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The exceptionally low-energy *’Th nuclear isomeric state is expected to provide
several new and powerful applications'?, including the construction of a robust and

portable solid-state nuclear clock?, perhaps contributing to a redefinition of the

second*, exploration of nuclear superradiance®® and tests of fundamental physics

7-10

Further, analogous to the capabilities of traditional Méssbauer spectroscopy, the
sensitivity of the nucleus to its environment can be used to realize laser MOssbauer

spectroscopy and, with it, new types of strain and temperature sensors
probe of the solid-state environment

>land anew

1213 all with excellent sensitivity. However,

current models for examining the nuclear transition in a solid require the use of a
high-bandgap, vacuum ultraviolet (VUV) transmissive host, severely limiting the
applicability of these techniques. Here we report the first, to the authors’ knowledge,
demonstration of laser-induced conversion electron Mdssbauer spectroscopy
(CEMS) of the**Thisomer in a thin ThO, sample whose bandgap (approximately 6 eV)
is considerably smaller than the nuclear isomeric state energy (8.4 eV). Unlike
fluorescence spectroscopy of the 2’ Thisomeric transition, this technique is compatible
with materials whose bandgap is less than the nuclear transition energy, openinga
wider class of systems to study and the potential of a conversion-electron-based

nuclear clock.

The recent observation'** of direct laser excitation of the *’Th iso-
meric state in high-bandgap crystals has, after almost 50 years of
work, opened the door to a laser-accessible nuclear transition and
drivenrapid progressin the development of solid-state optical clocks.
Already, the nuclear transition frequency has been compared with
an atomic clock and its linewidth studied', and work has begun to
optimize the clock performance by developing both a theoretical
understanding of nuclear quenching mechanisms'? and using them
toshortenthe clockinterrogation cycle, Similarly, excitation of the
nuclear transitionin a VUV transmissive thin film has opened the door
to integrated-photonic-based nuclear clocks and sensors®. Further,
new high-bandgap materials have been analysed that could provide
considerable simplification of the clock by, for example, doping **Th
into anonlinear optical crystal?® and, by using principles of molecular
design, provide asystem with the potential for performance orders of
magnitude beyond any current or planned optical clock*?.

Because the*’Th nucleus provides a highly controllable system that
canbe deployedinto various hosts, it is expected, in analogy to Moss-
bauer spectroscopy, that these same techniques canalsobe used as new
probes of the solid-state chemical and nuclear environment. However,
inall studiesso far,”’Th nuclear excitation is detected by observing the

resulting nuclear fluorescence. This leads to the requirement that the
host material has abandgap larger thantheisomeric transition energy
(>E;,), asthelarge internal conversion (IC) coefficient of the isomeric
state (roughly 108-10° (refs. 22,23)) extinguishes the nuclear fluores-
cence. This requirementseverely limits the material hosts available for
study and, therefore, itis highly desirable to extend the spectroscopy of
theisomerictransitionto low-bandgap (<E,,) environments by means
of anew method for nuclear excitation detection.

CEMS, which has been used for decades as an important materials
probe**2¢and was recently used to detect the12.4-keV nuclear clock tran-
sitionin **Sc (ref. 27), has been proposed for detection of *Th nuclear
excitation”?, CEMS of the?*Thisomer uses the fact that, if the nuclear
energy is larger than the material bandgap, the IC relaxation processis
possible by promoting an electron across the bandgap*?°. If this pro-
moted IC electron originates in a shallow enough state in the valence
band, theelectron can overcome theionization energy barrier (thatis,
the difference between the top of the valence band and the vacuum?®)
and emerge from the material surface. By detecting these conversion
electrons, nuclear spectroscopy can be recorded and, as aresult, the
technique of tabletop laser-based nuclear spectroscopy can be extended
to low-bandgap materials®*? through this laser-based CEMS.
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Fig.1| CEMS targetset-up and characterization. a, Cutaway rendering of
the*ThO, target mount. Arrows denote front aperture, window, target and
pyroelectricdetector. b, Rendering of the spectroscopy chamber. Magentaarrow,
direction of VUV laser propagation. Yellow arrows, IC electron trajectories from
targettodetection MCP. Bluearrows, background photoelectrons generated
fromVUVscatter diverted to the secondary electrode. Greenarrow, direction of

Aswellas providing ameans to study low-bandgap materials contain-
ing?*Th, CEMS could also allow marked improvements in nuclear clock
stability, as the IC decay rate is roughly 108 times faster than the radia-
tive decay rate, enabling a much faster clock interrogation rate. This
rapidinterrogation reduces the stability demands on the local oscillator
while providing a projected clock instability aslow asabout10*®at1s.
Further,a CEMS-based nuclear clock could operate by simply reading
out the CEMS photocurrent, providing ameans to greatly simplify and
miniaturize future nuclear clocks®.

Here we report the first demonstration of laser-based CEMS of any
nucleus. Specifically, a VUV laser system is used to excite ’Th nuclei
in a thin sample of thoria (ThO,). ?ThO, was chosen as the first host
asithasalowbandgap (about 6 eV (ref. 33)) and is readily available as
astoichiometric Thcompound. Conversion electrons from the ”*ThO,
are detected as a function of laser excitation energy providing the
first laser-based CEMS nuclear spectrum, which determines the *Th
nuclear transition frequency as 2,020,407.5(2),.,,(30),,s GHz, consistent
with previously reported values of the transition'* ' and whose width
isconsistent with the laser linewidth of our systemreportedin previous
studies™”. Further, the IC lifetime is measured as approximately 10 ps,
which is consistent with that measured in >°Th implantation stud-
ies**and theoretical calculations of the IC lifetime described below. In
what follows, we describe the °ThO, target, experimental apparatus
and the spectroscopic protocol, before presenting the results of the
CEMS spectroscopy. Next, we present calculations of the isomer shift
and IC lifetime in *ThO, using a theoretical approach that combines
solid-state density functional theory (DFT) and relativistic atomic
many-body perturbation theory methods. Following these results,
we use the measured lifetime of the IC decay of the isomeric state in
29ThO, to evaluate the ideal performance of a?*ThO, conversion elec-
tron clock and find its projected instability to be about 2 x 10 ® at 1 s.

