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Quartz BAW 



Quartz	BAWs	Past	and	Present	

Quality Factors ~  @ 5MHz 3 × 106

BEST OCXO 2023 (>15K EURO)



Performance	Wall	or	Opportunity?
Quality Factors of the best Quartz Resonators are limited by fundamental material 

laws not their engineering

Phonon-Phonon Scattering is the fundamental mechanism

Wave-like (Akheiser) regime of acoustic scattering losses

, where f × Q =
ρV2

a(1 + (ωτ)2)
CvTγ2τ

ωτ ≪ 1

Particle-like (Landau-Rumer) regime acoustic scattering losses 

, where f × Q =
15ρV5

ah3

π5γ2τK4T4
ω ωτ ≫ 1



BAW	Cavi<es

Scientific Reports  Vol. 3, 2132 (2013)



BAW	Cavi<es

Scientific Reports  Vol. 3, 2132 (2013)
* Frequency range: 1-1000 MHz
* Tree mode family types: 2 transverse and 1 longitudinal 
* Piezoelectric Coupling



Observa<on	of	Different	Types	of	Losses

Physical Review Letters 111 (8), 085502

Q = 8x109



Comparing	to	Other	Technologies
Quartz BAW

New results

Old results
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Looking	Deeper	with	Phonons
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Strong Duffing Nonlinearity (<1K) Unusual behaviour
Magnetic field sensitivity

Physical Review Research 2 (2), 023035 Physical Review B 100 (17), 174108



BAW	Hybrid	Quantum	Systems

teflon gasketquartz

magnetic loop probe

⇠

microwave resonance ~B field

microwave resonance ~E field

RF source

cavity post

10 mm

KHAERL, SCIENCE ADVANCES5,  4, 2019

W. Renninger, Nature 14, 2018

Qmech = 105

⌦m = 13 GHz

Qmech = 107

⌦m > 12 GHz

J. Bon, J. App. Phys. 124, 2018

Y. Chu, Science 356, 6360, 2017



Hybrid	Quantum	Acous<c	System

Y. Chu, Science 356, 6360, 2017
Will Quantum Computer include acoustic memory?



Fundamental Physics with Phonons?

Physics	with	Light Physics	with	Sound



Lorentz Violations



Lorentz	Viola<ons	
Standard Model Extension (SME) is an effective Field Theory that includes SM, GR and all 
possible operators that break Lorentz symmetry.  

Searches for violations of Lorentz and CPT symmetry may give a hint for new physics, to 
provide direction in the quest for a unified theory of QM and GR
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Lorentz	Invariance	

f(m) → f(X̂, ̂Y, ̂Z)

δν
ν

= −
1
2

δm
m

= −
1
2 (2cQ

[xx] + cQ
00)



Lorentz	Invariance	

120 HOURS OF OBSERVATIONS

δν
ν

= (−2 ± 2.4) × 10−15

Level of Frequency Deviations:

Neutron sector coefficient:

c̃n
Q = (−1.8 ± 2.2) × 10−14GeV

This rules out all possibilities for Lorentz violating anisotropies in the inertial mass of neutrons, 
protons, and electron at the ∼10−14 GeV level. A few orders of magnitude improvement over previous 
laboratory test and astrophysical bounds



Lorentz	Invariance:	Next	Genera<on

>1.5 YEARS OF OBSERVATIONS COMING SOON

Better phase noise/frequency stability ( ) 
Improved measurement scheme 
More stable rotating stage  
Better shielding

∼ 10−13



Quantum	Gravity



Quantum	Gravity

Quantum Gravity Models

Fundamental Minimal Length Scale ∼ lPlanck

Modified Commutation Relationship 

 [ ̂x, ̂p] = iℏ (1 + β0 ( lPlanck

ℏ
̂p)

2

)



Quantum	Gravity

Modified Commutation Relationship 

 [ ̂x, ̂p] = iℏ (1 + β0 ( lPlanck

ℏ
̂p)

