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Nuclear T -violation search using octopole-deformed nuclei in a crystal
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Precision measurements with atoms and molecules can search for subtle violations of time-reversal symmetry
T in nuclei and thereby probe a variety of new-physics models. We present a detailed scheme for a nuclear
T -violation search experiment using 153Eu3+ ions doped in noncentrosymmetric sites within a Y2SiO5 crystal.
The ions in this solid contain nuclei that are highly sensitive to T violation, and the ions are strongly polarized by
the fields from neighboring ions. But in particular, the system and methods that we discuss here enable the use of
vast numbers of nuclei trapped in crystals while also offering a number of stringent tests to ward off systematic
errors. Our approach maps out a path to probe new physics at the PeV energy scale.
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I. INTRODUCTION

New sources of time-reversal symmetry T violation are
necessary to explain the observed excess of matter over anti-
matter in the universe [1]. Theories beyond the standard model
and existing experimental constraints indicate that the energy
scale for this new physics is inaccessible to present-day parti-
cle colliders [2,3].

New-physics sources of T violation coupled to hadrons
lead to P-odd, T -odd nuclear moments, which lead to mea-
surable shifts in the energy levels of atoms [4]. These
symmetry-breaking nuclear moments (e.g., nuclear Schiff mo-
ments, magnetic quadrupole moments) can be enhanced by
almost three orders of magnitude in nuclei that exhibit a com-
bination of quadrupole and octupole deformations [5]. The
energy shifts induced in atoms by these nuclear moments are
magnified in atoms that are electrically polarized. Therefore,
T -violating energy shifts can be enhanced for deformed nuclei
within polar molecules, wherein the constituent atomic ions
are strongly polarized: this property has led to a number of
experiments and proposals to study nuclear T violation using
polar molecules [6–10].

But polar molecules are not the only way to polarize atoms.
Atomic ions in noncentrosymmetric sites in a crystal are also
strongly electrically polarized. In effect, each ion in such a
crystal can be considered to be part of a very large polar
molecule. Therefore, experiments with nuclei enclosed by po-
larized ions benefit from enhanced internal electric fields, just
like in polar molecule experiments, while obtaining higher
sensitivity due to the enormous quantity of trapped ions that
can be interrogated in solid-state samples. The potential of
experiments with such doped solids was previously suggested
by Singh [11] and Flambaum and Dzuba [12].

However, there are two main challenges that need to be
addressed before a T -violation search experiment in a solid
can be practically realized.

(i) Although the ions in noncentrosymmetric sites are
electrically polarized, the average electrical polarization over
the crystal can still be zero: in other words, the electrical
polarization vectors of ions within the crystal can point in
many possible directions. Therefore, experiments on the full

ensemble of ions in the crystal cannot measure T -violating
energy shifts unless there is either a biased distribution of
polarization vectors (e.g., in a ferroelectric crystal) or some
way to separately measure signals from differently polarized
ions.

(ii) Optical and nuclear spin transitions of ions in solids
undergo decoherence and inhomogeneous broadening in the
solid state due to impurities, defects, phonons, and the crys-
tal fields from neighboring ions. Therefore, the techniques
used for high signal-to-noise ratio measurements in gas-phase
experiments, such as optical pumping and optically detected
magnetic resonance [9,13], cannot be trivially ported over to
solid-state experiments.

Thus, we believe that new measurement schemes are re-
quired in order to make practical advances in new-physics
searches in solids. These measurement schemes must also
provide protection from systematic errors so that the high
statistical sensitivity of solid-state systems can be gainfully
exploited. In this paper, we discuss the details of a measure-
ment scheme that addresses both these challenges, expanding
on the ideas presented in Ref. [14]. For definiteness, we focus
this discussion on the Eu:YSO system: 153Eu3+ ions doped
into yttrium orthosilicate (Y2SiO5), although the methods de-
scribed here are more general and could be applied to other
combinations of dopants and hosts. 153Eu is a stable isotope
(52% natural abundance), and its collective enhancement of
T -violation effects is estimated to be comparable to those
of 225Ra and 223Fr [12,15]. Eu:YSO combines a number of
advantages into one convenient platform: the intrinsic high
sensitivity of 153Eu to nuclear T violation, large numbers of
strongly polarized atomic ions, and well-studied hyperfine
structure that enables high-precision measurements on its nu-
clear spin states. In the following sections we describe the
experimental measurement scheme and show how to use the
properties of Eu:YSO to address challenges (i) and (ii).

