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Detecting the QCD Axion via the Ferroaxionic Force with Piezoelectric Materials
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We show that piezoelectric materials can be used to source virtual QCD axions, generating a new axion-
mediated force. Spontaneous parity violation within the piezoelectric crystal combined with time-reversal
violation from aligned spins provide the necessary symmetry breaking to produce an effective in-medium
scalar coupling of the axion to nucleons up to seven orders of magnitude larger than that in vacuum. We
propose a detection scheme based on nuclear spin precession caused by the axion’s pseudoscalar coupling
to nuclear spins. This signal is resonantly enhanced when the distance between the source crystal and the
spin sample is modulated at the spin precession frequency. Using this effect, future experimental setups can
be sensitive to the QCD axion in the unexplored mass range from 107 eV to 1072 eV.
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Introduction—Axions, parity-odd spinless bosons, are
some of the best-motivated particles beyond the Standard
Model of particle physics. The field excitation associated
with a mechanism to explain the smallness of the neutron’s
electric dipole moment (EDM) d,, [1-5] (the strong CP
problem) is known as the QCD axion, named for its
irreducible coupling to gluons. Weakly coupled axions
are embedded into string theory without contrivance [6],
and for string compactifications with sufficiently complex
topology there can exist a plenitude of light axions [7].
They are also excellent dark matter (DM) candidates that
are generically produced in the early Universe.

Axion couplings are constrained by their transformations
under parity (P), time-reversal (7)), and shift symmetry.
These approximate symmetries protect the axion’s mass
from quantum corrections, and imply that the axion
primarily couples to matter through derivative axial
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couplings, and to gauge bosons via P- and 7-odd operators.
The QCD axion, defined as the linear combination « that
couples to gluons (with field strength Gy,)
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is special. QCD instanton effects break its shift symmetry
nonperturbatively, generating its mass and nonderivative
couplings proportional to the inverse of the decay constant
fa» such as interactions with the electric dipole moments of
nucleons. Scalar P- and T-even couplings to matter can
only arise in the presence of CP violation in the theory, and
can generate a monopole-dipole force between unpolarized
and polarized matter [8], a phenomenon sought after in a
variety of experiments [9,10].

Reference [11] pointed out that inside a crystal with a
P-violating (piezoelectric) lattice structure and polarized
nuclear spins which provide the breaking of 7 invariance,
aQCD axion DM background can manifest itself as a periodic
stress that coherently excites a macroscopic strain via Eq. (1).
We coined this phenomenon “the (converse) piezoaxionic
effect,” and proposed a new class of DM searches for the QCD
axion based on bulk acoustic resonators. Previous works
[12,13] recognized that the same coupling can also cause
nuclear spin resonance under similar conditions. Just as
piezoelectricity consists of a direct effect (stress generating
an electric field) and a converse effect (an electric field
producing stress), piezoaxionicity can also be employed to
directly generate an axion field by applying stress.

Published by the American Physical Society
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In this Letter, we discuss a new signature of the QCD
axion—the ferroaxionic force—wherein a spin-polarized
piezoelectric crystal sources a static monopole axion field
through the defining coupling of Eq. (1), without any
applied stress. The resulting in-medium scalar coupling can
be orders of magnitude larger than its predicted in-vacuum
scalar coupling, without the need for additional CP
violation in the fundamental theory. The ferroaxionic force
can be used as a model-independent source for monopole-
dipole forces mediated by the QCD axion, thus motivating
a new class of short-range force experiments.

This Letter is structured as follows. In Sec. II, we explain
how this new coupling arises, and estimate its effective size
for some candidate nuclei and crystals. In Sec. III, we describe
an experimental setup that can the ferroaxionic force, based
on a modification of the ARIADNE experiment [9]. The
forecasted sensitivity of this setup is discussed in Sec. V. We
conclude in Sec. IV. We employ units wherein 2 = ¢ = 1.
The code for this Letter can be found on GitHub [14].

