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Proposal for broad-range directional detection of light dark matter in cryogenic ice
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We propose hexagonal ice (H20) as a new target for light dark matter (DM) direct detection. Ice,
a polar material, is suitable for single phonon detection through DM scattering for which we consider
light dark photon and light scalar mediator models. We report a rate sensitivity down to a DM
mass of ~keV, constituting a broader mass range than other promising candidates. We find bet-
ter sensitivity for near-term experimental thresholds from the presence of high-frequency phonons.
These advantages, and ice’s availability, make it highly promising for single-phonon detection.

New proposals for the direct detection of dark matter
(DM) have steadily pushed into the sub-GeV ‘light’ DM
range [1]. In particular, for DM masses in the kev-GeV
range, freeze-in DM scattering is well motivated through
both a light scalar mediator and a dark photon media-
tor [2, 3]. The smaller kinetic energy for this lower mass
DM motivates the exploration of low-energy excitations
in condensed matter systems as possible direct detection
channels [4]. Recent proposals for DM detection in crys-
tal targets include quasiparticle excitations ranging from
phonon and electron scattering in conventional semicon-
ductors [5, 6] to more exotic quantum materials such as
Dirac semimetals [7], and axions in topological insulators
and multiferroics [8-10].

Of these proposals for DM direct detection via quasi-
particle scattering, single phonon production presents a
promising detection scheme for several reasons [6, 11].
Typical optical phonons in crystals range from 10-100
meV, making them kinematically matched with sub-
MeV DM. Dark photon mediators can mix with stan-
dard model photons resulting in a coupling to optical
phonon modes in polar semiconductors. Furthermore,
common polar semiconductors (e.g. GaAs) have size-
able band gaps resulting in small screening. The in-
trinsic anisotropy of polar semiconductors allows for a
directional response giving signal discrimination based
on daily/annual modulation of the DM wind [12]. Im-
portantly, high-quality detector-grade crystals of a range
of polar semiconductors are readily available owing to
their use in microelectronics and quantum computing
(e.g. GaAs [6], SiC [13]), and phonon sensing technolo-
gies are steadily improving towards the low sensitivities
required for detection [14].

With the next generation of low-mass DM experiments
in planning, it remains to identify the best possible tar-
get material for each detection scheme. Previous work
addressed this at the DM-target interaction level by per-
forming a comparison of DM-phonon reach, isolating
materials-specific factors that optimize for low-mass sen-
sitivity and greatest cross section [15]. Beyond this, other
material factors for target selection should also be consid-

ered that take into account current synthesis/fabrication
capabilities and sensing constraints for near-term experi-
ments. While experimental thresholds for phonon sensing
continue to improve towards the single phonon excita-
tion regime (~10-100 meV), near-term experiments with
larger thresholds could access higher energy responses.
For instance, beyond the single phonon excitation regime,
multiphonon responses can be accessed for DM scatter-
ing above the single phonon spectra though at a sup-
pressed rate [16]. However, an alternative approach to
this is to search for single phonon and other quasiparticle
responses that lie within the current sensing thresholds
(>100 meV).

In this paper, we propose cryogenic water ice (H2O)
as a particularly appealing target material for direct de-
tection of low-mass DM from single-phonon excitations.
We find that the mixed nature of bonding in HsO re-
sults in a broad range of phonon frequencies suitable for
both lower-mass detection, and for higher frequency sin-
gle phonon excitations that are within the range of cur-
rent sensing thresholds. Moreover, with the ubiquity and
long history of fabrication and characterization of solid
H>O, it can be readily fabricated as large single crystals
comprising earth-abundant (inexpensive) elements.

This paper is laid out as follows; we summarize the
calculation of spin-independent DM scattering for single
phonons and the features of ice HyO (specifically its XIj
polymorph) of relevance to DM-phonon interactions. We
then present our calculations of the reach for a light dark
photon mediator and a light scalar mediator with com-
parisons to best-performing targets for these DM mod-
els, and their calculated directional dependence. Finally
we discuss other material limiting considerations for tar-
get materials and prospects for its use for near-term and
next-generation DM detection.

