
S I N É A D   G R I F F I N
____________

The  U N B E A R A B L E 

L I G H T N E S S  Of  D A R K

M A T T E R SLAC Summer Institute 2025



Å What is dark matter?

Å Formalism for ab initio calculation of DM-matter coupling

Å Current and next-generation experiments: phonons

Å New sensing ideas using topology

Quantum Materials for Dark Matter Detection
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How do current Dark Matter direct searches work?
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Dark photon models

QCD Axion 



New ideas for low-mass Dark Matter Detection needed
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Know total mass; not the individual particles
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Dark matter 

A particle/excitation with unknown

- Mass

- Structure

- ôQuantum numbersõ

What we do know: 

- Velocity

- Total mass (but not individual particle masses)

Quantum Materials Design Problem

How do we design a material (or a collection of them) that can couple 

to unknown quantum orders & masses?



100 meV 1 meV 10 meV 100 meV 1 eV 10 eV

e-ion interaction

crystal field + bandgap

spin-orbit interaction

phonons

e-e interaction

Hund

spin-spin interaction

Dy-M interaction

Energy scales in materials

Sub-GeV Dark Matter Requires Smaller Energy Scales

Note: We consider momentum transfer; more complicated couplings with quantum matter can also be 

considered
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Dark matter detection with optical phonons

Cross section

Dark matter

Normal matter
Dark matter Normal matter

1. Kinematic matching with optical phonons

2. Small screening (insulating)

3. Can have anisotropic crystal structure (directional 

detection)

4. High-quality crystals available now

5. Sensor technology becoming mature

Why optical phonons?

SiC



Workflow for computing DM scattering rates

Step 4: Integrate

Energy 

Conservation

Momentum 

Conservation

DM velocity 

distribution

Model Target

Compute matrix elements 

for chosen excitation

Step 3: The ChannelStep 1: The Target

Compute material properties 

ab initio or using a model

Phonons and magnons:
Å Eigenvalues

Å Eigenvectors
ÅChoose a relativistic QFT

Step 2: The Model

D
M

e-
, 

p+
, 

n0

Mediator

ÅMap to non-relativistic 

effective field theory

ÅWrite scattering potential in 

terms of non-relativistic 

operators

Trickle, Zhang, Inzani, Zurek, SMG. JHEP 3, 36 (2020)



Large low-mass dark matter space now covered

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

Trickle, arXiv:2210.14917 (2022)



Hidden bonus: 

directionality!

1kg year 

exposure

Anisotropic materials for directional detection

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



1. Scattering (from acoustic phonons for low-mass DM)

2. Absorption (by optical phonons)
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mX, vX  = DM mass, velocity
pX = local DM density
v0 = 220km/s
mN = nucleon mass
wmin = min. phonon energy (exp. threshold)
wmax= max. phonon energy (limited by 

momentum transfer)
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Z*= Born effective charges
A1, A2= atomic mass numbers 
einf = high-frequency dielectric constant
wLO = optical phonon frequency

How does DM interact with polar materials?
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Z*= Born effective charges

A1, A2= atomic mass numbers 

einf = high-frequency dielectric constant

wLO = optical phonon frequency

Z* A1 A2 Eps_inf w LO 
(meV)

Q (E-7)

GaAs 2.27 69.7 74.9 10.89 
(14.8)

25, 35 2.4

Al2O3 2.98, 
1.34

27.0 16.0 3.3 30, 
106

80

Dominant DM interactions with Polar Materials ð can we do better?

Dark photon 

absorption

Griffin, Inzani, Trickle, Zhang, Zurek. Phys. Rev. D101, 055004
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Z*= Born effective charges

A1, A2= atomic mass numbers 

einf = high-frequency dielectric constant

wLO = optical phonon frequency

Smaller ions?

Dominant DM interactions with Polar Materials ð can we do better?
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WO3 (in P4mm structure)
Calculated polarization of сф ˃/ΦŎƳҍн (high)

Hamdi et al. PRB 94, 245124 (2016)
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A1, A2= atomic mass numbers 

einf = high-frequency dielectric constant

wLO = optical phonon frequency

Z* A1 A2 Eps_inf w LO 
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Q (E-7)
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WO3 11.73, 
8.78, 
1.62

183.8 16.0 5 126 556

Dominant DM interactions with Polar Materials ð can we do better?

Maurice Garcia-Sciveres, 

LBNL

What about ice?