Theory—Axion interactions: At low energies below
QCD confinement, Eq. (1) reduces to an effective
Lagrangian for the QCD axion coupled to nucleons N,
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We ignore couplings to electrons and photons. The axion
mass is inversely related to the decay constant f, as m, ~
(5.7 4 0.07) meV(10° GeV/f,) [15]. The factors pg and
py are effective in-medium energy densities from inter-
actions of the nuclear Schiff moments (SM) S and magnetic
quadrupole moment (MQM) M in the material; they are the
subject of this Letter and will be estimated below.

First, we quote the expected in-vacuum scalar (g)
and pseudoscalar (g’l;’ ) couplings to nucleons. The scalar coup-
ling is CP violating and proportional to the Cabibbo—
Kobayashi—-Maskawa matrix phase [16],

10° GeV
gy ~ 10_30](7 (3)

for both N = proton, neutron (isospin breaking is sup-
pressed). This numerical estimate is highly uncertain but
unlikely to be much smaller than in Eq. (3) [17]. Additional
sources of CP violation beyond the Standard Model that shift
the minimum of the axion potential to a/ f, = 0;,4 can boost
itto g ~ 1.5 x 10721(6;,4/1071°)(10° GeV/f,,) [17], satu-
rating the experimental upper limit on the neutron EDM [18].
The pseudoscalar coupling to nucleons is not CP violating,
and has a generic size of,

9
gy = CNmNch X 10‘9710 GeV‘
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The interaction of Eq. (1) irreducibly yields the coefficients
Cproton ~ 047(3) and Cneutron ~ 002(3)’ c.g., in the
Kim-Shifman—Vainshtein—Zakharov model [19,20]. These
can receive corrections from derivative couplings to quarks: in
Dine—Fischler—Srednicki—Zhitnitsky axion models [21,22],
Cproton ~ —0.617 + 0.435 sin? # £ 0.025 and  Cpeugon ¥
0.254-0.414 sin> B £ 0.025 [15].

Axion sourcing: A P- and T-odd “monopole” axion
configuration is generated via the equation of motion,

_PstPu
fa

The source of P and T violation on the rhs can be explicit
through ¢V and/or spontaneous through the in-medium SM
or MQM energy densities pg and p,,; we shall see that the
latter two can generate larger axion fields than the
scalar coupling of Eq. (3). In the quasistatic approximation,
the axion field solution to Eq. (5) is a(f,x) =
[ & (4a|x — x'|)Tem¥j(1,x"). A distance D away
from a uniform slab of thickness % and large transverse area
A > h?, D?, the gradient of the source-induced 8, = a/f,
angle is approximately,

(O +mg)a(t,x) = —giny = j(t.x). (5)
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where (slow) time dependence may enter implicitly either
through D or j.

Similarly, a “dipole” axion field configuration may be
sourced from an ensemble of spins 6, with number density
ny via the pseudoscalar coupling [8,9]: a(t,x)=
(g /8zmy) [ Bx'ny(x")e ¥ |x —x'|3(1+ m|x —x'|)
(x—x') -6y, which yields the 6, angle gradient

A A gf,]nN
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from a uniform slab of large transverse area. The parametric
ratio of Egs. (6) and (7) is 2j/cym,f ,ny after using Eq. (4).

The gradient of the induced theta angle is the observable
quantity of interest, as detection is most sensitively per-
formed via the Hamiltonian

Vo, ~-D el (1 — g7l (6)

e M (1 —emal),  (7)

N

HD—g—pO'N'VéaE—Q‘gf)‘O'N, (8)
my

through a spin precession process analogous to nuclear
magnetic resonance (NMR), with Rabi frequency €,. The
combination of Egs. (6) and (8) [Egs. (7) and (8)] yields a
monopole-dipole (dipole-dipole) potential. Reference [9]
has charted out the sensitivity of these potentials propor-
tional to gty and (g))?, respectively. In this Letter, we
propose sourcing a QCD axion gradient through its
irreducible coupling, via the spontaneous P and T
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violation—parametrized by the energy densities pg and p,,
of SMs and MQMs—that a parity-odd crystal with polar-
ized nuclear spins exhibits.
Schiff moment: The QCD axion field generated via the
SM is proportional to,
oS R
ps = 4dmeng 30, M- 1 9)