First, we briefly summarize the formalism for calculat-
ing spin-independent DM scattering processes including
a light dark photon mediator and a light scalar media-
tor [17]. For a detector with target density pr the total
rate per target mass is given by
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where p,, is the local DM energy density, m, the DM
mass, and f,(v) is the DM velocity distribution in the
lab frame which is modeled with a boosted Maxwell-
Boltzmann distribution . T'(v) is the scattering rate per
nonrelativistic DM particle that is defined by an integral
over the momentum transfer q = p — p’ with initial DM
momentum p = m,Vv:
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Here, 6 is a model-dependent reference cross section
and we define & := ”72|M(q0)|2 with M the target-
independent 2 — 2 scattering matrix element (see the
Supplemental Material [19]). p is the reduced mass of
an electron or nucleon and DM particle for light-dark-
photon or light-scalar-mediated scattering, respectively.
¢o is a reference momentum and S(q,wq) the target-
dependent dynamic structure factor. For single phonon
excitations we recall the dynamical structure factor:

S(Q7 wq) =
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where wqg =q-v — 52— exphc1t1y depends on the energy

deposition. The sums run over all phonon branches v
and over all ions j in the primitive cell. The ionic masses
are m; with equilibrium positions X? and (Q is the prim-
itive cell volume. ¢, jk defines the phonon polarization
vectors. G is the reciprocal lattice vector that satisfies
G = q—k with k within the first Brillouin zone. DM cou-
plings come in with the model-specific Y; terms defined
below. In the continuum limit for k, the Debye-Waller
factor is given by
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The materials-dependent quantities, namely the phonon
frequencies w, x for branch v and momentum k, and the
phonon polarization vectors €, ;k, can be calculated us-
ing first-principles methods such as density functional
theory [20].

1 Due to Earth’s rotation the orientation of the incoming DM par-
ticles with regard to the target crystal changes over a day, which
leads to a directional modulation of the rate. We choose the
7 axis in the crystal frame to be parallel to Earth’s velocity at
daytime ¢t = 0 [18].

Finally, we consider two well-motivated models of light
DM, namely a kinematically mixed dark photon and a
light scalar mediator [6]. In the former case, the stan-
dard model photon kinematically mixes with the dark
photon owing to their same quantum numbers, resulting
in ‘millicharged” DM under U(1) of the standard model.
In the ¢ — 0 limit valid for light DM scattering [17], Y
is given by

q2

qQ-f€x-q
where £o is the high-frequency dielectric tensor and Zj
is the Born effective charge tensor of the jth atom in
the unit cell, both of which can be calculated using first-
principles methods. We also consider DM that only cou-
ples to nucleons via a light scalar mediator with identical
coupling for proton and neutron. The now scalar-valued
Y is given by

Yj,hadrophilic scalar = Aj -FN7 (q) (6)

with A; the atomic mass number and Fy, an isotropic
nuclear form factor of the jth atom, respectively. The
derivation of (6) is valid for the ¢ — 0 limit, which is
fulfilled for the single phonon excitation regime. Further,
for this type of scattering Fiy, can be set to one.

The pervasiveness of liquid and solid HoO has gener-
ated extensive studies of the phase diagram of ice. So
far, 20 polymorphs of crystalline HoO have been iden-
tified under various conditions of temperature and pres-
sure, with the most recent, ice XIX reported in 2021 [21].
Common to all of these is the local atomic-scale arrange-
ment of hydrogen atoms in bonded units that fulfil the
‘Bernal-Fowler ice rules’: each oxygen forms a covalent
bond with two hydrogens and a weaker van der Waals
bond with two other hydrogens [22]. Since each oxygen
is also shared between two hydrogen atoms, this results in
an average oxygen bonding environment comprising ‘two-
in’ (strong) and ‘two-out’ (weak) bonds with hydrogen.
Such an atomic arrangement is geometrically frustrated
on a tetrahedral lattice [23], resulting in disordered rel-
ative arrangements of the strong and weak bonding net-
works known as proton disorder. Common ice (I},) forms
such a hydrogen-disordered network of H-O-H bonds at
ambient pressure, giving rise to a residual entropy as first
predicted by Pauling [24].