2

)
Generalised Uncertainty Principle 

 ΔxΔp ≥
ℏ
2 [1 + β0

Δp2 + ⟨p⟩2

M2
Planckc2 ]

Nonlinear Dynamics 
 

Ĥ → Ĥ0 + ΔĤ =
̂p2

2m
+ mΩ2

0
̂x2

2
+ β0

̂p4

3m (MPlanckc)2

MPlanck ∼ 21.8μg



Quantum	Gravity

arXiv:2304.00688v1



High	Frequency	Gravita<onal	Waves



Resonant	Bar	GW	Detectors

Phys. Rev. Lett 74, 1908 (1995)



High	Frequency	Gravita<onal	Waves



High	Frequency	Gravita<onal	Waves

LIGO ∼ 10−231/ Hz

HAS TO BE CORRECTED



High	Frequency	Gravita<onal	Waves

There is a number of theories predicting GW cosmic sources for the 
frequencies above 1MHz



High	Frequency	Gravita<onal	Waves

•Neutron star mergers 
•Light primordial black hole mergers 
•Exotic compact objects 
•Black hole superradiance  
•Inflation

•Preheating 
•Phase transitions 
•Topological defects 
•Evaporating primordial black holes



High	Frequency	Gravita<onal	Waves

Appl. Phys. Lett. 105, 153505 (2014)



First Detection

153 days of observation



First Detection
 secτ = 1.4

Excluded sources: 
LIGO/VIRGO event catalogue, weather perturbations, 
earthquakes, meteor events / cosmic showers, FRBs

Possible sources: 
Internal solid state processes, internal radioactive events, cosmic ray 
events, HFGW sources, domain walls, WIMPs, dark matter



Multimode Acoustic Gravitational Wave Experiment 

		

•2 x Quartz BAW crystals 
• 

•2 x DC SQUID amplifiers 
• 

•FPGA DAQ 
• 

•Cosmic particle veto (coming soon) 

https://arxiv.org/abs/2102.05859


MAGE as a Clock



Scalar	Dark	MaRer



Scalar Dark Matter

(dDM)min
≈

c2

8πGρDM
ωnhmin



Scalar Dark Matter



Scalar Dark Matter
SYSTEMATIC SEARCH?

DC Electrical tuning - 3.5 mHz/OT/V (e.g. 255mHz/V for n=73) 
No Q degradation, no heating 
Main mechanism - thickness change 
Works at 20mK and 4K



Scalar Dark Matter

Fine structure constant

Masses of particles

QCD mass scale

Fundamental Constants Variation 

αEM(φ) = αEM (1 + d(i)
e

φi

i )
mj(φ) = mj (1 + d(i)

mj

φi

i )  for j = e, u, d

Λ3(φ) = Λ3 (1 + d(i)
g

φi

i )

Coupling of Scalar DM to SM 

ℒint  = φ [ de

4μ0
(Fμν)

2
−

dgβg

2g3
(FA

μν)
2

−c2 ∑
i=e,u,d

(dmi
+ γmi

dg) miψ̄iψi ,

Damour T, et al, Phys. Rev. D. 82, 084033 (2010)
Hees A, et al, Phys. Rev. D. 98, 064051 (2010) 

Phonons, Photons, Atoms 
have nontrivial time variations 

 

 

fQ ∝ meα2 me

mp
∝ meα2 me

ΛQCD

fCSO ∝ meα

fHM ∝ meα4 ( me

mp ) ∝ meα4 ( me

ΛQCD )



Scalar Dark Matter

These limits do not rely on Maximum Reach Analysis. They employ the more general 
coefficient separation technique.



Fundamental Physics @ UWA

Spins/Atoms

Photons Phonons

ACOUSTIC LORENTZ 
 INVARIANCE

ORGAN (Axions)

ADMX (Axions)

SCALAR DM

AXIONS with 
MAGNONS

HFGW

QUANTUM GRAVITY

LIGHT  
WIMPs

Twisted (Axions)
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