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We show that nickel oxide, which is already a very promising target to look for sub-MeV dark matter
scattering, can be employed to hunt axion dark matter, with masses in the meV range and couplings to
electrons allowing them to potentially be QCD axions. We describe the interactions between axions and the
collective excitations of nickel oxide in terms of an effective field theory, built solely out of symmetry
arguments. The processes of conversion into one or two excitations provide, respectively, a narrow band
and a broadband channel for the axion search, and the possibility of varying an external magnetic field up to
a phase transition point allows one to cover a large portion of a yet unexplored parameter space, reaching
axion masses down to few fractions of an meV. Our results underline nickel oxide as an ideal candidate for a
multipurpose target for light dark matter searches.
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I. INTRODUCTION

Direct dark matter searches for both heavy weakly
interacting massive particles [e.g., [1–5] ] and axions
[e.g., [6–16] ], have so far reported null results.
Concerning the axion, in particular, only a handful of
experiments have (or will have) enough sensitivity to probe
the QCD axion region, i.e., the right masses and couplings
to potentially offer a solution to the strong CP problem. In
order to keep expanding the scope of our searches, and
probe yet unexplored regions in parameter space, new ideas
and detection strategies are needed.
A good deal of work has been recently devoted toward

taking advantage of the rich spectrum of collective excita-
tions featured by different condensed matter systems, trying
to employ them to look for sub-MeV dark matter scattering
and axion absorption, probing new values of their possible
mass [e.g., [17–41] ]. For a review, see [42,43].
In this work we show that nickel oxide (NiO), a well

studied antiferromagnet [e.g., [44–46] ], offers an optimal
target to probe the electron coupling of axion dark matter

withmasses in the unexplored rangema ∼Oð0.1–10Þ meV.
(Other proposals valid for similar masses are [33,34,40].) It
has already been shown that NiO provides an ideal target
also to look for sub-MeV dark matter scattering from spin-
dependent interactions [39]. Among other reasons, this is
because its vanishing magnetization ensures that the emis-
sion of multiple collective excitations (the so-called mag-
nons) is allowed. This enables the transfer of a large fraction
of the dark matter energy even at masses as low as the keV.
As we will argue, NiO is also very efficient at absorbing

axions, with masses in the same range as the typical
energies of its magnon modes. In particular, the process
of axion conversion into a single excitation provides (at
least) two resonant values for a narrow band search,
corresponding to the two lowest lying magnon modes.
By tuning an external magnetic field one can also make one
of the magnons arbitrarily light, giving access to axion
masses even below the meV range. The conversion into two
magnons, instead, offers the possibility for a broadband
channel: the system is able to absorb axions in a wide range
of masses by simply adjusting the total energy and relative
momentum of the two outgoing excitations.
We work within an effective field theory (EFT) for the

description of magnons and their interactions, valid at low
energies and long wavelengths [47–50], which we extend
to incorporate the rich phenomenology of NiO [51]. In this
framework, magnons are the (pseudo-)Goldstone bosons
associated with the breaking of nonrelativistic spin sym-
metry, as induced by the antiferromagnetic ground state.
The main advantage of this EFT is that it is completely
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dictated by symmetry, thus bypassing the need for a
microscopic description of the system. The intricacies of
the short distance physics are encoded in a few effective
coefficients, which we match from data. This has a twofold
advantage. On the one hand, the EFT formulation allows
one to clearly disentangle those phenomena that are
universal, i.e., common to a broad class of systems, to
those that are specific to a given short distance realization
of these systems. On the other hand, it helps formulating
the current problem in a language that is closer to high
energy physics, thus allowing one to borrow concepts and
techniques from this field.
Conventions: We use natural units, ℏ ¼ c ¼ 1, and

follow an index notation with i, j, k ¼ 1, 2, 3 and a,
b ¼ 1, 2.

II. THE EFT

We start by summarizing the EFT for magnons in NiO,
which has been developed in full detail in [51]. After that,
we introduce the axion, and describe how to incorporate it
into the above mentioned EFT. Throughout our treatment,
we will assume to work at zero temperature, as motivated
by the standard setup for direct dark matter searches.

