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Abstract

Recent advancements in laser excitation of the low-energy thorium-229 (**°Th) nuclear isomeric
state in calcium fluoride (CaF,) single crystals render this system a promising candidate for a
solid-state nuclear clock. Nonetheless, the precise experimental determination of the microscopic
ion configuration surrounding the doped ?°Th and its electronic charge state remains a critical
challenge. Such characterization is essential for precisely controlling the clock transition and
evaluating the performance of this solid-state nuclear clock system. In this study, we use x-ray
absorption fine structure spectroscopy of 2 Th:CaF, to investigate the charge state and
coordination environment of doped 2 Th. The results indicate that 2>Th displays a 4+ oxidation
state at the substitutional site of a Ca*" ion, with charge compensated provided by two F~ ions
positioned at interstitial sites adjacent to ?*Th.

1. Introduction

Thorium-229 (***Th) possesses an isomeric nuclear state with an exceptionally low excitation energy of

8.4 eV, which can be accessed using laser light at a wavelength of 148 nm in the vacuum ultraviolet (VUV)
range. The unique nuclear transition of the ??*Th isomeric state (***™Th) facilitates the development of a
nuclear clock. Solid-state nuclear clocks using 22 Th-doped crystals enable the simultaneous interrogation of
numerous nuclei, offering significant advancements in fundamental physics and practical applications as
stable clocks with reduced averaging times [1-3]. Recent studies have demonstrated the direct laser excitation
of 2°Th from its ground state [4—6], further advancing the realization of solid-state nuclear clocks. However,
the mechanisms and properties governing the de-excitation of 2°™Th in the solid state remain inadequately
understood. The de-excitation process can exhibit significant variation depending on the electronic state of
29Th within the crystal, potentially involving pathways such as radiative decay, internal conversion [7], and
bound internal conversion [8]. A detailed understanding of the microscopic properties of crystals doped with
229Th, particularly the suppression of non-radiative decay channels, is critical for the practical realization of a
solid-state nuclear clock. The nuclear clock transition frequency in  Th-doped crystals incorporates an
interaction between the nuclear quadrupole moment and the electric field gradient (EFG), causing hyperfine
splitting [3]. The EFG at the ?*Th nucleus is determined by the configuration of the surrounding ions and
can be enhanced by deformation of the thorium atom’s electron shell (‘Sternheimer antishielding’ [9]).

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Experimental determination of the local atomic structure surrounding the 2**Th site and the charge state of
the 22°Th is crucial for evaluating the performance potential of a solid-state nuclear clock.

Among potential nuclear clock materials, thorium-doped calcium fluoride crystals (Th:CaF,) have been
extensively studied [10—12] and are considered highly promising candidates. Isomer excitation experiments
conducted with **Th:CaF, have demonstrated narrow spectroscopic linewidths and reported long isomer
half-lives (extrapolated to vacuum) as 1740(50) s [4], 1793(144) s [13], and 1770(12) s [6]”. These values are
close to the measured half-life of 14001500 s using trapped 22*Th3* ions [14] and fall within the theoretically
estimated range of 10°~10*s [15, 16]. This result suggests the absence, or significant suppression, of
non-radiative decay channels in this material. However, ongoing discussions persist regarding isomer
quenching during the pumping process [4, 13] and the competition between radiative and non-radiative
decay channels [4, 17]. In ionic crystals such as CaF,, a Th dopant atom can substitute a Ca?" cation with a
charge state of 44 [10], similar to the stable electron configuration of the optically inert [Rn] noble gas. The
lack of energetically accessible electronic states below 8.4 eV helps suppress non-radiative decay of the
isomer, a critical requirement for the operation of the nuclear clock [18]. Several compensation mechanisms
that consider the difference in the electrical charge between Ca** and Th** have been proposed. For
example, the presence of two additional F~ ions at interstitial lattice sites (with two possible spatial
arrangements possible), Ca** ion vacancies, or the incorporation of impurity O>~ ions. Structural
characterization of high-concentration 2**Th:CaF, using x-ray diffraction (XRD) has been reported in [12].
Although a direct signature of the Th dopant has yet to be observed, an overall increase in the CaF, lattice
spacing on the 0.1 % level is attributed to the presence of the Th dopant. Comparison with theoretical
simulations identifies a compensation model involving two interstitial F/ ions arranged linearly as F,-Th-F/
as the most likely cause. However, the results from precision laser spectroscopy of the nuclear quadrupole
splittings in 2 Th:CaF, by [6] indicates a significant electric field anisotropy and hence a defect geometry
that deviates considerably from the cubic lattice symmetry of CaF,. Furthermore, the ?*Th dopant isotope
requires careful investigation, as its radioactivity may influence the formation of defect structures during and
after crystal growth [19].