M = E e;j.mjes,m/./MSIj,m,-,m/-/ +c.c., (10)

j,m,-,m/./

where ng is the density of nuclei with large Schiff moments,
and I is the nuclear spin vector, normalized such that

|i| = 1 corresponds to a fully polarized nuclear spin state.
The atomic matrix element [11,23]

ZZ

M jmym, = <Q[7j.mj‘r|gs,mj/>Wij (11)
quantifies the mixing of atomic orbitals by the

nuclear SM potential, and has a direction given by the
intrinsic electric polarization vector of the (necessarily
pyroelectric) crystal. In Eq. (11), €; are spherical spinor
wave functions ([24], Sec. 35) and R; is a relativistic
enhancement factor [23] as large as ~9 for large nuclei.
The quantum numbers j and m; are those of the total
angular momentum and its projection on the z axis,
respectively. The coefficients €sm; and €, ,, parametrize
the admixture of atomic s and p valence electron states, i.e.,
|Wel>:ij/€sm/-/|Sglj/>+2j.m_,-€p_,um_,-|p?,mj>’ and character-
ize the breaking of parity symmetry by the crystal potential.

The axion signal from the SM is largest for heavy,
deformed nuclei with a large SM dependence on 6, and a
large number density ng in a suitable crystal. The ferroax-
ionic force is proportional to the dimensionless vector
€,€5(Q,|t|Q,), whose O(1) matrix elements are listed in
Ref. [11] [App. A], and can only have nonzero expectation
value in the pyroelectric crystal classes [25]. Based on
naive dimensional analysis, the wave function admixtures
€, should also be O(1) in strong pyroelectrics, but a
precise determination requires input from ab initio methods
such as density functional theory (DFT) [26].

Magnetic quadrupole moment: The effective MQM
energy density in Eq. (5) is given by [23],

oM
Pm = enM@[ngfg’ (12)

1

2

Z’a
. La .
Afg Ca (v )3/2C Z €p3jpm;€smy,
0N7s% P32 mj.m

<Qp3/2,m,- |0f?g +6_q?f _2(6'i‘)?g;’f|gs,m/> +c.c., (14)

where M is the magnitude of the nuclear MQM, n,, is the
number density of nuclei with an MQM, ¢ is the electron
angular momentum operator, C is an O(1) numerical coef-
ficient detailed in Supplemental Material [27], and the remain-
ing symbols are the same as those defined for the Schiff
moment. Only nuclei with spin / > 1 may exhibit an MQM.
Since the MQM operator is an irreducible second-rank tensor
in electron variables, it does not mix p, and s, /, states [23].

Since the MQM operator is linear in electron spin,
obtaining p,, # 0 requires magnetic ordering. The first
two terms in the second line of Eq. (14) are linear in the
radial vector and thus nonzero in a pyroelectric material due
to its spontaneous electric polarization vector. The last, cubic
term is a parity-odd, rank-three tensor in electron position
space, with symmetry properties shared by the material’s
piezoelectric tensor. Therefore, nonzero p,;, can also be
generated in the broader class of piezoelectric crystals, of
which pyroelectrics are a subset. We list individual MQM
matrix elements in the Supplemental Material [27]. Like for
the SM effects, we expect €},¢, to be commensurate with the
strength of the piezoelectric or pyroelectric tensors, and the
second line of Eq. (14) to be O(1) numerically.

The ideal nucleus is stable or metastable and has a large
SM and/or MQM, which can be enhanced in nuclei with
intrinsic octupole or quadrupole deformation, respectively
[23,28,29]. We suggest suitable nuclei in Table I with
values of their SM and MQM taken from the literature.
Some may be optimistic. We have carried out computations
of the Schiff moment of '>3Eu, in the same nuclear-density-
functional-based approach as was used to study '*’Hg and
2lRa in Ref. [30], with two different Skyrme functionals,
and found that in the limit that pions are heavy, we obtain
the same result as that of Ref. [31] to within a factor of two,
but that the finite range interaction associated with the
physical pion mass reduces the moments by about a factor
of five. Computations of MQMs are in progress.

