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Precision comagnetometry for 7'-violation searches in crystals
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Searches for time-reversal symmetry (7) violations using spin sensors are susceptible to spurious frequency
shifts and noise from magnetic fields, which can mask signals originating from beyond-standard-model new
physics. Therefore, a comagnetometer—an auxiliary sensor that allows mundane magnetic-field effects to be
differentiated from new physics—is an essential feature of many precision measurements. We characterize an
intrinsic comagnetometer that is available in crystals, which can be used to suppress spurious magnetic-field
effects through comparing sets of ions related by spatial reflection symmetry. We find that the new-physics
measurement channel can be effectively shielded to better than 10 uG, without the need for active or passive
magnetic shields. Our measurements demonstrate precise and accurate control over magnetic systematic errors,
laying the groundwork for improved searches of T violation using solid-state systems.
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The inconsistencies between the standard model of parti-
cle physics and astrophysical evidence, such as dark matter
and the dominance of matter over antimatter in the universe,
motivate searches for new particles or interactions that break
time-reversal symmetry (7') [1]. For instance, static 7 viola-
tion produced by new particles or forces generically lead to
nonzero electric dipole moments of fundamental particles [2].
Axionlike dark matter models postulate new fields that lead to
oscillatory T violation in nuclear interactions [3].

Precision measurements searching for 7' violation in labo-
ratory experiments typically rely on measurements of energy
differences between spin states, whether in particles such
as neutrons [4], atoms [5], or polar molecules [6,7]. How-
ever, the spins of these systems are always associated with
magnetic moments, which makes such experiments suscepti-
ble to magnetic fields: fluctuating magnetic fields add noise
and degrade the precision of spin sensors, whereas magnetic
fields correlated with changes in experiment parameters can
introduce systematic errors. Therefore, a strategy commonly
employed in such precision measurements is to use a different
spin system as a comagnetometer, in order to track magnetic-
field changes and distinguish their effects from genuine new
physics [8].

Comagnetometer techniques used in searches for new
physics range from the use of an entirely different species
(e.g., Hg as a comagnetometer in neutron electric dipole mo-
ment searches [4]) to the use of different internal states within
the same system (e.g., parity doublets states in searches for the
electron electric dipole moment with polar molecules [7,9]).
Unsurprisingly, any fluctuations in the magnetic moment of
the comagnetometer species compared to the system of in-
terest, or variations in their spatial distributions, introduce
ways for residual systematic errors to enter into precision
measurements [8].

A nuclear T-violation search can be performed using
spectroscopy of rare-earth ions in solids, in order to take
advantage of the significantly larger number of trapped
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polarized atoms that are available in doped crystals compared
to traditional beams or laser-cooled atomic and molecular
experiments. While rare-earth-doped crystals with highly co-
herent optical transitions have been employed for quantum
information storage [10,11] and laser frequency stabilization
[12,13], they can also be used to explore the parameter space
of new physics occurring at extreme energy scales (>100
TeV). In Refs. [14,15], methods were proposed for perform-
ing T-violation searches using non-centrosymmetric crystals
containing octupolar rare-earth nuclei, such as '>*Eu, which
are expected to be highly sensitive to new physics. When rare-
earth ions are in non-centrosymmetric sites in crystals, they
are strongly electrically polarized by the local fields produced
by neighboring ions: these polarized ions produce measur-
able frequency shifts due to T-violating nuclear moments
and they also offer convenient features for mitigating noise
and systematic errors. In particular, different groups of ions
in these crystals can be used as comagnetometers to control
magnetic-field effects in T'-violation search experiments, as
we demonstrate in this Letter.

The essential idea behind comagnetometry in such crystals
is to use mirror-symmetric sets of ions that have identical
magnetic properties but opposite 7'-violation sensitivities. In
spirit and intent, our work follows the experiments of Royce
and Bloembergen [16], who used oppositely polarized Cr*
ions in crystals to set one of the earliest experimental bounds
on T violation. Here we show that this basic idea can be
extended and applied to crystals containing octupolar nuclei,
resulting in comagnetometers that can accurately track and
cancel magnetic-field fluctuations in a system that has en-
hanced sensitivity to T violation.

