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We propose antiferromagnets as optimal targets to hunt for sub-MeV dark matter with spin-dependent
interactions. These materials allow for multimagnon emission even for very small momentum transfers and
are therefore sensitive to dark matter particles as light as the keV. We use an effective theory to compute the
event rates in a simple way. Among the materials studied here, we identify nickel oxide (a well-assessed
antiferromagnet) as an ideal candidate target. Indeed, the propagation speed of its gapless magnons is very
close to the typical dark matter velocity, allowing the absorption of all its kinetic energy, even through the

emission of just a single magnon.
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I. INTRODUCTION

There is today overwhelming evidence that most of the
matter in the Universe is dark. Despite that, the question
about its nature arguably remains among the biggest ones in
fundamental physics. In particular, the possible dark matter
mass spans a range of several orders of magnitude. In light
of stringent constraints on heavy weakly interacting mas-
sive particles (WIMPs) [1-6], recent years have witnessed
an increasing interest in models for sub-GeV dark mat-
ter [7-18], also motivating new detection ideas. In par-
ticular, dark matter candidates in the keV to GeV range,
while still heavy enough to be considered as particles,
cannot release appreciable energy via standard nuclear
recoil. They therefore require detectors with low-energy
thresholds, such as semiconductors [19-26], superconduc-
tors [27-31], Dirac materials [32-34], lower-dimensional
materials [35-38], and so on (see also Refs. [39-41]).

Among these, the proposals based on superfluid
“He [42-54] and solid crystals [55-59] aim at detecting
the collective excitations (phonons) produced by the spin-
independent interaction of dark matter with the nuclei in the
material—for an overview, see Refs. [60-62]. These collec-
tive modes have typical energies below O(100 meV) and are

therefore sensitive to particles as light as m, ~ O(keV).
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Different proposals for the detection of single phonons have
been recently put forth [63—-66].

The targets above are, however, not the most suitable
ones to probe possible scenarios where spin-dependent
interactions of dark matter with the Standard Model are
dominant over the spin-independent ones. In this regard, it
has been proposed to use ferromagnets [67-69], i.e.,
materials that exhibit a nonzero macroscopic magnetization
in their ground state [70]. The dark matter can interact with
the individual spins in the target, exciting their local
precession: a propagating collective mode called magnon.
The proposals to detect single magnons involve either
calorimetric readout [67], using transition edge sensors or
microwave kinetic inductance devices, or quantum sensors,
which instead couple the magnon mode to a superconduct-
ing qubit [72-74]. A generic ferromagnet features several
magnon types (branches). However, for sufficiently light
dark matter (m, < 10 MeV, for the typical material [67]),
the momentum transfer becomes smaller than the inverse
separation between the spins. In this regime, the event rate
is dominated by the emission of gapless magnons, which,
for ferromagnets, are characterized by a quadratic
dispersion relation, w(q) = ¢*>/(2my), with my a mass
scale set by the properties of the material under consid-
eration. Moreover, as we argue below, conservation of total
magnetization implies that, when only gapless magnons are
allowed, no more than one can be produced in each event.
Thus, for m, < 10 MeV, the maximum energy that can be

released to a ferromagnet is ., = 4T,x/(1 + x)?, with

T, the dark matter kinetic energy and x=my/m,.
Typically, my~OMeV) (e.g., my=~35MeV for

Y;Fe;0,, [67]; see also Refs. [75,76]), and a sub-MeV
dark matter will not deposit all its energy to the target.
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In this work, we show that, instead, antiferromagnets are
optimal materials to probe the spin-dependent interactions
of light dark matter. Similarly to ferromagnets, they also
exhibit magnetic order in the ground state, but the spins are
antialigned, leading to a vanishing macroscopic magneti-
zation. This leads to two crucial differences: 1) gapless
magnons have a linear dispersion relation, w(q) = vyq, and
2) the interaction with the dark matter can excite any
number of them. If only one magnon is emitted, the
maximum energy that can be transferred to the antiferro-
magnet is @y o = 47,y(1 — ), with y = vy/v,. One of
the antiferromagnets we consider here, nickel oxide,
features magnons with a propagation speed surprisingly
close to the typical dark matter velocity, which allows it to
absorb most of the kinetic energy even through a single
magnon mode. This is a well-known and well-studied
material, which makes it a particularly ideal target.
Moreover, the possibility of exciting several magnons in
a single event relaxes the kinematic constraints above,
allowing any antiferromagnet to absorb the totality of the
dark matter kinetic energy, hence being sensitive to masses
down to m, ~ O(keV).

