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Chiral phonons as dark matter detectors
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We propose a method for detecting single chiral phonons that will enable their use as dark-matter detectors.
We suggest metal-organic frameworks (MOFs) as detector materials, as their flexibility yields low-energy
chiral phonons with measurable magnetic moments, and their anisotropy leads to directional sensitivity, which
mitigates background contamination. To demonstrate our proposal, we calculate the phononic structure of the
MOF InF;(4, 4'-bipyridine), and show that it has highly chiral acoustic phonons. Detection of such chiral
phonons via their magnetic moments would dramatically lower the excitation energy threshold for dark matter
detection to the energy of a single phonon. We show that single-phonon detection in a MOF would extend
detector reach ten or more orders of magnitude below current limits, enabling exploration of a multitude of

as-yet-unprobed dark matter candidates.

DOI: 10.1103/PhysRevResearch.5.043262

I. INTRODUCTION

The nature of dark matter (DM) is a key open question
in modern-day physics. Cosmological observations, such as
the Bullet cluster collision [1], suggest that it consists of
a yet-unknown particle species [2]. However, although its
gravitational effects can be observed and tested across a wide
range of scales and processes [2—5], its nongravitational inter-
action with standard-model matter (SMM) has, so far, eluded
detection.

The expected DM mass region of the theoretically well-
motivated weakly interacting massive particle (WIMP) has
guided the construction of detectors towards searching for
nuclear recoil events causing excitations with energy thresh-
olds O(keV). The WIMP-motivated region of DM candidate
masses has been probed with great precision using ton-scale
detectors with high purity [6-8]. The absence of a convincing
signal to date is shifting the focus of the community towards
lighter DM candidates in the keV-GeV mass range [9].

Such light DM particles would transfer less energy to a
detector and therefore require lower energy detection mecha-
nisms than the traditional nuclear recoil. As efforts to detect
these DM masses are in an early stage, sub-gram-scale detec-
tors operating for a short time place world-leading constraints,
such as the 4.3-ng superconducting nanowire detector operat-
ing for 180 h [10-12].
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Phonons (quantized vibrational excitations) in crystals
offer a promising avenue for the detection of low-energy
DM nparticles as their energies reach from fractions to hun-
dreds of meV and their properties are highly controllable by
choice of chemistry and microstructure [13]. The formalism
of phononic excitations caused by DM interactions is well
established [14-20] with past works exploring conventional
targets, such as LiF, NaF, Si, and Ge [21,22] and evaluating
how different interaction models affect the final excitation rate
[19,23,24].

The detection of phonons is challenging, as, in addition
to their small energies, they are also generated thermally at
nonzero temperatures, are usually delocalized in bulk crys-
tals, and generally decay on a ps timescale into the lowest
energy (slow transverse acoustic) band [25]. Proposed meth-
ods to detect phonons resulting from DM excitation include
the CRESST [26] and SuperCDMS [27] experiments, which
measure phonons that random-walk-like propagate into a
thin layer of superconducting transition edge sensors (TES).
This relies, however, on the generation of large numbers of
phonons since many are scattered during diffusion across the
interface or thermalization in the TES. Consequently, it re-
quires large deposited energies with current thresholds being
O(10) eV. While the detection of single phonons would vastly
improve the energy resolution, the short lifetime of excited
phonons renders their direct detection prohibitive. We address
this challenge here with a system able to sense individual
acoustic phonons, which are the stable decay products of the
initial excitation.

We show that chiral phonons [28] allow detection of ex-
citations which produce only a single phonon, leading to
O(meV) detection energy thresholds. First, we demonstrate
that established interactions between DM and SMM can cre-
ate chiral phonons that carry angular momentum [Fig. 1(a)].
Then, we show that these chiral phonons can exist in the
lowest energy band, where they are stable with respect to
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FIG. 1. (a) The circular motion of atoms (green spheres) about their average positions (transparent green spheres) in a chiral phonon,
generating a net angular momentum (arrow). The inset shows a cartoon phonon band structure highlighting the lowest-energy band (which can
be chiral) in red; it contains phonons which are stable with respect to anharmonic decay [25]. Energy and angular momentum will therefore
be transferred from the higher-energy bands, which are unstable with respect to decay, into this band. (b) Schematic view of a DM particle
(black sphere) transferring energy and angular momentum into a material, creating several low-energy chiral phonons while conserving angular
momentum. (c) A DM particle producing an achiral phonon which decays into a pair of phonons with opposite chirality. (d) Schematic view of
a chiral phonon-based DM detector which uses the phonon thermal Hall effect to collect chiral phonons at the edges of the material to localize
them for detection. A magnetic field or strain causes preferential transport of chiral phonons with opposite handedness in opposite directions

and localization of the phonons near the surface magnetometers.