From Egs. (3) and (5), we can compare the strength of
the effective in-medium scalar coupling of the axion, given
by the ratio (ps + par)/falin, to the vacuum scalar cou-
pling ¢Y. Assuming the heavy-nuclei density ng, is an
O(1) fraction of the total number density ny of nuclei, this
can reach up to seven orders of magnitude for the values
given in Table I.

TABLE 1. Schiff moments S and magnetic quadrupole mo-
ments M of deformed nuclei. The SMs are taken from the listed
references, while the MQMs are estimated using the results of
Refs. [23] [Ch. 10] and [28] with pion-nucleon couplings from
Ref. [32], similar to the approach of Ref. [11].

S (6, e fm?) Ref. M (8, e fm?)
1By 0.15 31] 1.0
By 3 33] 3.1
2Np 0.75 31] 13
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Setup—We envision an experimental setup analogous to
that of the ARIADNE experiment described in Refs. [9,10]
with appropriate modifications, including the implementa-
tion of a dilution fridge and a different source mass
composition and geometry. An oblate spheroidal cavity
filled with laser-polarized He can be used to sense the
axion gradient generated by the source mass. The sphe-
roidal shape results in a uniform magnetic field inside the
sample when polarized along one of the principal axes [34].
The source mass generates an axion potential as in Egs. (6)
and (7) from three distinct mechanisms: (1) the SM density
x pg, (2) the MQM density « py;, and (3) the dipole
potential o ghny. All three may be simultaneously gen-
erated by the same source mass, and detected through the
spin precession induced by the Hamiltonian of Eq. (8).

The source mass has a flat-plate geometry to maximize the
amount of material near the NMR sample within the Compton
wavelength of the axion. For the SM and MQM, the nuclear
spins of the source mass should be polarized along an
appropriate direction determined by the crystal structure
(e.g., the pyroelectric vector), whereas the dipole-dipole
potential is maximized for out-of-plane nuclear spin polari-
zation, as evident from Egs. (6) and (7) and illustrated in Fig. 1.

The ellipsoidal *He sample is inside of a quartz block
coated with a layer of superconducting thin-film magnetic
shielding and layers of superconducting foils [34]. Further
details on the magnetic shielding requirements are provided in
Appendix B. The distance D between the source mass and the
sample is modulated at the nuclear Larmor frequency to drive
coherent Rabi oscillations. For example, a nonmagnetic low-
temperature linear stage rated down to ~20 mK temperatures
[35] could actuate the position of the source mass with an
amplitude of order +D/2 for the setups we consider at
frequencies ranging from 1-6 Hz, corresponding to a stage
speed of approximately 3 mm/s. The precessing transverse
magnetization is read out using a SQUID magnetometer.

Source materials: The required material for this setup is a
pyro- or piezo-electric crystal containing a high density of
nuclei with large SMs and/or MQMs. Ideally, the material is
magnetic so that the aligned electron spins transfer their
polarization onto the nuclear spins in thermal equilibrium at
a manageable temperature. Potential crystals including the
nuclear isotopes of Table I are LiUO; [36], europium barium
titanate Eu sBag 5 Ti05 [37], Np3; O Fy, [38], and Np 1 O5 [39].

Proposed measurement protocol: The experiment is to be
performed inside a dilution refrigerator with a large bore
and vector magnet, to facilitate polarizing the source mass
either in plane or out of plane. The nuclear spins can be
polarized using dynamical nuclear polarization, involving
electron angular momentum transfer onto nuclei via hyper-
fine interactions, as detailed in Appendix A. The *He
sample block is maintained at 4 K, while the source mass
and its cryogenic linear translation stage [35] connects to
the dilution fridge mixing chamber plate and is cooled to
20 mK. After magnetization, the field can be ramped down,

i SC shield
Quartz Connected to
cold stage
Spin-polarized sample block ik

Source mass

Connected to \
dilution refrigerator \

/

\

a:

mixing chamber plate T
2oml SQUID
linear stage T B ed magnetometer
motion
< > f 3He sample

— ok

FIG. 1. Experimental setup. A polarized *He sample in an
ellipsoidal cavity within a quartz block senses the axion field
gradient sourced by a spin-polarized source, which generates a
monopole potential from the nonderivative axion coupling to the
nuclear SM and MQM, and a dipole potential from the axion’s
derivative coupling to the nuclear spins. The black arrows
indicate the direction of the crystal’s pyroelectric vector. The
induced transverse magnetization of the precessing *He spins is
read out by a SQUID magnetometer.