A. Magnons in NiO

A magnetic material can be thought of as a collection of
spins arising from the elementary spins of the unpaired
electrons localized around each lattice site, with the
exchange and superexchange interaction between these
electrons providing an effective coupling between different
spins. In an antiferromagnet, these couplings are such that,
below a certain critical temperature, the ground state of the
system develops a long-range order, with neighboring spins
antiparallel to each other and all aligned along one
direction. We take this to be the z axis. For NiO, this
happens below the temperature TN ≃ 523 K, called the
Néel temperature [e.g., [44,52] ].
In this context, one can define an order parameter, the so-

called Néel vector, consisting of a staggered sum of all the
spins in the material, i.e.,N ≡P

ið−1ÞiSi, where Si is the
spin of the i-th lattice site and ð−1Þi is positive for spins on
even sites, and negative for those on odd sites. In the
ordered ground state, the Néel vector acquires a nonzero
expectation value, hN i ∝ ẑ. From the symmetry viewpoint,
this spontaneously breaks the internal spin rotations to the
subgroup of rotations that leave the order parameters
unchanged, i.e., those around the z axis. The symmetry
breaking pattern is then SOð3Þ → SOð2Þ, and magnons are
nothing but the associated Goldstone bosons. As such, they
can be described by an EFT.
A convenient way of parametrizing them is in terms of

local modulations of the order parameter, n̂ ¼ eiθ
aSa · ẑ,

where Sa ¼ fS1; S2g are the broken SO(3) generators, with
ðSiÞjk ¼ −iϵijk, and θaðxÞ are the magnon fields. The most

general, lowest order Lagrangian describing magnons at
low energies and small momenta is simply given by
[e.g., [48] ]

Lθ ¼
c1
2
½ð∂tn̂Þ2 − v2θð∇in̂Þ2�: ð1Þ

Here vθ is the magnon propagation speed, and it can be
determined from their dispersion relation, obtaining vθ ≃
1.3 × 10−4 [39]. The coefficient c1 can instead be matched
to the parameters of the microscopic spin Hamiltonian
using neutron scattering data [39]. We report the values of
all the effective coefficients in Table I.
The phenomenology of NiO is, however, richer than this.

Specifically, its magnon modes actually present a small but
nonzero gap. This is due to tiny explicit breaking effects,
turning the magnons into pseudo-Goldstones. To the best of
our knowledge, the microscopic mechanism generating
these gaps has not been completely understood. Data from
Raman and Brillouin scattering experiments seem to point
to magneto-crystalline anisotropies and dipolar interactions
between spins as the most plausible explanation [45]. Yet,
the simplest model which correctly reproduces the spec-
trum of the two lowest lying magnon modes only includes
two anisotropic terms with no dipole interactions, as done,
for example, in [44,46]. These anisotropies explicitly break
the internal SO(3), and are encoded in the EFT by two
additional operators [51],

Lanis ¼ c1½λzn̂2z − λxn̂2x�; ð2Þ

where λz; λx > 0. The anisotropic couplings can also be
matched to the parameters of the microscopic Hamiltonian
[51], and their values are again in Table I. The anisotropies
in the x and z directions are often dubbed “hard” and “easy”
axis anisotropies, respectively [46].
In order to scan different axion masses, one needs to vary

the magnon gap. This can be achieved by placing the NiO
sample in a constant magnetic field, which we take to be
aligned with the easy axis,H ¼ Hẑ. This can be accounted
for in the EFT by promoting the ordinary time derivative to a
covariant one in the Lagrangian (1), ∂tn̂ → ∂tn̂þ μH × n̂,

TABLE I. Parameters for the EFT of magnons in NiO [51]. μB
is the Bohr magneton, and the mass density, ρT is taken from [53].
ΛUV is estimated from [44] as the momentum for which the
dispersion relation deviates from linear by 10%. Note that while
the EFT is general for any antiferromagnet with the same
symmetry breaking pattern, the value of the parameters crucially
depends on the microscopic structure of the order parameter and
of the crystal.

vθ

c1
[MeV=Å] μ=μB

λx
[meV2]

λz
[meV2]

ΛUV
[keV]

ρT
[g=cm3]

1.3 × 10−4 0.58 2.18 9.80 0.17 0.6 6.7
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such that the Lagrangian is now invariant under simulta-
neous gauge transformations of n̂ and H, with the latter
playing the role of a vector potential. Indeed, at the level of
theHamiltonian, this procedure returns the standardZeeman
coupling [50,51,54]. Here μ is the gyromagnetic ratio, again
given in Table I.
All together, the EFT for magnons in NiO is given by

LEFT ¼ c1
2
½ð∂tn̂þ μH × n̂Þ2 − v2θð∇in̂Þ2� þ Lanis

¼ c1
2
½ðθ̇a − μHϵabθbÞ2 − v2θð∇θaÞ2

− 2λzðθaÞ2 − 2λxδ
a2δb2θaθb þOðθ4Þ�; ð3Þ

where we expanded in fluctuations around equilibrium.
From the solutions to the linearized equations of motion

one finds that there are, as expected, two physical magnon
modes, with dispersion relations given by [51]