29ThQ, target and apparatus

The CEMS target was constructed by electrodepositing?*ThO,ontoa
stainless steel disc (see Fig.1for animage of the target, procured from
Eckert & Ziegler Analytics, Inc.). Although other oxide and hydroxide
compounds of Thmay be presentin the target, this paper assumes that
the predominant chemical form of ’Thin the targetis**ThO,, based on
the method of target preparation (see Methods for details). The diam-
eter of the 2*ThO, is about 5 mm and its thickness is estimated from
the width of the a-particle spectrum as approximately 10 nm (Fig. 1c),
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static B-field used to guide IC electrons. ¢, a-spectrum of the ?’ThO, target. Inset,
photograph of °ThO, target used in this study. The peak indicated at 4,845 keV
corresponds to the dominant a-decay mode of **Th. The other large peaks
correspond to the a-decays of daughter nuclei. The > Th peak had a full width
at half maximum (FWHM) of about 22 keV, consistent with energy loss through
anapproximately 10-nmsample, as estimated with SRIM®¢. a.u., arbitrary units.

whichis consistent withameasured total activity of about 6.3 kBq. The
VUV absorption of ThO, is estimated as a = 0.1 nm™ (ref. 35), implying
that?*Thnucleiwithinadepth of about 10 nm can be efficiently excited
by the laser. Also, the inelastic mean free path of electrons in solids
at the eV energy scale is typically about 10 nm (ref. 36), meaning that
anIC electron generated at greater depths probably scatters before
extraction from the surface. Assuch, further?*ThO, thickness primar-
ily contributes to the background in the form of electrons produced
through radioactive decays® and thus a thickness of about 10 nm is
probably optimal for CEMS.

CEMS spectroscopy is recorded by directing a tunable VUV laser
onto the **ThO, target. Briefly, VUV radiation was produced by means
of resonance-enhanced four-wave mixing of two pulsed dye lasers in
Xe gas. The frequency of the first pulsed dye laser, w,, was locked
to the 5p° s, > 5p° (2P3°/2) 6p? [1/2], two-photon transition of Xe at
about 249.63 nm. The frequency of the second pulsed dye laser, w,, Was
scanned to produce VUV radiation in the Xe cell given by the difference
mixingrelationw = 2w, — w,. All three laser beams then impinge off-axis
with respect to a MgF, lens, whose chromatic dispersion is used with
downstream pinholes to spatially filter the VUV beam and pass it
towards the *ThO, spectroscopy chamber. The laser system delivers
30 pulses per second to the target with a typical VUV pulse energy
of about 6-8 pJ per pulse (see refs. 15,38 for details). For these experi-
ments, N,gasis added tothe Xe cellto quenchanamplified spontane-
ousemission (ASE) process at 147 nm (see Methods for details), which
occursonatimescale similar toIC decay and otherwise contributes to
the photoelectron background.

The?®ThO, target is held ina custom mount (see Fig. 1a) that provides
theability to electrically bias the sample, as well as VUV laser monitoring
capabilities. Biasing the target is necessary as the VUV laser causes a
promptburst of photoelectrons when itimpinges on the ’ThO, target,
which will overwhelm the electron detector. These initial photoelec-
trons are suppressed for approximately the first 100 ns after the laser
pulse by positively biasing the >*ThO, target to 135V, before the bias
voltageis changed to —405 Vto aid the extraction of IC electrons from
the surface; atall times, the front aperture of the mountisheld at100 V.
The mount also houses afused silica target that fluoresces under VUV
illumination aiding alignment and a pyroelectric crystal to provide
insitumonitoring of the VUV laser pulse energy. The target chamber is
mounted onacombined lever arm-stepper motor system that allows
it to be raised and lowered, causing the VUV laser to illuminate either
the *ThO, target or the laser energy monitor. To limit hydrocarbon
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Fig.2|Nuclear spectroscopy of the >*Th transitionin ThO,. a, Thelaser-
based CEMS spectra of ThO, is shown inblack with afit of a Lorentzian
profile. Each pointisanaverage of >140,000 laser pulses. A constant baseline
of about 75 e perlaser pulse hasbeensubtracted. The vertical error bars
denotethestandard error and the horizontal error bars are the standard

build-up onthetarget and tolimit scattering of the IC electrons owing
to background gases, the target chamber was ozone plasma cleaned
before baking and operated at a pressure of about 107 Pa.

In principle, IC electron detection can be accomplished by simply
positively biasing, for example, amultichannel plate (MCP) detector
held near the ’ThO,. However, it was found that scattered light from
the VUV laser generated a large afterglow of photoelectrons originating
at positions dispersed throughout the chamber, which lasted tens of
microseconds—presumably because of the fluorescence of components
within the beamline and chamber. To overcome this background, a
combination of electric and magnetic fields was used that focused
electrons originating from the ?ThO, target onto a detection MCP,
while diverting electrons generated elsewhere to another region of
the chamber (see Methods). Finally, as an extra layer of protection
for the detection MCP, its front plate voltage was controlled so that it
had nogainduring theinitial burst of photoelectrons fromthe target.

Spectroscopy

Using this apparatus, CEMS was performed by recording the number of
detected electronsinthe window between 6 and 40 ps after each laser
pulse as a function of VUV laser wavelength; this window was chosen
onthe basis of previous theoretical estimates? and observations of IC
decay® following **U decay. The electron signal, normalized by the
laser pulse energy, is shown in Fig. 2a as a function of frequency for a
regionroughly 100 GHz wide and centred on the *Th nuclear transition
energy. These datawererecorded by first measuring the pulse energy
and then detecting the total number of electrons emitted after 36,000
pulses (20 min) before measuring the pulse energy again. This process
was repeated torecord alaser CEMS spectrum. The datain Fig.2a are
the average of four spectra, with the vertical error bars representing
the standard error. Owing to differencesin system alignment between
campaigns, the photoelectronbackground varied slightly between dif-
ferentspectra. Therefore, aLorentzian with abackground fit was used
to determine and subtract the photoelectron background before the
dataare combined. Further, because the laser frequency is not perfectly
controlled, these spectra are binned in frequency and the horizontal
error bars are the standard deviation of the frequency. Each data point
represents the average of at least 140,000 laser pulses.

Anonlinear least-squares fit of a Lorentzian to the spectrumyields
a central value of 2,020,407.5(2),.(30),,s GHz and full width at half
maximum linewidth 0f12.4(4) GHz, both consistent with our observa-
tions in LiSrAlF (ref. 15) and ThF, (ref. 19). Here statistical error is the
68% confidence interval and the systematic uncertainty is predomi-
nantly because of the accuracy of the wavemeter and probably con-
servative. On resonance, an average of 0.41(5) e " per laser pulse is
detected. The expected signal can be estimated as g N, x e”* iic, in
which . isthe extraction of efficiency of IC electrons from the sample,
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deviationof the laser frequency for the pointsin the bin. For comparison, the
radiative decay spectrum of *’Th:LiSrALF,, taken fromref. 15, is showninblue.
b, ThelCdecayrateasafunction of timeisshowninblack, alongside afitofa
decaying exponential withabackground, leading to anIC lifetime 0f12.3(3) ps.
a.u., arbitrary units.

n.isthe collection efficiency of electrons emitted fromthe sample, N,
is the number of excited **Th nuclei and ¢; is the time that electron
counting begins after the laser pulse. On the basis of calibrations of
the apparatus (see Methods), the expected signal is found as
0.157323 e~ w7l inreasonable agreement with the recorded spectrum.