However, spontaneous ordering of the hydrogen net-
works can occur on cooling, or by the introduction of a
dopant to overcome the kinetic barrier to ordering. For
example KOH doping of I;, results in the formation of
a fully ordered phase of hexagonal ice, XI; below ~ 72
K [25, 26]. In fact, the hydrogen ordering in the XI
structure gives it a net dipole moment, making it po-
tentially ferroelectric [27]. Since XIj is the stable form
of ice at ambient pressures, and can be synthesized in its
ordered form, we focus on this polymorph for the remain-
ing discussion, noting, however, that other structures of

Yj,dark photon = — (q . Z;) (5)
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Fig. 1: (a) Primitive unit cell of hexagonal ice XI;, and its first Brillouin zone with high-symmetry points labeled.
(b) Calculated phonon band structure for hexagonal ice XI;. The cartoons on the right hand side show the
movement of ions for three selected phonon modes representative of the types of optical phonon modes in ice:
translational modes (bottom), libration/bending (middle), and stretch (top).

ice should have comparable DM reach for single phonon-
based detection owing to their similar bonding networks.
We also considered heavy ice DoO XI; but we did not
find a significant difference to HoO (results reported in
the Supplemental Material).

We now present our density functional theory (DFT)
calculations of the structural and phonon properties of
ice XI;,. The full calculation details can be found in the
Supplemental Material. With its combination of covalent
bonding, hydrogen bonding, and van der Waals bonding,
the challenge of treating ice HoO with DFT function-
als has been explored extensively [28]. We benchmark
our choice of exchange correlation functional for accurate
structural and vibrational properties. Consistent with
previous work [29], we find that the van der Waals cor-
rected nonlocal functional (optPBE-vdw) of Klimes et al.
performs best [30, 31], resulting in the lattice constants
a = 4470 A and ¢ = 7.212 A. This corresponds to 0.6%
and 1.5% deviation from experimental measurements at
T = 2K [32].

In Fig. 1(b) we plot the calculated phonon dispersion
for ice XI,. All polymorphs of ice exhibit a large range
of phonon frequencies as a result of the varied nature
of bonding in HO crystals [33-35]. The low-energy op-
tical phonon range is made up of ‘translational’ modes
where individual HoO molecules behave as atomlike clus-
ters, and vibrate with respect to one another. Such
low-frequency phonon modes are common in molecular
crystals such as HoO where molecular units are weakly
bonded to each other to form the crystal network [36].
The next highest energy set of phonon modes corre-
sponds to libration and bending of H-O bonds, with the
highest-frequency range caused by the stretching of the
O-H bond. As the lightest element in the periodic table,
hydrogen sets an upper limit on the range of these high-
frequency stretch modes that can be found in a material.

We present our calculated reach for light-dark-photon-
mediated scattering of single phonons in ice XIj in Fig. 2,
including comparisons to top-performing targets previ-
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Fig. 2: Projected reach for light-dark-photon-mediated
DM scattering via single phonon excitations with
1kg-year exposure and no background. Solid,
long-dashed and dashed lines refer to a 1 meV, 20 meV
and 100 meV detector threshold. For comparison,
additional reach data [15] are shown. Stellar constraints
from red giants (RG) and the horizontal branch (HB)
are taken from [37], the freeze-in as referenced in [15].

ously studied [15]. All DM reach calculations were per-
formed with the code PhonoDark [38, 39] and our own
DFT calculations. The reach of ice XI; extends further
into both the low-mass DM range (well into the con-
strained regions) and has better reach in the high-mass
DM range than any other previously suggested single tar-
get material. To understand the exceptionally broadband
sensitivity of ice XIj, we evaluate its performance with
respect to our previously suggested quality factors for
dark photon mediators in the high- and low-frequency
phonon ranges [15]. The lowest DM mass accessible is
determined by the energy of the lowest-frequency optical
mode where m, ~ %w{,m" x 109, suggesting that materi-
als with low-lying optical phonons such as CsI (wi*™ ~ 7
meV) have the best low-mass reach. In our case, the



van der Waals bonded molecular units also have very low
lying optical modes (w*"™ ~ 6 meV), making ice X1}, op-
timal for the low-mass DM range. We expect all similar
molecular crystals with such low-frequency translational
phonon modes to have competitive reach for low-mass
DM.

