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We perform the first high-throughput search and evaluation of materials that can serve as excellent low-
mass dark matter detectors. Using properties of close to 1000 materials from the Materials Project database,
we project the sensitivity in dark matter parameter space for experiments constructed from each material,
including both absorption and scattering processes between dark matter and electrons. Using the
anisotropic materials in the dataset, we further compute the level of daily modulation in interaction rates
and the resulting directional sensitivities, highlighting materials with prospects to detect the dark matter
wind. Our methods provide the basic tools for the data-driven design of dark matter detectors, and our
findings lay the groundwork for the next generation of highly optimized direct searches for dark matter as
light as the keV scale. This represents a major step in the application of results from condensed matter
physics to dark matter search design.
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The identity of the dark matter (DM) in the Universe
remains a pressing open question. Decades of experimental
searches targeting candidates near the weak scale have
yielded null results, which has heightened interest in
scenarios with masses well away from the weak scale [1].
Over the last ten years, a robust community effort has
emerged to develop experiments capable of probing DM
scattering for masses well below a GeV, even down to the
keV scale, where cosmological constraints become severe.
This program has motivated the study of a wide range of
detection modalities and, in particular, various detector
constituents. Proposed detector materials range from the
familiar to the exotic, including scintillators [2], semicon-
ductors [3–6], superconductors [7–10], superfluid [11,12]
and solid helium [13], two-dimensional systems [14,15],
aromatic organic compounds [16], and even solid ice [17].
Several of these proposals have already been realized in the
laboratory, placing new limits on light DM [8–10,18,19].

Given the vast array of detection strategies with widely
varying properties, a key component of this program is the
identification of the modalities and materials that will
enable the most sensitive experiments. The structure of
the detector system, including its constituent materials,
determines the nature and properties of the excitations that
can be produced by DM interactions. Much of the early
work on sub-GeV direct detection focused on identifying
systems with detectable low-energy excitations: the detec-
tion of light DM is ultimately limited by the energy budget
of the incoming DM, which is OðmeVÞ for elastically
scattering keV-scale DM. Designing a system to read out
such a small excitation is highly nontrivial. This was, for
example, the original motivation for superconductors as
DM detectors: since typical superconductors have a gap of
OðmeVÞ, they exhibit a set of low-energy excitations
suitable for light DM detection.
With experimental technologies now maturing, material

selection has come into the limelight. When DM interacts
with a detector, the entire detector system can respond to
the induced perturbation. The nature of this detector
response plays a key role in determining the DM interaction
rate at a given energy. Thus, to design an experiment
sensitive to light DM, one should aim to optimize the entire
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energy- and momentum-dependent detector response in the
corresponding regime, which is sensitive to all collective
modes of the system. In general, this is a complicated task,
since detector response can be difficult to compute.
However, for the specific case of spin-independent DM-
electron interactions, the role of detector response is now
well understood [20–22]. A single “loss function” can be
defined in terms of the energy and momentum transfer in
the scattering process, and this loss function fully deter-
mines the DM interaction rate. Since the loss function in
certain regimes also determines the scattering rate of
StandardModel particles in the material, it can be measured
experimentally or computed using standard tools from the
condensed matter community. This opens an opportunity
anticipated four years ago by Ref. [20]: that one could
rapidly survey a large number of materials for suitability in
direct detection experiments.
In this Letter, we realize this analysis for the first time.