In this study, we employed x-ray absorption fine structure (XAFS) spectroscopy [20] to determine the
valency and spatial arrangement of the dominant thorium charge compensation mechanism in CaF, crystals.
XAFS, utilizing the fluorescence yield method, was particularly suited for this investigation, as it allows for
sensitive measurements even in dilute samples, such as ? Th-doped crystals.

2. 22°Th:CaF, crystal

2.1. Crystal development

The TU Wien group established the growth of 2 Th:CaF, single crystals with high doping concentrations
(10'7-10" /cm?) and high VUV transmission [19, 21]. The crystal fabrication process utilizes the vertical
gradient freeze method, which can be summarized as follows: The doping material > ThF,:CaF, is placed
into a pocket at the top of a CaF, single bulk seed crystal (a 3.2 mm diameter cylinder with a height of

11 mm), under vacuum conditions to prevent oxidation. A steep temperature gradient is applied to the
dopant powder and the seed crystal to locally melt the material from the top when the temperature reaches
1691 K. The liquid—solid interface is controlled by adjusting the temperature gradient to melt the top 5 mm
of the seed crystal, which contains the doping material. Subsequently, the overall temperature is gradually
reduced over several days, allowing the single crystal to form atop of the seed. To enhance the VUV
transmittance, the crystals are re-heated to 1423 K at ambient pressure under a CF; atmosphere to reverse
the fluoride deficiency caused by ?2Th radioactivity induced radiolysis during crystal growth.

2.2. Structural models

To theoretically describe the 2 Th:CaF, crystal structure, we conducted simulations using the Vienna
ab-initio simulation package (VASP) [22-26], employing density functional theory (DFT), and using the
generalized gradient approximation by Perdew et al [27] (PBE-GGA) for the exchange-correlation potential.
Candidate defect geometries were selected based on their influence on the optical (VUV) transmission of the
doped crystal. Experimentally, only a slight reduction in the band gap was observed for ? Th:CaF,, even at
high doping concentrations up to the percent level [12, 19]. Fully charge-compensating defects, such as two
fluorine interstitials or a single calcium vacancy, were demonstrated to retain high VUV transmission in DFT
simulations [10, 11]. Open-shell, only partially compensated configurations, were excluded from
consideration due to their poor optical transmission in the VUV region [11]. Additionally, defect schemes

7 The reported lifetime of 641(4) s in the CaF, crystal [6] was converted to a half-life in vacuum using the refractive index n = 1.586 at
148.4 nm.
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Table 1. Charge compensation models investigated in this study: Models (i) and (ii) including 2 F; and one model (iii) including a Ca
vacancy. Fluoride coordination numbers (CN) differ for various compensation types.