and the Nb coating of the *He sample cell heated above T,
and recooled in near-zero field using magnetic shim coils to
minimize trapped magnetic flux. Laser-polarized *He is
produced at room temperature above the cryostat using
metastability-exchange optical pumping [40] before inser-
tion into the sample block for the measurements. For
optimal sensitivity, the spins of the heavy nuclei in the
source crystal should remain polarized at least as long as
the transverse spin relaxation time 7', of the polarized *He
detector sample (Appendix A).

Sensitivity—We consider two concrete geometries, para-
metrized by the minimum separation D = 150 pm and
D = 1 mm between the faces of the source crystal and the
measurement sample. We assume the source plate has
transverse area of A = (300D)? and thickness & = 5D. We
consider the transverse area of the *He sample to be the
same as that of the source crystal.

We expect the sensitivity to be fundamentally limited by
quantum spin projection noise in the NMR sample. The
magnetic field sensitivity is,

2b
nypopey VT,

8 1 b I mm?\ /10?' cm™3Y /1000s
p 1Hz 1% ny T, )’
(15)
Here, p is the spin polarization fraction, V the sample
volume, y = (27) x 32.4 MHz/T is the gyromagnetic

ratio for He, b is the measurement bandwidth, and
Mge = —2.12u,, is the 3He nuclear moment [41] with u,

6B=p~! ~3x10719T
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axion Compton wavelength A, = m, ! [m]
10! 1072 1073 1074 107°

1077

107%4

10—9,

T
% 1()—10,
o,
Te 107114
3
107124 foe = 1y1, Ty = 10's
S ing = LYyT, L2 = S )
5 0 ny(3He) = 2% 10%! em~3
1078 O s A= (300D)°
———————————————— MQM (solid), SM (dot-dashed)
1076 1075 1074 10°° 102 107!

axion mass m, [eV]

FIG. 2. Sensitivity to the gluon coupling for a monopole-dipole
force generated by the nuclear SM (dot-dashed) or MQM (solid).
The pink (green) lines correspond to spin-projection-noise
limited sensitivity for the crystal NpIOs (Eug sBag sTiO3). Thick
(thin) lines corresponds to a source-sample separation D = 1 mm
(0.15 mm). The SM and MQM sensitivity curves assume a dipole
coupling coefficient cy ~ 1. The gray dashed line shows the
SQUID-limited sensitivity for the MQM of EugsBagsTiOs.
Supernova and neutron-star cooling limits f, >4 x 103 GeV
for a KSVZ axion [45], shown as the gray region.

the nuclear magneton. This corresponds to a Rabi fre-
quency sensitivity

5992g53~3x10_“ rads~! (16)
for the same fiducial parameters as in Eq. (15).

Figures 2 and 3 show the expected sensitivity
for a 3He sample with T, =10*s, a spin density
ny =2 x 10> em™3, a distance modulation from D to
2D, and integration time f;, = 1 yr. We have chosen to
present the reach for the MQM and SM effects separately to
emphasize that they correspond to experimentally distin-
guishable channels, each of which can be isolated with
suitable material choices. We assume a SQUID pickup loop
diameter of 5 cm positioned at a distance of 5D from the

sample, with a flux sensitivity of 1 u®,/v/Hz. The gray
dashed line in Figs. 2 and 3 represents the SQUID-limited
sensitivity, which lies well below the QCD axion parameter
space. Backaction noise due to the interaction between the
spins and the SQUID circuit can also be suppressed [42].
Our current forecasts are limited by spin projection noise at
the standard quantum limit. Spin entanglement in the *He
sample could overcome this limitation by squeezing spin
projection noise in the (measured) transverse direction at
the expense of increasing the spin noise in an (unmeasured)
orthogonal direction [42—-44]. We discuss potential system-
atic and reducible noise sources in Appendix B.
Conclusions—In this Letter, we have established a new
monopole-dipole force mediated by the QCD axion, gen-
erated by parity-violating, magnetically ordered crystals.

