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TOPICAL REVIEW — Advances in thorium nuclear optical clocks
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The isomeric transition of thorium-229 (229Th), as the only known laser-accessible nuclear transition, offers the pos-
sibility for the development of a new generation of optical clocks. Solid-state nuclear optical clock based on 229Th-doped
crystals or thin films has attracted much attention due to its potential advantages in high stability, miniaturization, and ro-
bustness. This paper reviews the research progress of solid-state nuclear optical clock materials, analyzes the preparation,
defects, and properties of the candidate solid material systems for 229Th, explores the influence of the local crystal envi-
ronment on the nuclear transition, focuses on introducing the latest research results of crystal materials such as Th-doped
CaF2 and LiSrAlF6, and looks forward to the future development direction of this field. It could provide a reference for the
material selection and optimization of solid-state nuclear optical clocks.
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1. Introduction
The 229Th isotope has been the subject of extensive sci-

entific research for decades because it possesses a low-energy
isomeric nuclear transition at about 8.4 eV (∼ 148.4 nm),
which can be excited with tabletop vacuum-ultraviolet (VUV)
laser systems.[1,2] The nuclear transition from the isomeric
state (229mTh) to the ground state (229gTh) exhibits low sen-
sitivity to environmental perturbations and possesses an ex-
tremely narrow natural linewidth. It provides an opportu-
nity for the development of a nuclear optical clock with very
high accuracy.[3–6] There are two main approaches to con-
struct such nuclear optical clocks with two different physical
implementations. One is 229Th3+ in an ion trap like that of
atomic optical clocks,[5,7] while the other is 229Th4+ doped
VUV-transparent crystal.[8,9] The former scheme can exhibit
higher accuracy. The advantage of the latter “solid-state nu-
clear clock” is a larger signal-to-noise ratio and an improved
stability due to the much larger number of 229Th nuclei (up
to 1018 cm−3) interrogated simultaneously.[10,11] Furthermore,
the solid-state nuclear optical clocks do not require large cold-
atom systems. Their core components can be 229Th doped
crystals/films in millimeter or even micrometer sizes, which
has great potential in miniaturization, on-chip integration, and

space-borne applications.[12,13]

The development of a solid-state nuclear clock requires
229Th-doped crystals with high VUV transmittance, low back-
ground luminescent noise, high radiation damage resistance,
as well as highly efficient, low loss, and uniform doping of
229Th. It is difficult to fabricate 229Th-doped crystals be-
cause 229Th has extreme toxicity and strong radioactivity.
Moreover, 229Th is extremely scarce and expensive because
it does not naturally exist, and currently the only way to ob-
tain even microgram 229Th is the α-decay of 233U, which
is also a non-natural radioactive material.[8,14] The natural
thorium (232Th) is very low in radioactivity and easy to ob-
tain, and has the same extranuclear electron configuration and
chemical properties with 229Th. Therefore, 232Th was used
formally in most studies on the development of Th doped
crystals.[8] Currently, the experimentally reported Th-doped
or Th-based solid materials mainly include NaYF4, LiYF4,
Na2ThF6, LiCaAlF6, LiSrAlF6, BaLiF3, MgF2, CaF2, LiF,
and SrF2, whereas only CaF2, LiSrAlF6, MgF2, ThF4 and
ThO2 have used 229Th.[8,15–23] In recent years, rapid progress
has been made using 229Th-based solid-state materials. Direct
laser excitation and measurement of the nuclear clock tran-
sition were demonstrated; subsequently, high-precision spec-
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troscopy was performed, determining the transition frequency
with kHz level precision; then, laser excitation was observed
in 229ThF4 and 229ThO2 films.[1,2,22,23]

There are various defects in thorium-doped crystals. Due
to the difference in ionic radius and valence state between
thorium ions and the substituted metal cations, thorium dop-
ing usually causes lattice distortion and produces charge-
compensating defects. High-energy rays (e.g., α rays) pro-
duced by 229Th nuclear decay damage the crystal lattice and
create defects.[16] Defects also form under VUV laser irra-
diation. These defects can reduce optical transmittance and
increase background luminescence. Although the 229Th nu-
clear transition is environmentally insensitive, the lattice field
environment and defects still affect nuclear energy levels and
transition decay rates, leading to energy level splitting, line
broadening, and lifetime reduction. These factors require in-
depth investigation during the development of thorium-doped
crystal materials.

Here, we will review the research progress of solid-state
nuclear optical clock materials, summarize the material re-
quirements and candidate materials for solid-state nuclear op-
tical clocks, and analyze material defects, and the influence
mechanisms of the local material environment on nuclear tran-
sitions. It could provide a reference for the design and opti-
mization of solid-state nuclear clock materials.

2. Material requirements for 229Th solid-state
nuclear clocks
The construction of 229Th solid-state nuclear clocks re-

quires high demands on the host materials. It is essential
for them to possess high VUV transmittance, wide bandgap,
high doping compatibility, low luminescent noise, and high
radiation resistance stability. The host must maintain a high
level of transmittance in the VUV band to allow the excita-
tion and detection of nuclear transition signal. In addition, the
bandgap energy must exceed the energy of the 229mTh tran-
sition to prevent absorption of the excitation light by elec-
tronic transitions. Prominent candidate materials such as CaF2

(bandgap 11.8 eV) and LiSrAlF6 (bandgap 12 eV) both fulfill
this demand.[1,15] Due to the scarcity and high cost of 229Th,
it is necessary for a host to have high doping compatibility of
Th4+ ions. Th4+ ions need to be incorporated into the crys-
tal lattice at high concentrations without inducing significant
optical degradation. Doping efficiency is influenced by ionic
radius matching and charge compensation schemes. For ex-
ample, Th4+ ions (ionic radius 1.19 Å, 8-coordinate) typically
substitute for divalent cation sites (Ca2+ (ionic radius 1.26 Å,
8-coordinate), Sr2+ (ionic radius 1.40 Å, 8-coordinate)), ac-
companied by charge compensation mechanisms such as in-
terstitial F− ions. The effective segregation coefficient of Th
in SrF2 is close to 1, enabling high doping uniformity.[20]