Model Charge compensation CN
(i) F; angled 2 F/ (F{-Th-F : 71.09°, non-symmetric) 3+7
(ii) F; linear 2 F/ (F/-Th-F/ : 180°, symmetric) 248
(iii) Ca vac 1 V{4 (nearest-neighbor) 8

2.48 A
(105 %)

2.37 A

(100 %)

2.25 A
(95 %)

Figure 1. Structure of 2°Th:CaF, charge compensation models. The pink, yellow, and gray spheres represent the Th dopant, F
atoms, and Ca atoms, respectively. (a) Pristine CaF; structure (CN = 8). (b) Angled model (i) (CN = 3+4-7). (c) Linear model (ii)
(CN = 24-8). (d) Ca vacancy model (iii) (CN = 8). The color bar and F atom shadings indicate changes in bond lengths relative
to experimental values of pristine CaF,.

involving oxygen [10] were also discarded from the further analysis, as they were predicted to result in
significant band gap reduction. We selected the initial positions for interstitial F/ ions based on the symmetry
of the pure CaF, cubic cell (space group Fm3m, lattice constant 5.46 A [28]). Interstitial fluorines have a
maximal distance to fluorines from the lattice at Wyckoff positions 4b (assuming Ca occupies 4a sites). This
placement ensures reasonable initial interatomic forces. In a CaF, supercell, this limits the 2 F/ arrangements
(in Kroger-Vink notation [29]) to two configurations with angles of 90° and 180° between the F,. We
considered the nearest-neighbor Ca vacancy V{/ for this stoichiometry (C,, point group symmetry), as
previous calculations showed an unfavorable defect formation energy for the next-nearest neighbor

vacancy [30].

Before relaxation, all atoms were displaced by a negligible, random amount to completely break the
lattice symmetry. Subsequently, we relaxed 2 x 2 x 2 doped supercells of the conventional CaF, unit cell
(corresponding to a doping concentration of Th/Ca = 1/31) until all ionic forces were smaller than 103
eV A~L. The first Brillouin zone was sampled only at the Gamma point. To validate the results, we computed
the phonon normal modes at g = I' using phonopy (version 2.24.2 [31, 32]) and considered the structure
converged if, due to numerical instabilities, no more than three modes with an imaginary component to
their frequency exist, with each such component being smaller than 0.1 THz. If this criterion was not
satisfied, all atoms were shifted along the eigenvectors of the largest imaginary mode, and the relaxation
procedure was repeated. Table 1 and figure 1 present the obtained structural models.

Within the 2F; compensation schemes, two stable geometries exist: an ‘angled” configuration with three F
ions forming a 71.09° trihedron near to the Th dopant (Cs, point group symmetry) (figure 1(b)), and a
‘linear’ configuration with two 2 F; ousted outwards, aligned with the lattice symmetry (Dy) as F,-Th-F/ at
an angle of 180° (figure 1(c)). The angled configuration has a total energy 0.92 eV lower than the linear
configuration, resulting in only a 0.18% formation probability for the linear configuration, based on the
Boltzmann factor at the crystal’s melting/freezing temperature of 1691 K [21]. A previous study [10]
reported that two fluorine interstitials form in a 90,° configuration. However, subsequent research [11]
revealed that breaking any symmetry restrictions on the defect allows the system to relax in an energetically
favorable configuration where the two 2 F/ interstitials align as the 71.09° trihedron.

3
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Figure 2. Thorium Ly edge XANES spectra of 22 Th:CaF,, 2 Th:CaF,, ThF4, and ThO,. (a) Normalized absorption edge
spectrum. The background has been shifted along the vertical axis for clarity. (b) Derivatives of the absorption edge spectra. The
solid vertical line depicts the absorption edge energy e, of ThO,. The dashed line depicts the absorption edge energy of Th*>+
from [37].