T. C. Hansen, Nat. Comms.12, 3161 (2021)

Dark Matter Detection in Cryogenic Ice

Nora 

Taufertshöfer



Bernal & Fowler, J. Chem. Phys. 1 (1933)

Pauling, JACS 57 (1935)

Dark Matter Detection in Cryogenic Ice

Bernal Fowler Ice Rules

Ice Rules: Two in, Two Out

Ice Ih proton disorder results in a residual 

entropy:

S = R ln (3/2)

Anderson, Phys. Rev. 102 (1956)



Bernal & Fowler, J. Chem. Phys. 1 (1933)

Pauling, JACS 57 (1935), Seshadri, 586G UCSB

What structure does ice form?

Bernal Fowler Ice Rules

Ice Rules: Two in, Two Out

Ice Ih proton disorder results in a residual 

entropy:

S = R ln (3/2)

Magnetic Tetrahedra

 in Pyrochlores

Hydrogen Positions

In Ice-Ih

H2O

Two H close, two H far

R2Oõ

Two spins in, two spins out

Anderson, Phys. Rev. 102 (1956)

Griffin & Spaldin, JPCM (2014)



Bernal Fowler Ice Rules

Ice Rules: Two in, Two Out

Ice Ih proton disorder results in a residual 

entropy:

S = R ln (3/2)

Ice Ih 

Proton disordered

Ice XI

Proton ordered

Kurt Vonnegutõs Ice 9:

òWhen it fell, it would freeze into 

hard little hob nails of ice-nineñ

and that would be the end of the 

worldó

Bernal & Fowler, J. Chem. Phys. 1 (1933)

Pauling, JACS 57 (1935), Seshadri, 586G UCSB

What structure does ice form?



Dark Matter Detection in Cryogenic Ice-XI

massless dark photon mediator

optPBE-vdW: 1.5% deviation from H2O (2K) and D2O (1.6K)



Dark Matter Detection in Cryogenic Ice-XI

massless dark photon mediator

Why is ice so good?

Low-frequency interatomic phonon modes

optPBE-vdW: 1.5% deviation from H2O (2K) and D2O (1.6K)



Brown-Altvater, Rangel, Neaton, PRB 93 (2016)

Dark Matter Detection in Cryogenic Ice-XI

massless dark photon mediator

Why is ice so good?

Low-frequency interatomic phonon modes

optPBE-vdW: 1.5% deviation from H2O (2K) and D2O (1.6K)



Dark Matter Detection in Cryogenic Ice-XI

massless dark photon mediator

optPBE-vdW: 1.5% deviation from H2O (2K) and D2O (1.6K)

Directional Detection too!
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Å Defects
Å Doping
Å Strain
Å EM Fields

How do we tune CM? Hydrostatic Pressure

Å Alters interatomic distances/electronic interactions
Å Steeper interatomic potential
Å Stronger e--e- interactions

Å Key to achieving many exotic phases
Å Topo phases in Li1 and Te2

Å Hydride superconductors3

Å Achievable using diamond anvil cells

Electromagnetic Radiation

S
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e
w
s

Gasket

Ruby

Sample

Backing Plate

Image Credit: Wikipedia1 Mack et al., PNAS 116, 9197 (2019)     2 Ideue et al., PNAS 116, 25530 (2019)    3 e.g., Ashcroft, PRL 21, 1748 (1968)

What about a tunable target? Can we dial in phonon frequencies?



ÅThere is existing work on SFHe as a DM target (HeRALD)1

ÅBut helium is a terriblesingle-phonon target for ~keV DM

ÅIŜƭƛǳƳ ƛǎ ǘƘŜ Ƴƻǎǘ ŎƻƳǇǊŜǎǎƛōƭŜ ǎƻƭƛŘΧ

33

Material Bulk Modulus 

(GPa)

He ς ρπ

Ne χ ρπ

Xe πȢσ

Si ρππ

Al2O3 ρφυ

Diamond υππ

Rev. Mod. Phys. 92,4 (2020) 
1arXiv:2307.11877
2K. Schutz et al., PRL 117, 121302 (2016). 
3S. Knapen et al., PRD 96, 115021 (2017). 

