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Metrology and Nano-Mechanical Testing for Nano-Manufacturing and 

Nano-Bio Interfaces: Challenges and Future Outlook 

𝐌𝐨𝐡𝐚𝐦𝐦𝐞𝐝 𝐀𝐛𝐝𝐞𝐥𝐥𝐚𝐨𝐮𝐢 𝟏, 𝐍. −𝐄. 𝐀𝐛𝐨𝐮𝐞𝐥𝐤𝐡𝐢𝐫 𝟏, 𝐀. 𝐒𝐥𝐚𝐨𝐮𝐢  𝟏,𝟐 and 𝐑. 𝐀𝐡𝐥 𝐋𝐚𝐚𝐦𝐚𝐫𝐚 𝟏,𝟐 

  1LPHE-Modeling and Simulation, Faculty of Sciences, Mohammed V University in Rabat, 

Rabat, Morocco. 

  2Centre of Physics and Mathematics, CPM, Faculty of Sciences, Mohammed V University in 

Rabat, Rabat, Morocco. 

Nanometrology refers to measurement techniques that assess materials' properties at the 

nanoscale. Laboratory-based characterization of nanomaterials has been a key enabler in the 

growth of nanotechnology and nano-enabled products. Due to the small sizes involved, 

dimensional measurements have dominated such characterization, supported by significant 

advancements in stand-alone electron/ion microscopes and scanning probe microscopes.  

However, the scope of nanometrology extends far beyond off-site, laboratory-based 

dimensional measurements and is expected to have a significant impact on the design of nano-

enabled materials and devices. In this works, we discuss some of the available techniques for 

laboratory-based characterization of mechanical and interfacial properties in nanometrology. 

We also provide a deep insight into emerging techniques for measuring these properties, 

considering the needs in advanced manufacturing and nanobio-interactions to develop 

multifunctional instrumentation, traceable and standardized methods, and modeling tools for 

unambiguous data interpretation. We also discuss the evaluation of nanomechanical properties 

and surface/interface responses of materials, within the context of manufacturing processes and 

standardization. Finally, we address the scientific and technological challenges required to 

move towards real-time nano-characterization for rapid, reliable, repeatable, and predictive 

metrology to support the scaling up of nanomaterials and nano-enabled products from research 

to industry and market. 

 

[1] R. Schmitt, and A. Pavim, Fusion of micro-metrology techniques for the flexible inspection of 

MEMS/MOEMS assembly, Optical micro-and Nanometrology in microsystems technology II, 6995, SPIE 

(2008). 

[2] A. Ubaldo, T. Pfeifer, Optical metrology aimed for process quality-control-loops (QCL) in 

production-modules for micro-technology, IEEE International Conference on Systems, Man and 

Cybernetics, 6, p. 5417- 5422, (October 2004). 
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Quantum Information Processing with Nanomechanical Resonators: High-

Fidelity Qubit Operations and Entanglement via Optical Cavities 

N.-E. Abouelkhir 1 , A. Slaoui 1,2 , and R. A. Laamara 1,2 

1LPHE-Modeling and Simulation, Faculty of Sciences, Mohammed V University in Rabat, Rabat, Morocco. 
2 Centre of Physics and Mathematics, CPM, Faculty of Sciences, Mohammed V University in Rabat, Rabat, 

Morocco. 

 

We propose a method for quantum information processing that utilizes the motional degrees of 

freedom in nanomechanical devices to store information. Our qubits are based on the two 

lowest energy states of mechanical resonators, which are made strongly anharmonic through 

the application of appropriate electrostatic fields. Single qubit rotations are performed using 

radio-frequency voltage pulses applied to each resonator individually. For two-qubit entangling 

gates, we couple the qubits to a shared optical resonance within a high-finesse cavity. Our 

analysis shows that gate fidelities above 99% are achievable under practical experimental 

conditions. 
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Enhancing the performance of photonic integrated circuits: Remote 

and Cascaded Synchronization of Optomechanical Crystal Oscillators 

D. Alonso-Tomás1, G. Arregui2, L. Mercadé3, A. Martínez3, A. Griol3, N.E. Capuj4, 

D. Navarro-Urrios1  

1MIND-IN2UB, Departament d’Enginyeria Electrónica i Biomédica, Facultat de Física, Universitat de 

Barcelona, Martí i Franquès 1, Barcelona 08028, Spain  

2DTU Electro, Department of Electrical and Photonics Engineering, Technical University of Denmark, 

Ørsteds Plads 343, Kgs. Lyngby, DK-2800, Denmark 

3Nanophotonics Technology Center, Universitat Politècnica de Valencia, Camino de Vera s/n, 46022 

Valencia, Spain 

4Depto. Física, Universidad de La Laguna, 38200 San Cristóbal de La Laguna, Spain 

Despite nature's inherent tendency toward disorder, systems that adjust their rhythms to oscillate 

in harmony—referred to as synchronization—are found everywhere. Synchronization can be 

observed in various contexts, from planetary orbits and cardiac rhythms to chemical reactions, 

wherever oscillating systems and weak interactions among them exist. Advances in the 

electronics industry have harnessed this phenomenon to improve the performance of digital 

processing elements. As integrated photonic technology now aims to process optical signals on a 

chip, the need for reference signals to synchronize actions becomes crucial to prevent errors in 

optical systems and communication interfaces. Here, optomechanics, the branch of physics that 

explores interactions between light and mechanical excitations, can provide a solution. 