3. XAFS measurements

XAFS measurements were conducted at the thorium Ly absorption edge (16.3 keV) at beamlines BL37XU
and BL14B2 in SPring-8, Synchrotron Radiation Institute, Japan. We prepared two target samples: (A)
29Th:CaF, (**°Th is doped at a concentration of 4 x 10'7/cm?) and (B) #*Th:CaF, (**2Th is doped at a
concentration of 10'°720/cm?), as well as two reference samples, 2*2ThO, and 2*2ThF,. Details of the sample
preparation and the experimental setup can be found in the appendix. The obtained XAFS data were
analyzed in two energy regions: x-ray absorption near-edge structure (XANES) and extended x-ray
absorption fine structure (EXAFS). Data analysis was conducted using the program Demeter [33] with
background subtraction performed using typical Demeter procedures.

3.1. XANES measurements

The XANES spectra of the two target samples and the two reference samples were measured at beamline
BL37XU, and are depicted in figure 2(a). The absorption edge position reflects the charge state of the Th
atoms in each sample, generally shifting to higher energies with increasing ion valence [34, 35]. The
absorption edge energies were determined based on the maximum of the first feature of the smoothed first
derivatives of the XANES spectra (figure 2(b)), which is a standardized practice [36]. The Th dopant valence
in ThO, and ThF, is 4+, and the ThO, edge position is indicated in figure 2. The absorption edge of Th** is
also shown, citing [37] that reports that the charge state of Th in Th,@Cg is 3+ and its absorption edge is
4.7 eV lower than that of ThO,. Considering that the XANES peak shift of the target sample (A) is smaller
than 3 eV, and does not shift below the energy of the ThO, peak, the valence of the ?**Th dopant is
predominantly 44-. The absorption edge energy of target samples (A) and (B) did not differ considerably,
suggesting that the radioactivity of 22Th does not affect the ionic valence in the (re-fluorinated) crystal.

3.2. EXAFS measurement

In the EXAFS region, where the x-ray energy exceeds the absorption edge by more than 50 eV, inner shell
electrons are emitted as photoelectrons. These photoelectrons scatter off neighboring atoms, generating an
interference pattern on the top of the absorption edge that provides information about the atomic structure
surrounding the Th atom. The interference pattern, denoted as (k) is regularly spaced in the wave number
of the photoelectron k, which is defined as: k = \/2m(e — e,) /i, where m is the electron mass, e is the
incident photon energy, and e, is the absorption threshold energy. Here, x (k) is described using the EXAFS
equation [38] as follows:

A[jekazaz )
x (k) ocZTsm (2kR;+ 6 (k)) - (1)
j i

The index j represents the coordination shell of identical neighboring atoms positioned at approximately the
same distance from the Th atom. Additionally, Nj denotes the number of neighboring atoms, and d;(k)

4
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Table 2. Best fit parameters and r-factors for models (i)—(iii). e, was fitted as a nonstructural parameter, and Aey represents the energy
shift from the theoretical e, value. NjTh_F and R].Th_F are values calculated from each structural model. Njﬂ‘_F was fixed during fitting.

R].ﬁt represents the fitted Th—F bond distance.

Sample Beam line  Model Aey(eV) o*(A?) r-factor NjTh_F [R]vTh_F (A)] Rjﬁt (A)
(A).*Th:CaF, BL37XU (i) Fiangled 2.18 £1.23 0.004 £0.003 0.010 N;=3 [R; =229] 2.26 £0.04
N>=7 [R;=241] 2.4140.01
(i) F; linear 1.90 +1.75 0.007 £0.008 0.013 N; =2 [R; =2.44] 2.30+0.24
N, =8 [R, =2.41] 2.39+0.02
(ili) Cavac  1.524+2.61 0.002+0.006 0.034 N, =2 [R, =225] 2.26+0.11
N> =6 [R; =2.33] 2.40 +0.02
(B).>**Th:CaF, BL14B2 (i) F;angled 2.434+1.38 0.006 +0.004 0.007 N;=3 [R; =2.29] 2.2840.07
Ny =7 [Ry=241] 2.40 4+ 0.01
(ii) F; linear 1.23 £1.35 0.006 & 0.003 0.006 N; =2 [R, =2.44] 2.2540.06
N> =8 [R; =2.41] 2.3940.01
(iii) Cavac  1.46 £2.03 0.003£0.004 0.013 N;=2 [R, =2.25] 2.26+0.08
N> =6 [R; =2.33] 2.40+0.02

represents the phase shift. These parameters reflect the photoelectron scattering properties and represent the
interference effects from the neighboring atoms. They can be calculated using the structural models
described earlier. Here, R; denotes the distance to the neighboring atom, and o2 is the variance in the
distribution of neighbor-atom distances.