The host should exhibit low luminescence noise and high
radiation resistance stability. Crystal defects introduce non-
radiative decay channels (e.g., internal conversion) and back-
ground luminescence. Point defect concentrations (vacancies,
interstitials) and impurities must be meticulously controlled.
For instance, fluorine vacancies (Vk centers) in CaF2 can trap
electrons and form absorption centers. In addition, the decay
of 229Th (half-life 7880 years) emits α particles, which causes
permanent radiation damage to crystals. Selecting radiation-
tolerant materials is a fundamental solution to this issue, al-
though experiments demonstrate that superionic state fluorine
annealing effectively repairs radiation damage in CaF2.[24]

In the decay chain of 229Th, five α particles are emit-
ted with energies higher than 5 MeV. In crystals, the decay of
229Th produces high-energy radiation (e.g., α , β , γ rays).[25]

These rays transfer energy to atoms within the crystal, caus-
ing atoms to dislodge from their equilibrium lattice positions
and form point defects or complex defects. Therefore, crystals
doped with 229Th must possess good resistance to radiation
damage. The radiation tolerance of fluoride crystals is influ-
enced by several key material factors such as defect formation
energy and structural stability under irradiation. The defect
formation energy is the minimum energy required to remove
an atom from a perfect crystal and form a defect, directly de-
termining the difficulty of defect generation under irradiation.
A higher defect formation energy results in a lower concentra-
tion of irradiation-induced defects and stronger radiation resis-
tance of the crystal. The defect formation energy of fluoride
crystals is mainly influenced by ionic bond strength and lat-
tice energy. In fluoride crystals, fluoride ions are more likely
to be displaced from the lattice than metal cations, forming
fluoride vacancies and interstitial fluorides. Fluoride crystals
with higher fluoride vacancy formation energy exhibit stronger
radiation resistance. On the other hand, even if defects are
generated by irradiation, if the crystal structure has high sta-
bility, characterized by high tolerance for lattice distortion and
high energy barriers for defect diffusion, defects will struggle
to migrate and agglomerate. In other words, stronger struc-
tural stability means that irradiation-induced point defects are
more likely to be pinned locally, leading to slower degrada-
tion of crystal performance. For instance, SrF2 and BaF2 have
better structural stability than CaF2 under irradiation. When
CaF2 was irradiated with high energy alpha particles, point
defects are mobile and either annihilate, aggregate, or become
trapped, giving rise to color centers. Whereas color centers
are not apparent in SrF2 and BaF2 because of the immobile
defects on the cation sublattice.[26]

Therefore, it will greatly promote the development of
solid-state nuclear laser spectroscopy and solid-state nuclear
optical clocks if one kind of material can be found that en-
sures high VUV transmittance, high doping compatibility, low
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luminescent noise and high radiation resistance stability.

3. Current solid-state nuclear clock materials
3.1. CaF2 crystal

Thorium-doped calcium fluoride (Th:CaF2) crystals are
the most extensively studied solid-state nuclear clock material.
They crystallize in the cubic fluorite structure, where Th4+

ions substitute for Ca2+ lattice sites, with charge compen-
sation provided by double fluoride interstitials (Fi). Density
functional theory (DFT) calculations indicate that this config-
uration generates a charge transfer state (CTS) near the band
gap, potentially serving as an electron bridge channel for nu-
clear excitation.[25,27]

During 2022-2023, Kraemer et al. utilized CERN’s
ISOLDE facility to precisely measure the energy and lifetime
of 229mTh in CaF2 and MgF2 crystals.[21] Their results es-
tablished the 229mTh isomer energy at ∼ 8.338(24) eV, cor-
responding to an excitation wavelength of ∼ 148.71(42) nm.
This work not only marked the first direct detection of 229mTh
decay signals but also reduced the uncertainty in the isomer
energy by a factor of seven compared to previous reports.[28,29]

In 2022, Beeks et al. from TU Wien developed a miniaturized
crystal growth process, successfully producing 229Th:CaF2

crystals (Fig. 1, doping part Ø3.2×6 mm3) with a 229Th con-
centration of 1017 cm−3.[16] These crystals with a thickness
of 1 mm exhibited ∼ 35% transmittance near 149 nm, rep-
resenting the highest performance reported for 229Th-doped
crystals at that time. The study also identified that radiation-
induced dissociation and damage caused by 229Th’s intrin-
sic radioactivity severely degraded vacuum ultraviolet (VUV)
transmittance. To maintain usable transparency, they recom-
mended limiting the 229Th doping concentration to less than
5× 1017 cm−3. However, subsequent research in 2024 by
Beeks et al. demonstrated that annealing radiation-colored
229Th:CaF2 crystals in a carbon tetrafluoride (CF4) atmo-
sphere at 1250 ◦C effectively restored transparency and en-
hanced radiation resistance.[24]

Also in 2024, leveraging 229Th:CaF2 crystals from TU
Wien, Tiedau et al. from the German National Metrology
Institute (PTB) achieved the first successful direct laser ex-
citation of the 229Th nuclear transition in Th:CaF2, mark-
ing a milestone in nuclear laser spectroscopy.[1] In the same
year, Ye’s group at the University of Colorado Boulder per-
formed the first frequency comparison between the 229mTh nu-
clear transition and an 87Sr atomic clock within a 229Th:CaF2

crystal (νTh/νSr = 4.707072615078(5)).[30] In 2025, Ye’s
group measured the temperature sensitivity of the 229Th nu-
clear clock transition in CaF2.[31] They observed a decrease
in both the unsplit frequency and quadrupole splitting with
increasing temperature. Notably, the m = ±5/2 → ±3/2

transition exhibited the smallest temperature drift — merely
62(6) kHz over 143 K, equivalent to ∼ 0.4 kHz/K. Their anal-
ysis indicated that achieving 10−18 precision would require
maintaining crystal temperature stability at ∼ 5 µK. While
229Th:CaF2 crystals offer significant advantages, including a
wide bandgap, high thorium doping capacity, and an extended
nuclear isomer lifetime, they face challenges: radiation dam-
age induces F-center formation and Th3+ conversion, leading
to drastic reductions in VUV transmittance. In 2024, Hiraki et
al. from Okayama University and TU Wien demonstrated res-
onant x-ray pumping of the 229Th isomer in a VUV-transparent
229Th:CaF2 crystal, measuring its radiative decay at 148.18 nm
with a half-life of 447 s and discovering a controllable x-ray
quenching effect for rapid isomer depletion.