II. STRUCTURE OF Eu:YSO

YSO is a transparent crystal wherein the Y3+ ions are
located in noncentrosymmetric sites. Eu3+ ions substitute for
Y3+ at two distinct C1 sites: one with seven adjacent oxygen
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ions (site 1) and one with six adjacent oxygen ions (site 2)
[16]. Each type of site, and therefore the electrical polarization
of the corresponding Eu3+ ion, can itself be oriented in a
discrete set of directions within the crystal [17].

Eu:YSO has been extensively studied over several decades,
primarily for its applications to quantum information storage
and transduction [18–20]. In particular, narrow homogeneous
and inhomogeneous linewidths have been observed on the
4 f 6 7F0 → 4 f 6 5D0 transition at 580 nm [21]. The hyperfine
and Zeeman interactions of the nuclear sublevels in the 7F0

and 5D0 states have been measured [22], optical pumping
between the nuclear sublevels has been demonstrated [23],
and long-lived coherence between these sublevels has been
observed [24].

Linear Stark shifts of the 7F0 → 5D0 transition have been
observed in Eu:YSO [25]. A linear Stark shift implies that
Eu3+ ions are statically polarized within the crystal. Static
electric polarization of ions is not unusual—in fact, the cations
and anions in a polar molecule are electrically polarized in
the same way. But the difference between a gas-phase polar
molecule and Eu:YSO is that gas-phase molecules exist in a
quantum superposition of states with different orientations of
their body-fixed dipole (i.e., rotational states), whereas Eu3+

ions in Eu:YSO are projected into a classical statistical mix-
ture of fixed orientations due to suppression of tunneling by
the lattice. Eu:YSO therefore consists of a set of electrically
polarized Eu3+ ions, fixed in their orientation by the YSO
crystal.

Despite being strongly electrically polarized and bonded to
a set of neighboring O− ions as if in a polar molecule, Eu3+

ions have an unusual property which is crucial to the mea-
surement scheme described here: the lowest few electronic
states in the ion retain their atomlike character. This property
arises because the valence energy levels in Eu3+, particularly
the 7F0 and 5D0 states that are involved in the 580-nm op-
tical transition, lie within the contracted and shielded f shell
[25,35]. Furthermore, these states have zero electronic angular
momenta, which drastically reduces their coupling to the lat-
tice. The Eu:YSO system thus offers the combined benefits of
atomlike narrow optical lines along with polar-molecule-like
enhancement of T -violation effects.

We parametrize the polarization of an Eu3+ ion by its
induced dipole moment Dn̂. We emphasize that this dipole
moment is not the permanent electric dipole moment (EDM)
that is measured in nuclear T -violation experiments. In non-
centrosymmetric sites, an electronic state of the ion can have
a finite electric dipole moment D due to odd-parity crystal-
field components and can thus exhibit linear Stark shifts [26].
This effect leads to symmetric doublet splittings in optical
transitions when two states with oppositely oriented dipole
moments (relative to the crystallographic axes) are degen-
erate in a noncentrosymmetric trapping site; following the
first observations in ruby crystals, this mechanism was named
“pseudo-Stark splitting” [27]. Similar to the description in
Ref. [28], in the case of the noncentrosymmetric C1 trap-
ping sites of YSO, the orientation of the dipole moment is
fixed in an arbitrary direction relative to the crystallographic
axes. However, within the overall centrosymmetric YSO lat-
tice (C2/c), the dipole moment is oriented relative to a pair
of equivalent crystallographic directions, leading to Eu3+ ions

with oppositely oriented dipole moments in otherwise physi-
cally equivalent trapping sites in the macroscopic crystal.