To investigate several structural models, we fit the observed fine-structure signal x4 (k) using the
EXAFS equation x (k). The fitting focuses on the EXAFS signal from the F atoms surrounding the Th atom.
In this process, we consider the signals from neighboring F atoms with similar Th—F bond lengths to be
equivalent scatterers, using two different bond length scatterers: j =1 and 2. The primary fitting parameters
are Ry, Ry, and o2. The EXAFS signal from the nearest-neighbor F atoms around Th appears as the main
peak (two overlapping peaks for two bond distances) after Fourier transform (FT) from the % (k) to the
R-space. The workflow of the EXAFS data analysis is as follows: The EXAFS-related region is extracted from
the entire background-subtracted and normalized observed signal using the FT window in k-space
(2.3-9.1 A~! was applied for sample (A)), and the extracted k-space data are Fourier transformed to obtain
the R-space data. Subsequently, the fittings is performed on the main peak region of the EXAFS spectrum in
the R-space (0.9 3.0 A applied before the phase §;(k) correction). The EXAFS spectrum for sample (A)
measured at BL37XU in the R-space and the best fit for each model are depicted in figure 3(a). Figure 3(b)
reveals the observed data obtained by inverse FT of the main peak to separate it from the second peak and the
fitting results for each model in the k-space. Figure 3(c) compares of the residuals between the observed
spectrum (main peak) and the models. Table 2 presents the parameters fitted by several models for both (A)
and (B) samples.

3.3. Structure identification

All fitting results were evaluated using r-factor values [39], Y, (x%'(r;) — Xf“(rl))2 />, (Xda‘a(rl))z,
where x4 (r) is experimental data in R-space, x'(r) is the result obtained by substituting the fitted
parameters into the EXAFS equation, and # is the number of data points in the EXAFS fitting region. The
smaller the r-factor is, the better is the goodness of fit. As depicted in table 2, structural models (i) and (ii)
yield similar r-factors, whereas model (iii) exhibits poor fitting. Tendentially, sample (A) has a larger
r-factors than sample (B) due to its lower doping concentration. Additionally, figure 3(c) demonstrates that
the residuals between the observed data and the fitting in model (iii) are larger than those for the other
models. This could be attributed to the model (iii)’s coordination number of eight, which does not accurately
represent the experimental data. Therefore, we exclude the Ca vacancy model (iii) from further analysis. The
primary feature that distinguishes the two F/ interstitial models, (i) and (ii), is the Th—F bond distances,
which strongly depends on the arrangement of the two additional F/ and the relaxation of the atomic
positions. Although stoichiometrically identical, these configurations differ qualitatively, as shown in

figure 1: in the model as depicted in figure 1(b), three F atoms form a trihedron closer to the Th dopant
(Th-F distance reduced compared to pristine CaF,) while seven are slightly pushed out. In the model (ii), as
depicted in figure 1(c), two F interstitials form a line along the crystal symmetry axis with an extended Th-F
distance, whereas the usual eight nearest-neighbor F atoms remain essentially unaffected. Figure 4 presents
the Th-F bond distances (R, and R;) obtained from the best-fitting results in table 2. The Th—F bond
distances derived from the fittings of model (i) align with the predicted bond distances (R; and R;) for this