In what follows, we describe antiferromagnets and their
interaction with dark matter via an effective field theory
(EFT) [71,77,78]. This elucidates the role played by
conservation laws in allowing multimagnon emission
and allows the computation of the corresponding event
rates in a simple way, bypassing the difficulties encoun-
tered with more traditional methods (Refs. [79-81]).

We work in natural units, # = ¢ = 1, and employ the
indices i, j, k = 1, 2, 3 for spatial coordinates and a, b = 1,
2 for the broken SO(3) generators.

II. EFT

A. Magnons alone

One can often picture an atom in a magnetic material as
having a net spin coming from the angular momentum of
the electrons localized around it. The Coulomb interaction
between electrons pertaining to different atoms induces a
coupling between different spins, which, in turns, causes
magnetic order in the ground state [82]. In an antiferro-
magnet, these interactions are such that the spins are
antialigned along one direction (Fig. 1), which from now
on we take as the z axis. One can then define an order
parameter, the so-called Néel vector, as N = Zi(—l)isi,
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FIG. 1. Schematic representation of the spins in the ground
state of an antiferromagnet.

where S; is the ith spin and (—1)" is positive for those sites
pointing “up” in the ordered phase and negative for those
pointing “down.” In the ground state, the Néel vector
acquires a nonzero expectation value, (N') # 0 [77].

In the nonrelativistic limit, a system of three-dimensional
spins enjoys an internal SO(3) symmetry. The ground state
described above breaks it spontaneously down to only the
rotations around the z axis, SO(3) — SO(2), and the
gapless magnons are nothing but the associated
Goldstone bosons. As such, at sufficiently low energies,
they are described by a universal EFT, very much analo-
gous to the chiral Lagrangian in QCD. A convenient way of
parametrizing the magnons is as fluctuations of the order
parameter around its equilibrium value, 7 = /%S« - 2, with
a =1, 2. Here, #*(x) is the magnon field, and S, are the
broken SO(3) generators.

The EFT Lagrangian is derived purely from symmetry
considerations. First of all, one notes that under time
reversal each spin changes sign, S; — —S&;. If combined
with a translation by one lattice site, which swaps spin up
with spin down, this leaves the ground state unchanged.
The effective Lagrangian for antiferromagnets must then be
invariant under the joint action of these two symmetries. At
large distances, translations by one lattice site do not affect
the system, and the only requirement is time reversal: the
Lagrangian must feature an even number of time deriva-
tives [77]. Moreover, the underlying crystal lattice sponta-
neously breaks boosts. Assuming, for simplicity, that the
material is homogeneous and isotropic at long distances,
this implies that there must be explicit invariance under
spatial translations and rotations but that space and time
derivatives can be treated separately [83]. Since |i2| = 1, the
most general low-energy Lagrangian for the gapless mag-
nons [84] in an antiferromagnet is then [71,77],

Lo=" (0, -2 (o)

2 2
Cl a2 €2 a2
= 2(0) —=Z2(9. 1

where in the second equality we expanded in small
fluctuations around equilibrium. The coefficients c,
depend on the details of the antiferromagnet under con-
sideration and cannot be determined purely from symmetry.

One recognizes Eq. (1) as the real representation of the
Lagrangian of a complex scalar, corresponding to two
magnons with linear dispersion relation, w(g) = vyq, and
propagation speed vé = ¢,/c;. The two magnons are
completely analogous to relativistic particle and antipar-
ticle, and they carry opposite charge under the unbroken
SO(2). As shown in Refs. [71,77], the action for a
ferromagnet, instead, contains only one time derivative,
and it is analogous to that of a nonrelativistic particle,
which does not feature excitations with opposite charge.
This is the reason why, when coupled to light dark matter,
antiferromagnets allow for the emission of more than one
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magnon in each event, while ferromagnets do not. We
discuss this more in Sec. II B.