The shift of the 580-nm transition in Eu:YSO in a labo-
ratory electric field Elab is �E = −�Dn̂ · �Elab, where �D =
D(7F0) − D(5D0) is the differential dipole moment between
the 7F0 and 5D0 electronic states. In the linear Stark shift
measurements in Ref. [25], an optically selected spectral class
of ions prepared in Elab = 0 split into two classes shifted by
opposite amounts when Elab �= 0 was applied. These measure-
ments are consistent with the prior argument that each unit
cell in Eu:YSO has a static electric dipole moment Dn̂ and
that the cells are found in two opposite orientations along
each crystallographic axis in the macroscopic single crystal.
The linear Stark shift coefficient �E = 27.1 kHz/(V/cm)
× Elab of the 7F0 → 5D0 transition measured in Ref. [25]
for electric fields directed along the crystallographic D1 axis
indicates that the differential dipole moment along the D1 axis
is �D = 0.02ea0. As described below, the linear Stark shift
of the optical transition provides a way to selectively address
ions that have a specific direction of electric polarization n̂.

The effective Hamiltonian for the nuclear spin degrees of
freedom, which accurately describes the hyperfine structure of
153Eu3+ in YSO, is

Ĥeff = �Blab · M · �I + �I · Q · �I − Dn̂ · �Elab + WT �I · n̂. (1)

Here �I is the nuclear spin, �Elab is the lab electric field, and
�Blab is the lab magnetic field. M is the gyromagnetic ten-

sor [29], such that �μ = M · �I is the magnetic moment. Q is
the quadrupole tensor, and Dn̂ is the electric dipole moment
of the Eu3+ ion polarized by the crystal. The quantity WT

parameterizes the nuclear T -violating energy shift. Since M
and Q are influenced by crystal fields, they depend on the
electronic state (7F0 or 5D0), and they are anisotropic for the
C1 substitution sites where the 153Eu3+ ions are trapped in
Eu:YSO. The M tensor has been measured for 151Eu:YSO
[30] but not for the 153Eu isotope that is of interest here.
Therefore, as a reasonable first approximation, we scaled the
M tensor in Ref. [30] by the ratio of the nuclear magnetic
moments of 153Eu to 151Eu [31] for our calculations.

The eigenstates of this Hamiltonian for the 7F0 electronic
state in the absence of external fields (and with WT = 0) are
represented as points in the diagram in Fig. 1. The eigenstates
appear in degenerate pairs that are related to each other by a T
transformation, as expected from Kramers’s degeneracy theo-
rem [32]. We denote these Kramers pairs as ā, a; b̄, b; and c̄, c
in increasing order of energy. We use this nomenclature for
the eigenstates instead of mI labels that appear in the literature
since mI is not a good (or particularly useful) quantum number
when there is no azimuthal symmetry. Also shown in Fig. 1
are the sensitivity coefficients ζ = 〈�I · n̂〉 in each state—these
values are proportional to the energy shift of the state if
T violation is present. T -violating energy shifts have equal
magnitudes and opposite signs for the two states in a Kramers
pair. So, in a nutshell, the experiment involves searching for
the breakdown of Kramers’s degeneracy due to T violation.

Note, however, that the states in a Kramers pair have
opposite signs of magnetic moments as well. Therefore, the
experiment needs to be able to distinguish T -violating energy
shifts from mundane Zeeman shifts due to magnetic fields.
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FIG. 1. Energies, magnetic moment projections 〈�μ · n̂〉, and nu-
clear T -violation sensitivity parameters ζ = 〈�I · n̂〉 (purple text) for
nuclear spin sublevels of the 7F0 electronic state of 153Eu3+ in YSO in
zero magnetic field. These values were calculated using the constants
measured in Refs. [30,33], adjusted as described in the text. We fixed
n̂ parallel to the crystallographic D1 axis of YSO for this calculation.