5
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Figure 3. Thorium Ly edge EXAFS spectra of sample (A). (a) EXAFS spectra in the R-space. Phase d;(k) correction was applied
based on the structural model. The main peak corresponds to the signal from the nearest neighbor F atoms. The second peak
arises from the next-nearest neighbor Ca atoms. The model fitting of the EXAFS spectra was performed around the main peak
(gray area). (b) EXAFS signal (Data), inverse Fourier transformed EXAFS signal (Data (Th—F peak)) for the main peak in
R-space, and the model fitting results displayed in the k-space. (c) Residuals obtained by subtracting the fitting results from the

observed EXAFS data (Th-F peak).
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Figure 4. Fitting results of the Th—F bond distances (R; and R,) summarized in table 2 are shown as points with error bars. The
bond distances (R; and R;) predicted by models (i) and (ii) are depicted as dashed lines. The Ca—F bond distance for undoped

CaF, (2.37 A [41]) is presented as a black dotted line.

model. By contrast, the fitting results of R, for model (ii), which describes the extended bond distance
between Th and the two in-line F interstitial atoms, deviates considerably from the model prediction. We
presume that model (i) more accurately describes the dominant Th defect structure in CaF, compared with
model (ii). As for the valence state, considerable differences were not observed between samples (A) and (B).
An obvious EXAFS signal was not observed at 3.595 A [40], corresponding to the Th-Th distance in metallic
thorium. Therefore, we exclude Th clustering or formation of Th nanoparticles in the CaF, crystals. Most of
the discrepancies between the model fitting and the data shown in figure 3(c) are likely attributable to
uncertainties in the estimation of the amplitude reduction factors (appendix C), the low concentration of
sample (A) or noise. In this study, we identified a dominant defect type in the CaF, crystal. However,
secondary or multiple secondary defect types are may also be present. Indeed, the recent laser spectroscopy

6
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experiment [6] reported a weak splitting component that could not be attributed to any known defect. Since
the EXAFS signal averages over all defect structures in the crystal, slight discrepancies may arise when fitting
the data with a model that assumes only a single defect type.

4. Summary

Using the XAFS method, we confirmed that the ionic valence of 2**Th in the ?**Th:CaF, crystal is 4+ and
that it is doped at the Ca** position. Additionally, we evaluated several theoretical models based on the
EXAFS spectra. The experimental data suggest that **Th is charge-compensated by two F/, located at
interstitial sites, with increased plausibility for a trihedral configuration of three F atoms compared to a
linear alignment. This conjecture is further supported by the strong EFG asymmetry measured in
spectroscopy of the nuclear quadrupole splittings in 2 Th:CaF, [6]. The present study provides crucial
insights into the practical applications of nuclear clocks by evaluating the characteristics of 2*Th in
solid-state crystals. The evaluation method, which assesses both the ionic valence and local structure, is
essential for determining the performance of solid-state nuclear clocks. This approach can be readily applied
to various host materials, offering broad potential for future research.
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Appendix A. Sample preparation

We prepared two types of thorium-doped target samples with thorium using the development method
described in the section 2.1. Sample (A): 2 Th:CaF, crystal. The crystal size is 2 X 2 X 1.2 mm, and ?**Th is
doped at a concentration of 4 x 10'7/cm? (an activity is 5 kBq). Sample (B): 2*Th:CaF, crystal. Sample (B)
was of two forms. The first was a single crystal with 1 x 1 x 1 mm, dimensions, doped with ?*Th at a
concentration of 2 x 10'%/cm?. A pellet was also used to mitigate glitches caused by Bragg reflections when
varying the incident x-ray energy on the single crystal. The pellet was made by grinding a 2>Th:CaF, crystal
doped with #**Th at a concentration of 2 x 10?°/cm? into 150 mg of powder, mixing it with 150 mg of
cellulose, and then pressing it into a shape with a diameter of ¢ 10 mm and a thickness of 1 mm.
Additionally, the following two reference samples were used: Sample (C): 2*ThO,, with a pellet size of

¢ 13 mm x 0.4 mm, containing 8.5 mg of 2**ThO, diluted in 150 mg of cellulose. Sample (D): ?*ThF,, with
a pellet size of ¢ 13 mm x 0.5 mm containing 9.5 mg of 2>ThF, diluted in 150 mg of cellulose.