We use results from the Materials Project (MP) [23–27], a
large database of state-of-the-art computations of inorganic
material properties, including dielectric response functions,
which give rise to the loss function that controls DM
interaction rates. This large catalog of computed loss
functions allows us to discover candidate materials in a
data-driven way, with no prior notion of their properties.
(Smaller-scale searches for spin-orbit gapped semiconduc-
tors [28] and organic semiconductors [29] have been
considered in the context of low-mass DM targets, but
these searches focused on computing target properties only
and did not evaluate their DM responses. See also Ref. [30]
for machine learning of organic target responses.)
Moreover, since the MP dataset includes all components
of the static dielectric tensor, we can also evaluate the
suitability of anisotropic materials for directionally sensi-
tive searches, a crucial step for background rejection in the
next generation of experiments [14–16,22,31–41]. Our
Letter is the first large-scale application of response
functions computed in materials databases and promises
to rapidly and dramatically expand the pool of viable DM
detector materials by harnessing enormous computational
and experimental datasets from beyond the confines of the
DM community. Our results have significant and immedi-
ate implications for the design of next-generation DM
detection experiments, highlighting the power and direct
utility of materials science methods for DM science. In this
Letter, we use natural units with c ¼ ℏ ¼ 1.
DM interaction rate—To calculate the interaction rate

between the DM and the electrons in the detector, we
follow Refs. [20,22]. We assume that the DM species χ has
a spin-independent interaction with electrons in the detec-
tor. We denote the energy transferred in the interaction by ω
and the 3-momentum transferred by q, with q ¼ jqj. The
DM-electron scattering rate is completely determined by
the material’s loss functionWðq;ωÞ, which is related to the
longitudinal component of the dielectric tensor ϵ as

Wðq;ωÞ≡ Im½−1=ðq̂ · ϵ
↔ðq;ωÞ · q̂Þ�. The underlying

premise of this Letter is that dielectric tensors have been
computed for many different materials by the MP, and these
can be used almost directly to predict the sensitivity of an
experiment.
The rate of elastic scattering between DM and an

electronic target in the laboratory frame is given in terms
of the loss function by

RðtÞ ¼ 1

ρT

ρχ
mχ

πσ̄e
μ2eχ

Z
d3vχflabχ ðvχ ; tÞ

×
Z

d3q
ð2πÞ3

8πα

q2
F ðqÞ2Wðq;ωqÞ: ð1Þ

Here ρχ and ρT are the densities of the DM and the target,
respectively; μeχ is the DM-electron reduced mass;
flabχ ðvχ ; tÞ is the DM velocity distribution in the laboratory
frame; α ≃ 1=137 is the fine structure constant; σ̄e is a
reference cross section; ωqðvχÞ ¼ vχ · q − q2=ð2mχÞ is the
energy transferred in elastic scattering; F ðqÞ≡
VðqÞ=VðαmeÞ is a form factor that characterizes the
dependence on the mediator, where VðqÞ ¼ g2eg2χ=ðq2 þ
m2

ϕÞ is the nonrelativistic potential for an interaction
mediated by a scalar or vector of mass mϕ; and σ̄e ≡
μ2eχVðαmeÞ2=π is a reference cross section. Note that flabχ is
time dependent due to the rotation of Earth with respect to
its direction of motion through the Galactic halo. The
changing direction of the DM “wind” in the laboratory
frame translates to a daily modulation in the rate for
detectors with anisotropic dielectric tensors [22,42]. This
directional sensitivity allows for the detection of the DM
wind, enabling strong background rejection and confirma-
tion of a putative discovery [43]. We use the standard halo
model [44] for flabχ , with dispersion velocity v0 ¼ 220 km/
s, escape velocity vesc ¼ 550 km=s, and Earth veloc-
ity vE ¼ 232 km=s.
We also consider DM absorption for the case of a

kinetically mixed dark photon, i.e., a model with an
interaction of the form L ⊃ − 1

2
κFμνF0μν, where F and

F0 are the field strength tensors for the Standard Model
photon and dark photon, respectively. This interaction will
occur at a rate mimicking Standard Model photon absorp-
tion in a material, but suppressed by a factor of κ2. Thus, the
absorption rate per unit detector volume per DM particle is
given by [5,45]