axion Compton wavelength \, = m;* [m]

. 107! 1072 107° 1074 1079
10~ : : : : T
SN/NS cooling
T
10794 !
|
1
107104 /
Za /
S 1071 /
I,I
1
10124750 7
\;:;\0}\ tine = 1yr, Ty = 10%s
S . .
s QCO S ny(3He) = 2 x 10% em 3
1077 A= (300D)>
“"=~-___ pseudoscalar coupling
1079 10-5 104 10-3 10-2 107!
axion mass m, [eV]
FIG. 3. Sensitivity to the pseudoscalar coupling to nucleons for a

dipole-dipole force as a function of axion mass m,. The green and
dashed gray lines correspond to the same Eug s Baj s TiO5 setup as in
Fig. 2. The QCD axion band is shown for the range 1 > ¢y > 0.1.

This new force could lead to an observable signal in an
NMR-like experiment, probing swathes of parameter space
complimentary to those accessible to cavity experiments and
astrophysical phenomena. The origin of this force is a new
effective scalar coupling of the QCD axion that derives from
its irreducible, P and T violating coupling to gluons, together
with the large intrinsic P violation provided by the lattice
structure of the piezoelectric crystal, and the 7 violation
provided by its magnetic ordering. The proposed experi-
mental setup could leverage methods from the ARIADNE
experiment currently under construction [10,46], including
techniques for the *He cell and valve construction, *He
polarization, magnetic shielding, vibration isolation, and
SQUID readout. However the rotary stage would be replaced
with a cryogenic-compatible linear stage and thermally
connected to the mixing chamber plate of a dilution fridge.

Because of screening of EDMs, the new scalar coupling
presented in this Letter requires either a nuclear SM or
MQM. More investigation is needed to confirm the ideal
material, as well as DFT calculations to precisely determine
the size of atomic parity violation within the crystal. The
large difference between the magnetization noise in the
NMR sample and the fundamental SQUID noise limit
indicates the potential for large sensitivity improvements
via spin squeezing procedures.

The setup in this Letter will also be sensitive to a dipole-
dipole force that could be produced by either the QCD
axion or an axionlike particle (Fig. 3). Depending on the
size of the model-dependent dipole coupling coefficient cy,
this force can be either more or less sensitive than the
ferroaxionic monopole-dipole force. Nevertheless, the lat-
ter is orders of magnitude larger than the monopole-dipole
force sourced by the CP violation in the Standard Model in
vacuum. Ultimately, only the ferroaxionic force would
provide conclusive evidence that the mediating particle
is indeed the QCD axion that solves the strong CP problem.
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End Matter

Appendix A: Nuclear spin polarization—Without
hyperfine interactions, it is exceedingly difficult to
obtain near-maximal nuclear spin polarization. In an
external magnetic field By and in thermal equilibrium at
a temperature 7, one has a fractional polarization of,

(i) = ﬁotanh[ﬂBo}, (A1)

2kT

with kg the Boltzmann constant. For u = uy (nuclear
magneton), B, = 10 T, and 7 = 10 mK, we have only
uBy/2ksT ~0.183 and thus an equilibrium polarization
of just 18% even at these aggressive parameters.

In a magnetic material with polarizable electron spins,
the effective magnetic field at the nucleus may be enhanced
by hyperfine interactions, allowing for O(1) nuclear
polarization at higher temperatures or in a smaller applied
magnetic field. The energy splitting arises from interactions
between the nuclear magnetic dipole moment and the
electronic magnetic field. Its value is given by [48],

1
(] IFM|Hiy|o JIFM) = 5 AK

K=FF+1)—-JUJ+1)-I(I+1) (A2)
where J = L + S is electron angular momentum, F=1+]J
is the total angular momentum of the atom, M is the
magnetic quantum number of F, A is the magnetic hyper-
fine structure constant, and y specifies the electronic
configuration. The hyperfine energy splitting can be related
to the effective internal magnetic field B;, at the nucleus
through (Hys) = —p - By, where p corresponds to the
nuclear magnetic dipole moment of the specific level.
The hyperfine energy splitting also receives a contribution
from the interaction between the nuclear electric quadru-
pole moment with the electronic electric field gradient [48],
but for the nuclei listed here this effect is subdominant.
Both of the isotopes '>*Eu and 2*’Np have nuclear spins
of I = 5/2 and hyperfine energy splittings of the order of
AEp ~ 1073 eV [49,50]. For '33Eu, we are considering the
6p /2 state, which we assume to be part of the ground-state
admixture in a piezoelectric crystal. This energy splitting

corresponds to a temperature of around 0.1 K to achieve
O(1) nuclear spin polarization.