decay and can have a magnetic moment; the magnetic mo-
ments of such individual phonons have been found to reach
detectable magnitudes [29-35]. Next, we propose a detector
architecture which uses the phonon Hall effect [28,36] to
collect the chiral phonons at the edges of a target [Fig. 1(d)],
allowing detection of one or more phonons and preserving
directional information about the incoming DM particle. Fi-
nally, we demonstrate these principles with explicit numerical
calculations for an example material, InF3(4, 4'-bipyridine),
and show that sensing of the magnetic moments of individual
chiral phonons would allow the detection of scattering of DM
particles down to O(keV) masses [corresponding to O(meV)
energy thresholds], accessing vast regions of unexplored DM
parameter space.

II. CHIRAL PHONONS

Chiral phonons are quantized vibrational eigenmodes with
an associated angular momentum, which arises from circular
motions of atoms about their average positions [Fig. 1(a)].
In materials that are both centrosymmetric and have time
reversal symmetry, an inherent chirality of the phonon bands

is forbidden. [37]. However, in noncentrosymmetric mate-
rials, phonons at low-symmetry points in reciprocal space
break all mirror symmetries and are therefore chiral, and in
magnetic materials any phonon can be circularly polarized
[37]. Circularly polarized excitations can also be created from
combinations of degenerate linear modes, e.g., by circularly
polarized light [38,39].

The total angular momentum of the atoms (L) can be
expressed in terms of the atomic displacements (uy,) [40]

L=Zua X Uyg. ()

If we treat the atomic displacements within the harmonic
model, we can write them in second quantization in terms of
the creation (&") and annihilation (&) operators of the phonon
quasiparticle [40]

u, = § :ei(ra-qfwmqt)

n.q

a, n H.c., 2
an,qNa ,q|8a, ,q) + H.c (2)

where |g,,,,q) are the components of the phonon eigenvectors
for atom o in band n at wave vector q, r is the position

043262-2



CHIRAL PHONONS AS DARK MATTER DETECTORS

PHYSICAL REVIEW RESEARCH §, 043262 (2023)

vector,  is the phonon frequency, N is the number of atoms
participating in the phonon, and H.c. denotes the Hermi-
tian conjugate. The eigenvectors are normalized such that
> 4= (eanql€anq) = 1. In this notation, the creation oper-

. . . . AT
?ltOI‘ for a right-circularly polarized phonon relative to z, g,
is

i =L

AT At
A pq = \/z(awml - zax,n’q). 3)
The z component of the angular momentum operator is [41]
L, =in Z(aj;’n,qay,n,q — a5, ylrng)- )
n.q

A fully circularly polarized phonon has angular momentum /4
[41], as the commutator of these operators shows

1 = haj, )

s
[L,,a Rong-

R,n,q
The z component of the circular polarization operator (S, =
IR} (R,| — |€;)(£,|, where |R;) and |£,) are basis vectors for
pure right- and left-handed rotations relative to z) is therefore
related to L. by L. = hS.. Consequently, L is the sum of the
phonon angular momenta L, q and can be determined from
the phonon eigenvectors [28]

L= Lig=) Lang=%) (tanglSleang)- (6

n,q o,n,q o,n.q

Since a phonon with a given energy and wave vector
has a specific combination of angular and linear momentum
[40,41], the detection of a chiral phonon imparts information
regarding the direction in which the exciting particle was
traveling. This is a crucial feature of a DM detector since it
allows separation of signal and noise by reorientation of the
detector relative to the DM wind [42].

