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Quantum Materials for Dark Matter Detection

A What is dark matter?
A Formalism forab initiocalculation of DMmatter coupling
A Current and nexgjeneration experiments: phonons

A New sensing ideas using topology




How do current Dark Matter direct searches work?
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How do current Dark Matter direct searches work?

Electron Recoll
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How do current Dark Matter direct searches work?

Electron Recaoll
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New ideas for loamass Dark Matter Detection needed
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New ideas for loamass Dark Matter Detection needed
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DM mass

New ideas for loamass Dark Matter Detection needed

S| WIMP-nucleon cross section [cm?]
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Quantum Materials Design Problem

Dark matter
A particle/excitation with unknown
- Mass
- Structure

- 0Quantum number so

Quantum

terial
me—— What we do know:

- Velocity
- Total mass (but not individual particle masses)

How do we designa material (or a collection of them) that can couple
to unknown quantum orders & masses?



SubGeV Dark Matter Requires Smaller Energy Scales
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Energy scales in materials

Note: We consider momentum transfer; more complicatgdingswith quantum matter can also be
considered



SubGeV Dark Matter Requires Smaller Energy Scales

DM mass aeV peV ueV. mevV eV ke MeV GeV TeV PeV
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Dark matter detection with optical phonons

Dark matter

b, Yoo e
Cross section ch ~~ jz Mﬁl et

Normal matter Dark matter Normal matter

Why optical phonons?

. Kinematic matchingwith optical phonons

. Small screenindinsulating) >
1004 —
. Can haveaanisotropiccrystal structure (directiona E q
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. High-quality crystals available now
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. Sensor technologypecoming mature



Workflow for computing DM scattering rates

Compute material properties
ab initio or using a model / \ T
/ N
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Large lowmass dark matter space now covered
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Anisotropic materials for directional detection

WIMP Wind
S

1kg year
exposure

Hidden bonus:
directionality

SMG,Inzani, Trickle, Zhang, Zurek, PRD 101, 055004 (2020)

ecember

Primary
crystal axis

June
A D

mx=25 keV
mx=>50 keV
mx=T75 keV
mx=100 keV

0.2

0.4 0.6 0.8 1.0
t/day



How does DM interact with polar materials?

1. Scattering(from acoustic phonons for {ovass DM)

2. Absorption(by optical phonons)

Q:

Z*°

AAEW,,

my, Vx = DM mass, velocity

py = local DM density

Vp = 220km/s

my = nucleon mass

Wi, = Min. phonon energy (exp. threshold)
W,,.x= Max. phonon energy (limited by
momentum transfer)

Z*= Born effective charges

A, A= atomic mass numbers

e, = highfrequency dielectric constant
W, o = optical phonon frequency



Dominant DM interactions with Polar Materiatscan we do better?

* 2 Z*=Born effective charges
D%rk pht(_)ton Q — Z A;, A=atomic mass numbers
absorption AlAz%zW en = high-frequency dielectric constant
LO W, o= optical phonon frequency

Eps inf w, o Q(E7)
(meV)

Griffin, Inzani, Trickle, Zhang, Zurek. Phys. Ri,[055004



Dominant DM interactions with Polar Materiascan we do better?

Z*=Born effective charges

A;, A=atomic mass numbers

e = high-frequency dielectric constant
W, o= optical phonon frequency

Smaller ions?
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Dominant DM interactions with Polar Materiatscan we do better?

7 %2 Z*=Born effective charges
— A;, A=atomic mass numbers

Q @ X W/ en = high-frequency dielectric constant

LO W, o= optical phonon frequency

Eps inf w o Q(E7)
(meV)




Dominant DM interactions with Polar Materiascan we do better?

Z*=Born effective charges

Q = A;, A= atomic mass numbers
AlAz W e = high-frequency dielectric constant
LO W, o= optical phonon frequency
«_VIP o o
= Materials with large electric polarization?

e Ju



Dominant DM interactions with Polar Materiascan we do better?

Z*=Born effective charges

Q = A;, A= atomic mass numbers
e = high-frequency dielectric constant
AAEW, - ot
LO W, o= optical phonon frequency
* = ﬂ_ Materials with large electric polarization?
e fu

WG; (in P4Amm structure)
Calculated polarization of ¢ >Y {High)Y
Hamdi et al. PRB 94, 245124 (2016)




Dominant DM interactions with Polar Materiascan we do better?

Z*=Born effective charges

Q = A;, A= atomic mass numbers
AVA& W e = high-frequency dielectric constant
LO W, o= optical phonon frequency

VP

/= — — Materials with large electric polarization?

e Ju

WG; (in P4Amm structure)
Calculated polarization of o > Y HhghY
Hamdi et al. PRB 94, 245124 (2016)

PHYSICAL REVIEW B VOLUME 56, NUMBER 3

Anomalously large Born effective charges in cubic WO;

F. Detraux, Ph. Ghosez, and X. Gonze
Unite de Physico-Chimie et de Physique des Materiaux, Université Catholique de Louvain, 1 Place Croix du Sud,
B-1348 Louvain-la-Neuve, Belgium
(Received 15 January 1997)



Dominant DM interactions with Polar Materiatscan we do better?