Fig. 1. The 229Th:CaF2 crystal grown at TU Wien.[16]

3.2. LiSrAlF6 crystal

Thorium-doped lithium strontium aluminum fluoride
(LiSrAlF6, LiSAF) and lithium calcium aluminum fluoride
(LiCaAlF6, LiCAF) crystals were early research focal points.
Both materials crystallize hexagonally, exhibit bandgaps ex-
ceeding 10 eV, and cover the 148.4 nm nuclear transition win-
dow. They share a similar structural framework composed of
[AlF6]3− octahedra, with Ca2+/Sr2+ ions occupying octahe-
dral lattice sites. Th4+ ions preferentially substitute into the
size-matched Sr2+ or Ca2+ sites, with charge compensation
via double fluoride interstitials (Fi). Theoretical calculations
indicate that LiSAF possesses a lower doping formation en-
ergy than LiCAF due to its larger lattice volume.[32,33]

In 2015, the first optical-grade 229Th:LiSAF crystal
(Fig. 2) was successfully grown, with a 229Th concentration of
1017 cm−3.[15,34] Excitation of the nuclear transition was at-
tempted using synchrotron radiation; however, no signals cor-
responding to the expected 229Th nuclear transition (energy
range 7.3–8.8 eV, lifetime range (1–2) s to (2000–5600) s)
were detected. In 2024, a narrow-linewidth nuclear transi-
tion signal at 148.382 nm was observed for the first time in
229Th:LiSAF under laser excitation, yielding a 229mTh isomer
energy of approximately 8.355733 eV in the LiSAF crystal.[2]

229Th:LiSAF crystals are characterized by advantages includ-
ing a wide bandgap, relatively high thorium doping compati-
bility, and chemical stability. However, significant challenges
remain: (a) Compositional segregation is prone to occur dur-
ing crystal growth; (b) Al3+ ions may be partially substituted
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by Th4+ ions, leading to defect formation; (c) Th4+ ions can
occupy multiple distinct lattice sites, resulting in inhomoge-
neous spectral broadening.

Fig. 2. The 229Th:LiSAF crystal grown at the University of California,
Los Angeles (UCLA), Oak Ridge National Laboratory (ORNL), and
AC Materials Company.[33]

3.3. Novel fluoride crystals: LiF, BaLiF3, and SrF2

Significant progress has been made in 229Th-doped crys-
tal research; however, current material systems face substan-
tial limitations. The variety of host matrices remains ex-
tremely limited, and primary candidate materials face chal-
lenges in co-optimizing key performance parameters. These

constraints underscore the critical importance and urgency of
developing novel thorium-doped crystalline materials. Nev-
ertheless, research on new 229Th-doped crystals is severely
restricted by 229Th’s extreme scarcity, high toxicity, and in-
tense radioactivity. Considering that 232Th possesses identical
electronic and chemical properties to 229Th, alongside higher
abundance, moderate toxicity, lower radioactivity, and eas-
ier handling, most current investigations into novel thorium-
doped host crystals initially employ natural thorium (232Th)
as the dopant. This approach evaluates a material’s feasibility
and potential as a solid-state nuclear clock candidate.

During 2023–2025, a team led by Hang at the Shanghai
Institute of Optics and Fine Mechanics (SIOM) conducted sys-
tematic theoretical and experimental investigations on three
novel 232Th-doped crystals (Th:LiF, Th:BaLiF3, Th:SrF2) and
the prominent Th:CaF2.[17–20] This work aimed to provide
more viable and reliable material options for solid-state nu-
clear clock development, supporting high-precision nuclear
timekeeping.

(a) (b)

(c) (d)

Fig. 3. VUV transmittance curves (120–230 nm) of the Th doped crystals with a thickness of 1 mm. (a) Th:LiF and LiF crystals, reproduced with
permission from Ref. [17]; (b) BaLiF3 and Th:BaLiF3 crystals, reproduced with permission from Ref. [18]; (c) Th:CaF2 and CaF2 crystals, reproduced
with permission from Ref. [19]; (d) SrF2 and Th:SrF2 crystals,[17–20] reproduced with permission from Ref. [20] ©Optical Society of America.

In 2023, 232Th:LiF crystal was first reported.[17] Theoret-
ical predictions suggested stabilization of Th4+ doping via Li
vacancy compensation under fluorine-rich conditions. Experi-
mentally, Th:LiF crystals demonstrated effective 232Th doping
(∼ 1019 cm−3) and excellent transmittance in the nuclear tran-
sition window (> 65% @150 nm for 1 mm thickness), only
slightly lower than pure LiF crystals (Fig. 3(a)). The crystals

also show promise for low background luminescence and ra-
diation damage resistance.

In 2024, 232Th:BaLiF3 crystal was reported.[18] Theoreti-
cal predictions indicated stabilization of Th4+ doping through
vacancy compensation mechanisms (e.g., Th substitution at
Ba sites accompanied by Ba vacancies). Th:BaLiF3 crys-
tals were successfully grown, achieving effective 232Th dop-
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ing (3.13× 1018 cm−3). A transmittance of ∼ 50%@150 nm
was measured for a 1 mm thick sample (Fig. 3(b)), identify-
ing it as a potential candidate. However, the system’s inher-
ent Th4+ doping capacity is limited. Significant quantities of
ThF4 raw material are consumed and wasted to obtain usable
doping levels. Given the current scarcity of 229Th, research on
229Th:BaLiF3 crystals is not recommended.