Chiral phonons generate magnetic fields in materials, with
the simplest model assuming a field from the circular mo-
tion of ionic charges following Ampere’s law [38,39]. This
mechanism yields magnetic moments on the order of the
nuclear magneton (i, ), which is difficult to detect using mag-
netometry. However, experimental investigations of phonon
magnetism have found evidence of much larger, readily
detectable, moments (on the order of g, the Bohr magne-
ton) in CsF3 (ipn = Tp) [351, CdsAsy (ppn = 2.7us) [311,
Pbg.76Sng24Te (upn = 1.5u) [32], CsClz (upnh = 1.4up)
[29,33], PbTe (ppn = 0.61p) [30], and SrTiO3 (upn = 0.11p)
[34].

While not fully understood, these giant phonon magnetic
moments are believed to arise from interactions between the
ionic and electronic angular momenta [43], e.g., by coupling
to the crystal field splitting of 4 f paramagnets [33,35], or to
topological electronic states [31,44]. Such electronic contri-
butions to the phonon magnetic moment can be expressed in
terms of anomalously large effective charges (Z},) of the ions
[44], such that the phonon magnetic moment is

z
Mon = ) Ly = (7)

where Ly, , are the angular momenta of each atom participat-
ing in the phonon and m, are the atomic masses [45].

TABLE I. Interaction operators defining the nonrelativistic ef-
fective theory of spin-1/2 (O4_5) and spin-1 (O,7_,9) DM-electron
interactions [46-50]. These can transfer angular momentum to the
target and therefore directly cause a chiral phonon excitation via
either absorption or spin-flip of the DM particle. S; (S,, S) are the
target-particle (DM) spin operators, q is the transferred momentum,
vi is the transverse relative velocity, and m, is the mass of the

el
target-particle (e.g., that of a nucleon or an electron) [47].

Os=S8,-S,, O3 = i(Sy - vi)(S, - m%)’
Os =iS, - (L x Vi),  Ou=i(S, - L)S vy

O = (S, + 3+ 30, O1s =iOn[(S: x Vi) - 511,
0,=8, V. O =it Vit
ngiSX~(St><%), Olszim%-8~st’
On=i8, L O =3, S5

On=8,6 xvy), On=(@6x,)8 L

III. DM-PHONON COUPLING

There are two ways in which DM particles can interact
with their SMM counterparts. They can scatter (exchanging
momentum and kinetic energy) or be absorbed (depositing
their entire four-momentum in the interaction). For light-DM
candidates that carry sub-eV Kkinetic energies, electronic or
nuclear excitations employed in operating experiments cannot
be induced. However, the deposited energy and momentum
are still sufficient to cause a detectable phononic excitation.
Here we focus on scattering events, and consider two mecha-
nisms for chiral phonon generation: (i) direct excitation, with
a corresponding transfer of four-momentum and angular mo-
mentum; (ii) excitation of an unstable achiral phonon, which
has no intrinsic angular momentum, and subsequently decays
into two stable chiral phonons with opposite handedness and
thus net zero angular momentum.

Many of the possible DM-SMM interactions allow for the
transfer of angular momentum to the target material and hence
direct generation of chiral phonons. Out of the 18 general
operators that can mediate DM interactions, identified within
a nonrelativistic effective field theory [46], 14 have nonzero
off-diagonal terms of the DM spin component and allow
therefore for a spin flip of the incoming particle (as shown
in Table I). Similarly, for the case of spin-1 DM candidates all
four general operators 17 18,19.20, identified in Ref. [47], can
transfer angular momentum to the target.

An increase of the orbital angular momentum of the atoms
creates chiral phonons with a total angular momentum match-
ing that of the excitation ([schematically shown in Fig. 1(b)].
Even for the spin-diagonal operators or for events where an-
gular momentum is not transferred, in noncentrosymmetric
materials chiral phonons can be produced by the creation of an
achiral phonon and subsequent decay into two phonons with
opposite handedness, conserving the total angular momentum
[Fig. 1(c)]. Therefore, in a noncentrosymmetric material any
DM-SMM interaction that produces phonons can produce
chiral phonons.