Using the same system, the lifetime of the IC decay is measured
by comparing the time-binned electron counts collected on reso-
nance in the first 190 ps after laser excitation. Specifically, the aver-
age number of time-binned electron counts per p of laser energy is
obtained for both the on-resonant and off-resonant (about 100 GHz
detuning) illumination periods. The average off-resonance counts
arethensubtracted from the average on-resonance counts to remove
any photoelectron background and the result is plotted in Fig. 2b.
Abackground-free nonlinear least-squares fit of a decaying exponen-
tialreveals anIClifetime of 12.3(3) ps, as shownin Fig. 2b. As discussed
later, the IC decay rateis sensitive to the local chemical environment,
so arange of decay rates is possible and this lifetime should be inter-
preted as an estimate.

Calculation of isomer shifts and IC lifetime

The measuredisomer energy isin agreement with the earlier spectro-
scopic experiments in three wide-bandgap hosts!*'>*, Theoretically,
thisis supported by the calculations*° of isomer shifts for alarge vari-
ety of ’Th solid-state hosts and by our **ThO,-specific calculations
presented in Methods. For example, we expect that the isomer shift
between bulk**ThO,and **Th:LiSrAlFis on the order of 100 MHz, well
below the approximately 3 GHzreported experimental accuracy. Our
calculations predict the nuclear transition frequency for bulk *ThO,
tobe 2,020,407,338(70) MHz.

IntheIC process, the energy of the excited nucleus is transferred to
the electrons. In a crystalline solid, that means promoting a valence
band electron |vko,) into a conduction band state |cko,) and creating
aholeinthe valence band (Fig. 3a). The process is mediated by the
hyperfine interaction (HFI) W, which, for periodic lattices, conserves
the electronic crystal momentum k but can connect electronic states
of different spin projections g, .. We derived the rate for the described
IC process (see Methods) as

Y 2 IWEL (KFGe(hwy). o)

MgMe 0.0y

2t 1
r‘c_7216+1

Here |e) and |g) are the isomer and ground nuclear states with spins
I and magnetic quantum numbers M, .. The HFI W connects the two
nuclear states and the valence and conduction band electronic states.
G.(hw,,) is the conventional* joint density of states (JDOS) at the
nuclear transition energy hw,,.. The bar denotes averaging overasur-
face of constant energy in k-space.
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Fig.3|CalculationofthelCratein ThO,.a, Feynman diagram of the IC

process. Single black strokes represent the electron lines and the double blue
onesdenote the nuclearlines. The interactionis mediated by a virtual photon
exchange, correspondingto the HFI W. The crystalmomentumkis conserved

The same)JDOS appearsinthe theory of electromagneticinterband
absorption* andis clearly a highly material-dependent quantity. There-
fore, to understand the physics of the IC process, and in particular its
rate, we calculated the properties of °ThO, with periodic electronic
structure theory (GWand DFT). The calculations used the G, W, approxi-
mation for the electronic self-energy and the Bethe-Salpeter equation
(BSE) for optical properties (see Methods for details). The fundamental
bandgap computed with G W, is 6.20 eV, in reasonable agreement
with experimental measurements of 5.9 eV (refs. 42,43) (calculation
details provided in Methods). The absorption spectrum, computed
with G, W, + BSE, agrees with the measurementsin ref. 35, supporting
our estimation of a = 0.1nm™.,

ThO,crystallizesin the fluorite structure (space group Fm3m, #225),
inwhicheach Thatomis coordinated by eight oxygenatomsina cubic
arrangement (Fig. 3b). The Th*'-0% bonding is predominantly ionic,
withamodest covalent admixture arising from overlap of Th 6d/5fand
O 2porbitals. That Thisin the +4 oxidation state may be verified from
the projected density of states (PDOS) on Th, in which the 5f and 6d
components in the valence band are nearly empty. By contrast, the
Th 5fand 6d valence orbitals form large peaksin the conduction band,
indicating the transfer of an electron from an O anion to form Th**.
Both the valence and conduction bands contain small contributions
from Th-projected p orbitals. As it turns out, the IC process primarily
involves transferring electrons between these p-orbital components.

Incomputing the HFImatrix elementinequation (1), itis convenient
to project the valence and conduction band states |vko,) and |cko.)
onto the basis of Thatomic orbitals. The matrix element W', (k) may
then be expressed as a sum over different HFl matrix elements con-
necting atomic orbitals of definite angular momenta, weighted by the
expansion coefficients of |vka,) and |cka,). To the lowest order, cross
termsarising when squaring the expansion of W', (k) are neglected.
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inthis process. b, Conventional unit cell of ThO,, with Thatomsin greenand
Oatomsinred.c, ThPDOS computed with G,W,. The horizontal dashed line
denotes the Fermilevel.d, ThPJDOS computed with G,W,. The vertical dashed
linedenotes the nuclearisomericenergy.

This allows the expression of the IC rate in terms of the nuclear ground
state HFI constants A and the ‘projected joint density of states’ (PJDOS)
in Th. The PJDOS is aJDOS weighted by the projections of the crystal
electronic states onto the thorium atomic orbitals that allows us to
describe the character of the delocalized crystal orbitals close to the
thoriumnucleus (see Methods). The HFIA constants for Th** are known
from experiments and high-precision relativistic atomic-structure
calculations'?. The PJDOS of transitions with the largest contributions
to the IC rate are shown in Fig. 3¢c. Using these values, we arrive at an
estimate for the IC rate of ¢ = 1.3 x10*s™, corresponding to an IC life-
time of about 80 ps.

Sources of the disparity between the measured and theoretical
lifetimes could be because of cross-order and higher-order expansion
terms neglected inour evaluation of the rate (equation (1)) and errors
inthe local projections of the plane-wave orbitals done by VASP*. For
example, adding the cross terms coherently may increase the IC rate
and thus reduce the estimated IC lifetime to approximately 30 ps.
Relativistic contraction approximately (Za)?> may increase the
non-relativistic PDOS computed with VASP as much as 40%, so the
increase in the IC rate may be up to a factor of .42 = 2, further reduc-
ing the estimated IC lifetime to about 15 ps. See Methods for more
details. Small changes to the valence and conduction states expected
with the addition of spin—orbit coupling in solid-state calculations
and deviations of the sample from bulk?ThO, owing to both surface
and self-radiation damage effects may further affect the ICrate. Com-
pared with the pristine **ThO,, the IC rate for **Th adjacent to point
defects canbe enhanced by the electric quadrupole HFI contribution*
owing tosymmetry breaking. Evaluating these uncertainties requires
amuch more comprehensive study that will be carried out in future
work. Here we simply note that the order-of-magnitude experiment-
theory agreement supports the physical interpretation that observed
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IC decay results from the nucleus relaxing by means of transferring
an electron from an oxide anion into the Th 6p component of the
conduction band.