This is easily accomplished: the ζ values for any given state
have equal magnitudes but opposite signs in ions with oppo-
site values of n̂ (i.e., ions with opposite electric polarization).
So the experiment consists of measuring energy differences
between a Kramers pair in ions that are polarized in a partic-
ular direction in the lattice and comparing the result with the
same measurement in ions polarized in the opposite direction.
For definiteness, the measurement scheme in Sec. III focuses
on measuring the T -violating energy difference between the
states |ā〉 and |a〉 in Fig. 1.

A key step in the measurement scheme is the transfer of
population into specific Kramers pairs through optical pump-
ing. Note that, at any given optical frequency within the
inhomogeneous optical line, ions from many different spectral
classes (i.e., local crystal environments) can be resonant with

TABLE I. Relative transition probabilities |〈 je|i〉|2 between hy-
perfine sublevels of 7F0 → 5D0 in 153Eu:YSO in zero magnetic field,
calculated using the constants measured in Refs. [33,34]. Hyperfine
levels belonging to the excited electronic state are denoted with the
subscript e.

|a〉 |ā〉 |b〉 |b̄〉 |c〉 |c̄〉
〈ae| 0.031 0.001 0.157 0.012 0.799 0.000
〈āe| 0.001 0.031 0.012 0.157 0.000 0.799
〈be| 0.094 0.004 0.690 0.026 0.163 0.022
〈b̄e| 0.004 0.094 0.026 0.690 0.022 0.163
〈ce| 0.866 0.004 0.105 0.009 0.007 0.009
〈c̄e| 0.004 0.866 0.009 0.105 0.009 0.007

the laser. Each spectral class is associated with nine distinct
optical frequencies, from the combinations of three Kramers
pairs each in 7F0 and 5D0.

In contrast with gas-phase atoms, Eu:YSO can be opti-
cally pumped into selected hyperfine states despite the lack
of electronic angular momentum in 7F0 and 5D0. The main
reason is that the quadrupole tensor Q is different in the
7F0 and 5D0 states, so the hyperfine eigenstates in these two
electronic states have different orientations of �I relative to
the crystallographic axes. Therefore, the absorption or spon-
taneous emission of a photon on the 7F0 - 5D0 transition can
reorient �I , resulting in finite optical transition matrix elements
between any 7F0 hyperfine state |i〉 and 5D0 hyperfine state
| je〉. These optical transition matrix elements are listed in
Table I. Applying optical pulses with appropriate sidebands
to address multiple states, it is possible to selectively populate
the b̄, b Kramers pair in 7F0.

III. MEASUREMENT SCHEME

The measurement sequence, illustrated in Fig. 2, is as fol-
lows.

FIG. 2. Overview of the measurement scheme. The 7F0 - 5D0 optical transition in Eu:YSO is used to optically pump the nuclear spin
sublevels. In step 1, laser sidebands tuned to different hyperfine transitions are used to deplete the a, ā and c, c̄ states, creating holes in the
inhomogeneously broadened optical line, and to populate the b, b̄ states, which creates antiholes [35]. Applying a laboratory electric field
moves the holes and antiholes to different spectral neighborhoods, as shown in the diagram, depending on the relative orientation between �Elab

and the dopant ion’s electrical polarization n̂. In step 2, rf pulses are used to drive the b̄-ā and b-a transitions. In step 3 the populations excited
into a, ā are detected using optical absorption, and the rf resonance frequencies are compared for opposite orientations of n̂. A similar method
can be used to measure the b̄-c̄ and b-c transitions.

012819-3



H. D. RAMACHANDRAN AND A. C. VUTHA PHYSICAL REVIEW A 108, 012819 (2023)

(1) State selection. The 580-nm 7F0 - 5D0 optical transition
of Eu3+, with appropriately chosen rf sidebands, is used to
deplete the |a〉, |ā〉 and |c〉, |c̄〉 states and pump the population
into |b〉, |b̄〉.