For 2¥'Np, this higher temperature has the added advan-
tage that it is around the threshold temperature where the
radiation emitted by the source can be absorbed by the
cooling system. A dilution refrigerator’s cooling power
depends on the target temperature 7 and the 3He flow
rate 71 [51],

. 7 T \2
Q~384 ”W<10—3 mo]/s> (10 mK) - (AY

The radiative decay heating power of 2*'Np is 0.02W /kg.
For the maximum volume of material considered in this
Letter, (300 mm)? x 0.5 c¢m, this limits the crystals con-
taining 2>’Np, with densities of around 3g/cm? of Np, to a
minimum temperature of around ~0.5 K, which should be
sufficient for O(1) nuclear spin polarization. Another
possible metastable nuclear candidate that was listed in
Table I, 23U, has a lower radioactive heating power of
approximately 60 pW/kg.

To achieve optimal sensitivity, the spins of the 2*U,
23INp, or *Eu nuclei in the host material should retain
near-unity polarization throughout the measurement time.
This can be achieved by keeping the electron spins aligned
during the measurement, and thus also the nuclear spins
due to the hyperfine interactions. Alternatively, the source
crystal can also be demagnetized before the measurement
(to ease the magnetic shielding requirements), as long as
the longitudinal nuclear spin relaxation time 7'; is longer
than the transverse spin relaxation time 7', of the He of the
detection sample, and then repolarized after 7.

Appendix B: Systematic and magnetic noise—In this
Appendix, we discuss the systematic noise requirements
on the setup. Several of the systematic noise sources in
the envisaged setup are common to those discussed in
Refs. [9,10], except with the additional complication of
a magnetized source crystal. The main systematics are
expected to come from magnetic field gradients and
background vibrations, magnetic fields that are not
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adequately screened by the superconducting shield, and
noise due to trapped flux in the superconducting shield.

The He sample block is assumed to remain at 7 = 4 K
so that the *He can remain in a gaseous state to avoid
nonlinearities that are known to be challenging for NMR
with liquid *He [52] or other hyperpolarized gases such as
xenon [53]. In addition the sample block must be main-
tained at a low enough temperature below the 7. of
Niobium and lead in order for the superconducting mag-
netic field to be effective.

Magnetic gradients within the sample block itself can be
reduced using superconducting gradient compensation
coils, and the applied magnetic field at the *He sample
can be set using a D-shaped half-Helmholtz coil [54]. A
shielding factor of order 10%! near the front surface of the
magnetized source mass is required to achieve the sensi-
tivity indicated in Figs. 2 and 3, which could be achieved
through a combination of thin film superconducting shield-
ing and superconducting foils with an appropriate geom-
etry. Acoustic vibrations also need to be attenuated at a
similar level required in the ARIADNE experiment [9],
since they can cause magnetic field variations due to the
image magnetization arising from the Meissner effect in the
superconducting shields.

The ferromagnetic source mass will typically have a
remnant magnetic field of order 0.1 T, and we estimate the
magnetic field near the source crystal to determine the
magnetic shielding requirements for the *He sample cham-
ber in the proposed geometry. Figure 4 shows the magnetic
field profile extending away from the source mass with
D =1 mm, assuming a ferromagnetic sample with a
magnetization of 3.55 x 10° A/m corresponding to the
saturation magnetization of Eu, sBaj sTiO3 [55]. The field
at the front surface of the sample chamber is estimated to be
of order 0.1 T, so the shielding factor required on the front
is approximately 10%>'. We consider a two-layer super-
conducting shield, composed of a 1 pm thick Nb film and a

10"k

— |B| center E
----|B|edge

102}
103

10k

B(T)

10°
10°F

107

10-8 1 L
0.001 0.01 0.1 1
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FIG. 4. Magnetic field magnitude B along the z axis of the
sample extending away from the source mass center (edge),
shown as a solid (dotted) black line.