Z*?

Z*=Born effective charges

A;, A=atomic mass numbers

e = high-frequency dielectric constant
W, o= optical phonon frequency

Eps inf w o Q(E7)

What about ice?
(meV) (max)

Maurice GarciaSciveres
LBNL



Dark Matter Detection in Cryogenic Ice
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T. C. Hansen, Nat. Comm$2, 3161 (2021)



Dark Matter Detection in Cryogenic Ice

Bernal Fowler Ice Rules

Space-and-time average

occupancy = 0.5

-

-
I occupancy = 0.5
.'v e

Proton disordered

Ice Rules: Two in, Two Out

Icel,, proton disorder results in a residual
entropy:
S =R In (3/2)

Bernal & Fowler, J. Chem. Phys. 1 (1933)
Pauling, JACS 57 (1935) Anderson, Phys. Rev. 102 (1956)



What structure does ice form?

Bernal Fowler Ice Rules

Space-and-time average

occupancy = 0.5
o
-
occupancy = 0.5 :
-
v Ve o

Proton disordered

Ice Rules: Two in, Two Out

Icel,, proton disorder results in a residual
entropy:
S =R In (3/2)

Bernal & Fowler, J. Chem. Phys. 1 (1933)
Pauling, JACS 57 (1935), Seshadri, 586G UCSB

Hydrogen Positiong Magnetic Tetrahedra

In Icely, in Pyrochlores

ROG

Two H close, two H far Two spins in, two spins out
Journal content Letter
+ Journal home Nature 451, 42-45 (3 January 2008) | doi:10.1038/nature06433; Received 27 June 2007;

Accepted 23 October 2007
+ Advance online

pbication Magnetic monopoles in spin ice

+ Current issue

C. Castelnovo*, R. Moessner:Z & S. L. Sondhi¥
+ Nature News

5 1. Rudolf Peierls Centre for Theoretical Physics, Oxford University, Oxford OX1 3NP, UK

2. Max-Planck-Institut fir Physik komplexer Systeme, 01187 Dresden, Germany

3. PCTP and Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
+ Supplements

Anderson, Phys. Rev. 102 (19
Griffin & Spaldin, JIPCM (201¢



What structure does ice form?

Bernal Fowler Ice Rules

Icelh Ice Xl
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Dark Matter Detection in Cryogenic {xé

massless dark photon mediator
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Dark Matter Detection in Cryogenic {xé

massless dark photon mediator
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Why is_ ice so good?
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Dark Matter Detection in Cryogenic {xé

massless dark photon mediator
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Why is_ ice so good?
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Dark Matter Detection in Cryogenic {xé

massless dark photon mediator

Directional Detection too!
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What about atunablgarget? Can we dial in phonon frequencies?

How do we tune CM?

A Defects
A Doping
A Strain

\_ A EM Fields

/

A

A Key to achieving many exotic phases :

&

Hydrostatic Pressure

V(r)4

Alters interal"ic distances/electronic interactions

A Steeper interatomic potential
A Stronger ee interactions

A Topo phases inland Té
A Hydride superconductofs

Achievable using diamond anvil cells SIS

v/

1 Mack et al., PNAS 116, 9197 (2019) 2Ideue et al., PNAS 116, 25530 (2019) 3 e.g., Ashcroft, PRL 21, 1748 (1968)

Image Credit: Wikipedia
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He is an excellent candidate for pressut@nable target

AThere is existing work dBFHe&s a DM targetH{eRALP
ABut helium is derrible singlephonontarget for ~keV DM

K

Al 8F A dzY A &

larXiv:2307.11877
2K. Schutz et al., PRL 117, 121302 (2016).
3S. Knapen et al., PRD 96, 115021 (2017).
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The solid phases of H4

-He (hcp) He“um -4 j -He Q:CC)
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Isotherms from Expt. Data
P.Loubeyreet al. PRL71, 2272 (1993).
J. HVignoset al,, PRL6, 265 (1961).
W. L. Voet al, PRBI2, 6106 (1990).