Also in 2024, for the Th:CaF2 system, preferred defect
configurations were specified based on combined thermody-
namic and kinetic factors, and their impact on VUV transmit-
tance was evaluated.[19] Two highly doped 232Th:CaF2 crys-
tals grown by the Czochralski method demonstrated excellent
comprehensive performance, maintaining significant VUV
transmittance at high doping concentrations. Transmittance
values of ∼ 62% and ∼ 53% @150 nm for 1 mm thickness
were achieved at doping concentrations of 1.91× 1020 cm−3

and 2.76×1020 cm−3, respectively (Fig. 3(c)). They exhibited
only weak negative concentration dependence, significantly
surpassing the performance of comparable high-concentration
samples reported in the literature (e.g., ∼ 5% transmittance at
2.6×1020 cm−3 [13]).

In 2025, a novel candidate material for solid-state nuclear
clocks, Th:SrF2, was developed, showing significant applica-
tion potential.[20] Compared to the segregation coefficients of
other 232Th-doped crystals (CaF2: 0.3, LiF: 0.07), the segre-
gation coefficient of 1.14 was achieved for 232Th ions in SrF2

crystal, indicating efficient incorporation of all Th from the
feed material into the SrF2 crystal without waste. This en-
ables efficient, lossless utilization of Th, substantially reduc-
ing the difficulty of developing solid-state nuclear clock ma-
terials. 232Th:SrF2 crystals grown by the Czochralski method
demonstrated excellent VUV transmittance (∼ 69%@150 nm
for 1 mm thickness) (Fig. 3(d)) alongside exceptionally high
doping levels (> 6× 1020 cm−3). This highlights the supe-
rior tolerance of the SrF2 lattice to Th ions and the significant
potential of Th:SrF2 as a solid-state nuclear clock material, po-
sitioning it as a prime candidate for future solid-state nuclear
laser spectroscopy and clock research.

3.4. ThF4 and ThO2 films

Current 229Th-doped crystals (e.g., CaF2, LiSAF) face
unavoidable challenges: the extreme scarcity and high ra-
dioactivity of 229Th; the requirement for milligram-scale ma-
terial during crystal growth, resulting in radioactivity levels
≥ 10 kBq and elevated safety risks; and significant process-
ing difficulties, limiting the widespread adoption and integra-
tion of nuclear optical clocks. In contrast, thorium-doped thin
films offer a novel pathway toward miniaturization and prac-
tical application due to their low material consumption and
compatibility with semiconductor processing techniques.

In 2019, Gouder reported a ThF4 bandgap of∼ 10 eV, in-
dicating its suitability as a nuclear clock material.[35] In 2024,
Osipenko conducted a quantitative study of ThF4 thin film lu-
minescence properties.[36] Ultraviolet photoluminescence and
radioluminescence were measured for the first time in ThF4

films, demonstrating signal levels comparable to PMT dark
counts and thus not interfering with 229mTh signal detection,
further confirming the feasibility of ThF4 films for nuclear
clocks. In the same year, microgram-scale 229Th material was
used to prepare ThF4 thin films (thickness 30–100 nm, diam-
eter 50 µm–5 mm) via a miniaturized physical vapor deposi-
tion (PVD) technique (Fig. 4).[22] Radioactivity was reduced
by three orders of magnitude compared to conventional doped
crystals, effectively overcoming challenges posed by 229Th
scarcity and radiological handling. Crucially, direct laser exci-
tation of the nuclear clock transition was achieved for the first
time in ThF4 films, with the transition frequency determined,
laying the groundwork for integrated nuclear clocks.

(b)

(a)

Fig. 4. The 229ThF4 target fabrication procedure and characterization.
(a) Schematic of the 229ThF4 target vapor deposition setup; (b) VUV
transmission of a similarly fabricated ThF4 thin film of about 1 µm
thickness. Reproduced with permission from Ref. [22].

ThO2 thin films represent another candidate material. Al-
though ThO2 possesses a lower bandgap (∼ 6 eV), nuclear
transitions were detected within opaque ThO2 films via con-
version electron Mössbauer spectroscopy (CEMS) in 2025.[23]

This expanded the range of viable thin-film material choices,
particularly suitable for non-optical detection schemes. And
they demonstrated superior high-temperature stability com-
pared to fluoride materials.

ThF4 and ThO2 thin films, as nuclear clock materials, of-
fer the paramount advantage of reducing 229Th consumption
to the microgram-scale, drastically diminishing radioactivity.
The thin-film format simultaneously enables high particle den-
sity and miniaturization prospects. However, a fundamental
drawback and significant challenge is the extreme difficulty
in achieving high-quality single-crystalline thin film growth.
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Furthermore, substrate interference is difficult to avoid, and
effective strategies to suppress the inevitable inhomogeneous
broadening within the films must be developed.

Table 1. Comparison of Th doping concentration and VUV transmit-
tance of the doped crystals.

Crystals VUV transmittance Th concentration (cm−3) Ref.
229Th:CaF2 ∼ 35%@149 nm ∼ 1017 [13]

229Th:LiSAF – ∼ 1017 [15]
232Th:LiF ∼ 66%@150 nm ∼ 8.23×1018 [17]

232Th:BaLiF3 ∼ 50%@150 nm ∼ 3.28×1018 [18]
232Th:CaF2 ∼ 53%@150 nm ∼ 2.75×1020 [19]
232Th:CaF2 ∼ 5%@150 nm ∼ 2.60×1020 [16]
232Th:SrF2 ∼ 69%@150 nm ∼ 6.29×1020 [20]

In summary, Th-based or Th-doped VUV materials re-
ported experimentally and theoretically for solid-state nuclear
clock applications primarily include crystals such as CaF2,
MgF2, LiSAF, LiF, BaLiF3, SrF2, alongside thin films includ-
ing ThF4 and ThO2. Among these, only LiSAF, MgF2, and
CaF2 crystals, as well as ThF4 and ThO2 thin films, have
employed 229Th for nuclear precision spectroscopy experi-
ments. Decay signals from 229mTh de-excitation were first di-
rectly detected in 229mTh-implanted MgF2 and CaF2 crystals,
concurrently reducing nuclear transition energy uncertainty
by approximately an order of magnitude. Subsequently, di-
rect laser excitation of the nuclear transition was successfully
achieved in 229Th:CaF2 crystal, 229Th:LiSAF crystal, 229ThF4,
and 229ThO2 thin films. Collectively, these results demon-
strate the considerable promise and inherent advantages of the
solid-state approach for nuclear optical clock research. Fur-
thermore, Th:SrF2 crystals exhibit exceptional VUV transmit-
tance and extremely high doping levels, strongly highlighting
the significant potential of the SrF2 host as a solid-state nu-
clear clock material. Consequently, this system is anticipated
to serve as a prime candidate for future solid-state nuclear laser
spectroscopy and clock development.