Projected clock performance

Aswell asitsuse as anew chemical probe, laser-based CEMS may allow
the construction of anew type of nuclear clock with several advantages
over crystal-based clocks*. Chiefamong these advantages are agreatly
reduced clock interrogation time, as the IC decay rate is about 108 times
faster thanradiative decay, and the potential for clock readout by sim-
ply monitoring the current leaving the target, which could facilitate
substantial miniaturization.

For such a clock, assuming that **ThO, is produced from 'O, the
largest sources of instability would be broadening owing to magnetic
dipoleinteractions between the ?’Th nuclei and lifetime broadening.
Given that the Th-Th distance in ThO, is 3.96 A (ref. 47), the expected
Zeeman broadening owing to neighbouring”*Th nucleiis about 10 Hz.
The nextlargest sources of broadening would be the varying intrinsic
isomeric shift and second-order Doppler shift arising from tempera-
ture gradients across the ThO,sample. Drawing estimates from other
Mossbauer experiments, typical intrinsic isomeric shifts range from
0.1t0 5.0 kHz K™ (refs. 48-51), as supported by recent measurements
of theintrinsicisomeric shiftin**Th:CaF,at 0.4 kHz K (ref. 11). Within
the Debye model, the second-order Doppler shift can be estimated to
be s1HzK™!at4 K, using the lowest reported value 0of 236 K for the Debye
temperature of ThO, (ref. 52). With temperature gradients stabilized
across the sampleto<0.1 mK, theintrinsicisomeric and second-order
Doppler shifts result in a broadening of roughly 0.5 Hz. Thus, the pri-
mary source of instability is the lifetime broadening of I' = 21t x 16 kHz.

Assuming that a polished face of anapproximately 10-nm-thick single
crystalis prepared and realizes an electron extraction efficiency . = 0.5
(ref. 36) and that the photoelectron backgroundis eliminated by mate-
rial purification and baffling, a100-uW laser leads to a projected clock
instability of about 2 x 108 at 1 s averaging (see Methods for details).
Notably, it is possible that the electric current from the IC process
could alsobe used as aform of readout, as it would generate a current
of about 300 nA, providing a simple means for clock operation and
locking™®. It may also be possible to further enhance this performance
by purposefully exciting defect or conduction band electronsto realize
an‘on-demand’ quench of the nuclear excitation8,

Discussion and outlook

With this first demonstration of laser-based CEMS, an entirely new
class of materials isnow compatible with laser nuclear spectroscopy.
By implanting**Thinto low-bandgap materials and observing both the
lifetime of the IC decay channel and the isomer shift of the transition,
detailed information can be gathered about the local phononic, elec-
tronicand nuclear structure. Thisin turn allows the isomeric transition
to serve as a sensor of strain and temperature in the solid"?. Further,
at the energy scale of the IC electrons, their inelastic mean free path
is a sensitive function of their energy relative to the Fermilevel*. In
the future, it may be possible to relate the efficiency with which IC
electronsemerge from asurface with both the surface quality and the
bandstructurelocal to theimplanted **Th. Looking further forward,
off-resonant excitation of **Th nuclei through a combined nuclear
and phononic transitioninthe solid could enable laser-based nuclear
resonance vibrational spectroscopy****. This could allow measure-
ment of the local phonon density of states with sub-peV precision,
considerably beyond what is possible with conventional Méssbauer
spectroscopy®*.

Given our previous work in*’ThF, films", it can be concluded that,
as the *This converted from the oxide to the fluoride state, the *Th
isomer will convert from decaying by IC to decaying by the emission of
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aVUVphoton. Thus, therelative ratio of radiative decay to conversion
electron decay following laser excitation could provide a new set of
methodsto characterize the chemical state of Thcompounds, perhaps
aiding studies of nuclear power generation®,

Furthermore, laser-based CEMS provides anew platformtorealizea
solid-state Th clock that benefits from the inherent ease of aproduction
of stoichiometric Thcompounds, a10®reductionin clock interrogation
cycleandthe potential for a current-based readout, allowing simplifi-
cation and miniaturization of future nuclear clocks.
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Methods

Expected IC signal

Theincident VUV fluxis attenuated, so that it follows @,e %, in which
is the VUV attenuation coefficient. The number of excited **Th nuclei
inatarget of length L should go as”

’ 2

e” T RelA 2
62m [ Re[rn] a 1+4(r£)
L

inwhichAis the vacuum transition wavelength, n, is the density of *’Th
inthe*ThO, target, I,y =1/7,,4is the vacuum radiative decay rate, I is
the VUV laserbandwidth, I, =1/7isthelCdecayrate, §is the laser detun-
ing, ,istheincidentlaser photonflux, L is the target thickness, Tisthe
transmission of the VUV laser into the targetand 71 =n— ik isthe com-
plexindex of refraction with k= Aa/4m. The target was produced using
a0.75:0.25?*Th:**Thisotope mix from Oak Ridge National Laboratory,
leading to an effective *Th density of ny, = 0.75 x 2.28 x 102 cm (ref. 47).

From the number of excited **Th nuclei, the number of detected IC
electronsis given by

Nyec= ’Ie’ICNe x e7tiic (3)

inwhich . is the extraction efficiency from the °ThO, target, 7. is
the collection efficiency and ¢; is the start of the acquisition time win-
dow. The extraction efficiency represents the probability that an IC
electronis able to leave the *ThO, target and combines many physi-
cal processes, such as whether the electron is promoted high enough
into the conduction band to overcome the ionization energy barrier
(either by being in a state above the ionization energy or tunnelling),
whether the electroninelastically scatters, whether surface conditions
are favourable and so on. Owing to all of these confounding factors,
theoretical calculation of n, is difficult and it must be estimated from
experiments. To do this, we make the assumption that the probability
for a photoelectron promoted by a VUV photon to leave the target is
the same as an IC electron promoted by an excited **Th nucleus. By
making this assumption, we are able to use the efficiency with which
photoelectrons are generated by our VUV laser system to obtain an
estimate of Tr.. The collection efficiency n. is simply the efficiency
with which electrons that leave the target are detected on the MCP
giventhe voltage biasing and magnetic field configuration used inthe
experiment. This can be readily determined by measuring the ratio of
the number of photoelectrons collected on the MCP front plate relative
to the number of photoelectrons leaving the target.