ω2
q;� ¼ μ2H2 þ λx þ 2λz þ v2θq

2

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4μ2H2ðλx þ 2λz þ v2θq

2Þ þ λ2x

q
: ð4Þ

The quantization of this theory is complicated by the
presence of a one-derivative kinetic term, which does not
allow one to diagonalize the quadratic Lagrangian (3) by a
local field redefinition. The details of the quantization
procedure have been developed in [51].
Importantly, as the magnetic field increases, the gaps of

the þ and − modes in Eq. (4) respectively increase and
decrease. This feature can be used to scan over different
axion masses. At μ0H ¼ μ0

ffiffiffiffiffiffiffi
2λz

p
=μ ≃ 4.62 T,1 the lightest

modes becomes gapless and, for larger fields, the system
undergoes a (first order) “spin-flop” phase transition to a
different ground state, characterized by hn̂i ¼ ŷ [e.g.,
[46,51] ]. In this work, we are not interested in this regime.
However, we notice that thermal and radiative corrections
are expected to change both the magnon dispersion
relation, as well as the value of the critical magnetic field,
but not too dramatically [55]. They are also expected to
induce a small gap even at the phase transition point.
It is also interesting to note that in the absence of

magnetic fields, the magnon gaps are ω0;þ=− ∼
ffiffiffiffiffiffiffiffi
λx=z

p
,

corresponding to OðmeVÞ energies. This is in contrast to
ferrimagnets [33], where the gaps are OðμeVÞ, and hence
are more suitable to probe axion masses in that range.
Finally, our EFT breaks down for momenta larger than a

strong coupling scale,ΛUV, when the details of microscopic
system become relevant. This cutoff can be estimated, for
example, as themomentum for which the dispersion relation
sensibly deviates from linearity, indicating that higher

derivative terms in the effective Lagrangian become rel-
evant. In the rest of this work, we always ensure that
momenta and energies are below, respectively, ΛUV and
vθΛUV, the latter being the typical microscopic energy scale.

B. Axion-magnon coupling

We are interested in the axion-electron coupling, which
is ultimately responsible for the interaction between axions
and magnons. The corresponding Lagrangian is

La ¼
gaee
2me

∂μaēγμγ5e⟶
n:r:

−
gaee
me

∇a ·

�
e†nr

σ
2
enr

�

⟶
IR

−
gaee
me

∇a · s; ð5Þ

where we first took the nonrelativistic limit as described in
[39] (see also [56]), with enr the nonrelativistic electron
field, neglecting terms suppressed by the ratio of the axion
mass to the electron mass. In going to the second line, we
used the fact that e†nrσenr=2 is the electron spin density. At
low energies, it must be expressed in the terms of the
relevant degrees of freedom, which in this case are the
magnons. Note that we have neglected an additional term,
which scales as the electron velocity. For most materials,
this is subleading with respect to the coupling included
here. For a more detailed discussion we refer the reader to
[40,57]. The inclusion of this additional effect is beyond the
scope of the present work.
Now, the spin density is nothing but the Noether current

associated with the original SO(3) symmetry which, given
the Lagrangian (3), reads as

si ¼ c1½ð∂tn̂ × n̂Þi þ μðH · n̂Þn̂i�
≃ c1½δiaðθ̇a − μHϵabθbÞ − δi3θaðϵabθ̇b þ μHθaÞ�; ð6Þ

where we omitted constant terms and neglected higher
order contributions in the small fluctuations.
With this at hand, and given the expression for the

canonical fields reported in [51], one easily finds the
amplitudes, iM, for the axion-magnon conversions:

ð7aÞ

ð7bÞ

where α; β ¼ � run over the physical magnon states,
with dispersion relations as in Eq. (4). The coefficients

1In the presence of a material, the magnetic field H is typically
reported in oersted (Oe). In this work, we use μ0 ¼ 10−4 T=Oe to
convert to Tesla, which is more common in the high energy
literature.
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Za
q;α ≡ h0jθað0Þjq; αi are the overlap functions between the

magnon fields and the physical magnon states. They are
given by [51]

jZ1
q;�j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
� 2μ2H2 − λx

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4μ2H2ðv2θq2 þ λx þ 2λzÞ þ λ2x

q
vuut ; ð8aÞ

Z2
q;� ¼ i

�
v2θq

2 − μ2H2 þ 2λz − ω2
q;�

2 μHωq;�

�
Z1

q;�; ð8bÞ

where the common overall phase is arbitrary.