E. B. Osgooet al., PRA, 1537 (1972). 0.1 1 10 100 300
S. W. VSciverHelium Cryogenic2nd ed. (2015) Temperature (K)




ASignificant ZPV, highly anharmonic, lodd Yy 3S A Y i SNI O

Frequency (meV)
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©

Studying

-He (hcp)

— PBE -- PBE-D3 —- optB86b-vdW -@ Expt.

e
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T
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| d He
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Expt. Data: Eckert, et al., PRB 18, 3074 (1978); Stassis et al., PRB 17, 1130 (1978); Thomlinson et al., PRB 18, 1120 (1978).
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Functional Type Reference
PBE GGA [5]
PBEsol GGA [29]
PBE-D3? Dispersion-corrected GGA  [5, 6]
PBE-D3(BJ)* Dispersion-corrected GGA  [5, 6, 30]
PBE-D3M* Dispersion-corrected GGA  [5-7 |
PBE-D3M(BJ)*  Dispersion-corrected GGA  [5-7
PBE-MBD Dispersion-corrected GGA  [5, 31]
PBE-TS Dispersion-corrected GGA  [5, 32]
PBEsol-D3 Dispersion-corrected GGA  [6, 29]
HSE06 Hybrid 33]
HSEsol Hybrid [34]
HSE06-D3 Dispersion-corrected hybrid [6, 33|
HSE06-D3(BJ) Dispersion-corrected hybrid [6, 30, 33]
HSEsol-D3 Dispersion-corrected hybrid [6, 34]
optB86b-vdW Nonlocal vdW-DF [35]
vdW-DF-C6 Nonlocal vdW-DF [36]
vdW-DF-cx Nonlocal vdW-DF [37]
vdW-DF3-opt1 Nonlocal vdW-DF [38]
vdW-DF3-opt2 Nonlocal vdW-DF [38]
rVV10 Nonlocal vdW-DF [39]
SCAN + rVV10  Meta-GGA + vdW-DF [39, 40]
r2SCAN + rVV10 Meta-GGA + vdW-DF (39, 41]

& Tested with and without three-body terms.
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w (meV)

Pressure significantly enhanced and& &
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Pressure improves the singlghonon reach of He

Benchmark model for acoustic phonons: scalar mediator Griffinet al., Phys. Rev. D01, 055004 (2020) t/g& \
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Pressure improves the singlghonon reach of He

Benchmark model for acoustic phonons: scalar mediator
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He itself has several advantages

AUltra-high-quality crystalsd less phonon scattering
A~20 eV bandgap, lower backgrounds
ATunable rated, background discrimination

AHighpressure techniques are available
AlIntegration is a challenge

Material

He!
SP

Radiopurity (ppm)

™ pTI
UPpT PTTT

Hendry and McClintock, Cryogenig 131 (1987).

2Acharyeet al, Nat. Comm. Mat5, 57(2024)

J Low Temp Phys (2010) 159: 452-461
DOI 10.1007/s10909-010-0159-6

How to Prepare an Ideal Helium 4 Crystal

Claudia Pantalei - Xavier Rojas -
David O. Edwards - Humphrey J. Maris -
Sébastien Balibar

On [cm?]
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Shortcomings of lonwenergy phonon quantum sensing schemes

Can bulk excitations affect the surface?

®
- O
® I
Target _/] ® Target
(e.g.,%8Si) \

Phonons Al

é‘“
Readout (e.g., Al TES) & 2
® [sotopic Impurity (e.g2°Si) E
A\ Anharmonic Scattering 7 Time —

Could this detect magnons directly?

42
T. Harrelson, |. Hajar, O. Ashour , and S. Griffin. J. Phys. Condens. Matter, 37, 015002 (2025). Maagnon detection: D. Lachance-Quirion et al.. Science 367. 4251 428 (2020)



What Is topology In materials?

A Get knots our description of phenomena: very robust to perturbations

ANont rivial topology defined by a o0kinkd in the

i

FIG. 3. A one-dimensional skyrmion. To restore continuity T Continuous deformation (with a hole)
of the order parameter we introduce a kink in the manifold
resulting in a Mdbius strip.

Continuous deformation (no hole)

GoObel et al. Physics Reports (2021), Griffin/Spaldin JPCM (2017)



Isolated atom

o

o

Bring atoms together
in a solid

Understanding band topologybatomo

Two atoms together

o o

O =« O

Bring atoms together
in a solid

X

Bands

There are electronic band structures that cannot be
continuously deformed to the atomic limit

/ \
/ \
\ )
\ /

\ /

X

Topological
bands



Where do the knots come fronratiprocalspace?

A TOpO'OgiC&' Band Insulators Bulk/boundary correspondence : manifestation of bulk topology on surface
Internal symmetries
\/ SOC \ /
A Topological Crystalline Insulators /\
Crystalline symmetries (e.g. nodal line
semimetals, Chern mirror insulators, etc.) Trivial Insulator Band Closing Band Inversion: Symmetry-
’ ’ Topological protected crossing:
Insulator Dirac/Weyl SMs

Electronic Topological materials:
Symmetnprotected band crossings rely on crystalline symmetries

and are defined irreciprocal space




Topological materials have properties not described within conventional band theory

A Bulk gapped; conducting edge modes
A Chiral edge modes
A Anomalous transport

Schindler et al., Science Advances (2018). Images: Lanzara Group (UC Berkeley)



Topological Insulators have a BulBoundary Correspondence

Topological Insulator Measuring surface
A conductivity is much trickier
but has been done

Kimet al., Nat. Phys. 8, 459i 463 (2012)
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Chenet al., Scienc&25, 5937 (2009)
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