ΓA ¼ κ2mχ Im
�
−

1

ϵðmχvχ ; mχÞ
�
: ð2Þ

Since jvχ j ∼ 10−3, Eq. (2) only samples the loss function in
the regime jqj ≪ ω. Thus, when computing the absorption
rate, we fix jqj ¼ 0, which gives an excellent approxima-
tion for the DM masses considered in this Letter. Here we
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assume that the dielectric tensor is isotropic and write ϵ in

place of ϵ
↔
. When ϵ

↔
is anisotropic, we average over

Cartesian directions. The computation of the DM absorp-
tion rate in an anisotropic material will be the subject of
future work [46].
The MP dataset [23–25] contains dielectric tensors, band

gaps, densities, and unit cell volumes. We use improved
band gap computations, some of which are not yet
incorporated into the MP dataset, and consider 986 out
of the original 1019 materials for which reliable band gaps
are available. Since the dielectric tensor is provided only in
the q → 0 limit, we extrapolate to finite q using a custom
fitting procedure. A description of the fitting procedure and
other dataset details are provided in the EndMatter. The full
dataset is provided in a public repository released with this
Letter [47].
Results and discussion—We can now evaluate the

sensitivity of a fiducial experiment to DM scattering and
absorption for each of the materials in the MP dataset. For
materials with anisotropic dielectric tensors, we further
evaluate the amplitude of the daily modulation induced in
the scattering rate. The projections are available for all of
the materials in our dataset [47], with further details
provided in the End Matter.
In order to identify thematerials in the dataset with optimal

sensitivity for DM searches, one needs a figure of merit for
comparison. Given an interval of DMmasses ðm1; m2Þ and a
quantity α characterizing the strength of the weakest detect-
able interaction for a fixed exposure,we compute the figure of
merit η≡ −

R logm2

logm1
logαðmχÞd logmχ , so that the largest

value of η corresponds to the system that is sensitive to the

largest parameter space volume in logarithmic coordinates.
For scattering, we take α to be the cross section σ̄e defined in
(1), and for absorption, we take α to be the kinetic mixing
parameter κ.Rankingmaterials by the figureofmeritη,we can
identify the materials with greatest sensitivity in each mass
range [48].
Our results for DM absorption of a kinetically mixed

dark photon are shown in Fig. 1. In each half-decade of DM
mass, we show the projected sensitivity for all materials
that are among the three materials with the largest figure of
merit in the corresponding bin. The gray shaded region
shows the best projected reach across all materials in the
MP dataset at each DM mass. All projections are made at
the 95% confidence level (CL) assuming a background-free
exposure of 1 kg-yr. We consider deposits ω > 10 meV,
with the maximal deposit set by the highest energy
available in the data for each material, at most 100 eV.
We label curves with their chemical formulas for read-
ability, but these formulas do not uniquely determine
material properties, since each formula can correspond
to many different allotropes. An unambiguous description
of a material is provided by its ID in the MP database, or
MPID. Table I lists all materials appearing in our plots,
including their MPID, relevant band gap, structure type,
and whether they have been experimentally synthesized.
Our results for DM scattering are shown in Fig. 2 for the

case of a light mediator. The analogous results for a heavy
mediator are given in the End Matter (Fig. 4). These are
qualitatively similar and select nearly the same set of
optimal materials. As with Fig. 1, the lower panel shows
the three optimal materials from the MP dataset in each

FIG. 1. Absorption. Projected reach of optimal materials from the MP dataset for DM absorption of a kinetically mixed dark photon. In
each half-decade of DM mass, materials are ranked by average reach in log space, and the three best from the dataset are indicated by
thick lines in each panel. The gray region indicates parameter space that is accessible by the combination of all materials in the MP
dataset. The numbers across the top indicate the number of materials with any sensitivity in each mass range. All projections are made at
95% CL for a background-free exposure of 1 kilogram-year.
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half-decade of DM mass. The top panel shows optimal
materials for the directional detection of the DM wind. For
a fixed exposure, this “anisotropic reach” is defined by the
cross section for which the null hypothesis of an isotropic

DM distribution can be rejected at 95% CL. The anisotropic
reach always corresponds to larger cross sections, since
many events are required to establish that the arrival
directions are not uniformly distributed. The anisotropic