4. Defects in solid-state nuclear clock materials
Defects are one of the most significant factors affecting

the transmittance of Th-doped crystals at ∼ 148 nm. Defects
can be divided into inherent defects and defects caused by ir-
radiation. Under different types of irradiations, the internal
defects of crystals differ, thereby variably affecting the perfor-
mance of crystals. Under VUV irradiation, crystals doped with
Th4+ typically produce point defects caused by electroneu-
tral equilibrium. Point defects refer to defects in the crys-
tal lattice with the size of an atom, which can generally be
divided into Frenkel and Schottky defect systems. In Schot-
tky defect systems, the crystal structure is closely packed, so
there are no interstitial atoms, only vacancies as defects. De-
fect charge compensation is achieved through vacancies with
the same number of cations or anions. In electrically neutral

crystals, vacancies are not required to be charge-compensated.
In Frenkel defect systems, vacancies and interstitial atoms of
the same type coexist. While these crystals have band gaps
of > 10 eV, impurities and color centers can cause residual ab-
sorption and may interfere with the 229Th optical spectroscopy.
Various metal ions as well as oxygen-based impurities at the
part-per-million level can lead to absorption coefficients of up
to 0.1 cm−1.[37] To ensure crystal transparency, standard pu-
rification methods can be employed to reduce these impurities
to part-per-billion levels. For the development of solid-state
nuclear optical clocks, exploring more solid-state nuclear op-
tical clock materials with application potential and studying
their defect properties is crucial to understanding the internal
dynamics of crystals.

First-principles methods based on density functional the-
ory have been widely proven to be an effective way to study
crystal material doping, structure, defects, physical and chem-
ical properties, and their microscopic mechanisms. On the one
hand, using DFT to construct potential Th-containing com-
plex defect models allows for the investigation of their de-
fect formation energies and the resulting impacts on the crys-
tal structure. This enables a comprehensive assessment, from
both thermodynamic and kinetic perspectives, on whether Th-
related defects can readily form in the crystal to achieve effec-
tive doping. On the other hand, by employing hybrid function-
als (such as HSE06, HSE03, PBE0, etc.[38–41]) to calculate the
electronic structure of crystal models containing Th-related
defects, the energy levels and orbital compositions of the de-
fects introduced by doping can be determined. By comparing
the bandgap with the nuclear transition energy, the influence
of Th doping on the material’s transmittance performance in
the nuclear transition wavelength range can be evaluated.

In 2009, Jackson et al.[31] studied the doping sites of Th
ions and the corresponding charge compensation mechanisms
in Th-doped LiCaAlF6 and LiSrAlF6 crystals through theo-
retical calculations, and anticipated their prospects as solid-
state nuclear clocks. In 2010, Rellergert et al.[32] conducted
a detailed theoretical analysis of the concept of driving nu-
clear transitions in crystals to establish a solid-state optical
frequency standard, investigating the effects of the crystal en-
vironment on nuclear transitions and the performance of solid-
state nuclear optical clocks, and initially assessing the preci-
sion (∼ 10−16) and stability (∼ 10−17–10−15) that solid-state
nuclear optical clocks could achieve, demonstrating the unique
potential of solid-state nuclear optical clocks in limiting the
time variation of fundamental constants. In 2018, Nicker-
son et al.[42] theoretically investigated the collective effects
in Th:CaF2 crystals on laser-driven nuclear transitions. Their
study considered the influence of potential doping sites, quan-
tized axis orientations, and laser pulse configurations on both
the intensity of scattered light and the characteristics of nu-
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clear excitation. The theoretical findings support the experi-
mental feasibility of using coherent laser radiation to directly
drive nuclear transitions. In 2020, Pimon et al.[43] investigated
Th:MgF2 crystals through theoretical calculations, evaluating
the doping potential of Th, the charge compensation mech-
anisms introduced by doping, and changes in crystal struc-
ture and bandgap. The results indicated that MgF2 crystals
are not suitable as solid-state nuclear optical clock materials.
In the same year, Nickerson et al.[11] theoretically studied the
concept of using defect energy levels in Th-doped crystals as
electronic bridges to indirectly excite nuclear transitions, us-
ing Th:CaF2 crystals as an example. The study concluded that
this indirect approach could increase the probability of excit-
ing the nuclear transition by at least two orders of magnitude
compared to the direct laser excitation scheme. It was also
noted that the reverse process of the electronic bridge sim-
ilarly enhances the decay process of the isomeric state. In
2021, Nickerson et al.[26] conducted a further theoretical in-
vestigation into the potential electronic bridge processes in Th-
doped crystals, exploring the dominant coupling mechanisms
involved in such processes. It was highlighted that the reverse
electronic bridge process could enhance the performance of
nuclear clocks. In 2022, Pimon et al.[44] conducted theoret-
ical calculations on the bandgap of Th:LiCAF crystals and
found that the bandgap of Th:LiCAF is significantly greater
than the energy of the isostructural states of 229Th, thus allow-
ing the crystal to remain transparent within the nuclear tran-
sition wavelength range. This indicates that Th:LiCAF pos-
sesses potential as a material for solid-state nuclear optical
clocks. Also in 2022, Beeks et al.[25] from the TU Wien em-
ployed the temperature gradient technique to grow Th-doped
CaF2 crystals and investigated their defect structures. Fluo-
rine deficiency during the growth process led to the formation
of metallic calcium clusters, which were partially remedied
through annealing treatment. DFT calculations revealed that
a charge compensation mechanism mediated by interstitial F
ions oriented at 90◦ to each other is the most probable con-
figuration. After doping with Th4+ ions, the structure of the
cation and anion clusters transformed from a cube to a square
antiprism, and it is pointed that defects exhibit absorption in
the VUV band of the crystal. 229Th4+ ions are expected to
substitute at the Ca2+ location in LiCAF along with two F in-
terstitials for charge compensation.[45]