The maximal energy deposited in a scattering event is the
kinetic energy of the incident particle. For the velocities of
DM particles expected from the standard halo model (SHM)
a chiral phonon detector allows for O(keV) DM candidate
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masses to be detected [in contrast with O(MeV) limits of elec-
tronic excitation-based detectors]. Since, for the absorption
processes, the entire four-momentum of the incident particle
is deposited, phononic excitations in this case have the advan-
tage of being able to probe DM candidates with masses down
to O(meV) scales.

Furthermore, absorption of a DM vector particle always
transfers angular momentum to the target. These particles are
nonrelativistic with a velocity distribution described by the
SHM [51], although their interaction and/or production in the
Sun can give rise to significant fluxes of relativistic particles
here on Earth [52]. Both SHM and boosted relativistic DM
absorptions carry four-momenta that are close to the I"-point,
where they will eventually cause an excitation into a state that
is not necessarily an eigenstate, as the eigenstates at I" are
achiral. Due to angular momentum conservation, such a state
can decay into chiral phonons carrying a net angular momen-
tum given by the spin of the incident particle [Fig. 1(b)].

IV. DETECTING CHIRAL PHONONS

The detection of the magnetic moment of a single phonon
requires it to be spatially localized for sensing. This is achiev-
able using the phonon Hall effect [Fig. 1(d)], wherein a
symmetry-breaking field (e.g., a magnetic field, strain, or
temperature gradient) causes preferential transport of chiral
phonons with opposite handedness in opposite directions,
resulting in phonons localized at the surface [28,36]. Engi-
neering the surface crystallographic orientation or geometry
can further enhance phonon localization [53]. Since the phys-
ical mechanisms of the phonon Hall effect and the electronic
Hall effect are related, this approach will also collect any spin-
polarized electrons generated by angular momentum transfer
from a chiral phonon. An alternative method of achieving
phonon localization could be to use a thin DM detector, re-
stricting them in one dimension [54].

Once phonons are localized relative to a surface, they can
be detected using quantum magnetometers, which are some
of the most sensitive experimental probes in existence, able
to detect magnetic moments on the order of the Bohr mag-
neton [55,56]. Coverage of all or part of a surface can be
achieved using magnetometer arrays [57,58]. Unlike a TES,
a magnetometer can detect phonons in its proximity and does
not require the phonon to cross an interface.

As short-wavelength acoustic phonons in the lowest energy
band are stable with respect to decay and host the decay
products of higher-energy phonons [25], they are important
targets for detection of light dark-matter particles. These
phonons have submicron wavelengths, and are distinct from
the long-wavelength acoustic phonons associated with sound
or mechanical oscillation, which could be used to detect wave-
like ultralight dark matter [59]. In a high-purity crystal at
millikelvin temperatures, the lifetimes of short-wavelength
acoustic phonons are limited by their thermal isolation from
the environment. The use of an acoustically band-gapped
interface was demonstrated to achieve excellent thermal iso-
lation, allowing lifetimes >1 s [60].

We demonstrate below that the maximum value of
the phonon angular momentum (%) can be approached
for the lowest-energy phonon band. Phonon chirality adds

conservation of phonon angular momentum as a selection
rule for phonon decay processes [61], increasing the phonon
lifetimes and ensuring that the anharmonic decay of chiral
phonons produces additional chiral phonons, allowing their
detection in the acoustic bands.

V. MATERIALS FOR DM DETECTION

Starting from the requirement that the detector hosts chiral
acoustic phonons with large magnetic moments, we identify
properties of materials that make them good candidates for
chiral phonon-based DM detection. First, the material should
lack inversion or time-reversal symmetry [37]. We also require
materials where the circular motion of atoms has low energy
so that the acoustic bands have an associated angular mo-
mentum. This requirement suggests the use of crystals whose
atoms are topologically underconstrained, allowing, e.g., free
rotation in the direction perpendicular to a bond. Such free
rotation reduces the energy of modes in which the phonon an-
gular momentum is concentrated on one site, which enhances
the phonon magnetic moment, as moments from corotating
sites of opposite effective charge would point in opposite
directions. Consideration of the relative motions of cations
and anions can also be relevant in cases where large phonon
magnetic moments arise from orbit-lattice coupling, e.g., in
4 f paramagnets [33,35,62]; in this case the circular motions of
anions relative to a magnetic cation lead to enhanced phonon
magnetism and therefore it is desirable for the sublattices to
have different circular polarization.