III. EVENT RATES

We can now compute the axion absorption event rates
per unit target mass. For a target material of density ρT (see
Table I), this is given by

Rðv̂eÞ ¼
ρa

ρTma

Z
d3v fðjvþ vejÞΓðvÞ: ð9Þ

Here fðvÞ is the dark matter velocity distribution in the
MilkyWay.To comparewith other proposals,we take this as a
truncatedMaxwellian as in the standard halomodel, with dis-
persion v0 ¼ 230 km=s, escape velocity vesc ¼ 600 km=s,
and boosted with respect to the Galactic rest frame by the
Earth velocity, ve ¼ 240 km=s [58,59]. We also take the
axion dark matter density to be ρa ¼ 0.4 GeV=cm3 [58,60].
One of the advantages of employing an EFT approach

like we do, and thus formulating the problem in terms of
local Lagrangians, lies in the fact that the rate Γ can now be
computed in the standard way, as explained in any particle
physics textbook.

A. One-magnon absorption and directionality

For the conversion into a single magnon, momentum
conservation enforces its momentum to be equal to the
axion one, q ¼ mav. Since we will be interested in masses
ma ≲ 1 eV, this momentum is always extremely small, and
can be set to zero everywhere without any appreciable
corrections, as one can check explicitly. In light of this, the
absorption rate is

Γα ¼
πmajgaeej2

2m2
e

c1
ω0;α

jvaVa
αj2δðma − ω0;αÞ

→
majgaeej2

m2
e

c1
ω0;α

jvaVa
αj2

maω0;αγα
ðm2

a − ω2
0;αÞ2 þ ðω0;αγαÞ2

;

ð10Þ
where Va

α ≡ iω0;αZa
0;α þ μHϵabZb

0;α, and we regulated the
energy δ function with a Breit-Wigner distribution,
accounting for the magnon finite width, γα. This width
is roughly γα ¼ Oð1–100Þ μeV [61,62], and it depends on
various properties of the material, such as Umklapp

scattering, temperature, and boundary effects [62]. To
the best of our knowledge, this information is not available
for NiO. We thus follow the conservative approach of [33]
and treat γα=ω ¼ γα=ma as a free parameter.
The event rate has a nontrivial dependence on the

direction of the Earth velocity. This is because antiferro-
magnets feature a preferential direction, as set by the order
parameter. This directionality can be exploited as an
efficient strategy to discriminate between signal and back-
ground [e.g., [63,64] ]. As we show, in NiO this feature is
quite remarkable, with a modulation following the direction
of the Earth velocity of about 300%.
After averaging Eq. (10) over the dark matter velocity

distribution, the rate depends on the Earth velocity as

Rαðv̂eÞ ∝
hv2⊥i
2

Va
αðVa

αÞ� þ jvaeVa
αj2; ð11Þ

where v⊥ is a velocity perpendicular to the order parameter
(i.e., on the xy plane), and directionality is due to the
second term. If the axion has the right mass to emit an
α ¼ þ magnon, the rate is maximum when v̂e ¼ ŷ, while
for α ¼ −, this happens when v̂e ¼ x̂. In Fig. 1 we report
the directional dependence of the event rate. As anticipated,
the signal modulation is very strong. However, we point out
that realistic materials present various domains, each with a
different orientation of the order parameter. This effect
could decrease the modulation.2

FIG. 1. One-magnon event rate as a function of the direction of
the Earth velocity, taken to be on the xy plane, i.e.,
v̂e ¼ cosϕx̂þ sinϕŷ, at μ0H ¼ 1 T. The rate is normalized to
its minimum value, achieved for v̂e ¼ ẑ. Note that the minima of
the curve lie very close to Rα=Rmin

α ¼ 1. This means, for example,
that the Rþ rates evaluated at ve ¼ ẑ and ve ¼ x̂ are very similar.
This is because the Va

α vectors have one component much larger
than the other, as a consequence of the large hierarchy between
the effects due to the external magnetic field, and those due to the
intrinsic anisotropies.