In 2023, Hang’s group at SIOM reported the Th:LiF
single crystal. Through DFT predictions and testing of the
grown crystals, it was found that thorium ions can be doped
effectively by the energetically favorable charge compensa-
tion mechanisms without obvious negative effect on the trans-
mittance of Th:LiF crystal in the nuclear transition band in
an F-rich environment.[17] In 2024, they successfully grew
Th:BaLiF3 single crystals and combined the charge compen-

sation mechanism designed by DFT calculations. It was found
that the Th-5f and 6d defect energy levels introduced by Th
doping at the bottom of the conduction band slightly reduced
the band gap from 9.037 eV to 8.950 eV, causing a slight red
shift in the VUV cutoff edge. The theoretical research results
support that Th:BaLiF3 crystal can achieve effective doping of
Th ions and remain transparent in the nuclear transition band,
and can be further studied as a candidate for solid-state nu-
clear optical clock material.[18] In the same year, Hang’s group
also investigated the defect configurations in Th:CaF2. Based
on kinetic and thermodynamic stability analyses, they deter-
mined that the F interstitial configuration is the most prob-
able. Calculations further revealed that the band gap of the
Th-containing defect structure is slightly reduced to 9.318 eV,
which remains significantly higher than the nuclear transition
energy. Consequently, the VUV transmittance of the doped
crystal is only marginally lower than that of pure CaF2.[19] In
2025, they reported the crystal growth of Th:SrF2, and calcu-
lated that F-gap defect configurations were more likely to exist
and analyzed the defect energy levels in PDOS and found that
the introduction of Th-6d energy levels slightly reduced the
bandgap width, causing a red shift in the VUV cutoff edge.[20]

No significant color centers were formed in SrF2 after α irra-
diation, indicating its excellent radiation stability.[26] In 2025,
researchers at Okayama University utilized synchrotron radi-
ation to investigate defects in Th:CaF2 crystals.[46] They pro-
posed that x-ray induced 229mTh quenching in CaF2 is related
to defect levels of thorium dopants and crystal host.

5. Effects of crystal environment on 229Th nu-
clear transitions

5.1. Effects of crystal environment on 229Th nuclear en-
ergy levels

At a time when the absolute transition frequency of
the 229Th nuclear in crystals was not determined experimen-
tally by direct laser excitation, researchers have estimated
the frequency shift and broadening of 229Th nuclear transi-
tions. 229Th atoms in a solid-state crystal lattice are confined
in the Lamb–Dicke regime, i.e., the recoil energy Erecoil =

(8.4 eV)2/(2MThc2) ≈ 1.6× 10−10 eV is much less than the
energy required to create a phonon in the lattice, so the internal
and external degrees of freedom are decoupled.[32,47] As a re-
sult, the transition of 229mTh→229gTh is not sensitive to recoil
or first order Doppler effects. However, the nuclear transition
is affected by the interaction between the crystal lattice en-
vironment and the 229Th nuclear levels, causing some effects
such as energy level splitting, shifting, and inhomogeneous
broadening. In a crystal without external fields, the Hamilto-
nian for a 229Th nucleus can be written as H = H + HFS +

HHFS, where H is the single-particle nuclear Hamiltonian,

020602-7



Chin. Phys. B 35, 020602 (2026)

HFS and HHFS are the fine and hyperfine interactions, respec-
tively, describing the effects between 229Th nucleus and crystal
environment.[32] There are no unpaired electrons in ionically
bonded crystals such as 229Th:CaF2, 229Th:LiSrAlF6, 229ThF4

and 229ThO2. Therefore, the fine-structure interaction (HFS) of
the 229Th nuclei with the crystal lattice environment is absent.
The dominant source of shifts and broadenings of the 229Th
nuclear transition comes from the hyperfine interactions. The
hyperfine Hamiltonian can be written in a multipole expansion
HFS = HE0 +HM1 +HE2 + · · · , where HE0, HM1 and HE2 are
the electric monopole, the magnetic dipole, and the electric
quadrupole terms, respectively.[9,32]

The electric monopole term (HE0) describes the contact
interaction between the electron cloud and the nucleus, lead-
ing to a shift of the nuclear transition. Since the electron cloud
density is temperature dependent, the temperature fluctuation
and gradients across the 229Th doped crystal will cause inho-
mogeneous line broadening. The shift is 0.1–1 GHz compared
to free ions, and the temperature dependence of the shift is
estimated as∼ 10 kHz/K.[9,32,48,49] The magnetic dipole inter-
action term (HM1) describes the interaction between the 229Th
nucleus and the magnetic fields of surrounding nuclei. It con-
tributes to inhomogeneous broadening and is temperature in-
dependent. The corresponding broadening was estimated to
be 1–10 kHz in Ref. [32] and to 2π·(84–251) Hz in Ref. [9].

