls.  

I  wi l l  d iscuss speci f ic  examples v isual iz ing in space and
t ime the nanoscale heterogenei ty of  e lectronic and
structural  processes in di fferent c lasses of  funct ional
mater ia ls.  Speci f ical ly,  in coherent nonl inear nanoimaging
of graphene and 2D semiconductors,  we resolve the
compet ing dynamics of  intra- and inter layer coupl ing
under ly ing the mechanisms of  the emergent quantum
phenomena in 2D heterostructures [1,2] .  In the extension
to far- f rom equi l ibr ium exci tat ion wi th even simultaneous
spat ia l ,  spectral ,  and temporal  resolut ion we resolve
electron-phonon, cat ion- lat t ice,  and coupled polaron
dynamics in photovol ta ic perovski tes obtaining a real-
space and real- t ime view of  their  complex photophysical
response [3,4] .  
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