Using the values listed in Extended Data Table 1, the expec-
ted on-resonance IC signal was estimated to be Ny./(hwo@,t.) =
0.15752 ™ ' per shot.

Quenching of ASE in Xe four-wave mixing

The four-wave mixing process can produce a beam of ASE along the
beam axis, complicating detection. The origin of the ASE is resonant
excitation by the 249.6-nm laser of the 5p® s, > 5p° (2P3°/2) 6p*[1/2],
transition. Any Xe population not participating in the four-wave
mixing process will be left in the excited two-photon state. This
5p° (2 P3°/2) 6p? [1/2], (abbreviated as 6p?[1/2],) state will then decay
to the 5p° (2P3°/2) 652 [3/2]° (abbreviated as 6s” [3/2]7) state by
828-nm emission in about 30 ns and the 6s? [3/2]7 state will decay to
the'S, ground state by emission of a 147-nm photon in about 3.7 ns. If
the Xe pressure is in the several hundred Pa range, as it is for efficient
four-wave mixing, there are enough nearby Xe atoms that they may
reabsorb these 828-nm and 147-nm photons. Effectively, this leads to
radiation trapping, which extends the effective fluorescence lifetime
of the Xe spontaneous emission®. At the same time, the 828-nm/147-nm
spontaneous emission will experience gain as it stimulates Xe in the
excited 6p*[1/2],and 6s> [3/2]7 to emit, yielding ASE. This gain will be

highly directional, as the excited Xe will essentially lie in a column
defined by the propagation of the 249.6-nm pulse of the pump laser.
Thisinterplay between radiation trapping and ASE will thenyield bidi-
rectional emission from the Xe cell along the pumping axis, which will
have atimescale muchlonger than the spontaneous emission lifetime
of the excited states™.

To mitigate this effect, we introduce N, gas in the Xe, which quenches
the excited state Xe population through collision.

Simulation of electron trajectories

SIMION®® simulations were carried out to determine a combination
of voltage biasing and static magnetic field that would guide IC elec-
tronsto our detector while diverting background photoelectronstoa
secondary electrode. The voltage biasing chosen during the IC obser-
vation period was to have the target at —405 V, the front aperture of
the target mount at +135V, the front of the detection MCP at +140 V
and the secondary electrode at +2,500 V. The magnetic field was set
toabout3-5G.Ascanbeseenin Extended DataFig.1a, under the voltage
biasing described, thereis a‘saddle’in the potential through which the
ICelectrons that have beenaccelerated by our target mount system can
bemadeto travel through by the magnetic field. Meanwhile, as can be
seen in Extended Data Fig. 1b, electrons that are generated randomly
throughout the chamber with about 8 eV of kinetic energy either crash
into the chamber wall or fall into the sacrificial electrode.

Preparation of the target

The target used in this study was prepared in an electrodeposition
buffer solution of NaOH and sulfuric acid. ?*Th material was deposited
ontothestainless steel disc until target activity wasreached, at whicha
quench was performed withammonium hydroxide. The disc was then
heated overnight at 200-300 °C in ambient atmosphere.

Although the electrodeposited target is probably a mixture of Th
hydroxides, oxides and metal impurities, the use of low-impurity
(>99.99% grade) chemicals during electrodeposition and heat treat-
mentinairlead ustoassume thatitis predominantly Thin an oxidized
state. As the most stable oxide form, we assume that the target is pre-
dominately **ThO,.

ICrate derivation
We consider the IC processes in an insulator, when the bandgap A is
smaller than the nuclear isomer energy w,,. In the IC process, the
nuclear excitationis transferred to the electrons, spawning a particle—
hole pair, withavalence band electron promoted into the conduction
band, leaving behind a hole in the valence band; see Fig. 3a.
The*Thnuclear subsystemis modelled as two distinct energy levels:
the ground state |g) with nuclear spin/, = 5/2 and the excited (isomeric)
state |e) with/,=3/2, separated by the energy gap w,,.
ThelC process is mediated by the HFI. Ina crystal, containing A" ?*Th
nuclei with one 2°Th per unit cell, HFl reads

N
W)=Y MR,) -T(r-R,), 4)

v=1

in which we sum over unit cells, M(R,) is a ?*Th nuclear magnetic
moment operator and the ?’Th-centred 7 is a rank-1tensor acting on
the electronic degrees of freedom. The nuclear electric-quadrupolar
and higher-rank HFlinteractions can be added in a similar fashion. For
29ThQ,, owing to the cubic symmetry, the electric-quadrupole contri-
bution vanishes.

TocomputethelCrate, we use Fermi’s goldenrule. Theinitial state of
the electron subsystemis afully occupied valence band |0) and the final
state is the particle-hole excitation aCTkgcaUq0v|5> withenergy ey~ £,q,
inwhich e, and¢,qare the band functions of the conduction(c) and the
valence (v) bands. Then, the final state quantum numbers are spanned
by crystalmomentak, qand two electron spin projections. We also sum



over the nuclear ground state magnetic quantum numbers M, and aver-
age over the nuclear isomer state magnetic quantum numbers M,,

2n
w)_ £t
fic h 2/+1
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Theintegrations are carried over the Brillouin zone (BZ). We use the
conventions from ref. 41in our derivation.

The HFI (equation (4)) is cell-periodic and its matrix element {(ck
o |We¢|lvqo,) between Bloch functions can be reduced from an inte-
gration over the entire crystal to an integration over a single unit cell.
Theresultreads

(cka|Welvqo,) =5k - QWE 4, (K) (6)

with

(2n)?

Weewo, () == (gl Mle)- j drug(Ox TOX, tnr). @)

Here Qis the unit cell volume, u_(r) are cell-periodic envelopes of
Bloch functions* and y are the conventional electron spinors. Note that
the cell-periodicity imposes conservation of crystalmomentum, k = q.

Now, with this matrix element, we evaluate the IC rate.

T ge 2
he'=, 21, +1 MgZM azavjd kfd qIWE 6, (K| ©
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Wy _ 2T

There is a product of two identical delta functions. q is replaced
by k while integrating over g, but we encounter 6(0) = lim,o6(Aq).
Using the following identity for each component of Aq:

: 1 (52 iage Ly
lim 6(Ag,) = lim cos —I e ¢ dx =%,
AG>0 Ly>Ag>02T0 -1, /2 PAL

inwhich L, is the crystal size in the x-direction, we can show that

xtal
Iim 6(Aq)— )’

inwhich the crystal volume V., = L,L,L,. This is similar to the formal
time-domain limit in deriving Fermi’s golden rule; see, for example,
p. 72 of ref. 61.