We suggest metal-organic frameworks (MOFs) as candi-
date materials for the detection of chiral phonons resulting
from DM excitations. MOFs are coordination polymers that
incorporate both metal ions and organic ligands. The choice
of ligand allows control over atomic structure and topology,
including the formation of noncentrosymmetric structures,
which can host chiral phonons [63], leading to a variety
of rotational dynamics [64]. MOFs can have high struc-
tural anisotropy, including (pseudo) two-dimensional (2D)
and one-dimensional (1D) structures, yielding anisotropic
phononic properties and thereby high detector sensitivity to
the DM wind direction. The chemical flexibility of MOFs
allows tailoring of their electronic structures, and thereby
incorporation of mechanisms known to cause giant phonon
magnetic moments, such as inclusion of rare-earth ions [65]
and nontrivial electronic topology [66,67]. Centimeter-scale
single crystals of MOFs have been grown both in both three
dimensions and in two dimensions, making manufacturing
large quantities of these materials technologically feasible
[68,69].

VI. EXAMPLE FRAMEWORK MATERIAL

As a proof of concept, we screened noncentrosymmetric
MOFs using density functional theory (DFT) and density
functional perturbation theory (DFPT) to identify materi-
als whose lowest-energy phonons are chiral and can carry
a magnetic moment, by calculating the phonon eigen-
vectors, energies, and Born-effective charges within the
ABINIT software package [70-76] and using Eq. (7). This
screening identified InF;(4, 4’-bipyridine) [InF3(bpy), space
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FIG. 2. (a) The crystal structure of InF5(bpy), showing In-bpy chains along the ¢ axis and In-F chains along a [77]. The structure is
chiral due to the twisting of bipyridine rings relative to each other. (b) The phonon band structure of InF;(bpy), shown below 30 meV, with
bands colored according to the magnitude of their circular polarization. Special points in and paths through reciprocal space were chosen
following Ref. [78]. See footnote 1 for a discussion of the phonon instability at S (0 0 0.5). (c) The lowest-energy phonon band in InF;(bpy)
shown on a 10 x 10 x 20 grid in reciprocal space, with points colored by the magnitude of the phonon circular polarization (||S|| = ||L||/#A).
Points in reciprocal space are marked T (000.5), T" (00 —0.5), V (0.5 —0.5 —0.5), X (0.50.5 —0.5), T (000), Q;(0.20 —0.4), and
Q2(0.20.5 —0.15) (in reduced coordinates). Point sizes are proportional to the phonon energy (modes with imaginary frequencies are not
shown). (d) The lowest-energy phonon band shown as in (c), colored by the relative magnitude of their magnetic moment as calculated from
the Born effective charge (see text for details), showing the anisotropy of the phonon magnetism. (e¢) A schematic view of the motion of
the fluorine atoms in the lowest-energy acoustic phonon at Q;, showing how magnetic moments (blue arrows) arise from circular motions
(gray arrows) of F anions (green) about their average positions (transparent green spheres), with partial cancellation from smaller circular
motions (not shown) of In cations (purple). (f) The phonon band structure shown on a line connecting Q; and Q,, with bands colored by the x
component of the phonon circular polarization.

group [222] [Fig. 2(a)] [77] as possessing the desired proper- in the low-energy (<30 meV) phonons. The phonons are
ties. highly anisotropic, developing larger polarizations in regions

The phononic properties of InFz(bpy) show many of the
characteristics needed for DM detection via chiral phonons.
Its phonon band structure [Fig. 2(b) possesses a high density
of low-energy vibrational states (see the Supplemental Ma-
terial [79] for the full phonon band structures).! Along the
high-symmetry directions, the circular polarization is strong

'Note that the imaginary phonon frequencies near one face of
the Brillouin zone (¢* = £0.5 in reduced coordinates) indicate an
instability of the crystal structure with respect to doubling of the
b lattice vector at low temperatures. This instability would reduce
the space group symmetry to C222, P222, C2, or P2, depending on
the order parameter and order parameter direction of the transition,
and therefore the structure would remain chiral. It would not be
computationally feasible to study this instability due to the large
allowed range of a* and b*.