As far as our application is concerned, a central role is
played by the spin density, which is the time component of
the Noether current associated to the original SO(3)
symmetry [71,77]. This rotates the # vector (i.e.,
fi; = R;;n;), and the current can be computed with standard
procedures, giving the spin density:

si=c(f X 0h); = ¢1(8;,0" + 53€,0°0" + ). (2)

From the equation above, we also deduce that, while the
ratio ¢,/c; can be determined from the magnon speed, the
coefficient ¢, can be found from an observable sensitive to
the spin density of the antiferromagnet. One such quantity
is the neutron scattering cross section (see the
Supplemental Material [85] for details).

Finally, our EFT breaks down at short wavelengths, when
the dark matter is able to probe the microscopic details of the
material. In other words, it loses validity for momenta larger
than a certain strong coupling scale, Ayy. The latter can be
estimated, for example, as the momentum for which the
dispersion relation sensibly deviates from linearity, which
indicates that higher-derivative terms in the Lagrangian (1)
become relevant. In this work, we consider three antiferro-
magnets: nickel oxide (NiO), manganese oxide (MnQO), and
chromium oxide (Cr,03). In Table I, we report their values
of vg; ¢1; Ayy; and of their density, pr.

B. Dark matter-magnon interaction

We now study how a dark matter particle couples to the
magnon modes introduced in the previous section. To do
that, one starts from a specific model for the interaction of
dark matter with the Standard Model. This is then com-
puted in the nonrelativistic limit and matched with low-
energy quantities, as we now show. For concreteness, we
focus on two well-motivated models, which serve as
benchmarks to our general point. These were also studied
in the context of ferromagnets [67,90]. They are the
magnetic dipole (m.d.) and the pseudomediated (p.m.)
dark matter, which interact with the Standard Model
electron, respectively, as [91-99]

TABLE 1. Coefficients for the antiferromagnets considered
here. vy is taken from the dispersion relation, c¢; is matched
from neutron scattering data (see the Supplemental Material [85]
for details), and Ayy is estimated as the momentum for which the
dispersion relation deviates from linear by 10%. The densities,
pr, are taken from Ref. [86].

vy ¢ MeV/A) Ayy (keV) pr (g/cm?)

NiO [87] 1.3 x 107 0.5 0.6 6.6
MnO [88] 2.5 x 10~ 42 0.5 52
Cr,0;5 [89] 3.5x 107 0.3 0.9 49

£)](nd = /g\_)( V/w)_(o-’w)( + geV;té}/ﬂe, (33)
X
L% = g,d7x + gepier’e, (3b)

where ¢ and V, are ultralight vector and pseudoscalar
mediators, y and e are the dark matter and electron fields,
and A, is a UV scale pertaining to the dark sector.
Moreover, V,, =9,V,—d,V,, and ¢ = [y, y*]. The
dipole models can naturally arise in certain technicolor
theories, where the DM is a composite particle and can
interact with the SM through a vector mediator such as the
dark photon [100,101]. Similarly, pseudomediated models
can dominate the spin response when the mediator is a
pseudo-Goldstone boson [102].

To compute the dark matter—-magnon interaction, one can
integrate out the mediator and perform the nonrelativistic
limit for both the dark matter and electron fields. This can
be done either at the level of the matrix elements or
integrating out antiparticles, similarly to the Heavy
Quark Effective Theory procedure [103]. (See also the
Supplemental Material [85] for a quick review). After this,
the dark matter—magnon interaction in the two instances is

49,9, [ + o' VAV AN A
‘Cﬁll? = _Axm <){r};r 5%nr> <5U - V2 ) <er§r5€nr>
e

¥
IR 4g ge - Ui i V’Vf .
no R (b ) (- )
9,9 _ c
o = =20 o 9 - (e
m, 2
R_ gxge)(zrxmv—zv .S, (4b)

e

where y,, and e, are nonrelativistic fields and ¢ are Pauli

matrices. We also used the fact that eiro'enr /2 is the electron
spin density operator. When running toward low energies, it
will remain such, except that it must be expressed in terms
of the correct low-energy degrees of freedom: the magnons
rather than the single electrons.