10 pm thick Pb foil. The penetration depth of the foil is
approximately 39 nm, which should provide adequate
shielding for thicknesses greater than 2 pm. In Ref. [54],
the ARTADNE collaboration experimentally demonstrated
in a test setup that a combination of Nb thin film shielding
and lead foil attains its required shielding factor of order
10® to achieve spin-projection noise limited sensitivity to
magnetic fields in the NMR sample. Although the present
requirements are more stringent, we expect that the
performance can be enhanced using additional thickness
or foil layers.

Although the sample region is enclosed in superconduct-
ing shielding, openings are required to facilitate electrical
connections to the SQUID readout, as well as the current
loops for setting the Larmor frequency at the sample and
minimizing the gradient of the field, as described in
Ref. [54]. To maximally screen the magnetic field of the
magnetized source mass from the sample, we consider a
single tube opening in the back of the sample chamber. For
a tube, the shielding factor depends on the length / and
radius a of the tube as cosh (1.841/a) [56].

It is important to also consider the detail for how the
wiring for the SQUID magnetometer and gradient com-
pensation coils and D-shaped Helmholtz coils is connected
through the tube opening [54]. If a superconducting wire
extends down the length of the shielded tube at the rear of
the sample enclosure, due to topological effects of the
region not being simply connected, the Meissner screening
effect is severely reduced, and the external magnetic field
can penetrate into the shielded volume. To avoid this, a
transition from superconducting to normal metal is needed
halfway down the length of the tube [54]. The effective
length of the tube can be conservatively considered as the
length of the normal metal portion. From Fig. 4, we
estimate the magnetic field from the magnetized source
mass at the location of the back of the sample block a few
centimeters away to be on the order of 10~* T. We estimate
an aspect ratio of ~24 and tube length 120 mm will suffice
to achieve the sensitivity shown in Figs. 2 and 3.

As in the setup used for the ARIADNE experiment [9],
acoustic vibrations can cause magnetic field variations due
to the image magnetization arising from the Meissner effect
in the superconducting shields. For a 0.1 pm wobble in the
source crystal stage plate at w,,/27z = 10 Hz, we roughly
estimate a §, ~ 2 nm vibrational amplitude of the sample
chamber. The helium gas mixture in our regime has a sound
speed of order 300 m/s, so the motion of the gas molecules
can follow the displacement of the shield adiabatically for a
motion of this amplitude at 10 Hz. We therefore expect no
significant magnetic field fluctuations provided the quartz
enclosure containing the sample moves rigidly. We can
estimate the degree to which this approximation breaks
down by considering the quartz wall thickness, size, and
known elastic properties. Assuming J, = 2 nm, we find
that the relative motion between the sample chamber and
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the shield coating on the outside surface of the quartz block
from elastic deformations is 10~!7 m. With a gradient of
107 T/m, this corresponds to a field background of
~10722 T. Incoherent background vibration of the source
mass stage plate also should remain below 0.1 pm ampli-
tude at 10 Hz [10], since this would produce magnetic field
noise of 5x 107" T/v/Hz at the resonant frequency,
which can begin to limit the sensitivity. For a dry dilution
refrigerator, should additional vibration isolation be
required, a strategy similar to that used in cryogenic
gravitational wave detectors such as KAGRA [57] and
that was also employed in a recent cryogenic dark matter

search experiment [58] may be possible, where the cold
stage can be isolated using geometric antispring filters and
inverted pendula.

Additionally, thermal noise can lead to vibrational motion
in the superconducting film affixed to thin side of the quartz
sample block resulting in magnetic field fluctuations. For the
quartz wall thickness and dimensions we consider, we
estimate that these fluctuations at 4K can also be kept at
or below the level of 5 x 10719 T/ v/Hz at the *He nuclear
spin Larmor resonance frequency. Such noise can be further
suppressed if necessary by slightly increasing the quartz wall
chamber thickness or decreasing its area.
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