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Fig. 1. Enabling technologies for quantum networks and rare earth doped crystal platformsP”: (a) To realize robust and scalable
quantum networks, each network node in small-scale local networks will need to incorporate a suite of quantum technologies. Essen-
tial devices include sources of entanglement, quantum memories for network synchronization and repeater stations, converters and
transducers to act as adapters for quantum technologies operating in different physical regimes (e.g. microwave and optical), and
quantum computers to process information and perform error correction operations. (b) Rare-earth ion crystals possess abundant
and highly coherent 4f-4f optical transitions and spin transitions, thus are among the leading material systems to realize the varied
devices that are critical to quantum network operation. (¢) Multiple avenues for rare earth doped crystal development. Translating
current work into deployable technologies in large, complex networks will be accelerated by a deeper understanding of material lim-

itations and new breakthroughs in nanoscale rare earth based material synthesis and fabrication.
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Fig. 2. Inhomogeneous broadening ( Iy, ) and homogeneous
broadening (I}, ) of rare earth doped crystals. Single rare
earth ion in the lattice has a sharp absorption peak (I} ).
Due to the different local environment, rare earth ions at
different locations have different absorption frequency. The
inhomogeneous absorption profile of an ensemble of ions is
the sum of the homogeneous profile of the different indi-

vidual ions ( Ty ).
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Fig. 3. Schematic representation of holeburning technique:
(a) All three hyperfine ground states are equally populated
until a laser with frequency wp pumps the ions in the
middle state to a optically excited state. The excited ions
can decay to any of the hyperfine ground states, but only
those that decay to the middle state will be repumped by
the laser. All ions are transferred to the other two hyper-
fine ground states. (b) A spectral “hole” is burned in the in-

homogeneous profile.
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Fig. 4. Evolution of ion states on the Bloch sphere and corresponding pulse sequence for (a) two pulse echo and (b) three pulse echo
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Fig. 7. (a) Scheme of SEMM memory based on Eu3*t : Y503 nanoparticles®; (b) storage pulse sequence and output pulse amp-
litude as a function of the total storage timel®”; (c) scheme of the tunable fiber-based microcavity with Eu3* : Y503 nanoparticles®/;
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Fig. 8. (a) Effect of annealing for a single Eu3T : Y203 thin film. (b) Composition design and structure optimization of thin film
(Encapsulation of Eu3* : Y203 by undoped buffer and cap layers). (c) Inhomogeneous linewidth and position for different post-
treatments. N.A. stands for not annealed (in green/empty symbol); STA, slow thermal annealing (in blue/filled symbol); RTA, rap-
id thermal annealing (in orange, half-filled symbols). (d) Inhomogeneous linewidth of the as grown thick film (sample D) revealing
the lowest broadening; (¢) SHB measurements of a 2 mm-thick multilayer sample (labelled D) with 2-step annealing. The hole
width of 10 MHz at 3 K, i.e. the homogeneous broadening narrowed to 5 MHz[!"2.
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Fig. 11. (a) Conceptual illustration of cavity protection for an ensemble coupled to a cavity mode: For a Lorentzian ensemble (upper),
the polaritons are not protected and undergo dephasing (linewidth broadening) due to inhomogeneous broadening A. A Gaussian
ensemble (lower) can be fully protected with the collective superradiant excitation free of such dephasing. Arrows represent the
phasor of each atomic dipolel. (b) A constant effective linewidth Iy independent of the waiting time Ty has been observed!!1%.
Inset: Three-pulse photon echo sequence. (c) On-chip multimode and coherent storage in the Er3* : YSO nanophotonic cavity.
(I) Storage of ten temporal modes for 10 ps; (II) visbility curve acquired in a double-comb experiment, and inset is four output
pulses (middle two overlapping) in the case of maximally constructive (dashed black line) and maximally destructive (solid red line)
interferencl”. (d) Fluorescent lifetime comparison between a single cavity-coupled Er3+ ion (blue) and a bulk ensemble without
cavity enhancement (orange)’?. (e) Schematic of a many-body nuclear spin register for optically coupled 71'Yb qubits in a nano-

photonic cavity'.
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Abstract

Rare-earth ion doped crystals possess stable solid state physicochemical properties and long optical
coherence time and spin coherence time, thus showing important development prospect in quantum information
science and technology area. Investigations on macroscopic bulk rare-earth single crystals have obtained many
promising results, especially in the field of optical quantum memory. With the rapid development of quantum
information science, a variety of new functions or multifunctional integrations are found in rare earth crystal
systems, such as on chip quantum storage, microwave to optical frequency conversion, scalable quantum single
photon sources, and quantum logic gates. As a result, beyond the macroscopic bulk rare-earth single crystals,
micro/nano-scale rare-earth crystals have received much attention in recent years and they are regarded as
promising candidates in highly integrated hybrid quantum systems and miniaturized quantum devices.
Moreover, wet chemical method synthesized micro/nano-scale rare-earth crystals have lower growth difficulty
and more flexible manipulation in volume, shape and composition. Therefore, exploring high-performance
micro/nano-scale rare-earth crystals and precisely manipulating their quantum states have become one of the
important directions in today’s quantum information science and technology research. In this review, we first
briefly introduce the basic concepts and high resolution spectroscopic techniques that are commonly used in rare
earth ion doped crystals for quantum information science and technologies, such as hole burning technique and
photon echo technique. Then we summarize comprehensively recent research status and development trends of
rare earth ion doped polycrystalline nanoparticles, thin films, single crystal based micro systems, and some
other micro/nano-scale rare earth platforms in terms of material fabrication, quantum coherence property,
dephasing mechanisms, and also quantum device explorations. The latest research advances in quantum
information applications such as quantum storage, quantum frequency conversion, quantum single photon
sources and quantum logic gates are given. Finally, we discuss the possible optimization directions and
strategies to improve the component design, material synthesis and quantum performance of micro/nano-scale
rare earth crystals and their related quantum devices. This review highlights that the micro/nano-scale rare
earth crystals may offer many new possibilities for designing quantum light-matter interfaces, thus are
promising quantum systems to develop scalable and integrated quantum devices in the future.

Keywords: quantum information, quantum device, rare earth ions, quantum manipulation
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