Our experiments use '>*Eu’* ions doped into yttrium or-
thosilicate (YSO). The crystal structure of YSO (space group
C>/c) is shown in Fig. 1. The locations of the ions within
the primitive cell for Y,SiOs are obtained from the Materi-
als Project database [17]. Each primitive cell contains four
“site 1” locations where Eu®* ions can be situated. Tons in
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FIG. 1. Crystal structure of a YSO primitive cell, viewed from three orthogonal directions. The x, y, z axes correspond to the dielectric
D1, D2, b axes in angstrom units. Each "site 1" Y*7 is plotted with an arrow corresponding to the projected direction of the nearest O~ site
(some of which are outside of the shown primitive cell). The arrows aid in the visualization of the $ or I1 transformation of the Y** local
environments; 3 is a 180° rotation around the z axis and IT is a parity flip.

site 1 (where the wavelength of the Ry — Dy transition is
580.04 nm) are shown as filled circles in the figure. In the
following, we use x, y, z to refer to the D1, D2, b dielectric
axes of the crystal for convenience of notation and we restrict
our attention to “site 1”” ions in YSO [18]. Primitive cells in
the YSO crystal contain four equivalent Y3* ion positions
where Eu’* can be substituted. There are two symmetries
relating these positions. The first is a reflection through the
origin,

I (x, v,2) = (—x, —y, —2). (D
The second is a 180° rotation around the z axis,
20y 2) > (—x, =y 2). 2

These transformations are illustrated in Fig. 1.

Consequently, the Hamiltonians for Eu*" ions at these
four positions are related to one another. Using the symbols
m = =1 and 0 = =£1 to label the ion positions according to
the irreducible representation of the IT and 3 symmetries,
respectively, the effective Hamiltonians for the nuclear spin
degree of freedom at the four positions, in a particular elec-
tronic state of the ion, are

H(o.m) =Y Qilil; — 0 (uBy + 11yB)) — ju.B.

iJ
—onDA-El+n Qf - h. (3)

The indices i, j = 1 to 3 label the cartesian axes and Eand B
are respectively the electric and magnetic fields applied to the
Eu:YSO crystal. The nuclear spin is I, the electric quadrupole
moment tensor is Q;;, and p; = — ) ;Mi;I; are the magnetic-
moment components in terms of the gyromagnetic tensor M;;
[19]. The quantity D = D is the electric dipole moment of
the polarized Eu®* ion, with I being the identity operator
in the nuclear spin state space. The —om Dii - ET term is a
common-mode energy shift for all the nuclear spin sublevels
in an electronic state of the ion, with a sign that depends on

the ion’s electric polarization. The quantity €2 parametrizes
the energy shift due to a possible nonzero P-odd, T-odd nu-
clear moment that is produced by beyond-standard-model T
violation.

From the Hamiltonians in Eq. (3), it is evident that ions
related by the IT transformation have identical quadrupole and
Zeeman shifts, but their opposite electrical polarization—due
to their oppositely oriented local environments—endows them
with opposite sensitivity to the €2 term. By taking advantage
of rf-optical double resonance, nuclear spin transitions in ions
with different values of m can be separately read out using
Stark shifts of their optical transitions (due to the oz Dii - £l
term). In contrast, nuclear spin transitions in ions with differ-
ent values of o have different resonance frequencies when the
magnetic field is applied, e.g., along the x and z directions (due
to the o u, B, + w1, term), but they have identical shifts due
to electric fields. As we show below, these two types of be-
havior can be used to isolate the w-dependent 2 term, which
contains information about possible beyond-standard-model
physics, and separate it from spurious magnetic-field effects.

Crucially, all these measurements can be made just by
changing optical and rf frequencies, without requiring me-
chanical or electrical switches that could introduce correlated
systematic errors. The 0 = +1, 7 = £1 ensembles of Eu’t
ions therefore act as accurate mutual comagnetometers. In the
following, we show that such a scheme can be experimentally
implemented and practically used in precision measurements.

The energy-level structure of Eu:YSO is shown in Fig. 3.
The 580 nm optical transition connects the ground 'F elec-
tronic state to the excited Dy electronic state in Eu®". The
quadrupole interaction splits the six nuclear spin sublevels
into three sets of state pairs related by Kramers degen-
eracy [19]. In a crystal such as YSO where there is no
spherical symmetry to the environment of an ion, angu-
lar momentum quantum numbers are not useful labels for
the eigenstates of the nuclear-spin Hamiltonian. So instead,
we use letters to label the states and bars over the letters
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FIG. 2. Schematic diagram of the apparatus. The rf frequency
measurements in Figs. 5 and 6 were made using laser absorption
spectroscopy of the 'Ry —°Dy transition in a Eu:YSO crystal at 5 K.
The crystal was placed between a pair of electric-field plates, con-
tained within rf coils. SmCo permanent magnets were used to apply
a static magnetic field parallel to the electric field.

to denote Kramers conjugates. Thus the eigenstates of the
quadrupole interaction are labeled a, a;b, b;¢, ¢ in the "R
electronic state and @, a’;b', b;&, ¢ in the Dy electronic
state.

