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Using frequency-programmable atoms, materials can be structured in frequency-space, creating 
materials with completely new properties. This can be seen in analogy with spatially structuring 
matter at the micro- and nanoscale which also creates materials with novel properties. 

Crystals doped with rare earth ions can have optical transitions with sub-kHz line widths which is 
unique for solid state materials. Optical pumping to frequency-selective traps with lifetimes in the 
milliseconds to hours range can be used to manipulate the ions in the crystals such that the crystal 
absorb at selected frequencies, creating nearly arbitrary absorption structures. Such structures 
have for example been used when remotely entangling spatially separated crystals to each other 
[1], for high performance quantum memories [2], for laser frequency stabilization down to ~1 
part in 1016 [3] and they have been used to create materials where light propagates at just a few 
km per second and where the speed of light and the light frequency can be controlled using 
external electric fields of only a few tens of V/cm [4, 5, 6]. 

These crystals can have millisecond optical coherence times and hyperfine coherence times of 
several hours. Remarkably the 6 hour coherence time observed for the nuclear spins in Ref. 7 
means that for a crystal transported at 10 km/hour, the decoherence per km will be lower than for 
entangled light propagating in a fibre! In general the long coherence times makes rare earth 
crystals extremely interesting for quantum applications. On the other hand the long excited state 
lifetime also makes it difficult to detect single ions. Currently there is significant interest in 
integrating/combining rare earth ions with nano/micro-cavities [8]. In this case Purcell 
enhancement can, e.g., be used to control the excited states lifetimes, yielding more efficient 
quantum state readout and such structures also enable quantum light interactions with the rare 
earth ions using the cavity modes.  

This presentation will give a very brief background on rare earth crystals. It will shortly introduce 
the breakout session presentations, which treat quantum memories, laser stabilization, ion-cavity 
interactions and material aspects of the rare earth crystals. It will also outline the slow light 
effects, including its applications to laser stabilization as well as to completely unexpected areas 
like deep tissue imaging. 
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