Appendix B. Experimental setup

Sample (A) and sample (B) (single crystal) were measured at the BL37XU beamline at SPring-8. The

BL37XU features an x-ray monochromator with a channel-cut Si(111) crystal and an undulator, providing a
high beam intensity of 10'* photons/s. The measurements were conducted in the fluorescence mode at room
temperature by using a nine-channel Ge detector. To mitigate glitches, a rotating stage was used (one rotation
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per data point), with measurements conducted along the x-ray beam axis at angles ranging from 43 to 53°.
The combination of a high-intensity beam and the rotating stage enabled the acquisition of XAFS data from
a dilute 2?*Th:CaF, single-crystal sample. The energy was calibrated using the Sr K-edge, Y K-edge, and Zr
K-edge. Sample (B) (high-concentration pellet) was measured at the BL14B2 beamline, primarily to validate
the EXAFS spectrum. BL14B2 was equipped with an x-ray monochromator using a bending Si(311) crystal,
with a beam intensity of 10'° photons/s. The sample was measured in the fluorescence mode using a
19-channel Ge detector. The energy was calibrated using the Sr K-edge. For both beamline measurements,
reference samples (C) and (D) were used. These reference samples were measured in the transmission mode
using two ion chambers.

Appendix C. EXAFS analysis

The fine-structure signal was modeled using the following EXAFS equation [38]:
R I\]]f] (k) e*ZkZUJ-2 )
X (k) = SO Z 7](1@ sin (2kRj + 5]' (k)) .
i i

Here, k is the wave number of the ejected photoelectron, and the index j refers to the shell number. The
coordination number of the neighboring atoms, Nj, the back-scattering amplitude factor, fj(k), and the phase
shift, &;(k), describe the photoelectron scattering properties of the neighboring atoms of the absorption atom.
The N;j, fi(k) and 0;(k) values were determined using the multiple-scattering calculation code FEFF [42—44].
The effect of the mean free path of the photoelectron is considered as part of the factors f;(k) and 0;(k).

The amplitude reduction factors, Sé, used in the model fitting were set to 0.93 at BL37XU and 1.16 at
BL14B2, based on the EXAFS data fitting results from the ThO, reference sample (S3 = 0.93 4 0.22 and S} =
1.16 £ 0.13). The observed fine-structure signals were normalized after removing the atomic absorption
background by using the AUTOBK algorithm [45]. When analyzing the observation data, the k-space FT
window was adapted to the range of 2.3-9.1 A~! for sample (A) and 2.3-10.2 A~! in sample (B) to isolate the
EXAFS signal from the observed data. Subsequently, the obtained R-space spectrum obtained by FT was
fitted around the EXAFS signal corresponding to the main peak (Th—F), with a fitting range of 0.9-3.0 A for
sample (A) and 1.1-2.4 A for sample (B). The fitting results around the main peak, as discussed in the
section 3.2, are consistent with model (i), where two F/ atoms are positioned at interstitial sites, forming a
triangular arrangement with three F atoms. Additionally, we extended the fitting to include the range
covering the second peak (Th—Ca), which was 0.9-3.9 A for sample (A) and 0.9-4.0 A for sample (B). The
results, as shown in table C1, was also consistent with the bond lengths predicted by the model (i).

Table C1. Best fit parameters and r-factors for model (i). e, was fitted as a nonstructural parameter, and Aey is the energy shift from the
theoretical ¢, value. Nj and Rj“"del are the coordination numbers and bond distances of the Th—-F and Th—Ca bonds calculated from each

structural model. N; was fixed for fitting. Rjﬁt is fitting results.