For the high-mass range, a quality factor, @, is defined

as [15]:

*2
o= () @
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where Z* are the Born effective charges, A1, Ay are the
atomic masses, €4 is the high-frequency dielectric con-
stant, and wyo is the longitudinal optical phonon fre-
quency. A high @ corresponds to better reach in the
high-mass DM regime. We calculate each of these values
for ice XIj, using DFT, with the full set of results given in
the Supplemental Material. The best performing materi-
als previously proposed include LiF with Q = 270 x 10~
and SiOs with Q@ = 200 x 10~7. For ice XI,, we find
Q = 533 x 1077 for its highest-frequency stretch modes
(>375 meV), steadily increasing for lower-frequency wro
clusters. The substantially enhanced @ of ice XIj in the
high-mass range is due to the low masses of hydrogen and
oxygen. This optimized reach is dominated by hydrogen’s
extremely low mass, despite these small masses also re-
sulting in higher frequency phonon modes. However, this
quality factor does not take the detection threshold into
account which is especially important for near-term ex-
periments. We conclude that for optimal high-mass DM
single-phonon-based detection with dark photon medi-
ators, chemistries that include light elements such as H
and He, and especially H-H bonds, will give the best reach
in the high-mass range owing to their high-frequency sin-
gle phonon modes. In the low-mass range, we find that
both compounds containing heavy elements and molec-
ular crystals that possess low-frequency optical phonon
modes will give the best sensitivity. With ice combin-
ing both of these properties (molecular units and H-H
bonds), it displays better sensitivity for dark photon me-
diators than previously suggested targets across a broad
range of DM masses with Csl being the only exception
for a very small low-mass range (Fig. 2).

The reach for light-hadrophilic-scalar-mediated scat-
tering of single phonons in ice X1}, is plotted in Fig. 3
for several detector thresholds, and compared to previ-
ous top candidates from Ref. [15]. For the light scalar
mediator, we also find that ice XI; has broadband sen-
sitivity for both low- and high-mass DM. Looking at the
reach curves, we find a competition between which of di-
amond or ice is favorable for different mass ranges and
thresholds. For all thresholds considered, we find that
ice has sensitivity to lower masses than diamond, which
become comparable by a threshold of 100 meV. In the
low mass range, the lowest DM mass sensitivity is gen-
erally governed by wpmin/cs where wp;, is the detector
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Fig. 3: Projected reach for light-scalar-mediated DM
scattering via single phonon excitations with 1kg-year
exposure and no background. Solid, long-dashed,
dashed and dotted lines refer to a 1 meV, 20meV,
100 meV and 400 meV detector threshold. Additional
reach data is taken from [15], light-colored lines show
the expected curve progression for scale ranges not
shown in the reference data.

threshold and ¢, is the material’s speed of sound. There-
fore, materials with higher ¢; such as diamond will have
the best sensitivity to lower-mass DM given low detec-
tor thresholds. We calculated the directional averaged
speed of sound of ice XI;, to be 4376 ms™! (details given
in the Supplemental Material), which is a factor of three
smaller than in diamond. However, for materials with
smaller ¢, the acoustic phonons can be kinematically in-
accessible, especially as the threshold increases to higher
energies. When this happens, the lowest DM sensitivity
is then set by the lowest optical phonon available. For
ice XI;, we find that the minimum reachable DM mass
from kinematic considerations is ~ 29 keV for a 1 meV
threshold, while the lowest optical phonon is 6 meV. This
manifests as a change in the slope as seen in Fig. 3 where
optical phonons, rather than acoustic phonons, dominate
the low mass response.