Åά  ͯρπ ËÅ6 Ὁ ρͯπ ÍÅ6

Å Mom. Transfer: ή ρ Å6ײַͯ
Å‫ Ὧͯὧ with Ã ρͯπ

Å‫ ‫ ρ ʈÅ6 andײַ ͯ   ȾὉ  ͯ ρπײַ 

Å Option 1: Multiphonon scattering (SFHe2,3)

Å Option 2: somehow increase ὧ

He is an excellent candidate for pressure-tunable target
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Helium -4-He (hcp) -̡He (fcc)

3 acoustic modes
3 optical modes

3 acoustic modes
0 optical modes

Isotherms from Expt. Data:
P. Loubeyre et al. PRL 71, 2272 (1993). 
J. H. Vignos et al., PRL 6, 265 (1961). 
W. L. Vos et al., PRB 42, 6106 (1990). 
E. B. Osgood et al., PRA 5, 1537 (1972). 
S. W. V. Sciver, Helium Cryogenics, 2nd ed. (2015)

The solid phases of He-4



ÅSignificant ZPV, highly anharmonic, long-ǊŀƴƎŜ ƛƴǘŜǊŀŎǘƛƻƴǎΣ Χ

-He (hcp) -̡He (fcc)

æ Ộ ᶮṣᶯ GPa
Expt. Data: Eckert, et al., PRB 18, 3074 (1978); Stassis et al., PRB 17, 1130 (1978); Thomlinson et al., PRB 18, 1120 (1978). 

Studying solid He is trickyé



But the situation simplifies at higher 
pressures
ÅSmaller ZPV, less anharmonicity, dominant short-ǊŀƴƎŜ ƛƴǘŜǊŀŎǘƛƻƴǎΣ Χ

36

-He (hcp) -̡He (fcc)

æ Ộ ᶮṣᶳ GPa

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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æ Ộ ᶮṣᶳ GPa
Expt. Data: Eckert, et al., PRB 18, 3074 (1978); Thomlinson et al., PRB 18, 1120 (1978); P. Loubeyre et al.,  PRL 71, 2272 (1993); Zha et al., PRB 70, 174107 (2004). 

But we can do much better at higher pressures
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Pressure significantly enhances Ӷὧ  and ἂ‫ἃ



Sensitive to lighter DM
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Griffin et al., Phys. Rev. D 101, 055004 (2020) 

Multiphonon and NR 
would dominate

„ͯ
ρ

ὃ ‫

Benchmark model for acoustic phonons: scalar mediator

39
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Pressure improves the single-phonon reach of He
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Benchmark model for acoustic phonons: scalar mediator

Pressure improves the single-phonon reach of He



ÅUltra-high-quality crystals Ą less phonon scattering

Å~20 eV bandgap Ą lower backgrounds 

ÅTunable rate Ą background discrimination

ÅHigh-pressure techniques are available
ÅIntegration is a challenge
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Material Radiopurity (ppm)

He1 πȢυ ρπ

Si2 ρπײַ ρπππ
1Hendry and McClintock, Cryogenics 27, 131 (1987).
2Acharya et al., Nat. Comm. Mat.5, 57(2024)

He itself has several advantages



42

Phonons

Target
(e.g., 28Si)

Readout (e.g., Al TES)

Isotopic Impurity (e.g., 29Si)

Anharmonic Scattering

T. Harrelson, I. Hajar, O. Ashour , and S. Griffin. J. Phys. Condens. Matter, 37, 015002 (2025).

Could this detect magnons directly?

Can bulk excitations affect the surface?

Magnon detection: D. Lachance-Quirion et al., Science 367, 425ï428 (2020)
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Shortcomings of low-energy phonon quantum sensing schemes



What is topology in materials?

ÅGet knots our description of phenomena: very robust to perturbations

ÅNon-trivial topology defined by a ôkinkõ in the order parameter after phase transition

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



Understanding band topology ab atomo

Isolated atom

Bring atoms together 

in a solid

Two atoms together

Bring atoms together 

in a solid

Bands
Topological 

bands

There are electronic band structures that cannot be 

continuously deformed to the atomic limit



Electronic Topological materials:

Symmetry-protected band crossings rely on crystalline symmetries 

and are defined in reciprocal space

Å Topological Band Insulators

Internal symmetries

Å Topological Crystalline Insulators

Crystalline symmetries (e.g. nodal line 
semimetals, Chern mirror insulators, etc.)

Where do the knots come from in reciprocal space?



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

ÅBulk gapped; conducting edge modes

ÅChiral edge modes

ÅAnomalous transport

Topological materials have properties not described within conventional band theory
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Chen et al., Science 325, 5937 (2009)

Measuring surface 
conductivity is much trickier 

but has been done

Kim et al., Nat. Phys. 8, 459ï463 (2012)

Topological Insulators have a Bulk-Boundary Correspondence