of reciprocal space away from the high-symmetry directions.
In Fig. 2(c) we show the circular polarization of the lowest-
energy acoustic band on a grid of q-points in reciprocal
space. We find a high degree of chirality in specific regions
of momentum space. Since DM particles passing through the
detector have a preferred direction (opposite to the velocity of
the earth in the galactic rest frame), the momentum that they
deposit in the material also has a preferred orientation. Conse-
quently, the rate of excitation of chiral phonons will depend on
this momentum orientation. Therefore, rotating the detector
along and out of this direction will either increase or suppress
the observed event rate. Like the phonon-angular momentum,
the phonon magnetic moment shows a significant degree of
anisotropy, allowing high directional sensitivity [Fig. 2(d)].
Notably, the acoustic phonons reach a maximum magnetic
moment of 0.02 , within DFT, which is a significant fraction
of the maximum magnetic moment of any phonon in any band
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FIG. 3. The phonon band structure of InF;(bpy) and «-quartz (SiO,), with bands colored according to their relative magnetic moment as
calculated from the Born effective charges (see Ref. [45] for details). Four types of chiral phonon are marked A—D and shown diagramatically
at right: modes where the angular momenta of the cationic and anionic sublattices are orthogonal (A), modes where the momenta are opposed
(B), modes where one sublattice is stationary (C), and modes where the momenta are coaligned (D). A, B, and C have relatively large magnetic
moments, D does not despite having large angular momentum The MOF structure is more flexible and allows modes with larger magnetic

moments in the lowest-energy band.

(0.05 wy). [Note that, as we calculated the phonon magnetic
moments using the currents generated by circular motions
of the conventional Born-effective charges, they are much
smaller than the experimentally measured values (~1ug) dis-
cussed above because they do not include contributions from
coupling to electronic angular momentum.] The relatively
large moments are a result of structural flexibility allowing ro-
tation of fluorine atoms into free space in the crystal structure
[Fig. 2(e)]. The flexibility of the MOF structure is greater than
that of simpler framework structures such as quartz, which
has relatively smaller magnetic moments in its lowest-energy
phonon band (Fig. 3).

Figure 2(f) shows the low-energy phonon band structure
along the line of high circular polarization from Q; to Q..
The material possesses a large number of chiral phonons in
this energy range which will decay into a chiral acoustic band
[61], generating stable phonons with a net magnetic moment.
Figure 2(f) also shows that the lowest energy band has very
low dispersion and therefore group velocity in this direction,
a common feature of MOFs due to their porosity [80]. This in-
dicates spatially localized phonons, which are easier to detect
than delocalized phonons.

InF;5(bpy) therefore demonstrates that MOFs can host chi-
ral phonons with magnetic moments in their lowest-energy
phonon bands (with 4-meV energy threshold). These mo-
ments could be measured at arbitrary points in reciprocal
space via inelastic neutron scattering with spin-polarized neu-
trons [81], allowing screening of materials for their suitability
as chiral phonon-based DM detectors.

VII. REACH PROJECTIONS

Finally, we estimate the projected reach of an InF;(bpy)
chiral phonon detector with 1 kg-yr exposure and compare
it to other proposed low-energy-threshold detectors (Fig. 4).
We obtain these projections within the generalized non-

relativistic effective operator approach [50] using the dark
photon interaction model. In this model, spin-1/2 DM scatters
from SMM through an exchange of a kinematically mixed
spin-1 boson.

In the nonrelativistic limit, this interaction cannot transfer
angular momentum to the target as the corresponding spin-
matrix element is diagonal in the DM spin space, creating
a pair of chiral phonons with opposite angular momenta
[Fig. 1(c)].

Excitation rates were obtained starting from the material-
specific phonon eigenvectors and eigenenergies obtained from
first-principles DFPT calculations and generalized interac-
tion operators from effective field theory. The PHONODARK
code was used to combine these and obtain scattering rates
within Fermi’s golden rule [19]. By using a truncated boosted
Maxwell-Boltzmann distribution to model the DM velocity,
we obtained projected detector sensitivity limits. We report
these at a 95% confidence limit assuming zero background (or
equivalently, three observed events over the considered time
period).