In the high-mass, high-threshold range (detector
threshold of 400 meV), we only include ice as it is the
only material with single phonons above ~160 meV. We
note that the definition of &, oc my 4 leads to the gener-
ally better reach at high masses [40].

Directional detection is a key way in distinguishing DM
events, in this case single phonon creation, from other
background signals. To address this we calculate the
daily modulation rate assuming that the z-axis of the
target crystal is aligned with the DM wind at ¢ = 0.
Each rate is normalized to the average rate R over one
day. For a dark photon mediator we find a strong mod-
ulation for a mass range of m, = 10* — 10° eV (Fig. 4
(a)). We also find a significant daily modulation for the
scalar mediator case (Fig. 4 (b)), especially in the low 10
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Fig. 4: Daily modulation for HyO XI}, ice with (a) a light dark photon and (b) a light scalar mediator for various m,,.

keV range.

We finally address other potential sources of phonon
decoherence and background noise that will place
limitations on such phonon-based detection schemes,
and that are not directly addressed with appropriate
shielding/cooling [41] High-energy optical phonons
tend to undergo rapid down-conversion to lower-energy
modes. For instance, the reported smallest phonon
linewidths for typical semiconductors such as GaAs are
~1 - 2 cm~! [42-44], which is approximately half of
those calculated for ice (4 - 5 cm™!) at 0 K [33]. As
a result, the range of phonon lifetimes (0.5 - 2.1ps) is
correspondingly smaller than those observed in inorganic
semiconductors (see the Supplemental Material), and
can be attributed to the strongly anharmonic behav-
ior of phonons in ice [33]. However, decoherence of
lower-energy phonons is typically limited by isotopic
scattering [45], in addition to previous work identifying
radioactive isotopes that produce high-energy photons
as the dominant source for the phonon background [41].
Therefore, preparing target materials without isotopic,
especially radioactive, impurities would circumvent
such phonon background. The only naturally occurring
radioactive isotope of hydrogen is tritium with a share of
~ 1071°% [46] and the three naturally occurring oxygen
isotopes found in nature are all stable [47]. Finally,
isotopic enrichment of water is an active industry, with
known distillation protocols and/or commercial sources
for 160, 170, 180, the latter being an important positron
emission tomography (PET) diagnostic reagent [48].

Our results suggest that ice HoO is a competitive
candidate target for single-phonon based light DM de-
tection both in the low-mass and high-mass range (here
we considered ice XIj, but our conclusions are generally
applicable to other ice polymorphs). Molecular units
provide ultra-low-mass optical phonons (down to 6 meV)
giving excellent reach in the low-mass DM range for dark
photon mediators. We expect similar reach to low masses
for polar semiconductors containing heavy ions (as e.g.
CsI) or molecular crystals where the relative effective

masses of the ions/molecules result in low-frequency
optical phonons. For near-term experiments, we find
that the broad range of single phonons in ice up to 400
meV gives it enhanced reach for higher experimental
thresholds compared to alternative proposals such as
multiphonon excitations. However, the lower density of
ice due to its van der Waals bonding results in a reduced
reach compared to other solid-state targets; this can be
addressed by the growth of large single crystals of ice
which is already well explored [49]. Phonon backgrounds
can be controlled through the preparation of isotopically
pure samples, and with appropriate shielding [41].
While ice HyO is cheap, earth abundant, and has been
extensively characterized, it remains an engineering
challenge as to the best way to incorporate a material
that is a liquid at room temperature into a (cryogenic)
detector architecture.

We thank Dan Carney, Tanner Trickle, Kathryn Zurek,
Katherine Inzani and Thomas Harrelson for helpful dis-
cussions. This work was supported by the US De-
partment of Energy under Contract No. DEAC02-
05CH11231 and Quantum Information Science Enabled
Discovery (QuantISED) for High Energy Physics Grant
No. KA2401032. Computational resources were pro-
vided by the National Energy Research Scientific Com-
puting Center and the Molecular Foundry, DOE Office
of Science User Facilities supported by the Office of Sci-
ence, U.S. Department of Energy under Contract No.
DEACO02-05CH11231. The work performed at the Molec-
ular Foundry was supported by the Office of Science, Of-
fice of Basic Energy Sciences, of the U.S. Department of
Energy under the same contract.

