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Nanomechanical membrane resonators

Silicon nitride (SiN) membrane

(typically 10 to 100 nm thick)
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𝑚 = 𝑛 = 1, 𝑓11 = 0.4 MHz 𝑚 = 𝑛 =3, 𝑓33 = 1.2 MHz

Mechanical resonancesMicroscope & SEM images

Mechanical stress: 𝜎 = 1 GPa

Mass density: 𝜌 = 3000 kg/m3
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Optical trapping of a glass sphere

𝑈 𝑥 = −
1

2
𝛼 𝐸2(𝑥)

𝑓trap =
1

2𝜋

1

𝑚

𝑑2𝑈

𝑑𝑥2

https://physics.aps.org/articles/v13/s4

Dielectric (polarizable) particle is

attracted to region of maximum field
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Optical trapping of a membrane
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• Straight-forward installation of membrane

chip inside cavity

• Optical standing wave inside cavity provides

a harmonic potential for membrane

→ optical spring constant [2-4]

• Membrane‘s oscillation frequency depends

on optical power 

𝑓tot(𝒫) =
𝑘m + 𝑘opt(𝒫)

𝑚eff
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High-frequency gravitational wave detector
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Cavity with membrane close to input mirror: 

Dumont, et al. Optics express (2019)

Resonant enhancement if frequency of membrae and gravitational wave coincide 𝑓m = 𝑓GW

[5] Arvanitaki, et al. Physical review letters 110.7 (2013): 071105

[6] Aggarwal, et al. Physical review letters 128.11 (2022): 111101
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Ultra-high-vacuum: pressure ~ 10-11 mbar (mechanical 𝑄~1013)

Detector sensitivity

[5] Arvanitaki, et al. Physical review letters 110.7 (2013): 071105

[6] Aggarwal, et al. Physical review letters 128.11 (2022): 111101
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Thermal noise-limited strain sensitivity on resonance:
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Predicted sensitivity & signals

[6] Aggarwal, et al. Physical review letters 128.11 (2022): 111101

PBH: 

Primordial

Black Hole

Goal: similar sensitivity to Levitated Sensor Detector [6]
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(300 K)

(4 K)
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Evolution of mechanical thin-film resonators
String Membrane Trampoline Phononic Crystal Hierarchical Perimeter Torsional

Crystalline Silicon

Images (left to right):

Verbridge et al., Appl. Phys Lett. (2006)

Thompson et al., Nature (2008)

Reinhardt et al., Phys. Rev. X (2016)

Tsaturyan et al., Nat. Nano (2017)

Ghadimi et al., Science (2018)

Bereyhi et al., Nature Comm. (2022)

Bereyhi et al., Phys. Rev. X (2022)

Pratt et al., Phys. Rev. X (2023)
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Design target: ten times larger membranes & SiN → Si

Phononic crystal membrane [7,8]

𝑄~109
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𝑓~106 Hz

ℓ~3 mm

Demonstrated Target

𝑄 > 1012
𝑓~104…105 Hz

~10 ℓ

𝑄~109
𝑓~105 Hz

ℓ~3 mm

Demonstrated Target

𝑄 > 1012
𝑓~103…104 Hz

~10 ℓ

Scaling

𝑄 ∝ ℓ2
𝑓 ∝ ℓ−1
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Design target: ten times larger membranes & SiN → Si

𝑄~109
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𝑓~106 Hz

ℓ~3 mm

Demonstrated Target

𝑄 > 1012
𝑓~104…105 Hz

~10 ℓ

𝑄~109
𝑓~105 Hz

ℓ~3 mm

Demonstrated Target

𝑄 > 1012
𝑓~103…104 Hz

~10 ℓ

Superradiance
e.g., Sprague, et al., 2409.03714

Neutron star mergers
e.g., Ecker, et al., 2403.0324

Branched trampoline [9]

Phononic crystal membrane [7,8]
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Towards a prototype detector

Huang, et al., Nature 626, 512–516 (2024)

Goal: table-top prototype

• Meter-scale optical cavities

• cm2 scale membranes made out of

crystalline silicon with 𝑄 > 1012

• Cryogenically cooled to 10 K
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Towards a prototype detector

Goal: table-top prototype

• Meter-scale optical cavities

• cm2 scale membranes made out of

crystalline silicon with 𝑄 > 1012

• Cryogenically cooled to 10 K

Reinhardt, McGill University (2018)
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Closing remarks

ALPS II

MADMAX site

ALPS II / cryoplatform infrastructure at DESY

Synergies: membrane pressure sensor [9] 

(unprecedented 10 decade measurement range)

Together with Roman 

Schnabel‘s group

(University of

Hamburg)
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ALPS II

Available infrastructure and expertise at DESY could

enable a cryogenic 100-m-scale experiment

Thank you
Christoph Reinhardt
christoph.reinhardt@desy.de
+49-40-8998-5055
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