(2) rf spectroscopy. In order to precisely measure the T -
violating energy shift, the b̄-ā and b-a transitions are driven
using a sequence of rf pulses.

(3) Comagnetometer comparison. Populations transferred
to a, ā by the rf pulses are detected using optical absorption in
order to measure the rf resonance frequencies. The resonances
measured in this way are compared for ions with opposite
values of n̂, taking advantage of the Stark shifts of the optical
transitions.

In step 1, Eu3+ ions are initialized in the b̄, b states using a
sequence of laser pulses. In gas-phase atoms, two lasers (one
to deplete ā, a and one to deplete c̄, c) would be sufficient
to transfer population to the b̄, b Kramers pair. But due to
inhomogeneous broadening of the 7F0 - 5D0 optical transition
in Eu:YSO, these two lasers also depopulate the desired b̄, b
Kramers pair in spectral classes whose optical resonances are
shifted by linear combinations of the 7F0 and 5D0 hyperfine
intervals. Therefore, three different optical frequencies are
necessary to ensure that one spectral hole (or antihole) is
uniquely associated with one Kramers pair. The illustration
of step 1 in Fig. 2 shows these laser frequencies. A detailed
description of the hyperfine state-preparation protocol can be
found in Ref. [23].

In step 2, a small bias magnetic field Blab is applied for
experimental convenience, so that nonzero frequencies can be
measured. rf spectroscopy of the ā-b̄ and a-b transitions is
then used to measure the frequency difference between the
ā and a states νāa. A nonzero value of νāa arises due to the
Zeeman shift from the bias field plus a putative shift due to
the presence of T violation.

The main obstacle to precision rf spectroscopy of νāa is
the inhomogeneous broadening of the ā-b̄ and a-b rf transi-
tions. On the face of it, the precision of νāa would seem to
scale as 1/

√
T2 with the ensemble coherence time T2 ∼ 1/�inh

arising from the inhomogeneous width �inh of the ā-b̄ and
a-b transitions. Although Eu:YSO would offer competitive
T -violation constraints with T2 ∼ 2.3 µs [19], it is, in fact,
possible to obtain much better precision, scaling inversely
with the hyperfine coherence time τ = 15 ms [24,36,37].

The key to measuring the small frequency difference νāa,
despite its being masked by inhomogeneous broadening, is
to use coherent-quantum-beat (CQB) spectroscopy [38]. The
idea behind the CQB method is summarized in the Appendix,
and further details and numerical results can be found in
Ref. [38]. In step 2, applying CQB to the four-level system
(b, b̄ and a, ā) allows for simultaneous measurements of νāa

on the entire ensemble of Eu3+ nuclear spins prepared in step
1, leading to larger signals and longer coherence time. Inho-
mogeneous broadening of the hyperfine transitions is not a
fundamental barrier to precision measurements of T violation
in solid-state systems.

In step 3, we take advantage of the 7F0 - 5D0 transition to
optically read out the populations in the b̄, b and ā, a states,
using absorption or fluorescence spectroscopy. Crucially,
these populations can be separately measured for Eu3+ ions

polarized in opposite directions. Due to the linear Stark shift
and the subkilohertz homogeneous linewidth of the 7F0 - 5D0

transition, a small electric field, Elab ≈ 5 V/cm, suffices to
widely separate the optical transitions in ions with opposite
values of n̂. These oppositely polarized ions then serve as
ideal “comagnetometers,” with properties that are completely
identical in every way except for the sign of the T -violating
energy shift.

A. Suppression of systematic errors

The measurement of νāa can be repeated while varying
a number of experimental parameters. These parameters in-
clude, but are not limited to, the static magnetic and electric
field strengths, rf pulse amplitudes and phases, the volume il-
luminated by the laser within the crystal, and the spectral class
of Eu3+ ions that are optically state selected. These variations
can be augmented with a number of “reversals,” i.e., discrete
switches, of parameters such as the signs of the static electric
and magnetic fields. The reversals modulate the energy shifts
from a true P-odd, T -odd nuclear moment (proportional to
ζ ) in a characteristic way, allowing us to separate T -violation
signals from spurious systematics.