* sgriffin@lbl.gov
[1] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85,
076007 (2012).
[2] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M.
West, Journal of High Energy Physics 2010, 1 (2010).


mailto:sgriffin@lbl.gov
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/https://doi.org/10.1007/JHEP03%282010%29080

[3] N. Bernal, M. Heikinheimo, T. Tenkanen, K. Tuomi-
nen, and V. Vaskonen, International Journal of Modern
Physics A 32, 1730023 (2017).

[4] Y. Kahn and T. Lin, Reports on Progress in Physics
(2022), https://doi.org/10.1088/1361-6633/ac5{63.

[5] R. Essig, M. Fernandez-Serra, J. Mardon, A. Soto,
T. Volansky, and T.-T. Yu, Journal of High Energy
Physics 2016, 1 (2016).

[6] S. Knapen, T. Lin, M. Pyle, and K. M. Zurek, Physics
Letters B 785, 386 (2018).

[7] Y. Hochberg, Y. Kahn, M. Lisanti, K. M. Zurek, A. G.
Grushin, R. Ilan, S. M. Griffin, Z.-F. Liu, S. F. Weber,
and J. B. Neaton, Physical Review D 97, 015004 (2018).

[8] D. J. E. Marsh, K. C. Fong, E. W. Lentz, L. Smejkal,
and M. N. Ali, Phys. Rev. Lett. 123, 121601 (2019).

[9] H. S. Rgising, B. Fraser, S. M. Griffin, S. Bandyopadhyay,
A. Mahabir, S.-W. Cheong, and A. V. Balatsky, Physical
Review Research 3, 033236 (2021).

[10] J. Schiitte-Engel, D. J. Marsh, A. J. Millar, A. Sekine,
F. Chadha-Day, S. Hoof, M. N. Ali, K. C. Fong, E. Hardy,
and L. Smejkal, Journal of Cosmology and Astroparticle
Physics 2021, 066 (2021).

[11] S. Griffin, S. Knapen, T. Lin, and K. M. Zurek, Phys.
Rev. D 98, 115034 (2018).

[12] A. K. Drukier, K. Freese, and D. N. Spergel, Physical
Review D 33, 3495 (1986).

[13] S. M. Griffin, Y. Hochberg, K. Inzani, N. Kurinsky,
T. Lin, and T. C. Yu, Physical Review D 103, 075002
(2021).

[14] M. Pyle, E. Figueroa-Feliciano, and B. Sadoulet, arXiv
preprint arXiv:1503.01200 (2015).

[15] S. M. Griffin, K. Inzani, T. Trickle, Z. Zhang, and K. M.
Zurek, Phys. Rev. D 101, 055004 (2020).

[16] B. Campbell-Deem, P. Cox, S. Knapen, T. Lin, and
T. Melia, Physical Review D 101, 036006 (2020).

[17] T. Trickle, Z. Zhang, K. M. Zurek, K. Inzani, and S. M.
Griffin, Journal of High Energy Physics 2020 (2020),
10.1007/jhep03(2020)036.

[18] J. Lewin and P. Smith, Astroparticle Physics 6, 87 (1996).

[19] http://link.aps.org/supplemental/10.1103/
PhysRevD.110.103552, see the Supplemental Mate-
rial for reference cross section for dark-photon mediated

2
. _ - H
scattering: ¢ = Ge = 2| Mye(q0)I?, _ 0y, and refer-

ence Cross gection for light-scalar mediated scattering:
o= 5” = H%‘Mxn(qo)PqO:mxvo'

[20] J. George, G. Hautier, A. P. Barték, G. Csdnyi, and
V. L. Deringer, The Journal of Chemical Physics 153,
044104 (2020).

