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Realization of practical solid-state quantum memories depends on identifying materials that offer 
a demanding combination of physical properties along with massively parallel channel 
scalability to provide required data rates, for example in secure communication networks. 
Already, experimental demonstrations and theoretical analysis by groups across the world have 
shown that rare-earth ions doped into dielectric crystals are one of the most promising candidates 
to meet all of the requirements for multimode optical quantum information storage protocols.  

Quantum states encoded onto temporal, spectral, 
polarization, and spatial modes of light can all be stored 
and recalled using the massive information handling 
capacity of rare-earth-doped crystals. The phenomenon of 
spectral hole burning enables spectrally distinct ensembles 
of ions within the high-density environment to be 
individually manipulated and interrogated, leading to the 
potential for 106 or more frequency multiplexed storage 
channels in addition to the large intrinsic spatial multiplexing capacity of volumetric storage. To 
attain this full potential requires advances in our fundamental understanding and practical control 
of the physical processes that govern ion-ion, ion-spin, and ion-lattice interactions within the 
crystal lattice. At the same time, new knowledge is crucially needed regarding the role of 
material chemistry and fabrication in determining, and sometimes limiting, material properties.  

In this presentation, we review unique 
properties of rare-earth-doped crystals required 
by solid-state quantum memories for light and 
outline active research aimed at understanding, 
optimizing, and ultimately engineering these 
properties. We also highlight the identification 
and control of both static disorder (e.g. strain) 
and dynamic disorder (e.g. magnetic entropy) 
and the resulting effects on optical coherence, 
spectral multiplexing capacity, spin-state 
lifetimes, and other key parameters. Ongoing 
efforts also focus on understanding 
decoherence resulting from defects introduced 
during the growth and sample fabrication 
processes. These concepts are applied to 
specific rare-earth-doped materials and illustrated by recent results on quantum memory 
materials with enhanced properties. Finally, we discuss how insights gained into structural and 
chemical defects of high-quality materials used for quantum information may also be applied 
more broadly to traditional applications such as laser materials, phosphors, and scintillators. 
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Fig 1. Inhomogeneously broadened resonance.
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Fig. 2. Example of understanding and manipulating complex 
decoherence dynamics in solid-state materials. 


