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1 Introduction

Design of new thorium nuclear clock materials
based on polyatomic ions+
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Compounds of polyatomic anions are investigated theoretically as hosts for thorium in nuclear clock
devices. The 22°Th nucleus has an excited state at 8.355 eV which can be reached using a VUV laser as
demonstrated in recent experiments. Incorporating 22%Th into a host crystal is an essential step towards
developing an ultra-stable nuclear clock. To be a suitable host, a material must have a band gap larger
than the nuclear transition frequency. Thus, most research to date has focused on fluorides like LiSrAlFg
and CaF,, for they feature ionic bonding and large band gaps. lonicity of chemical bonding can be
pushed to its limits by superhalogens — polyatomic anions whose electron affinity can be greater than
that of the halogens. An additional concern for fluorides is the presence of F nuclear spins in the
material that can couple to the spin of the 229Th, detrimental to clock performance. In this work we inves-
tigate salts containing superhalogen anions, with the goal of identifying promising new hosts for 22°Th
clocks. Specifically, we investigate compounds of Ca, Sr, and Ba with three anions — BF,~, ClO,4~, and
S04 By computing the electronic properties of the pure and thorium-doped materials, we predict that
M(BF4), have the widest band gaps, making them a promising material class. On the other hand, MSO4
could produce the most accurate clocks by eliminating inhomogeneous broadening due to nuclear spin
interactions. These results may guide experimental searches for new 229Th clock materials and offer new
opportunities to study this unique nuclear transition in the solid state.

Mossbauer spectroscopy but at a fraction of the energy, with
an extremely long lifetime and narrow transition linewidth.? In

Accurate chronometry is essential for fundamental science,
precise physical measurements, and communication and navi-
gation technology. Clocks more precise than the current state-
of-the-art could even open up the field of relativistic geodesy,
using gravitational redshift of the clock frequency to predict
earthquakes and volcanic eruptions.””” One such clock could
be the thorium nuclear clock. The **°Th isotope has a nuclear
excited state at 8.4 eV, similar to the states probed in
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a solid-state clock, a large number of Th nuclei are interro-
gated simultaneously, so a given level of accuracy can be
attained quickly, allowing rapid measurements. In the par-
lance of clock technology, solid-state clocks are exceptionally
stable. Since the excitation primarily involves the nucleus, it is
expected to be less susceptible to environmental perturbations
than traditional atomic clocks based on electronic transitions,
such as the hyperfine transition in atomic caesium.*
Furthermore, a solid-state clock could be more practical “in
the field” than systems involving atomic vapour or trapped
ions. Laser excitation of the **Th nucleus has recently been
demonstrated in thorium-doped single crystals of LiSrAlFs and
CaF,,”” and in ThF, thin films.®

One essential requirement for a candidate host material is
that it must have a band gap larger than the nuclear excitation
energy of 8.4 eV; if it does not then the incident laser radiation
will be absorbed by the electrons of the material rather than
the **°Th nuclei. Research so far has focused largely on s-block
metal fluorides such as MgF,, CaF,, LiCaAlF,, and
LiSrAlF,,>®° and stoichiometric thorium fluorides.®>*’
Because those metals have low ionization energies and fluo-
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rine has a large electron affinity, fluorides have large band
gaps, reflecting the amount of energy required to move an elec-
tron from F — to a M?" cation. In searching for ‘simple’ ionic
compounds for clock applications, we are almost completely
restricted to fluorides because no other element is electronega-
tive enough to produce such a large band gap.'®

Chemistry can reveal new directions in the search for clock
materials. “Superhalogens” are molecular species with electron
affinities greater than halogen atoms, so we expect compounds
of their anions with s-block metals to have the required band
gaps.'””'® Commonly encountered superhalogen anions
include BF,~, PFs~, and ClO,~, which are often used as non-
coordinating anions in solution or in ionic liquids."® The large
ionization energies stem from delocalization of the negative
charge over multiple electronegative atoms, and strong
covalent bonding. We anticipate that the large ionization ener-
gies of the anion will correspond to large band gaps in corres-
ponding salts.