[21] T. C. Hansen, Nature Communications 12, 3161 (2021).

[22] J. D. Bernal and R. H. Fowler, The Jour-
nal  of Chemical Physics 1, 515  (1933),
https://doi.org/10.1063/1.1749327.

[23] S. M. Griffin and N. A. Spaldin, Journal of Physics: Con-
densed Matter 29, 343001 (2017).

[24] L. Pauling, Journal of the American Chemical Society 57,
2680 (1935).

[25] A. J. Leadbetter,

R. C. Ward, J. W. Clark,

P. A. Tucker, T. Matsuo,
Journal of Chemical Physics 82, 424
https://doi.org/10.1063/1.448763.

[26] Y. Tajima, T. Matsuo, and H. Suga, Nature 299, 810-812
(1982).

[27] P. Parkkinen, S. Riikonen,
Chem. C 118, 26264 (2014).

[28] B. Santra, J. Klimes, A. Tkatchenko, D. Alfe, B. Slater,
A. Michaelides, R. Car, and M. Scheffler, The Journal
of Chemical Physics 139, 154702 (2013).

[29] Z. Raza, D. Alfe, C. G. Salzmann, J. Klimes,
A. Michaelides, and B. Slater, Phys. Chem. Chem. Phys.
13, 19788 (2011).

[30] J. Klimes, D. R. Bowler, and A. Michaelides, Journal of
Physics: Condensed Matter 22, 022201 (2009).

[31] J. Klimes, D. R. Bowler, and A. Michaelides, Phys. Rev.
B 83, 195131 (2011).

[32] A. D. Fortes, Acta Crystallographica Section B 74, 196
(2018).

[33] M. Cherubini, L. Monacelli, and F. Mauri, The
Journal of Chemical Physics 155, 184502 (2021),
https://doi.org/10.1063/5.0062689.

[34] Z.-Y. Yuan, P. Zhang, S.-k. Yao, Y.-B. Lu, H.-Z. Yang,
H.-W. Luo, and Z.-J. Zhao, RSC Adv. 7, 36801 (2017).

[35] X.-Q. Yuan, X.-H. Yu, X.-L. Zhu, X.-C. Wang, X.-Y. Liu,
J.-W. Cao, X.-L. Qin, and P. Zhang, ACS Omega 7, 2970
(2022).

[36] F. Brown-Altvater, T. Rangel, and J. B. Neaton, Phys.
Rev. B 93, 195206 (2016).

[37] J. H. Chang, R. Essig, and A. Reinert, Journal of High
Energy Physics 2021, 141 (2021).

[38] T. Trickle, Z. Zhang, and K. M. Zurek, Phys. Rev. D
105 (2022), 10.1103/PhysRevD.105.015001.

[39] T. Trickle, “Phonodark,” https://github.com/
tanner-trickle/PhonoDark (2020).

[40] S. M. Griffin, K. Inzani, T. Trickle, Z. Zhang, and K. M.
Zurek, Phys. Rev. D 101, 055004 (2020).

[41] K. V. Berghaus, R. Essig, Y. Hochberg, Y. Shoji, and
M. Sholapurkar, Phys. Rev. D 106, 023026 (2022).

[42] X. Yang, T. Feng, J. S. Kang, Y. Hu, J. Li, and X. Ruan,
Phys. Rev. B 101, 161202 (2020).

[43] G. Irmer, M. Wenzel, and J. Monecke, physica status
solidi (b) 195, 85 (1996).

[44] K. Kang, D. Cahill, T. Ozel, and M. Shim, in APS March
Meeting Abstracts (2008) pp. S29-007.

[45] T. F. Harrelson, 1. Hajar, O. A. Ashour, and S. M. Grif-
fin, arXiv preprint arXiv:2109.10988 (2021).

[46] R. V. Krishnamurthy, “Hydrogen isotopes,” in Geochemn-
istry (Springer Netherlands, Dordrecht, 1998) pp. 326—
330.