2We are grateful to G. Marocco for pointing this out.
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In Fig. 2 we instead show the projected reach obtained
assuming three events per year for a kilogram of NiO, in the
ideal absence of background. The total rate is given by
R ¼ Rþ þ R−, and we evaluate it in the v̂e ¼ x̂ configu-
ration. The result obtained for the v̂e ¼ ŷ is analogous,
differing by no more than order 1. We show results for both
γα=ω ¼ 10−3 and 10−5, with the second one being rather
optimistic and likely achievable only in very pure samples.
We also scan different values of the external magnetic field,
in the range μ0H∈ ½0; 4.5� T. Crucially, when this
approaches the critical value (see Sec. II A), the one-
magnon process probes lower and lower values of the
axion mass, as again shown in Fig. 2. This makes the H
field scanning in NiO potentially a very powerful avenue to
cover a large portion of the parameter space.

B. Two-magnon absorption

As explained also in [39], antiferromagnets offer the
possibility of multimagnon events, which are instead
strongly suppressed by symmetry in ferrimagnets [27].
In the context of axion absorption, these allow for a
broadband channel, since the system can absorb axions
with different masses by simply changing the energy and
relative momentum of the multiple excitations, without the
need for any external tuning. In our EFT language, the
matrix element for two-magnon absorption is in Eq. (7b).
In this case the magnons are effectively emitted back to

back, p ≃ −k, since again the axion momentum is

irrelevant. This considerably simplifies the calculation
of the event rate, which is now the sum over all possible
outgoing magnons R ¼ Rþþ þ Rþ− þ R−þ þ R−−. More-
over, contrary to the one-magnon case, the maximum rate
in this case is obtained for v̂e ¼ ẑ. The resulting projections
are again reported in Fig. 2. As one can see, the absorption
into two magnons provides a broadband channel, which
can be dominant when the magnons are particularly
long lived.

IV. OUTLOOK

NiO can be employed as an optimal target to probe the
electron coupling of axion dark matter with masses around
the meV and couplings down to the QCD axion ones, a
region still experimentally uncharted. The one-magnon
channel features a strongly directional signal, which can
be key to an efficient background rejection strategy.
Moreover, by varying the external magnetic field toward
its critical “spin-flop” value, it is possible to probe axion
masses that are, in principle, arbitrarily small, thus covering
a large portion of the unexplored parameter space. Finally,
the excitation of multiple magnons in the final state
provides a broadband channel for axion absorption, which
is the dominant signature in samples that allow for an
especially narrow magnon mode.
Our results, together with the previous proposal to

employ NiO as a target for sub-MeV dark matter scattering
from spin-dependent interactions [39], make a strong
physics case for the employment of this material as a
multipurpose target for light dark matter searchers, cover-
ing a brand new region of parameter space.
This also paves the way to a number of further inves-

tigations. For instance, our study does not deal with
magnetic fields that are arbitrarily close to the critical
point, as other effects might become relevant when the
magnon becomes sufficiently light. It is also important to
understand how the possible directional signal is affected
by the presence of multiple domains in a realistic material,
or if other material might perform better than NiO (see, e.g.,
[70]). In this second instance, one will have to work out
another EFT, if useful. Moreover, it is known that NiO
features a number of additional light excitations [45], and
that the magnon gaps can also be varied (quite a lot) by
applying an external strain to the sample [e.g., [71] ].
Neither of these features are currently included in our EFT,
and their implications for light dark matter searches have
not been explored. In particular, if not suppressed by
possible selection rules, the other light magnon modes
could provide additional channels for axion absorption,
which would allow one to cover an even larger region in
parameter space. Finally, to turn this into a concrete
proposal, one must address the question of what are the
observable signatures associated with the emission of
magnons in the NiO sample. This is also relevant in light
of the fact that, once a concrete detection strategy is in

FIG. 2. Projected reach at 95% CL for a kilogram of material
and a year of exposure, assuming no background. For single
magnon absorption, we treat γα=ω as a free parameter. The one-
and two-magnon channels have been computed, respectively, for
v̂e ¼ x̂ and v̂e ¼ ẑ. The red shaded regions are obtained for a
magnetic field varying in the range μ0H∈ ½0; 4.5� T. The same
scan for the higher magnon mode is not visible in logarithmic
scale. The projections are interrupted when the energy/momenta
involved exceed the EFT cutoff. The yellow band corresponds to
the QCD axion models reviewed, for example, in [65,66], and is
stopped in correspondence to the cosmological bound determined
in [67]. The white dwarf bound is taken from [68], and the
XENONnT one from [14] (see also [69]).

HUNTING AXION DARK MATTER WITH ANTIFERROMAGNETS: … PHYS. REV. D 112, 035007 (2025)

035007-5



place, the final excluded region could be different from the
ideal one presented here. We leave these and other
interesting directions for future work.
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