FIG. 2. Scattering via a light mediator. Projected reach of optimal materials in the MP dataset for DM scattering via a light mediator,
selected on the same criteria as in Fig. 1. Bottom: optimal materials in the MP dataset on the basis of 3 event reach. Top: optimal
materials on the basis of sensitivity to anisotropy in the DM distribution. The pairs of numbers across the top indicate the number of
materials with any sensitivity in each mass range: the first and second numbers correspond to anisotropic and isotropic sensitivity,
respectively. All projections are made at 95% CL for a kilogram-year of exposure.

TABLE I. Materials and their corresponding MPIDs studied in this Letter, listed alphabetically by column. For each material, we
report the computed band gap Eg and method: Heyd-Scuseria-Ernzerhof (HSE) hybrid functional (H); r2SCAN meta-generalized
gradient approximation (GGA) (r), or GGA (G). We give the structure type for each material and provide a reference when the
compound listed has been experimentally synthesized. Materials listed as “Gapless” exhibited vanishing band gaps in each of the
available computational methods.

Formula MPID Eg (eV) Structure type Formula MPID Eg (eV) Structure type

Bi2TeO2 mp-755419 [49] Gapless Anti-ThCr2Si2 [50] KNa2Bi mp-863707 [51] 0.43 (H) DO3 type [52]
C mp-569304 [53] 0.21 (r) AABBCC graphite [54] LaBr2 mp-28572 [55] 1.00 (H) 2H2-MoS2 [56]
Ca3SnO mp-29241 [57] 0.40 (H) Inverse perovskite [58] Li2CN2 mp-9610 [59] 4.93 (H) Tetragonal

I4=mmm [60]
CaAsAu mp-3927 [61] Gapless Hexagonal ω [62] Li2O mp-1960 [63] 6.66 (H) CaF2

(fluorite) [64]
CaCdO2 mp-753287 [65] 1.12 (r) Caswellsilverite-like Li3N mp-2251 [66] 2.03 (H) Layered

P6=mmm [67]
CoAuO2 mp-997161 [68] 0.63 (r) CuFeO2 (delafossite) LiH mp-23703 [69] 3.99 (H) NaCl

(rocksalt) [70]
Cs2O mp-7988 [71] 1.34 (r) Anti-CdCl2=layer [72] LiMoO2 mp-19338 [73] Gapless Layered

caswellsilverite [74]
CsK2Sb mp-581024 [75] 1.67 (H) M3Sb

(M:alkali metal) [76]
MgO mp-1265 [77] 6.62 (H) NaCl (rocksalt) [78]

K2PdBr6 mp-1205761 [79] 1.29 (H) K2PtCl6 [80] SrAlSiH mp-570485 [81] 0.63 (G) Layered Zintl
hydride [82]

KCuTeO6 mp-1147551 [83] 2.0 (H) Layered
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reach is representative of the best possible sensitivity in the
presence of uncontrolled backgrounds, where the detection
of the DM wind direction is crucial in order to distinguish
the DM signal from other sources.
A key difference between our results for absorption and

scattering is the range of masses over which particular
materials are optimal. The kinematics of DM absorption
involves an energy transfer on the order of the DM mass,
which is much larger than the momentum transfer.
Accordingly, localized features of the response function
result in localized features in the reach curve, so a material
that is optimal in one half-decade of mass is not generically
optimal elsewhere. On the other hand, the kinematics of
scattering average the response over a range of energy
transfers, leading to smoother reach curves and to materials
that are optimal over wide mass ranges.
One might hope to optimize DM searches by selecting

materials that offer excellent reach for both absorption and
scattering simultaneously, and for the widest possible mass
range. A small number of materials are among the optimal
three across multiple half-decades of DM mass. For
absorption, these materials are C, LiMoO2, and Li3N.
For isotropic scattering, these materials are C, LiMoO2,
CaAsAu, and KNa2Bi. For anisotropic scattering, these are
C, LiMoO2, CaAsAu, Bi2TeO2, and CaCdO2. We show the
modulation in the DM scattering rate over 24 h for some of
these materials in Fig. 3.
Three materials are of particular interest: LiMoO2,