[47] L. E. Wright, “Oxygen isotopes,” in FEncyclopedia of
Geoarchaeology, edited by A. S. Gilbert (Springer Nether-
lands, Dordrecht, 2017) pp. 567-574.

[48] S. Mochizuki, Y. Ogata, K. Hatano, J. Abe, K. Ito,
Y. Ito, M. Nishino, H. Miyahara, and N. Ishigure, Jour-
nal of Nuclear Science and Technology 43, 348 (2006).

[49] N. Khusnatdinov and V. Petrenko, Journal of Crystal
Growth 163, 420 (1996).

and H. Suga, The
(1985),

and L. Halonen, J. Phys.


https://doi.org/https://doi.org/10.1088/1361-6633/ac5f63
https://doi.org/https://doi.org/10.1088/1361-6633/ac5f63
https://doi.org/https://doi.org/10.48550/arXiv.1509.01598
https://doi.org/https://doi.org/10.48550/arXiv.1509.01598
https://doi.org/ https://doi.org/10.1016/j.physletb.2018.08.064
https://doi.org/ https://doi.org/10.1016/j.physletb.2018.08.064
https://doi.org/10.1103/PhysRevLett.123.121601
https://doi.org/ https://doi.org/10.1088/1475-7516/2021/08/066
https://doi.org/ https://doi.org/10.1088/1475-7516/2021/08/066
https://doi.org/ 10.1103/PhysRevD.98.115034
https://doi.org/ 10.1103/PhysRevD.98.115034
https://doi.org/ 10.1103/PhysRevD.101.055004
https://doi.org/ 10.1007/jhep03(2020)036
https://doi.org/ 10.1007/jhep03(2020)036
http://link.aps.org/supplemental/10.1103/PhysRevD.110.103552
http://link.aps.org/supplemental/10.1103/PhysRevD.110.103552
https://doi.org/10.1038/s41467-021-23403-6
https://doi.org/10.1063/1.1749327
https://doi.org/10.1063/1.1749327
http://arxiv.org/abs/https://doi.org/10.1063/1.1749327
https://doi.org/10.1063/1.448763
https://doi.org/10.1063/1.448763
http://arxiv.org/abs/https://doi.org/10.1063/1.448763
https://doi.org/10.1038/299810a0
https://doi.org/10.1038/299810a0
https://doi.org/10.1021/jp510009m
https://doi.org/10.1021/jp510009m
https://doi.org/ 10.1039/C1CP22506E
https://doi.org/ 10.1039/C1CP22506E
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1107/S2052520618002159
https://doi.org/10.1107/S2052520618002159
https://doi.org/10.1063/5.0062689
https://doi.org/10.1063/5.0062689
http://arxiv.org/abs/https://doi.org/10.1063/5.0062689
https://doi.org/ 10.1039/C7RA04332E
https://doi.org/10.1021/acsomega.1c06000
https://doi.org/10.1021/acsomega.1c06000
https://doi.org/10.1103/PhysRevB.93.195206
https://doi.org/10.1103/PhysRevB.93.195206
https://doi.org/10.1007/JHEP03(2021)141
https://doi.org/10.1007/JHEP03(2021)141
https://doi.org/10.1103/PhysRevD.105.015001
https://doi.org/10.1103/PhysRevD.105.015001
https://github.com/tanner-trickle/PhonoDark
https://github.com/tanner-trickle/PhonoDark
https://doi.org/ 10.1103/PhysRevD.101.055004
https://doi.org/ 10.1103/PhysRevD.106.023026
https://doi.org/10.1103/PhysRevB.101.161202
https://doi.org/https://doi.org/10.1002/pssb.2221950110
https://doi.org/https://doi.org/10.1002/pssb.2221950110
https://doi.org/10.1007/1-4020-4496-8_160
https://doi.org/10.1007/1-4020-4496-8_160
https://doi.org/10.1007/978-1-4020-4409-0_22
https://doi.org/10.1007/978-1-4020-4409-0_22

	Proposal for broad-range directional detection of light dark matter in cryogenic ice
	Abstract
	References