One can now understand why antiferromagnets allow for
multimagnon emission while ferromagnets do not. As
shown in Egs. (4), dark matter interacts with magnons
via the spin density, whose components, (s, = isy,s.),
have at most charge 1 under the unbroken SO(2). In a
ferromagnet, this charge can be carried only by a single
magnon mode. In an antiferromagnet, instead, there are two
magnon modes carrying opposite charges. Hence, any
coupling to the spin density operator will allow multi-
magnon emission.

Given the Lagrangians in Eqgs. (4) and the spin density in
Eq. (2), one derives Feynman rules for the dark matter—
magnon interaction, obtaining

LO011901-3



ANGELO ESPOSITO and SHASHIN PAVASKAR

PHYS. REV. D 108, L011901 (2023)

a, A .
i ' _ _ 9xGer/C1 W X iPL (q)a—l md
s 1 s Me qa/q2 pm ’
a,A\1 b, 2 A )
\ ’ . 7P: (q)UZ md
, oA g = IxGe (w1 — wa)€ap X AZX 72 .
5,5 Me 7’ /q pm

Solid lines represent a dark matter with polarization s),
and dashed ones represent magnons with momenta ¢ ,,
energies w ,, polarizations 4, ,, and carrying an index a,
b =1, 2. The total momentum and energy carried by the
magnons are ¢ and o, with P;;(q) =6;; —CIiCIj/‘]2- External
dark matter lines come with standard nonrelativistic bis-
pinors, while external magnon lines come with a polari-
zation vector, &, = (1,4i)/v/2 [71].

With this at hand, one can compute matrix elements for the
emission rate of any number of gapless magnons with simple
diagrammatic methods, exactly as one would do for relativ-
istic particles. In particular, the matrix element for the
emission of any number of low-energy magnons is com-
pletely fixed by symmetry and by a single effective coef-
ficient, c¢;. In a more traditional formulation, the computation
of multimagnon scattering is substantially complicated by
the failure of the Holstein-Primakoff approach, which
mandates for a more involved treatment [81].

III. EVENT RATES

We now have everything we need to compute the
expected event rates for the emission of one and two
magnons by a dark matter particle. For a target material
with density pr, the total event rate per unit target mass can
be evaluated by averaging the magnon emission rate over
the dark matter velocity distribution, f(v, +v.):

R=_Pr / B, f(v, + v )T(v,). (5)

prmy,

The local dark matter density is taken to be p, =
0.4 GeV/cm® [104]. The velocity distribution in the
Milky Way is instead considered as a truncated
Maxwellian given by the standard halo model, with
dispersion vy =230km/s, escape velocity v, =0600km/s
and boosted with respect to the Galactic rest frame by the
Earth velocity, v, = 240 km/s [104,105]. In the following,
we present the projected reach for the case of single- and two-
magnon emission for the antiferromagnets NiO, MnO,
and Cr,0;.

A. One magnon

Using the Feynman rules presented in Sec. IIB, we
compute the rates for the emission of a single gapless
magnon. For the two benchmark models, they read

1+(cos’y) 2
U gigzc o ) TR ®° md (©)
do  wv,m? sin? ’
e <§12 ) pm

where 7 is the angle between the Néel vector, A/, and the
magnon momentum, ¢, and (- - -) represents an average over
the direction of the latter. The decay rate is then a function of
the relative angle between the magnetization and the direc-
tion of the incoming dark matter. Moreover, the magnon is
emitted at fixed Cherenkov angle with respect to the
incoming dark matter, cosé = gq/(2m,v,) + vy/v,. The
final event rate, Eq. (5), depends on the relative angle
between v, and V. This leads to a daily modulation, which
can possibly be used for background discrimination. To
reduce the computational burden, we fix the two vectors to be
parallel (more details can be found in the Supplemental
Material [85]).

To obtain the decay rate, one integrates Eq. (6) over
magnon energies between @, and @,,,. The first one is
set by the detector energy threshold. For the case of
calometric readout, the best sensitivities that have
been envisioned are of O(meV) [106]. We thus set
®pin = 1 meV. The maximum magnon energy is instead
set by either the cutoff of the EFT or by kinematics.
Specifically, cos@ < 1 limits the possible momentum
transfer, implying @y,x = min(vpAyy, 2m,vy(v, — vy)).

