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In an era where the quest for ever more precise timekeeping devices drives scienti�c

progress, solid-state nuclear clocks based on thorium-229 are rapidly emerging as a

groundbreaking frontier. The recent study by Ooi, Doyle, Zhang, and their collaborators,

published in Nature in 2026, has set new benchmarks in this domain by meticulously

exploring the frequency reproducibility of the nuclear transition in ^229Th-doped calcium
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�uoride (CaF₂) crystals. This pioneering research offers profound insights that could

revolutionize precision chronometry and open unprecedented avenues in fundamental

physics.

At the heart of this transformative advance lies the unique isomeric nuclear transition in the

isotope thorium-229 (^229Th), which exhibits an extraordinarily low-energy excited nuclear

state accessible by laser excitation. Unlike conventional electronic transitions exploited in

atomic clocks, nuclear transitions are inherently less susceptible to environmental noise and

perturbations. This low sensitivity to external electromagnetic �elds and chemical

environment heralds a new class of ultra-stable clocks with performance metrics that could

surpass those of current optical lattice clocks.

The study systematically investigates ^229Th atoms embedded within the crystal lattice of

CaF₂, creating a solid-state host environment capable of supporting an abundant population

of nuclear-clock emitters—far exceeding the count achievable in atomic cloud-based

platforms. This capacity enhancement is crucial for increasing signal-to-noise ratios and

enhancing clock stability without requiring complex ultra-high vacuum or laser cooling

setups.

One of the key achievements of the research is the characterization of the inhomogeneous

linewidth of the nuclear transition as a function of the thorium doping concentration within

the CaF₂ matrix. The linewidth broadening, predominantly originating from interactions with

the intrinsic properties of the host crystal, sets a fundamental limit on clock linewidth and

subsequently on frequency stability. By carefully tuning the concentration of ^229Th dopants,

the authors elucidated the trade-offs between emitter density and spectral purity, providing

essential parameters for future device engineering.

Temperature-dependent studies revealed a striking �nding: the researchers identi�ed an

optimal operating temperature near 196 Kelvin at which the �rst-order thermal sensitivity of

the nuclear transition frequency effectively vanishes. This “magic temperature” point

mitigates temperature-induced frequency drifts that have historically plagued precision

clocks. By operating at this temperature regime, solid-state ^229Th nuclear clocks can exploit

in situ temperature co-sensing techniques based on quadrupolar splitting of nuclear lines,

pushing systematic uncertainties well below the ambitious fractional frequency uncertainty

level of 10^-18.

The reproducibility of the nuclear transition frequency over time—a critical metric

determining a clock’s reliability—was demonstrated over an extended period of seven
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months. At 195 K, two distinct ^229Th:CaF₂ crystals showed remarkable frequency

reproducibility of 220 Hz, equivalent to a fractional stability of approximately 1.1 × 10^-13. This

longevity and consistency underscore the feasibility of solid-state nuclear clocks as practical

devices for real-world deployment where long-term stability is as crucial as high precision.

Beyond the immediate implications for improved timekeeping, the �ndings have far-reaching

impacts on precision metrology and fundamental physics tests. Nuclear clocks based on

thorium-229 could provide stringent constraints on the time variation of fundamental

constants, a domain that probes physics beyond the Standard Model and searches for new

interactions or particles. The solid-state implementation also offers a robust, compact, and

thermally manageable platform conducive to �eld applications unlike conventional atomic

clocks.

The coherence properties of nuclear excitations in the doped CaF₂ lattice were examined with

exceptional sensitivity, revealing how crystal �eld effects subtly in�uence the nuclear

transition. These insights are vital for optimizing host materials and guiding the design of

nuclear clock architectures that maximize coherence times and minimize decoherence caused

by lattice vibrations, electromagnetic noise, or thermal �uctuations.

Moreover, the ability to host large numbers of ^229Th emitters in a crystal favored by simple

thermal control measures emphasizes the scalability and practicality of solid-state nuclear

clocks. Unlike their cold atomic counterparts, these systems demand less complex

infrastructure, making them prime candidates for compact, portable, and space-deployable

timekeeping devices where robustness and reduced operational overhead are paramount.

The unique nuclear transition in thorium-229 also provides an ideal frequency reference to

interface with other advanced quantum systems. Coupling nuclear-clock references with

optical lattice clocks based on electronic transitions, or even linking them to quantum

communication networks, could establish new benchmarks of synchronization �delity and

open pathways for quantum sensing and ultra-precise navigation technologies.

This work sets a new foundation for future research focused on material science challenges,

laser excitation schemes, and environmental noise mitigation strategies critical for

unleashing the full potential of thorium-229 nuclear clocks. The �ne control achieved in the

frequency reproducibility observed paves the way toward realizing a quantum frequency

standard that may rede�ne the meaning of ticking seconds in the coming decades.

In summary, the research by Ooi and colleagues marks a pivotal milestone in the journey
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toward ultra-precise and robust nuclear-based timekeeping. Exploiting the low sensitivity of

nuclear transitions to environmental in�uences, combined with optimized crystal engineering

and thermal strategies, promises a new generation of solid-state nuclear clocks with

profound implications across science and technology. As these devices approach the

thresholds of femtosecond-level time resolution and unprecedented frequency stability, the

very fabric of how humanity measures time stands poised for transformation.

Subject of Research: Frequency reproducibility and characterization of the ^229Th nuclear

clock transition in solid-state hosts.
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