Thereby, the IC rate per crystal volume

i S Y f W, tor

W) Vv
¢ / xtl™ h (21'[)3 2’ +1 MM 0.0y (9)
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The assumption made during the derivation was that all V' 2°Th
nucleiwereinitially in the excited (isomer) state. Consider anensemble
of quantum emitters, with N(¢) being the number of emitters in the
excited state at time ¢, with a single emitter decay rate y and

dN/dt = - yN(t) = N(t) = N(0)exp -yt
= ensemble decay rate I”

-dN/dt

yN(O)exp - yt.

(10)

We see that the ensemble decay rate I"at ¢ = 0 is yN(0). The experi-
mentally relevant excited state population, however, decays as exp-yt.

Onthe basis of this discussion, we define the experimentally measured
IC decay rate

lic= rl(éV)/N: QI—I%\/)/thaI' ()

Following the derivation of interband electromagnetic absorption
rates*, we define asurface S; of constant energy ink-space through an
implicitrelation 4 - &, = hiw,,.. If the matrix element remains reason-
ably constant on S, the rate simplifies to

1 2r[
== o
fe=2 =7 2/+1M§we 3 WEw WP Gahon.— (2)
with the JDOS
0 ds;
GeE d’ks E o
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With this simplification, WS, (K)|” has the meaning of W, (K)I”
averaged over the surface of constant energy S;.

This concludes the derivation of the IC rate (equation (1)).

Also worthy of mention, note that the electromagnetic absorption
coefficient at laser frequency w,, is proportional to the same JDOS
G, (hw,,.)- This can be used to back out the JDOS value from the laser
absorption measurementsatafrequencyslightly detuned away from ..

To proceed with the computation of the hyperfine matrix element,
we expand the functions u«4(r) interms of the Th atomic states. Owing
tothe short-range nature of the HFI, relativistic effects play animpor-
tantrole. Asaresult, we use relativistic Dirac spinors for the Th atomic
states. However, equation (7) is given in terms of nonrelativistic (or
scalar relativistic®?) two-component spinors. Here, for simplicity, we
replace equation (7) with

(2rr)

WE (K= (giMIe)- [ drudee OTWUge, 0, (14

in which u,,, (r)is now afour-component Dirac spinor with momen-
tumk and spin projection g,

Thecrystalfunctionu,,, (r)(andsimilarly u,,, (r)) may be expanded
in terms of the Th atomic states of definite principle and angular
momentum quantum numbers ¢, (r)

Ueko, (D= Y Ajim(CKO) @, (F) +

(15)
2 )3 njlm
inwhichtheellipsis denotes contributions from O atomic states, which,
owingto their small overlap with the Th nucleus, do not affect the HFI
matrix element. Using the expansion (14), we may write

Wc%ivav(k)z Z Z ari;'lm(CkO'C)an’j’[’m’(Ukav)Wrxz‘i'lemnj’[’m" (16)
njlm n’j’ 'm’
inWhich Wiy 1 = €IMIE) - [, 1) (VTI)Q, 1, D)

Giventhe crystal functions ang the atomlc wavefunctlons the expan-
sion coefficients a,;,,(ko,) may be computed and the total HFI matrix
element obtained. Here we make a simplifying assumption thatonly a
few terms contribute substantially to the suminequation (15). Further-

more, we shallneglect the contributionfromcross termsin |Wg ,, (K) %
With these simplifications, the IC rate may be written as
fic= Y Y Y Wy 12
njlmn’j’ 'm’
h 2’ +1 MgMe njlm n’j’ U'm’
(17)
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Let us now consider the matrix element W &¢

cocvoy

Using the Wigner-Eckart theorem, we may write

(k) in more detail.

ly 1 1
—ge v+ +j—-m 8 €
Wjimej 1m = z ot [Mg v MJ
(18)
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[ jo1
-m -v m

Here (gl|M|le) = 0.84y1, (uyisthe nuclear magneton)is the reduced
matrix element of the nuclear magnetic moment operator (see, for
example, ref. 12) and (njl||7l|n’j’ ') is the reduced matrix element of
the rank-1electronic HFI tensor. Th off-diagonal HFI matrix elements
are at least two orders of magnitude smaller than the diagonal ones,
so the most important contributions to the IC rate come from terms

with (njl) = (n’j’l'). The reduced matrix element {njl||7l|njl) may be
related to the ground state HFI constant A, through®

Hy (2!

SRR

inwhich p, =0.360(7)puyis the magnetic moment of the ground nuclear
state®*. With this, the summations over M,and M, in equation (16) may
be carried out, giving

—————(njll|TInjl), 19
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v=-1 mv

To proceed, we make a further assumption that the quantity in the
second line of equation (16) does not depend strongly on the magnetic
quantum numbers mand m’, that s,

2
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(21)

then the summation over m and m’ may be carried out analytically,
finally giving

s
3h2[ +1

lic= gliMlled* Y <njlllTinjly*

njl
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Werecognize the quantity inthe square bracket asthe (twice) PJDOS,
which countsthe number of allowed transitions at energy hw, . between
the atomic component |njl) of |vko,) and the atomic component |njl)
of |cko,). InFig. 3¢, we present the most relevant PJDOS. These PJDOS
were computed using VASP (see the next section) and use the scalar
relativistic approximation of Koelling and Harmon®. To obtain the
relativistic PJDOS, we use the procedure developed inref. 12, that is,
forany (> 0,1a,1/2/(cKOQ)? = 1@y 1/2(ckO 1> = la,|*/2, inwhich|a,,*
is the VASP projection. As a result, for [ > 0, the relativistic (njl) > (njl)
PJDOS is a quarter of the scalar relativistic value. On the other hand,
because the VASP calculation was independent of spin, the double
summationover g.and g,in equation (21) resultsin afactorof2 x 2 = 4.
In Extended Data Table 2, we list the HFI constants A, the correspond-
ing ‘diagonal’ values of the PJDOS at the nuclear energy for various Th

atomic states and the contributions to the IC rate. Using these values,
we arrive at an estimate for the IC rate of

fc=1.2x10%s7, (23)
corresponding to an IC lifetime of 80 ps.