CaAsAu, and Bi2TeO2 offer strong performance for each
of absorption, isotropic scattering, and anisotropic scatter-
ing at the lowest DM masses, with daily modulations of
Oð20% − 50%Þ. LiMoO2 (lithium molybdenate) is well
known [84–86] and has been shown to intercalate Li.
Bi2TeO2, a bismuth oxychalcogenide, is known as a
thermoelectric material. It has been studied theoretically

by Ref. [87] and is commercially available. CaAsAu, while
not widely studied, has been synthesized [62], and Ref. [88]
identifies it as a topological semimetal. (Note that the flag
“predicted stable” on the MP is one of several descriptors of
synthesizability and does not necessarily indicate that a
material can or cannot be synthesized.) Our results motivate
experimental evaluation of these materials as targets for
DM searches. Detailed density functional theory (DFT)
computations of their loss functions at nonvanishing
momenta will also be pursued in future work [89].
While several detector materials have thus far been

evaluated or calibrated with dielectric response data, the
materials that we have identified as optimal within our
dataset are unique in that they are the first to have been
selected by data-driven techniques. Our Letter constitutes
the first high-throughput search and evaluation of DM
responses in materials datasets for DM detector materials
and represents the natural next step in the use of material
data for DM experiments. Thus, our method has enabled
the evaluation of a large number of heterogeneous candi-
dates, rather than a handful of hand-picked materials. The
anisotropies that we project are especially notable: in recent
years, directional sensitivity has typically been identified as
a rare feature of very specific and highly unusual systems,
discovered through great manual effort, to the extent that
each individual system warranted a dedicated publication.
By contrast, in this Letter, we have identified a large
number of robustly direction-sensitive materials that can be
used in DM experiments, a complete change of paradigm.
We stress that now that large volumes of data are available,
the data-driven approach can be used not only for detector
calibration, but also for material discovery. As the Materials
Project and other large-scale efforts continue to expand
their datasets, the DM direct detection community will have
the immediate opportunity to identify new classes of
materials to accelerate DM detection well below the
GeV scale.

The color palette for figures in this Letter was selected
programmatically [90] to minimize overlap for several
types of color vision deficiency using the color model
of Ref. [92].
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End Matter

Dataset and fitting procedure—In the MP dataset, the
dielectric tensor ϵ

↔
data is only available in the limit

q → 0. This is sufficient to treat DM absorption, which
always takes place in the small-q limit, but it is
insufficient for DM scattering. It is therefore necessary
to adopt a fixed procedure for estimating the dielectric
tensor at q > 0. We use the following steps. First, if

ϵ
↔

data is anisotropic, we average q̂ · ϵ
↔

data · q̂ over
Cartesian directions to obtain a scalar dielectric function
ϵdata for the purposes of estimating the overall rate [93].
Next, we extract all energies ω̂k where ReðϵÞ vanishes.
Each of these zeros except the first, ω̂0, corresponds to a
plasmon peak in the loss function. We fit each of these
peaks with a Lindhard dielectric function ϵL [94], fixing
the plasma frequency to ωp;k ¼ ω̂k and fitting the
plasmon width Γp;k. We then construct a q-dependent
loss function as the linear combination of these fits,

Wfitðq;ωÞ ¼
1P
khk

Xnpeaks
k¼1

hk Im

�
−

1

ϵLðωp;k;Γp;k;q;ωÞ
�
:

ðA1Þ

(Sums of model loss functions have been previously
used to approximate losses in real materials, e.g., by
Refs. [95,96].) This does not reduce to the loss function
constructed from ϵdata as q → 0. Thus, when defining
the q-dependent loss function, we incorporate the
residual ratio between the data and the fit to enforce
agreement at q ¼ 0, and we make the approximation
that this ratio is independent of q. Specifically, we
define rðωÞ≡ Im½−1=ϵdataðωÞ�=Wfitðq;ωÞjq→0 and use a
modified loss function