Here we investigate three groups of compounds by studying
the electronic properties of the pure phases and thorium
defects: metal sulfates MSO,, perchlorates M(ClO,),, and tetra-
fluoroborates M(BF,), (M = Ca, Sr, Ba). All three ions have
strong covalent bonding and charge delocalization, so we
expect them to produce large-gap salts. Strictly, SO,>~ is not a
superhalogen because its double negative charge gives it a
negative first ionization energy in the gas phase, but in an
ionic crystal it is similar to ClO,”.%° Most of the compounds
have been synthesized and characterized in anhydrous and
hydrated forms.>’> We expect the hydrates to have smaller
band gaps due to the additional electronic states introduced
by water, so we have chosen to focus on the anhydrous
materials. For each group we will begin by computing the bulk
band gaps to determine whether the host is transparent to
photons at the nuclear excitation energy, and then perform
thorium doping studies to find the thorium defect electronic
properties, specifically 5f orbital energies and markers of Th-
anion covalency. We will then determine the viability of polya-
tomic anions in thorium clocks and identify the best candi-
dates for experimental study.

2 Methods

DFT calculations were performed with VASP,>® version 6.4.2,
using the PAW>* method with a plane-wave cutoff of 500 eV
and a spin-restricted formalism. The PBE*> functional was
used for structural optimizations and defect formation ener-
gies, and the modified Becke-Johnson (MBJ)***” and
HSE06°%%° functionals were used for electronic properties.
Structural optimizations were performed using Monkhorst-
Pack k-meshes with point spacings of 0.03 A™' for bulk
materials and 0.04 A~ for the defect supercells. Structures
were visualized using VESTA.*® MB] calculations used point
spacings of 0.02 A™* for the bulk materials and 0.025 A" for
the defect supercells. In our defect models the thorium atom
replaces a metal cation and a neighbouring cation vacancy is
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created to balance the charge. It is also possible that the
charge could be compensated by additional anions, but we
have not explored that possibility here for consistency between
materials and because we cannot identify what those anions
might be due to uncertainties in the synthetic methods.

3 Results

3.1 Undoped phases

3.1.1 MSO;, sulfates. A problem with the fluoride clocks is
magnetic dipolar coupling between *2°Th and '°F, which
causes inhomogeneous broadening of the nuclear transition.*
The effect is similar to the peak broadening seen in solid-state
NMR. The common isotopes of S and O are I = 0 nuclei, so the
sulfates offer a route to a zero-nuclear-spin clock that may be
six orders of magnitude more stable than a fluoride clock.***!
Thorium sulfate Th(SO,), is also of considerable interest as a
clock material, but will not be discussed here because it is stoi-
chiometric and so must be treated with different methods.*'**
SrSO, and BaSO, adopt the same structure (space group
Pnma), but CaSO, is slightly different (space group Amma)
(Fig. 1).>>** The band gaps of these sulfates were computed
with the MBJ and HSEO06 density functionals and are reported
in Table 1. Projected density of states (PDOS) plots for the
elements show that the band gap in all these materials is a
charge transfer from O 2p to M*>* d (see ESI{). Which of these
datasets is more trustworthy is difficult to say; HSE06 is typi-
cally considered the “better” method for most applications but
is known to underestimate large band gaps, while MBJ is
specialized for band gaps.'**®*>™*” The chemical properties of
sulfates are also favourable in that they are unreactive, non-
toxic, and somewhat hygroscopic but easily dried. We believe

Caso,

Fig. 1 Unit cells of sulfates CaSO4 and SrSO,.