In obtaining the estimate in equation (22), we have neglected the
contribution from the cross terms in the expansion of WE . (k)2
Neglecting off-diagonal HFI matrix elements, the contribution from
these terms reads

I—CI’OSS terms _ n

3h2l,+1
x Y Al Tlnjldns VTR 1)
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(24)

ar?’j’[’(yko'v)a(gck —Ek~ h(‘)nuc):|'

Heuristically, we expect the different terms in equation (23) to have
different phases and, thus, their total sum to be small. A more detailed
calculationinwhich the expansion coefficients a,;(cko,) and a,;(vKko,)
are computed explicitly is needed to precisely gauge the accuracy
of this approximation. This is the subject of a future work. Here we
assume that the expansion coefficients have the same phase (and may
thus be taken as all real) and estimate the maximum contributions
from the cross terms. In this case, the quantity in the square bracket
ofequation (23)isa‘cross-PJDOS’, whichis obtained by summing over
the delta functions weighted by the product of square roots of |a,;|.
The maximum values for the cross terms are listed in Extended Data
Table 3. The sum of these cross contributions amounts to

I—[gax cross terms 2.6x% 104 S_l. (25)
The estimated maximum IC rate is therefore
N =3.8x10*s™, (26)

correspondingto anlC lifetime of 30 ps.

Afurther reduction in the IC lifetime is very plausible if we that the
relative error in making the non-relativistic approximation |@,
(cko,)? = |apgym(cko,)* = la,|*/2 is approximately (aZ)? that is, about
40%for Z=90 of Th. Because relativistic contraction generally increases
the electron density near the origin, the IC rate including relativistic
effects may be larger than its non-relativistic counterpart by a factor
ofabout1.4? =2, thus further reducing the estimated IC lifetime to 15 ps.

Computational methods for electronic structure theory
Calculations were performed with VASP version 6.4.2 (ref. 65) using the
PAW®® method. The structure of ThO, was optimized with DFT in the
conventional unit cell using the PBE functional, 6-6-6 I-centred k-mesh
and a 500-eV plane wave cut-off. Our computed lattice parameter is
5.617 A, which matches very well with experimental measurements of
5.597 A (ref. 68). Subsequent electronic structure calculations used the
optimized structure in the primitive cell representation.

Parameters for G,W, calculations®®”, specifically the k-mesh, plane
wave cut-off energy and the number of frequency grid points (NOMEGA
tagin VASP), were tested for convergence of the bandgap. The k-mesh
was tested with a 400-eV cut-off and NOMEGA = 80, the cut-off was
tested with a 6-6-6 k-meshand NOMEGA = 80 and NOMEGA was tested
with a400-eV cut-off and a 4-4-4 k-mesh. The number of unoccupied
bandswas 812 (there are 12 occupied bands). The results of these tests
are shown in Extended Data Tables 4-6. On the basis of these results,



further G,W, calculations were done with an 8-8-8 k-mesh, a 500-eV
plane wave cut-off and 80 frequency grid points.

Our converged bandgap of 6.20 eV agrees well with single-crystal
and thin-film measurements of 5.9 eV (refs. 42,43), although we note
that a range of bandgaps has been reported on the basis of a range of
experimental samples (thin films, nanoparticles, single crystals)’>7
because the measured absorption spectrum canbe strongly influenced
by morphology, defects and the effects of irradiation.

The BSE is a two-particle Green’s function formalism to explicitly
account for electron-hole interactionsin electronic excited states””’s,
The G,W, + BSE parameters were converged with respect to the pre-
dicted absorption spectrum. The tested parameters were the highest
excitation energy (OMEGAMAX) and the number of occupied and unoc-
cupied bands (NBANDSO and NBANDSV, respectively) consideredinthe
BSE calculation. Absorption spectra computed with various settings
for these methods are shown in Extended Data Fig. 2a,b. On the basis
of these tests, further G,W, + BSE calculations were carried out with
OMEGAMAX =20 eV and (NBANDSO, NBANDSV) = (8, 16).

We can validate our method against published experimental data
by computing the dielectric function with G, W, + BSE. Our computed
data, shownin Extended DataFig.2c,d, are agood match with the spec-
troscopic datain ref. 72. Some differences in the imaginary part of
the dielectric function &,, namely the rate at which ¢, increases with
increasing energy from 5 to 8 eV and the low-energy non-zero ‘tail’ in
the experimental spectrum, we attribute to the presence of defects
inthe real crystal, as noted by the authors of the experimental study.

We also compute the absorption spectrum of ThO, with G, W, + BSE,
as shownin Extended Data Fig. 2e. The value at the nuclear transition
energyis1x10°cm™=0.1 nm™, inagreementwith ellipsometric meas-
urements®.

Absorption spectra and dielectric functions were processed from
VASP output with VASPKIT”.

Isomer shift

The isomer shift originates from differences in the nuclear charge
distribution between the ground and excited nuclear states. The
value of the shift depends on the local electronic environment of
29Th. Here we follow the formalism*® that combines relativistic
many-body atomic-structure methods with periodic DFT to evaluate
theisomer shifts in??ThO,. The scalar relativistic periodic DFT repro-
duces valence band properties, whereas relativistic atomic-structure
methods capture the essential core-electron relaxation effects. The
valence band contribution to the isomer shiftin**Th solid-state hosts s
expressed as*®

SELE=Y IPDOS,6¢/°(Th’"), 27)
3
inwhich IPDOS, denotes the integrated projected (on **Th) valence
band density of states for angular momentum ¢ and 6g;°(Th>") is the
isomer shift for the lowest-energy valence orbitals of Th** of angular
momentum . The valence band isomer shift is to be added to the iso-
mer shift in 2°Th*" ions; this contribution remains constant across a
wide range of materials. Extended Data Table 7 presents the calculated
isomer shifts for 2°ThO, for three different methods. Compared with
the PBE and MBJ®°%! methods, the G, W, method includes self-energy
correctionand, as discussed earlier, we consider it of a higher quality.
Extended Data Table 8 presents the calculated isomer shifts 6F,Y%,
the corresponding nuclear clock frequencies vof°Th and their offsets
Avrelative to the ThO, reference for a range of solid-state hosts.

Determination of clock stability
We estimate the clock stability by®?

o= 1 /E+E
“omQsy ot

(28)

inwhich Q =f,/Af is the transition quality factor, Sis the signal-to-noise
ratio, T, is the excitation time, T is the electron collection time and tis
the averagingtime. As stated in the text, we assume that Afis dominated
by the homogeneous lifetime broadening owing to IC and use
Af=16 kHz.For our analysis, we assume 7, = T, =12 psand ashot-noise-
limited signal-to-noise ratio given by S = . [Ny, inwhich Ny is given by

Ngee=Ne x (1= €7 7e/c), (29)

N, (=2.5x107) is the total number of ?°Th nuclei excited, n = 0.5 is the
electron detection efficiency in the clock system and 7,0 =12 ps. N, is
calculated assuming that the probe laser linewidth is much smaller
thanthe lifetime-limited transition linewidth, and the probe laser power
is100 pW. From this, we obtain a projected clock performance of about
2x1078/. 7.