We estimate that the fraction of the excited phonons that
decay into at least one stable [i.e., having a lifetime suffi-
ciently long to be detectable by a superconducting quantum
interference device (SQUID)] chiral product phonon in the
lowest-energy acoustic band is k = 15%. This estimate was
obtained by taking the expectation value of the circular po-
larization over all the states in this band («x = (||S]])), and is
conservative in that it does not account for the production of
multiple low-energy phonons from higher-energy excitations.
We assume that each decay pathway is equally likely, as a de-
termination of the probabilities of the decay pathways requires
calculation of all three-phonon coupling constants, which is
computationally prohibitive for materials with more than a
few atoms in the unit cell. We further assume that phonons
with relative magnetic moments above 0.4 (i.e., green or yel-
low in Fig. 2(d)] are detectable.
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FIG. 4. Sensitivity reach for phonon excitations with kg-yr exposures in InF;(bpy) mediated by kinetically mixed light (left) and heavy
(right) dark photons calculated in this work compared to other proposed phononic DM detectors. The sensitivity is shown for 0.1%, 1%,
10%, and 100% probabilities of decay (k) into the at least one detectable chiral phonon. Our calculation suggests k = 15% and we
conservatively highlight the line associated with 10% probability. The orange line represents the reach of a potential upgrade of the SuperCDMS
experiment (silicon) utilizing phonon detection through TES readout [27] of exposure 0.4 kg-yr. The green line shows the projected reach of
a superconducting NbN nanowire single-photon detector (SNSPD) of g-yr exposure as proposed in [10]. The purple line in the plot shows a
helium-based detector (HeRALD, currently in R&D) that uses phonon-driven atomic ejections from the liquid surface followed by detectable
adsorptions for an expected energy threshold of 10 eV and exposure of a kg-yr [16]. Grey-shaded regions are excluded by previous direct
detection experiments [82—85] and stellar constraints taken from Ref. [86].

When compared to other proposed low-threshold detectors
currently under development, such as voltage-biased super-
conductors [10], phononic DM detectors using Si [27] or
He [16], or other organic targets [87,88], a chiral phonon
detector using InF5;(bpy) would exhibit greater reach, probing
a larger section of unexplored phase space (Fig. 4). This reach
can be attributed to our proposed method’s ability to detect
single-phonon excitations and the material’s high density of
low-energy vibrational states.

We omitted the projected reach of other proposed (cen-
trosymmetric) single-phonon detector materials (e.g., those
found in Ref. [21]) as, at present, the readout of single-phonon
excitations using a TES is not feasible. The short decay time
(ps) of phonons of energies detectable by a TES (~100 meV)
reduces the distance they can travel within a detector to < 1 m,
and lower-energy phonons do not carry enough energy to
create a signal. Furthermore, the transmission probability into
the TES is low (~107%) [27] reducing the number of low-
energy phonons that can pass the interface and thermalize in
the TES. A single excitation of ca. 100 meV is therefore not
enough to create a signal and O(10)eV of deposited energy
in a multitude of phonons is required.

Since current direct detection experiments based on
electronic excitations operate with higher detection energy
thresholds or ~ ng-week exposures, constraints from existing
measurements have substantially smaller reach. Recently, 2D
detector setups with single atomic thickness were proposed
which would operate at the g—kg scale [89]. If we assume
detector mass comparable to those of such detectors, O(10)
orders of improvement with respect to the current limits would
be achieved [10].

As the DM-induced rate is proportional solely to the to-
tal active mass of the detector irrespective of its being one

compact object or an array of smaller ones, scalability of the
design can be achieved by manufacturing a multitude of detec-
tion units of lower mass, should it prove economically more
efficient than producing a large bulk sample of the material.

VIII. CONCLUSION

We determined that DM-SMM interactions could create
chiral phonons either directly, by passing orbital angular mo-
mentum to the material through scattering or absorption, or
indirectly, by creating phononic excitations that decay into
chiral pairs with opposite handedness. Materials with chiral
acoustic bands which carry a measurable magnetic moment
could then be used to detect DM. Chiral phonons, with their
low excitation energy of O(meV), are ideal probes of light
DM candidates down to masses O(keV) that have not been
explored to date.