The T -violation sensitivities of the @, a; b, b; ¢, ¢ states are
discussed in Ref. [15]. For the measurements reported here,
we focus on the b — b transition. The resonance frequency of
this transition has magnetic-field sensitivity d f(b, b)/dB, ~
0.6 kHz/G. Therefore, without comagnetometry and using
magnetic-field control alone, it is challenging to measure
resonance frequency shifts due to beyond-standard-model T
violation that are expected to be <1 mHz.

The YSO crystal in our experiments is doped with *Eu’*
at a concentration of 0.01% and has dimensions 3.5 mm x
4.0 mm x 5.0 mm. The crystal was mounted in a cryocooler
and held at approximately 5 K. A schematic of the apparatus
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FIG. 3. Energy levels of '*Eu’*:YSO. The ground ’F, and
excited Dy electronic states are connected by a 580 nm optical
transition. In the measurements reported here, the b — b nuclear spin
transition was probed using rf spectroscopy. The energy difference
fo depends mainly on the applied magnetic field, along with a small
contribution due to possible 7' violation in the '**Eu nucleus.
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FIG. 4. Optical spectrum with & ~ 70 V/cm, used to resolve
the # = +1 ensembles. The optical depth is proportional to the
population in the a, a hyperfine states. Here optical depth (OD) is
related to the laser power measured before the crystal (P;) and after
transmission through the crystal (#) as OD = — In(P,/P).

is shown in Fig. 2. A pair of silver-coated plates adjacent
to the crystal were used to apply an electric field & = 70
V/cm along the % axis, which shifts the optical absorption
resonances from the ¥ = £1 ensembles by Avg = +2 MHz,
as shown in Fig. 4. A solenoid around the crystal and field
plates was used to generate high-frequency rf magnetic fields
at 119 MHz along the Z axis in order to drive the a, a — b, b
transition in the "F, ground electronic state, for state prepara-
tion and detection. A pair of coils aligned along the X axis
were used to apply low-frequency (~200 kHz) rf fields to
drive the b — b transition for spectroscopy. Samarium-cobalt
permanent magnets were used to apply a static magnetic field,
B: ~ 350 G, across the Eu:YSO crystal: we chose this value
of B, in order to resolve the a — b and @ — b resonances on
the 119 MHz transition. External coils were used to apply a
small static magnetic field B, &~ 7 G to resolve the 0 = %1
ensembles, shifting their resonances by Afy = +3 kHz, as
shown in Fig. 5. There is no magnetic shielding around the
apparatus. The lifetime of the excited Dy electronic state is

optical depth change (1073)

(0] 2 4
detuning, f — 223.0 (kHz)

FIG. 5. Example Ramsey spectrum of the b — b transition for the
o = #1, 7 = 41 ensembles, using T = 20 us and 7 = 80 ps. Eu**
ions were initially prepared in the b state using optical pumping and
the transition probability was measured using laser absorption, while
scanning the carrier frequency of the Ramsey pulses.

L030801-3



NIMA, FAN, RADAK, JAYICH, AND VUTHA

PHYSICAL REVIEW A 112, L030801 (2025)

approximately 1.9 ms and the lifetime (77) for the nuclear
spin levels within the ’Fy manifold exceeds one day, at the
temperatures used in the experiment [20]. Therefore, it is
necessary to prepare the states used for measurements using
lasers and rf fields. With the £ field on, we used optical and
if pulses to initialize the '>*Eu ions into a single nuclear
spin state. A sequence of laser pulses were used to drive the
"Ry a,a— Dy ¢’,& and 'Ry ¢,¢ — Dy b, b transitions,
while rf pulses drove the 119 MHz b — & transition within the
ground ’Fy electronic state. The state-preparation sequence
follows the method used in Ref. [21], with the only difference
being a final b — & rf pulse to prepare ions in the b state.

Following state preparation, the £ field was switched
off and rf spectroscopy of the b — b transition was per-
formed using the Ramsey method [22]. Two pulses of
duration t separated by an interval T were applied to the
crystal and the carrier frequency of these pulses was var-
ied. To obtain good signal-to-noise ratio, the measurement
of the resonance frequency fy for the b — b transition
was repeated with six different choices of relative phases
(between 0° and 180°) between the Ramsey pulses. The
population excited by the rf spectroscopy pulses to the
b state was subsequently transferred to the a state us-
ing an adiabatic sweep pulse (swept from 40 kHz below
the b — a resonance to 40 kHz above it in 12 ms).
After this transfer the population in the a state was mea-
sured using optical absorption on the "Fy a,a — Dy ¢, &
transition.