Table 1 Computed band gaps of bulk sulfates

MB]J (eV) HSEO06 (eV)
CasSo, 8.53 7.91
Srso, 8.71 8.07
BaSO, 8.40 8.02
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that these results motivate further experimental study of these
sulfates, specifically the optical properties of very pure and
thorium-doped crystals. Previous studies have found that
optical band gaps depend on purity and morphology, so it is
plausible that high-purity single crystals could be used as
thorium hosts.**>°

3.1.2 M(ClO,), perchlorates. The M(ClO,), perchlorates
(M = Ca, Sr, Ba) were studied by the same procedure. The struc-
tures are shown in (Fig. 2) (Ca(ClO,), and Sr(ClO,), have the
same structure).”””*® The structures are shown in the ESIf and
band gaps are given in Table 2. The perchlorates appear to be
similar to each other and have slightly smaller band gaps than
the sulfates. That is a surprising result because ClO,” is a
monoanion while SO,>~ is a dianion, so we might expect exci-
tation of an electron from SO4>~ to be easier. PDOS plots for
the elements, in the ESI,{ show that the band gap in all these
materials is a charge transfer from O 2p to M>" d, the same as
in the sulfates. Chlorine has two common isotopes, *>Cl and

3
*7Cl, both of which are I = 2 nuclei. A perchlorate-based clock

would therefore suffer from nuclear spin broadening, but poss-
ibly not as much as a fluoride-based clock because in a per-
chlorate only one fifth of the anion atoms are spin-active and
because the closest nuclei to ***Th are I = 0. Furthermore, per-
chlorates are very hygroscopic, deliquescent,”" and oxidizing,
making them comparatively difficult to handle experimentally.
Based on the properties of the bulk materials, the sulfates
appear to be better candidates.

3.1.3 M(BF,), tetrafluoroborates. The pure M(BF,), phases
do not all have the same crystal structure: Mg(BF,), exists only
as a hydrate; Ca(BF,), and Sr(BF,), crystallize in the Pcba space
group;>>”>* and Ba(BF,), adopts a C2/m structure.”® We have
optimized all four compounds in the Pcha structure for
maximal comparability. The results for Mg(BF,), can be found
in the ESIt since this phase probably cannot be stabilized. We
also optimized Ba(BF,), in the C2/m and P2,/c structures,
finding C2/m to be the lowest energy structure, in agreement
with experiment, then Pcha at +0.041 eV f.u.”", and then P2,/c at
+0.159 eV - we will not consider the P2,/c structure any further.

View Article Online
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Table 2 Computed gaps of bulk perchlorates

MBJ (eV) HSE06 (eV)
Ca(ClOy), 7.82 7.86
Sr(Cl0,), 8.39 7.84
Ba(ClO,), 7.72 7.63

The Pcha structure puts the metal cations into 8-coordinate
square antiprismatic geometry and C2/m-Ba(BF,), features
10-coordinate BaF;, pentagonal antiprisms, as shown in Fig. 2.

The computed band gaps are all larger than 10 eV, signifi-
cantly larger than the band gaps of the fluorides, perchlorates
and sulfates, supporting our hypothesis that superhalogen salts
are excellent candidates for nuclear clocks. Full results are given
in Table 3. PDOS plots in the ESIf show that the band gap in
these materials is a charge transfer from F — 2p to M*" d.

3.2 Thorium-doped phases

We modelled thorium-doped phases by replacing an M>* atom
by Th*" and removing a second M>* to balance the charge.
Note that these charge states are dictated by the typical chem-
istry of the elements and are not enforced in the calculations.
Supercells of the hosts were used to reduce unphysical Th-Th
interactions such that all Th-Th distances were 11 A or more.
Optimized structures and pictures of the thorium local coordi-
nation environments are in the ESL.{ The thorium ions are 8-
or 9-coordinate across all host material types, with unsymme-
trical coordination geometries due to the electrostatic inter-

Table 3 Band gaps of bulk metal tetrafluoroborates computed with the
MBJ and HSEO6 functionals

Material MBJ (eV) HSE06 (eV)
Ca(BF,), 10.59 10.78
St(BF), 12.01 10.59
Ba(BF,), Pcha 11.05. 10.45
Ba(BF,), C2/m 10.45 10.53