A useful comparison for distinguishing true T violation
in such measurements uses the comagnetometer ions men-
tioned above. This process is analogous to the effect used
to great advantage in electron EDM experiments with po-
lar molecules [39]. Additionally, since the ion is already
strongly polarized within the crystal, variations in the small
applied electric field Elab do not appreciably change the T -
violating energy shift. Thus, the value of ζ is essentially
unaffected by variations in the magnitude of Elab. On the
other hand, many classes of systematic errors due to, e.g.,
nonreversing electric fields or leakage currents caused by
the fields strongly depend on Elab. Therefore, experiments
conducted with different values of Elab allow a large vari-
ety of systematic errors to be distinguished from genuine
signals.

Yet another useful switch is to interleave measurements on
the b̄-ā and b-a transitions with measurements on other pairs
such as b̄-c̄ and b-c (see Fig. 1) under otherwise identical
conditions. These comparisons between sets of states with
very different values of ζ and different magnetic moments
will affect a true T -violation signal in a characteristic and
calculable way, distinct from errors due to uncompensated
magnetic fields.

Finally, another convenient switch is offered by compar-
isons between measurements on 151Eu3+ and 153Eu3+ isotopes
under otherwise identical measurement parameters. These
ions have the same nuclear spin (I = 5/2), nearly equal natu-
ral isotopic abundance, and comparable atomic and magnetic
moments, but only 153Eu has the nuclear octupole deformation
which enhances the effects of microscopic T violation [15].
Therefore, the two isotopes offer one more useful comparison.
Using the shift in the hyperfine Hamiltonian between these
isotopes, a simple change in the laser frequencies used in
step 1 above allows switching between the isotopes within
the same crystal in order to separate T -violation signals from
systematics.
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TABLE II. Potential systematics and paths to their suppression in the experiment. The technical simplicity of the experimental system,
coupled with the many useful controls available in Eu:YSO, enables T -violating energy shifts to be cleanly distinguished from mimicking
systematics.

Systematic effect Methods for detection and suppression

B-field drifts n̂ switch, spin-state switch, isotope switch
Nonreversing B fields Elab magnitude, n̂ switch, spin-state switch, isotope switch
Nonreversing E fields Elab magnitude, spin-state switch, isotope switch
Laser light shifts Elab magnitude, n̂ switch, spin-state switch, isotope switch
rf light shifts and pulse errors �Blab reversal, n̂ switch, isotope switch, rf pulse magnitude and width
Phonon effects above switches plus crystal temperature variation
Crystal impurities and defects differently doped and enriched crystals

Table II summarizes some of the systematic error controls
available with this combination of experimental platform and
measurement scheme.

The Eu:YSO system has a number of practical advantages
for experiments. The crystal occupies a small volume, making
it conveniently easy to shield from background electromag-
netic fields. It is simple to operate experiments with multiple
crystals (e.g., with different doping concentrations or different
isotopic enhancements) within the measurement volume or to
change the temperature of the crystal. A single laser – with ap-
propriate rf sidebands imprinted by acousto- or electro-optic
modulators – is adequate for the state-preparation and readout
steps. The crucial spectroscopy step is done entirely using rf
spectroscopy, which allows for precise control of the pulse
amplitudes and phases.

IV. ESTIMATED SENSITIVITY TO NEW PHYSICS

The essence of the experiment is to search for a T -violating
energy shift between different orientations of the 153Eu nu-
cleus within a polarized Eu3+ ion. The sensitivity of this
process to T violation is determined by (i) the polarization
of the Eu3+ ion by the crystal, which results in T -violating
energy shifts, (ii) the intrinsic sensitivity of the 153Eu nucleus
to fundamental T -violation parameters, and (iii) the statistical
precision with which the T -violating shift is measured.