Since the state-preparation step is performed in the pres-
ence of an & field, two resolved optical absorption lines cor-
responding to the m = %1 ensembles can be observed on the
"Fy a,a — Dy ¢, transition, as shown in Fig. 4. Measure-
ment of the optical depth of these absorption lines, as the car-
rier frequency of the spectroscopy pulses is scanned across the
b — b transition, yields two resonance frequencies fy(o =
+1, m) for each value of 7 as shown in Fig. 5. We define f, =
Jo(r = +1) + fo(r = —1) the common-mode frequency and
fi = fo(m =+1) — fo(r = —1) the difference frequency.
Genuine T -violation signals from new physics sources ought
only to appear in f;, whereas magnetic-field effects that are
common to both sets of comagnetometer ions are contained
in f..

In order to test the accuracy of comagnetometry in this
system, we continuously monitored the resonance frequen-
cies for the 0 = —1, m = £1 ensembles over the course
of 10 h. Slow variations of magnetic fields—slower than a
frequency measurement cycle time (~0.5 s), but faster than
the period of £-field switches (100-1000 s)—constitute the
main backgrounds during precision searches for 7' violation.
To quantitatively test the rejection of magnetic fields in this
band, we simultaneously applied sinusoidal magnetic-field
perturbations along the three coordinate axes, at a differ-
ent frequency along each axis (f;, =3 mHz, f, =7 mHz,
and f; = 11 mHz) for ease of analysis. The magnetic-field
amplitudes (Byo = 7.15 mG, B,y =149 mG, and B,y =
13.5 mG) were adjusted to create 10-Hz-amplitude oscilla-
tions in f,. As can be seen in Fig. 6, the applied magnetic-field
modulation is easily measured in f,, but it is undetectable
in the f; time series. Note that we have subtracted the
average values from the time series for f, and f; in Fig. 6

to clearly show the time-varying perturbations. We fit a sum
of three sinusoids at the known modulation frequencies to the
f. and f; time series and for each axis i = x, y, z we define
the rejection ratio R; as the ratio of the fitted modulation
amplitudes in f; and f.. We find R, = (0 £ 6) x 107%, R, =
(44 6)x 107, and R, =(2%6)x 107 Equivalently, the
magnetic field is canceled to §|5| < 9 uG. These measure-
ments confirm that the 7 = £1 ensembles track each other
exceptionally well.

Thus our measurements have verified that oppositely polar-
ized Eu®" ions in Eu:YSO have identical magnetic moments
to better than one part per thousand. Oppositely polarized
ions in the crystal—related by reflection symmetry—act as
excellent mutual comagnetometers, with no detectable leak-
age of magnetic-field effects into the 7-violation search
channel.

Importantly, whereas the comagnetometer ions have iden-
tical shifts due to magnetic fields, they have opposite
sensitivities to T -violating new physics, as can be seen from
the m dependence of the Q2 term in Eq. (3). Thus errors
and noise due to magnetic fields, which lead to common-
mode frequency shifts of the comagnetometer ions, can be
cleanly distinguished from the differential shifts produced
by T-violating new physics. We anticipate that systematic
error control with the rejection ratio demonstrated here—
particularly in combination with laboratory electric-field
reversals to reject other sources of systematic errors—can be
used to make a measurement of the new physics parameter
Q to better than 1 mHz, which would lead to useful bounds
on new physics models [15]. The methods demonstrated in
this paper are widely applicable for improving the accuracy of
other precision measurements, such as dark matter searches,
using solid-state systems.

In summary, we have performed comagnetometry using the
nuclear spins of mirror-symmetric ions in a crystal, demon-
strating that shifts in their nuclear-spin transitions due to
magnetic fields can be accurately canceled. Our work shows
that in situ comparison between sets of ions related by spatial
symmetries is a powerful means to advance the precision
and accuracy of searches for T violation beyond the standard
model.
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FIG. 6. (a) One-hour-long subset of the measured f. time series, with its average subtracted. The inset shows the fitted sinusoids, whose
amplitudes for the f. channel are a, = 10.29(3) Hz, a, = 10.23(3) Hz, and a, = 10.38(3) Hz. (b) The f; time series over the same time span,
with its average subtracted. (c) Noise spectrum of the full 10-hour-long f. and f; time series. Frequency shifts due to intentionally applied
magnetic fields at f, =3 mHz, f, =7 mHz, and f, = 11 mHz are evident in the common-mode channel (f.), but are undetectable in the

differential channel (f;).
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