Sample Beamline  Aeo(eV) o*(A%) r-factor  Nj [R" (A)] R (A)

(A).*Th:CaF, BL37XU  3.22+1.66 0.00540.006 0022 NP F =3 [RM"F =229] 22840.09
NIF —7 [RIPF —241]  24240.01

0.008 + 0.004 NIh=Ca — 3 [RIP=C2 —382]  3.7440.08

NI"=Ca —9 [RIP=C* =3.95] 397 40.04

(B).2*Th:CaF, BL14B2 2574+ 125  0.006+0.004 0023 NP F=3[R"F =229 2.28 £ 0.06
NIPF =7 [RIPF =241] 240+ 0.01

0.010 4 0.003 NIP=C—3 [RIPC =382] 3.75+0.06

NIh=C — 9 [RIP=C* —3.95] 3,97 4+0.03

To assess the sensitivity of the EXAFS estimation to variations in the nearest neighbor distances, we scaled
some distances in the structural model by factors ranging from 0.1 to 0.001 and fitted these adjustments to
the EXAFS data. The results confirmed that the method is sensitive to distance deviations at the level of a few
percent. After the structural optimizations in VASP, the cell volumes were slightly scaled (—1.98 %) to match
the experimentally known lattice constant of CaF, (5.46 A), with no further relaxation of the lattice distance
afterward. EXAFS fitting was also performed for model (i). The values R; = 2.26 4- 0.04 A and R, = 2.41 &
0.01 A obtained from the fitting on sample (A) revealed high agreement with the model’s values of
R; =2.26 A and R, = 2.40 A, as depicted in figure C1. This result further supports model (i), as it accounts
for a known discrepancy in the lattice distances obtained from DFT compared to experimental values.
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Figure C1. Fitting results of the Th—F bond distances of model (i) (R; and R) with lattice distances scaled in the structural

model to match the experimentally determined values of CaF, are depicted as points with error bars. The coupling distances
(Ry and R,) predicted by model are indicated as dotted lines.

Appendix D. Fluoride-deficient defects models

Based on the analysis of energy-stable states derived from first-principles calculations and the results of
XANES measurements of Th dopant valence, the 2 F/ compensation model is strongly supported. However,
assessing how effectively EXAFS data distinguishes (rejects) models without full F/ compensation is also
crucial. In addition to the 2 F/ model described in the section 2.2, we examined two fluoride-deficient
models from fluorine loss (F,) due to ?**Th radioactivity. The first model involves no F/ compensation
(model (iv)), whereas the second model includes only one F/ compensation (model (v)). Model (iv) has a
coordination number of eight (identical to pristine CaF, ), whereas model (v) has nine. Both models
underwent structural relaxation as described in the section 2.2. Further details pertaining to these models are
available in the literature [11, 30].

The EXAFS analysis results of the first peak (Th—F) indicate that model (iv), with no F/ compensation,
exhibits a high r-factor (0.055 for the sample (A) and 0.014 for the sample (B)), ruling out the absence of F/
compensation. By contrast, model (v), with one F/ compensation, presents relatively small r-factors of 0.021
for sample (A) and 0.008 for sample (B). However, the fitting results are R} = 2.26 = 0.11 A (N; =2), R, =
2.40 +0.02 A (N, = 7) for sample (A) and R; = 2.25 £ 0.06 A (N} = 2), R, = 2.39 = 0.01 A (N, = 7) for
sample (B). These results are inconsistent with the predicted neighboring atom distances (R; = 2.30 A, R, =
2.45 A). The fitting results suggest that the distances to all neighboring atoms are shorter, which can be
attributed to the model’s lower coordination number compared to the actual coordination number.
Consequently, the EXAFS data analysis supports the 2 F/ compensation models over those with incomplete
charge compensation. No significant differences were observed between **Th:CaF, and the radioactive
29Th:CaF,.
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