In the following, we estimate the polarization of the Eu3+

ions in Eu:YSO using published experimental measurements
and theory calculations. First, we introduce a quantity that
we denote as the crystal electric field �Extl. This is the field
that one would have to apply to a free-space ion to obtain the
induced dipole moment Dn̂ of the Eu3+ ions in Eu:YSO. The
magnitude of Extl can be estimated from the measured linear
Stark shift of the 7F0 - 5D0 transition.

The linear shift measured in experiments arises from an
underlying quadratic shift that involves the crystal electric
field and the atomic polarizabilities: �E = �α( �Extl + �E ′

lab)2,
where E ′

lab = Elab/εr is the lab field shielded by the permit-
tivity εr ≈ 10 [40] of the crystal. The atomic polarizability
difference between the 5D0 and 7F0 states is �α = αe − αg.
Therefore, �νE = 2�α �Extl · �E ′

lab.
In order to estimate Extl from the measured Stark shift

coefficient �νE ∼ 27 kHz/(V/cm) [25], we need estimates of
�α. The differential polarizability of the states in Eu:YSO is

presently unknown, although the polarizability of the ground
state of the ion is known to be αg = 1.1 a.u. in free space
[41]. In order to conservatively account for the higher polar-
izability of the ion within the YSO lattice [42] and for the
unknown (although likely much smaller [42]) polarizability of
the 5D0 state, we assume in the worst case that �α = 100 a.u.
The resulting estimate of the crystal electric field is Extl �
1.3 MV/cm.

Next, the T -violating energy shift measured in experiments
can be related to a microscopic measure of T violation. We
write the T -violating shift discussed in Sec. III as νāa =
2ζa κ θ Extl, where ζa is the absolute value of the ζ parameter
in the ā, a states. The quantity θ is the equivalent value of the
quantum chromodynamics θ̄QCD parameter that would lead to
the same physical effects and is thus a convenient dimension-
less way to quantify T violation due to new physics. The value
of κ was calculated for 153Eu3+ in Ref. [12] to be κ (153Eu) =
−1.2 × 10−17 e cm. Thus, we arrive at an estimate of the
T -violating shift in Eu:YSO, which is νāa ∼ 1.1 × 104 θ̄ Hz.

The above number is based on a highly conservative
estimate of Extl. More accurate estimates of the new-
physics and dark-matter sensitivities of the Eu:YSO system
will need to be supported by accurate calculations of
the electrical polarization of Eu3+ in noncentrosymmetric
sites [43].

The experimental precision in measuring the T -violating
shift depends on three factors: the number of Eu3+ ions in-
volved in a measurement N , the nuclear spin coherence time
τ , and the total integration time Tint. Assuming an Eu concen-
tration of 0.01% and a 1-mm-diameter laser beam propagating
through a 10-mm-long crystal, we estimate the number of
ions resonant with the laser to be N = 1014 (accounting for
the fraction of ions addressed in the optical state-selection
process). As mentioned above and discussed in Ref. [38],
coherent quantum beat spectroscopy allows measurements
of νāa with a coherence time that is not limited by the en-
semble T2 for nuclear spin transitions. For the estimate of
new-physics sensitivity, we use τ = 15 ms measured at 4 K
in Refs. [24,36,37].

The precision in the measurement of the T -violating shift
is

δν = 1

2S

√
1 + β

τTint
, (2)
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where S is the signal-to-noise ratio of population measure-
ments that can be obtained within a measurement time Tm =
βτ . Here 1 + β is a duty-cycle factor that encapsulates how
efficiently the measurements use the available coherence time.
We assume that the full extent of the signal-to-noise ratio from
N = 1014 ions, S = 107, can be obtained in a measurement
time Tm = 2τ (i.e., β = 2) using low-noise laser absorption
measurements of the hyperfine-state populations. These esti-
mates suggest a statistical sensitivity δν ∼ 2.4 nHz ×

√
1 day
Tint

.
Combining the estimate of T -violating shift in the Eu:YSO

system νāa with the precision obtainable from the mea-
surement scheme δν, we find that the resulting T -violation
sensitivity is δθ � 3 × 10−13

√
1 day
Tint

. The realization of the
scheme developed in this paper could lead to a considerable
improvement over current bounds on T violation [13,44].