Ca(ClO,), Ba(ClO,),

Pcba-Sr(BF,),

C2/m-Ba(BF,),

Fig. 2 Optimized unit cells of Ca(ClO,),, Ba(ClOy4),, Pcba-Sr(BF,), (high square antiprismatic SrFg), and C2/m-Ba(BF,) (showing pentagonal antipris-

matic BaFy).
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action between Th** and the anions. Most anions coordinate
in a monodentate mode, though bidentate coordination can
be found for all anions and is most common in the sulfates.

For the tetrafluoroborates we computed defect formation
energies by balancing the thorium doping reaction with binary
metal fluorides, and for sulfates we computed defect for-
mation energies by a reaction between metal sulfates. The
results, in Tables S1 and S2,7 show that the lowest defect for-
mation energies in tetrafluoroborates are found in Sr(BF,),
and Ba(BF,),, and the lowest in sulfates is found in SrSO,.
Strontium hosts therefore appear particularly good for
thorium doping. f-element doping of sulfates is well-estab-
lished because similar systems (e.g. Dy:CaSO,) are used for
radiation dosimetry.>?

The thorium PDOS plots for Th:SrSO,, Th:Sr(ClO,),, and Th:Sr
(BF,), are shown in Fig. 3. The electronic character of thorium is
similar in all three materials. The 5f orbitals form narrow peaks
around 5 eV and the 6d orbitals appear as sharp peaks at higher
energies. The energies of the 5f peak are highest in Sr(BF,), and
lowest in Sr(ClO,),, weakly matching the trend in the band gaps
of the host crystals. The 6d orbitals form a set of sharp peaks at
higher energies, mixing into the conduction band in SrSO, and
Sr(ClO,),. Thorium makes no contribution to the upper part of
the valence band, appearing only in states below 1 eV, so the
lowest thorium-centered electronic transitions are actually higher
than the 5f energy relative to Eg. This is a characteristic feature of
cells containing cation vacancies because undercoordinated
anions form the top of the valence band.

3.2.1 Internal conversion. For the clock to work, the 2*°Th
nuclei must decay radiatively rather than decaying by internal
conversion (IC), where energy is transferred to the
electrons.'>>® For IC to be energetically possible, there must
be electronic excited states below 8.4 eV. For it to be fast, rela-
tive to radiative decay, the electronic states have to overlap
with the nuclear wavefunction. A sophisticated theoretical
treatment of the IC rate based on Fermi’s golden rule has been
developed.*
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The electronic part of IC is transfer of an electron from the
anions to the vacant Th** 5f orbitals, so IC will be fast if there
is strong orbital hybridization between Th 5f and the anions,
and slow if there is weak hybridization. The thorium 5f PDOS
in the valence band shows the extent of hybridization. For a
quantitative comparison between compounds we integrate this
PDOS over the valence band to give the “IPDOS” (integrated
projected density of states), which is equivalent to the popu-
lation of the Th 5f shell. Another benefit of the IPDOS is that it
is not sensitive to the energies of the unoccupied 5f orbitals,
which are subject to well-known DFT errors.

Th 5f IPDOSs for all compounds in this study can be found
in Table S2.f The values are smallest for the sulfates
and highest for the tetrafluoroborates. The IPDOS for Th:
LiSrAlF,, for which radiative decay of the nuclear excited state
has been observed, is in the same range as the polyatomic
anion materials. A second descriptor of hybridization, the
width of the 5f peak, is also discussed in the ESI.} The con-
clusion here is that the orbital hybridization calculations
suggest slow IC in thorium-doped sulfates, supporting our
conclusion that they are excellent candidates for experimental
study.