Wrðq;ωÞ ¼ rðωÞ ×Wfitðq;ωÞ; ðA2Þ

which retains the momentum dependence implied by the
fitted Lindhard functions, but is constructed to yield
Wdata in the limit q → 0. We use Wr as a proxy for the

material’s loss function at q > 0 in our rate
computations. While this empirical fitting procedure
does not arise from a microphysical model, it is
nonetheless capable of reproducing results from
dedicated DFT computations in other materials [97].
Finally, we conservatively fix Wfitðq;ωÞ ¼ 0 for values
of ω below the gap in the material. We exclude 55
materials due to incompatibility with our fitting
procedure, all with band gaps above 1 eV. We thus
evaluate a total of 931 materials for isotropic scattering
sensitivity.
To calculate the daily modulation of the DM scattering

rate induced by the rotation of Earth, we use a directionally-
dependent generalization of the fitting procedure described
above: we separately fit q̂ · ϵ

↔
data · q̂ for 800 uniformly

sampled directions q̂i, with the plasmon parameters and
ratio factors rðωÞ computed independently from the longi-
tudinal dielectric tensor along each direction. We perform
this directionally-dependent fit for materials in which the
loss function differs by at least 25% on average between
two Cartesian axes. Of the 931 materials evaluated for
scattering sensitivity, 593 exhibit this level of anisotropy.
To avoid sensitivity to artificial anisotropy introduced by
the fitting procedure, we check for the presence of
approximate uniaxial symmetry in any of the material axes
and find such a symmetry in 527 of the anisotropic
materials. For these materials, we enforce the rotational

symmetry by averaging the components of ϵ
↔

data around the
symmetry axis prior to fitting. Of the 593 anisotropic
materials, 23 were incompatible with our fitting procedure
and were excluded, all with band gaps above 1 eV. We
compute the modulation following Ref. [22], and when
evaluatingWfitðqÞ, we use the fit in the direction q̂i closest
to q̂. Uniaxial materials are oriented with their axis
perpendicular to the DM wind. For other materials, one
of the Cartesian axes is oriented in this way, chosen to
maximize the modulation. Further details of the selection
criteria, preprocessing steps, and statistical analysis are
given in Supplemental Material [98].
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Additional results and public repository—In the main
text, we show reach curves for absorption and for
scattering via a light mediator, each for a small subset of
materials that are optimal in the MP dataset according to
our criteria. Here, we supply results for the two
remaining cases: scattering via a heavy mediator and
scattering or absorption with all of the other materials in
our dataset.
First, we present our results for DM scattering via a

heavy mediator in Fig. 4. The hatched region in Fig. 4
indicates existing constraints on the relevant parameter
space. As mentioned in the main text, the qualitative
outcome of this analysis is very similar to the case of
the light mediator that we show in Fig. 2. The full set of
optimal materials is very similar between the two cases.

Next, for all the cases for which projections appear in
this Letter, and for all other materials in the Materials
Project dataset, we have made our data products publicly
available [47] to facilitate future studies. For each material
in our dataset, the repository includes the following
properties: (1) The full dielectric tensor data in the limit
q → 0; (2) other material data such as band gaps and
densities; (3) projected reach curves for absorption, iso-
tropic scattering, and anisotropic scattering; (4) modulation
curves for anisotropic materials, error estimates, and planar
symmetries.
Dielectric response data in the repository are shifted per

the procedure described in Supplemental Material [98].
Further documentation and usage examples are included in
the repository itself.

FIG. 4. Scattering via heavy mediator. Projected reach of optimal materials for DM scattering via a heavy mediator. Existing
constraints from Refs. [107–112] are indicated by the hatched dark gray region. All other features are identical to Fig. 2.
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