We note that nuclear spin coherence for thousands of sec-
onds has been demonstrated in the Eu:YSO system at high
magnetic fields [18,30]. While we have conservatively made
our estimate using the much smaller value of τ in low mag-
netic fields reported for Eu:YSO in the literature, it is enticing
to anticipate new measurement techniques that could poten-
tially unlock much longer coherence times for T -violation
measurements in Eu:YSO.

In addition to P-odd, T -odd nuclear moments, T violation
can also appear due to time-dependent phenomena, such as os-
cillating electric dipole moments arising from wavelike dark
matter [45–47]. Any such oscillations need to be measured
with a bandwidth higher than two inverse periods; else, they
average away to zero. The high sensitivity obtainable within
a short integration time using Eu:YSO leads to useful band-
width: we expect this system to be sensitive to fluctuations
δθ < 10−10 within 1 s of integration, enabling a broadband
search for wavelike dark matter over the mass range from
10−14 to 10−18 eV.

V. CONCLUSION

We have described a means to measure T violation
with improved sensitivity, using octupole-deformed nuclei
doped into noncentrosymmetric sites in a crystal. Our ap-
proach leverages the high intrinsic T -violation sensitivity of
octupole-deformed nuclei while using electrically polarized
ions that are deeply trapped within a crystal. The measurement
can be performed using a simple and compact experimental
system. In order to match the enhanced precision available
in this system with the required level of systematic error
control, we have identified a number of tests and reversals
to isolate genuine new physics from spurious backgrounds.
Although a low-symmetry solid-state system may seem to be
a complex place for precision measurements, we have shown
how the unique properties of Eu:YSO paired with an appro-
priate measurement scheme can yield high sensitivity to T
violation.
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APPENDIX: COHERENT QUANTUM BEATS

The coherent-quantum-beat (CQB) method allows for the
measurement of a small frequency difference ωe masked by
the much larger inhomogeneous width �inh. We summarize
the main features of CQB with a simple three-level sys-
tem, shown in Fig. 3. Consider a pair of near-degenerate
states e1, e2, separated by ωe, and a third state g, separated
by ω0 from the center of e1, e2. The atom interacts with
light at the frequency ω, detuned by an amount � = ω −
ω0, which drives the inhomogeneously broadened g → e1, e2

transitions.
The CQB measurement sequence consists of two π pulses

separated by a free evolution time T . When g → e1, e2 is
driven, interference occurs between e1 and e2 and persists
even when �inh � ωe. To see this, note that the detuning �

affects the amplitudes α and β in the coherent superposition
|ψ (0)〉 = α|e1〉 + β|e2〉 prepared by the first pulse, but it does
not affect the phase accumulated during the free evolution
to the state |ψ (T )〉 = α|e1〉e+iωeT/2 + β|e2〉e−iωeT/2. This final
state |ψ (T )〉 is projected onto g by the second pulse. The CQB
sequence leads to a modulation in the ground-state population
Pg as a function of T at the frequency ωe. Further, the modu-
lation is insensitive to �, allowing for a precise measurement
of ωe even when it is much smaller than �inh.

In Ref. [38], this idea was developed analytically and nu-
merically and extended to four-level systems consisting of
two pairs of near-degenerate states g1, g2 and e1, e2 in initial
mixed states. In particular, the CQB method can be applied
to the four-level system {a, ā, b, b̄} (described in Sec. III) to
measure the desired energy difference νāa. Higher precision
can be obtained compared to conventional spectroscopy tech-
niques such as Ramsey interferometry since all the atoms in
the inhomogeneously broadened ensemble contribute to the
measurement.
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