The electric quadrupole term (HE2) describes the inter-
action between the electric quadrupole moment of the 229Th
nucleus and the electric field gradient at the position of the
nucleus. It gives rise to a shift and splitting in the tran-
sition energy. The electric field gradient at the position of
the 229Th nucleus is zero in cubic crystal 229ThO2, while it
is non-vanishing in monoclinic crystal 229ThF4 and even in
229Th doped cubic crystal (e.g., CaF2) because of charge com-
pensation defects.[9,22,50] The transition energy shifts will be
1 kHz–100 MHz under a typical electric field gradient of 1016–
1021 V/m2.[32,51,52] The quadrupole splitting in 229Th:CaF2

crystal was estimated to be a few hundreds of MHz.[9] The
vibration of the nuclei leads to second order Doppler effects,
which can cause a shift about 2π · 1.14 ·T (in Hz) and broad-
ening of about 2π ·0.93 ·T (in Hz), where T is the temperature
in Kelvins.[9] It is noteworthy that the electric monopole term,
the electric quadrupole term, and the second-order Doppler ef-
fect are temperature dependent. As temperature control tech-
nology advances, the shift and broadening of 229Th nuclear
transitions will be better controlled.

In 2024, the research group led by Ye measured the nu-
clear quadrupole structure of the 229Th nuclear transition in
CaF2 150(1) K with a VUV optical frequency comb system for
the first time.[29] The electric field gradient at the position of
the 229Th nucleus is produced by the surrounding lattice ions
and F− interstitials, leading to the splitting of ground state and
isomeric excited state (Fig. 5). They determined the absolute

frequencies and assigned to the corresponding sublevel transi-
tions (Fig. 5). Then, they fitted the measured line centres to
the predicted quadrupole structure, yielding an electric field
gradient of 109.1(7) V·Å−2 for the 229Th:CaF2 crystal.

Fig. 5. The nuclear level diagram of 229Th in CaF2 at 150(1) K and the
absolutely frequencies assigned to their corresponding sublevel transi-
tions. Reproduced with permission from Ref. [29].

In the same year, Ye’s group performed DFT calcula-
tions using the monoclinic crystal structure of 229ThF4.[22]

229Th atoms have two non-equivalent sites in 229ThF4 crys-
tal (Fig. 6(a)). They experience different crystal electric field
gradients of 310.5 V·Å−2 and 308.9 V·Å−2, respectively, lead-
ing to non-degenerate nuclear energy levels and distinct laser
spectra (Fig. 6(b)). They pointed out that the magnetic dipole–
dipole interaction between the 229Th nuclei and the nearby 19F
nuclei is the main source of inhomogeneous broadening of the
nuclear clock transitions. The magnetic field seen by a thorium
nucleus was estimate to fluctuate with a standard deviation of
approximately 5 G, resulting in Zeeman-limited linewidths of
1–7 kHz for the various transitions. The least broadening is
about 1.1 kHz, corresponding to the 5/2,±1/2〉↔ 3/2,∓1/2〉
transition for type 2 sites (Fig. 6(b)).

In 2025, Ye’s group reported on the temperature sensi-
tivity of 229Th nuclear transition in CaF2.[30] They measured
the four strongest transitions at 150 K, 229 K, and 293 K,
and observed shifts of the unsplit frequency and the electric
quadrupole splittings. On the one hand, when the temperature
of 229Th:CaF2 increases, the crystal lattice expansion and ther-
mal population of higher energy phonon modes will decrease
the electron density at the nucleus, inducing an isomeric shift
of all lines and a decrease of unsplit frequency. On the other
hand, the electric field gradient and its asymmetry decrease
with temperature increase, reducing the quadrupole splitting.
They observed that, among the four lines, the m = ±5/2→
±3/2 transition is much less sensitive to temperature change
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(62(6) kHz over 143 K range) due to a fortuitous partial can-
cellation of the isomeric shift and splitting.

(a) (b)

Fig. 6. (a) Unit cell of 229ThF4 showing the crystal electric field eigen-
vectors. Thorium atoms are shown as red and orange spheres, and flu-
orine atoms are shown in grey. The vectors show the diagonal crystal
electric field components. (b) Numerically calculated crystal electric
field and Zeeman splittings in the two inequivalent thorium sites. Re-
produced with permission from Ref. [22].

In the same year, they further observed a zero-shift tem-
perature where the local slope of the m = ±5/2 → ±3/2
transition frequency versus temperature curve vanishes at
195(5) K.[53] They also found that lower 229Th doping con-
centration leads to a narrower transition linewidth, and ob-
served much larger linewidths of 10 s to 100 s of kHz in CaF2

than those of previous estimations.[9] They suggested that each
229Th dopant distorts the CaF2 lattice and creates a long-range
microstrain extending over many lattice spacings. These de-
fects are randomly dispersed throughout the crystal, and lead
to different electric field gradients and electron densities at
the 229Th nucleus sites, resulting in different nuclear transition
splitting and shifting. This could be the main inhomogeneous
broadening mechanism in 229Th:CaF2.

In 2025, Hudson’s group evaluated the 229Th isomer
shifts in LiSrAlF6, CaF2, ThF4, BaMgF4 and BaZnF4 via
combining relativistic many-body methods of atomic struc-
ture with periodic density functional theory.[54] They reported
the isomer shift for different sites in these crystals. For ex-
ample, the isomer shift between the two nonequivalent sites

is 4(1) MHz in 229ThF4, while the shift between the two
doping sites (F-90◦-F and F-180◦-F) in CaF2 is 14(4) MHz.
They predicted that the nuclear clock frequencies for these
crystals equal 2020407384(40) MHz. It constrains the nu-
clear transition frequencies to a window of 80 MHz. In the
same year, they reported on the laser-based conversion elec-
tron Mössbauer spectroscopy of 229ThO2.[23] In 229ThO2, the
excited nucleus quickly decays by internal conversion because
the band gap (∼ 6 eV) of ThO2 is smaller than the nuclear
isomeric state energy (8.4 eV). They determined the 229Th nu-
clear transition frequency experimentally and calculated the
isomer shift theoretically. An isomer shift of ∼ 100 MHz be-
tween bulk 229ThO2 and 229Th:LiSrAlF6 is expected.

In the same year, they proposed a new crystal
232Th(SO4)2 for a high-performance solid-state 229Th nuclear
clock.[55] Using state-of-the-art calculations, they found that
this crystal has a large band gap (∼ 9 eV), and, what’s more
important, is a nuclear spin free material. Its spinless char-
acteristic would cancel the nuclear line broadening caused by
the nuclear magnetic dipole–dipole interaction, and enable a
solid-state nuclear clock with low instability.