3.2.2 Cation-disordered phases. So far we have considered
materials with a single cation, which we can expect to have
minimal crystallographic disorder. We could also consider a
solid solution like Sr,Ba;_,(BF,),, since mixed metal materials
and “high entropy alloys” offer advantages in many
technologies.”* ™ In that case the cations (Sr and Ba in
Sr,Ba;_,(BF,),) may be distributed randomly over the cation
sites. Unfortunately, such disorder will severely reduce clock
accuracy. The **°Th nuclear transition frequency is influenced
by coupling of the nuclear quadrupole moment to the electric
field gradient (EFG) at the nucleus. In disordered
Sr,Ba;_,(BF,),, for example, there will be many different
thorium environments, each defined by the arrangement of
the nearby Sr** and Ba®>" cations. The resulting variation in
transition frequencies can be related to the accuracy of the

Th:SrsSO, Th:Sr(ClO,), Th:Sr(BF,),
10.0 \L 10.0 10.0 E
A Ne————— 75 g 75
5.0 5.0 5.0;
= P —— -
% % %
2 25 2 25 < 25
& & &
4 00 4 00 4 00
-25 25 = sk
N s I s E N s
F - p F - p . = p
i [ - B -
s - i - s p— -
0 1 2 3 4 5 i 3 3 4 5 1 ) 3 4
PDOS (states / eV) PDOS (states / eV) PDOS (states / eV)
Fig. 3 Thorium projected density of states plots for Th:SrSO4, Th:Sr(ClO4),, and Th:Sr(BF,4),.
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clock through the quality factor Q = Z—O where v, is the tran-
v

sition frequency and Av is the linewidth. We have estimated
Q =5 x 107 for disordered Sr,Ba;_,(BF,),, which is comparable
to the accuracy of quartz oscillators. The details of our
estimation can be found in the ESI.{ This result suggests that
ordered crystalline materials will be required for accurate
crystal clocks.

4 Conclusions

In conclusion, we predict alkaline earth tetrafluoroborates
M(BF,), and sulfates MSO, (M = Ca, Sr, Ba) to be excellent can-
didate materials for solid-state >**Th nuclear clocks. Inspired
by non-coordinating anions in solution-phase chemistry and
the concept of superhalogens, we identified the BF,”, ClO,,
and SO,>” ions as having the right electronic properties for
crystal clocks: they have large ionization potentials, giving a
large band gaps in salts, and strong internal covalent bonds,
minimizing Th-X covalency in crystals. Both of these effects
combine to give a good opportunity for observing radiative
decay of the isomeric state of **°Th after laser excitation.

The largest host band gaps are possessed by M(BF,),, so
they should all be transparent to the VUV laser. All have
similar Th 5f energies, but Ba(BF,), has the lowest markers of
Th-F covalency, implying a desirably low IC rate. Sr(BF,), and
Ba(BF,), have the lowest defect formation energies so we
might expect a higher concentration of thorium than in Ca
(BF,),. Overall, Ba(BF,), is therefore the best candidate for
laser excitation and radiative decay of the nucleus. The tetra-
fluoroborate series may offer exploration of the effects of small
electronic changes on nuclear decay processes.

The sulfates have a major advantage for clock accuracy in
being nuclear-spin-free. The absence of nuclear spins could make
a sulfate clock more accurate than a fluoride clock by six orders
of magnitude. We cannot be certain of which sulfates are trans-
parent to the exciting radiation, based on computations of the
band gaps, so experimental measurements of the optical band
gaps of high-purity single crystals are needed. The perchlorates
are inferior to the sulfates in several ways: they contain nuclear
spins on chlorine; they have smaller band gaps and lower Th 5f
energies; and they have undesirable chemical properties.

We have also found that ordered materials are likely to be a
necessity for any of the cutting-edge applications proposed for
nuclear clocks because the variation in electric field gradients
created by cation disorder reduces the accuracy of the clock by
many orders of magnitude. These results point to a broad
class of materials, featuring polyatomic anions, that can
provide us with new opportunities to study **Th photophysics
and that may outperform metal fluorides in crystal clocks.
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