Data availability

The datathat support the findings of this study are available from the
corresponding author onrequest.
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Extended DataFig.1|Electrontrajectory simulations. SIMION simulations theelectric potential. b, The trajectories of photoelectrons generated by VUV
of electrontrajectories under the voltage biasing and static magnetic field scattered lightatrandomlocationsin the chamber. Most either crashinto the
usedinthe experiment.a, Trajectories of IC electrons from the target region. chamber walls or end up fallinginto the electrode biased at +2,500 V.

The magnetic field bends them towards the detection MCP through asaddlein
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Extended DataFig.2|ThO,optical properties through DFT. a,b, Absorption
spectraof ThO,computed with G, W, + BSE using different OMEGAMAX (a) and
(NBANDSO, NBANDSV) (b) settings. The meanings of these parameters are
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giveninthetext.c,d, Real (¢,) and imaginary (&,) parts of the frequency-
dependentdielectric function for bulk ThO, computed with G, W, + BSE.
e, Absorption spectrum of bulk ThO, computed with G, W, + BSE.



Extended Data Table 1| Parameter values and estimated
relative errors used in the calculation of expected IC signal

Parameter Value Rel. Err.
NTh 1.71 x 1022 cm™3 0 (Ref. [48])
L 10 nm 0.7*
' 27 x 12 GHz 0.25
o' 0.1 nm~! 0 (Ref. [35])
n 2.34 0 (Ref. [35])
t; 6 us le-4
Trail 1800 s 0.07
TIC 10 HUs 0.1
Tne 1x10™4 0.7*
Te 0.7 0.35*

Relative uncertainties labelled by an asterisk follow a log-normal distribution and should be
read asn(X/X). O error entries correspond to assumed values from the literature.
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Extended Data Table 2 | Magnetic dipole A HFI constants for low-lying levels of 22°Th*, the corresponding values of PJDOS at
the nuclear energy about 8.35eV and the contributions to the IC rate

A (MHz) PJDOS(hwnyuc) (1/eV)  Contribution to I'ic (s71)
781/2 — 731/2 +6249 5.0 x 10~° 431
6p1/2 — 6p1/2 +8604 4.3 x 1074 6955
6p3/2 — 6p3/2 +426 4.3 x 10~ 170
6d3/2 — 6d3/2 +155.3 5.8 x 1073 307
6d5/2 — 6d5/2 —12.6 5.8 X 10_3 7.1
5f5/2 — 5f5/2 +82.0 5.3 x 1072 2731
5f7/2 — 5f7/2 +31.4 5.3 x 1072 961

The A constants for 7s and 6p states are computed using our relativistic atomic-structure code with random phase approximation and perturbative Brueckner orbital corrections. The A

constants for the 6d and 5f states are taken from experiments®.



Extended Data Table 3 | Maximum contributions to the IC rate from cross terms arising from the expansion in equation (15),

assuming that all of the expansion coefficients are in phase

n'j'l' —njl  “cross-PIJDOS” (hwnyue) (1/eV) Maximum contribution to I'ic (s71)
781/2 — 6].’)1/2 5.0 x 107° 1177
781/2 — 6}73/2 5.0 x 1072 184
731/2 = 6d3/2 2.7 X 10_4 366
781/2 — 6d5/2 2.7 x 1074 o6
781/2 - 5f5/2 5.0 x 1074 670
78172 — 5F1/2 5.0 x 104 308
6p1/2 — 6p3/2 4.3 x 1074 2178
6p1/2 — 6d3/2 8.8 x107* 1635
6p1/2 — 6ds) 8.8 x 10~4 248
6p3/2 — 6d3/2 8.8 x 1074 256
6p3/2 — 6d5/2 8.8 x 1074 39
6p1/2 — 5f5/2 4.0 x 1073 7381
6p1/2 — 5f7/2 4.0 x 1073 4379
6p3/2 - 5f5/2 4.0 x 1073 1156
6p3/2 — 5f7/2 4.0 x 1073 686
6d3/2 - 6d5/2 1.1 x 102 93
6d3/2 — 5f5/2 5.8 x 1073 1185
6d3/2 — 5f7/2 5.8 x 1073 703
6d5/2 — 5f5/2 5.8 x 1073 180
6d5/2 — 5f7/2 5.8 x 1073 107
5f5/2 — 5f7/2 5.3 x 1072 3204

The 6d5,-6ds, HFI matrix elements carry a sign opposite to all the others. This sign difference is also ignored; in any case, the contributions from cross terms involving 6ds, orbitals are

relatively small.



Article

Extended Data Table 4 | Convergence of the G,W, bandgap
with respect to k-mesh

mesh spacing (A~1) band gap (eV)

6-6-6 0.05 6.31
7-7-7 0.045 6.21
8-8-8 0.04 6.18

9-9-9 0.035 6.22




Extended Data Table 5 | Convergence of the G,W, bandgap
with respect to plane wave cut-off

Cut-off (eV) band gap (eV)

400 6.31
200 6.30
600 6.29
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Extended Data Table 6 | Convergence of the G,W, bandgap
with respect to frequency grid points (NOMEGA)

NOMEGA Dband gap (eV)

8 7.45
20 6.36
40 6.21

80 6.18




Extended Data Table 7 | Integrated partial densities of states, IPDOS,, and the products, SE;ye , = IPDOS,3¢}°(Th3"), obtained

with the three electronic structure methods

p GoWo MBJ

IPDOS,; JE}>, (au.) | IPDOS, JEY>, (a.u.)
s 0.119 +1.62x107% | 0.078 +1.07 x 1078
P 0435 —1.69x107° | 0.408 —1.58 x 1079
d 0.759 —242x107% | 0.688 —2.19x 1078
f 0534 —4.25x10"% | 0.432 —3.43x 1078
SEYE (MHz) —343 —310

The isomer shift of the solid-state Th clock, 6Ei\5’g (bottom row), is the summation over the orbital £ defined in equation (26).
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Extended Data Table 8 | Nuclear clock frequencies v obtained from the isomer shifts 3E;Y2 and their offsets Av relative to
ThO, computed with MBJ

Host SEYE (MHz) v (MHz) Av (MHz)
ThO, —310 2020407 338(70) 0
CaFq F-90°-F, Ref. [41] —264 2020407 384(70) +46
LiSrAlFg, Ref. [41] —234 2020 407 414(70) +76

The absolute frequencies are referenced to the free-ion value v(Th*")=2,020,407,648(70) MHz taken from ref. 40.