Our projected reach for the three target materials are
shown in Fig. 2, as compared to the following dark matter—
electron cross sections, obtained from the interactions in
Eqgs. (3) in vacuum evaluated at the reference momentum
qo = am, [671:

2 2
1 6my+m;
22 i md
_ 9% 9e¢ A; (my+m,)?
5, = 29 . (7)
¢ T 1 n12
L pm

4a’m? (m,+m,)

Moreover, to avoid white dwarf cooling and self-interacting
dark matter constraints, we impose y to be a 5% subcompo-
nent of dark matter for the pseudomediated model [67].
Following convention, and for a simpler comparison with
other proposals, we also assume zero background.

Importantly, NiO is sensitive to masses down to
m, ~ 5 keV, even in the single-magnon channel. This, as
mentioned in the Introduction, is due to the good matching
between the magnon and dark matter velocities. For
m, 2 1 MeV, the rate starts receiving contributions from
momenta above the cutoff, indicating that gapped mag-
nons, not captured by the EFT, become relevant.

B. Two magnons

We consider now the emission of two magnons of
energies and momenta @;, and ¢q;,, and total energy
and momentum  and ¢, by a dark matter of initial and final
momentum k and k’. Using conservation of energy and
momentum, the decay rate can be written as
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FIG. 2. Projected reach at 95% C.L. for a kilogram of material
and a year of exposure assuming zero background, for the
magnetic dipole (upper panel) and pseudomediated (lower panel)
models. For the latter, we assume Q,/Qpy = 0.05. The lowest-
mass region is reached via the two-magnon channel. The gray
region corresponds to masses for which gapped magnons are
expected to play an important role. The magnetization is taken to
be parallel to the Earth’s velocity.

r_/k’zalk’a’cosy/a’q1| |2_/ dwdqdq, |

4(2r)3v)q 4(2n)*vv,

M. (8)

where y denotes the angle between k and k'. In the second
equality, we also used k”dk'dcosy = (q/v,)dgdw.
Conservation of energy and momentum further implies
q1 < (w + vyq)/(2vy). Thus, including also the EFT cut-
off, the integral above is performed over w;, < ® <
min(vyAyy. 3 m,v2), 0 < g < min(Ayy,2m,v,), and 0 <
g1 < min(Ayy, (@ + v9q)/(2vy)). Again, we assume ideal
calorimetric readout and set @, = 1 meV.

The projected reach for the two-magnon case is again
shown in Fig. 2. This process allows us to explore an even
larger parameter space, by going down to masses as low as

m,, ~ 1 keV. Because of improved kinematic matching, the
mass reach is now almost independent of the target
material. For the lightest dark matter, the momentum
transfer is much smaller than the energy transfer, and
the two magnons are emitted almost back to back, with
possible interesting implications for background rejec-
tion [50]. Similar to the one-magnon case, the EFT
predictions are unreliable for masses above 1 MeV.

IV. CONCLUSION

We have shown how well-assessed antiferromagnets can
be used as optimal probes for sub-MeV dark matter with
spin-dependent interactions. At low energies, these materi-
als feature gapless magnons with two different polarizations,
hence allowing for the emission of an arbitrary number of
excitations. This, in turns, extends the potential reach down
to m, ~ O(keV). As compared to ferromagnets [67], they
have similar sensitivities on the dark matter couplings, but
they probe masses more than an order of magnitude lighter.
Interestingly, one of these antiferromagnets, nickel oxide,
sustains magnon modes with a propagation speed acciden-
tally close to the typical dark matter velocity, which allows it
to absorb most of the dark matter energy already via the
(dominant) one-magnon channel. These results complement
what has already been proposed for dark matter with spin-
independent interactions [43,44,46,55,57], allowing cover-
age of the same mass region.

Moreover, the introduction of an EFT treatment to the
problem opens the possibility of evaluating more involved
observables, as, for example, multimagnon events with
strong directionality and the potential for background dis-
crimination [50]. Finally, a simple extension of our EFT
would allow the description of the magnon-phonon cou-
pling [71]. This could be used to probe both spin-dependent
and spin-independent interactions with a single target.
Finally, it is interesting to study the prospect of our materials
for axion absorption and compare with the proposal in
Refs. [68,69,78,107,108] (see also Refs. [109-111]). We
leave these and other questions for future work.
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