By considering the material requirements for a chiral
phonon-based DM detector, we identified MOFs as promising
candidates due to their structural flexibility (which allows
them to possess low-energy phonons with magnetic moments)
and their chemical flexibility (which allows their phonon
magnetic moments to be optimized by chemical substitution
while maintaining their network topology). Additionally, the
anisotropy of MOFs leads to a directional response of the
detector that is then able to distinguish common sources of
background such as radioactive isotope contamination, cos-
mic rays, and electronic noise. This enables the setup outlined
in this work to push the sensitivity of current direct detection
experiments by many orders of magnitude exploring both
weaker couplings as well as smaller DM candidate masses.

To demonstrate these concepts, we calculated the phonon
band structure, circular polarization, and magnetic moments
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of InF;(bpy), a simple chiral MOF. We found an anisotropic
distribution of magnetic-moment-carrying chiral phonons in
its lowest-energy band, arising from circular librations of In—
F bonds, demonstrating that the underconstrained topology
typical of MOFs can create the type of phonons needed for
DM detection. We then used InF3(bpy) as an example target
to estimate the experimental reach of a chiral phonon-based
detector for the dark photon interaction model, and found
that a considerable increase in reach could be achieved if the
magnetic moments of individual phonons can be detected.

In future works, it would be valuable to explore the effects
of other effective operators on the produced rate, to determine
whether DM-interaction differentiation would be possible us-
ing this method. From a materials standpoint, the study of
the magnetic moments of chiral phonons away from I is in
its infancy, and further experimental and theoretical efforts
should focus on understanding the origins of giant phonon
magnetic moments, and prediction and measurement of these
moments in the acoustic bands of highly anisotropic materials.
Additionally, the phonon Hall effect in noncentrosymmetric
materials is largely unexplored, and must be studied further,
in particular, to determine how the symmetry-breaking field
and magnetometer readout can be made compatible.

We hope that our study motivates experimental efforts to
detect DM using the chiral phonons in MOFs either in thin
layers or as a larger bulk sample where the phonon thermal
Hall effect is used to localize phonons at the surface.

IX. METHODS

A. Density functional theory

DFT and DFPT calculations were performed using the
ABINIT software package (v. 9.6.2) [70-73]. The Perdew-
Burke-Ernzerhof exchange-correlation functional [74] was
used with the dispersion correction of Grimme [76]. A plane-
wave basis set (energy cutoff 32 Ha) was used with the
default norm-conserving pseudopotentials of the ABINIT li-
brary. These pseudopotentials contained 36 (In), 2 (F, N, C),
and 0 (H) core electrons. Calculations were performed on a
8 x 8 x 8 grid of k-points and a 4 x 4 x 4 Monkhorst-Pack
grid [75] of q-points. The crystal structure was relaxed to
an internal pressure of —0.1 MPa within the /222 space
group prior to DFPT calculations. These calculations were
performed for a diamagnetic electronic structure (as In®" is

nonmagnetic); we note that coupling between circularly po-
larized phonons and electronic spins has been successfully
modeled (at I') without consideration of modification of the
eigenvectors by magnetic effects [33,35,62].

B. Excitation rate calculations

The PHONODARK software package (v. 1.1.0) [19] was
used to calculate excitation rates; it interfaces PHONOPY, an
open source package for phonon calculations in PYTHON, with
calculations of general effective DM interactions [50]. To use
results of DFPT calculations from ABINIT, the PHONODARK
code was modified to accept an input force constant matrix
from ABIPY [70]. An example spin-1/2 DM particle interact-
ing through the dark photon model was calculated in the limit
of a light mediator [i.e., a long-range interaction with a trans-
ferred momentum mediator factor F(q) = %] and in the limit
of a heavy mediator [F'(q) = 1] following the approach of the
authors of Ref. [21]. A fixed time of day of + = 0 was chosen
for an exposure of kg-yr. The exclusion confidence limits were
set to 95% assuming zero background, or equivalently three
recorded events. The DM velocity distribution was modeled
with a truncated boosted Maxwell-Boltzmann distribution.

All computational data are publicly available from
Ref. [90].
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