5.2. Effects of crystal environment on 229Th radiative de-
cay rate

In solid materials, the radiative decay rate of the 229Th
nuclear clock isomer can be affected by multiple factors such
as crystal environment, potential defect states, and internal
conversion process. As shown in Table 2, the radiative de-
cay lifetimes of 229mTh in different crystals vary and are much
shorter than that in an ion trap. The 229mTh isomer mainly de-
cays to the ground state by magnetic-dipole radiation, corre-
sponding to a vacuum isomer lifetime of 1900–2500 s.[1,2,7,21]

However, when a 229Th atom is embedded into a transpar-
ent non-magnetic dielectric medium with refractive index n,
the magnetic-dipole decay rate is increased by a factor of
n3 compared with its vacuum value because of photon mode
field renormalization and the change in the photon density of
states.[56–58] Apart from this effect, the decay rate can also be
modified by new competing non-radiative decay channels.

Table 2. The radiative decay lifetimes of 229mTh in different systems.

Systems Population way of 229mTh Lifetime (s) Ref.
229Th3+ in ion trap α decay of 233U 2020+866

−433
a) [7]

229Th:MgF2 β decay of 229Ac 967(147)b) [21]
229Th:CaF2 laser excitation 630(15) [1]
229Th:CaF2 laser excitation 641(4) [29]
229Th:CaF2 x-ray excitation 645(36)c) [59]
229Th:LiSrAlF6 laser excitation 568(13)stat(20)sys [2]
229Th:F4 film on Al2O3 laser excitation 150(15)stat(5)sys [22]
229Th:F4 film on MgF2 laser excitation 153(9)stat(7)sys [22]
229Th:O2 laser excitation 0.0123(3) [23]

a) The radiative decay half-life is 1400+600
−300 s; b) the radiative decay half-life is 670(102) s;

c) the radiative decay half-life is 447(25) s.
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In 2024, Hiraki et al. observed a ∼ 10 times shorter
isomer decay lifetime in 229Th:CaF2 crystal during x-ray
beam irradiation at room temperature, and suggested the ex-
istence of additional decay paths.[60] Subsequently, laser-
induced quenching of the 229Th isomer was observed in both
229Th:LiSrAlF6 and 229Th:CaF2 crystals.[60,61] In 2025, Guan
et al. further investigated the x-ray-induced quenching exper-
imentally and proposed a mechanism.[46] As shown in Fig. 7,
electrons trapped in crystal defects can be activated by x-ray or
laser stimulation, then they migrate and are captured in the in-
termediate state at the 229Th dopant. One 229mTh can decay by
transferring its energy to a trapped electron at an intermediate
level (an internal conversion process), and isomer quenching
takes place.

Fig. 7. Conceptual band structure of the Th:CaF2. Reproduced with
permission from Ref. [46].

In 2024, Ye’s group reported on the lifetimes of the
isomeric transition of 229ThF4 film on Al2O3 and MgF2,
which are markedly shorter than the value in 229Th:CaF2 and
229Th:LiSrAlF6.[22] They concluded that the shorter isomer
lifetime could arise from some other potential quenching ef-
fects besides a high refractive index of 229ThF4. The nuclear
degree of freedom and mixed-parity electronic states by the
crystal fields are coupled by hyperfine interaction. It will en-
able a new electric-dipole decay channel for the isomeric state.
The quenching effects could also arise from the amorphous
structure of the film, bulk and surface impurities and stray sur-
face charges.

In 2025, Hudson’s group excited the nuclear transition in
a thin 229ThO2 film.[23] The 229mTh isomer will quickly de-
cay by internal conversion and result in ejection of electrons
from the surface because the band gap of ThO2 (∼ 6 eV) is
considerably smaller than the isomeric energy (8.4 eV). This
internal conversion process can reduce the isomeric state life-
time to only ∼ 10 µs, and it is sensitive to the local crystal
lattice environment.

6. Perspective and outlook
The transition from the exceptionally low-energy and

long-lived excited state (isomer) of the isotope 229Th is ex-
pected to be less susceptible to environmental perturbations

than electronic transition. It enables a solid-state clock based
on 229Th embedded solid materials. Solid-state clocks could
be exceptionally stable and compact due to a large number of
229Th nuclei and a small core physical component. The essen-
tial requirements for candidate 229Th host material are high
doping efficiency, high optical transmittance at∼ 148 nm, and
high radiation damage resistance. 229Th doped or 229Th-based
solid materials have played a crucial role in the development
of nuclear optical clocks. For example, the world’s first ob-
servation of the luminescence from 229mTh nuclear transitions
and the first laser excitation and precise measurement of nu-
clear transition frequencies were both carried out 229Th based
solid materials.

There are various defects in Th-doped crystal materials,
and the possible sources include: (1) differences in radius and
valence state between Th4+ ions and substituted metal cations;
(2) point defects, dislocations, and grain boundaries generated
during material fabrication; (3) damage to the lattice structure
caused by high-energy rays produced by 229Th nuclear decay
and VUV laser irradiation. These defects will have adverse
effects on the optical transmittance, background luminescence
noise, and damage resistance of the crystal. In the future, the
preparation of 229Th-doped crystals and stoichiometric 229Th
fluorides needs to minimize the formation of these defects.

The 229Th nuclear transition is affected by the interaction
between crystal lattice environment and the 229Th nuclear lev-
els, leading to energy level splitting, shifting, inhomogeneous
broadening, and quenching. The crystal lattice environment
can be affected by defects, strains, impurities, space charge,
temperature fluctuations, etc. Part of the physical mechanisms
behind these influences are not yet fully understood, requiring
more in-depth research. It is necessary to improve the qual-
ity of current 229Th based solid materials, reducing defects,
minimizing the inhomogeneous broadening of nuclear transi-
tion energy levels. In the future, there is a need to develop
new solid-state materials with excellent comprehensive per-
formance, and advance toward miniaturization and integration
such as thin films and waveguides.
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