Optomechanical oscillators (OMOs) can generate high-amplitude, self-sustained mechanical 

motion driven and controlled by optical fields, making them ideal for serving as clock reference 

signals in photonic integrated circuits. 

Among the various optomechanical devices [2], silicon optomechanical crystal cavities (OMCs) 

stand out as promising candidates for this task. They are compatible with routing microwave 

phonons [3], allowing for the extension of this approach to phonon-photon hybrid circuits, where 

multiple OMOs can interact with each other. However, the large optical resonant frequency 

dispersion between nominally equivalent OMCs due to fabrication disorders complicates all-

optical synchronized operation of these devices. 

In this work, we present two different approaches for achieving the synchronization of the 

dynamics of two chip-integrated OMCs acting as OMOs. In our platform, the cavities support 

separated optical resonances, enabling the independent driving and monitoring of each resonator. 

The two configurations are distinguished by their interaction mechanisms. In one approach, 

oscillators communicate through an external optical feedback where the output modulation 

generated by one of the OMOs modulates the laser light driving the other. In the other approach, 

the geometries interact through a weak mechanical link that enables the spontaneous 

synchronization of their dynamics over a certain range of detuning between their natural 

mechanical frequencies. Additionally, we demonstrate the cascaded locking of the dynamics of 

both oscillators to an external reference signal injected into one of the OMOs. 

The results, which are supported by a numerical model, lay the ground work for the distribution 

of reference signals among large networks of OMOs in photonic integrated circuits.   

[1] T.J. Kippenberg, H. Rokhsari, T. Carmon, A. Scherer, K.J. Vahala. Phys. Rev. Lett. 95, 033901 (2005) 

[2] M. Aspelmeyer, T.J. Kippenberg, F. Marquardt. Rev. Mod. Phys. 86, 1391-1452 (2014) 

[3] K. Fang, M.H. Matheny, X. Luan, O. Painter. Nat. Photonics. 10, 489-496 (2016) 
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Tunable phonon-photon coupling induces double MMIT and enhances
slow light in an atom-opto-magnomechanics

M. Amghar1, N. Chabar1, and M. Amazioug1

1LPTHE, Department of Physics, Faculty of Sciences, Ibnou Zohr University,
Agadir, Morocco.

In this paper we theoretically investigate the magnomechanically induced transparency phe-
nomenon and the slow/fast light effect in the situation where an atomic ensemble is placed
inside the hybrid cavity of an optomagnomechanical system. The system is driven by dual op-
tical and phononic drives. We show double magnomechanically induced transparency (MMIT)
in the probe output spectrum by exploiting the phonon-photon coupling strength. In addition,
the fast and slow light effects in the system are explored. Besides, we show that the slow light
profile is enhanced by adjusting phonon-photon coupling strength. This result may have poten-
tial applications in quantum information processing and communication.

[1] K. Ullah, M. T. Naseem, and Ö. E. Müstecaplıoğlu, Phys. Rev. A. 102, 033721 (2020).
[2] Q. Liao, K. Peng, and H. Qiu, Chin. Phys. B, 32, 054205 (2023).
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Development of a recipe for a high coherence planar geometry
superconducting drumhead resonator

Matteo Arfini1, Robin C. Dekker1, Sercan Deve1, Clinton A. Potts1, and
Gary A. Steele1

1Kavli Institute of NanoScience, Delft University of Technology, P.O. Box 5046, Delft
2600 GA, Netherlands

The field of cavity optomechanics, which explores the radiation pressure force-induced
interaction between a mechanical oscillator and a driven electromagnetic cavity, holds
promises for major applications in various fields. These range from quantum sensing and
metrology [1], to quantum information processing [2] and fundamental tests of quantum
mechanics and gravity [3]. In the microwave regime, where mechanical resonators are em-
bedded as free-hanging capacitor plates in a planar superconducting cavity, remarkable
experimental results such as ground state cooling of the mechanical motion[4] , squeezing
[5] and quantum entanglement [6] have been achieved. Despite this outstanding progress,
conventional micro-fabrication techniques [7] pose a practical limit for the possibility of
overcoming two of the main challenges in superconducting electromechanical devices. On
the one hand, the mechanical vibrations of the drumhead resonator should be well sepa-
rated from the environment in order for the oscillator to preserve its quantum coherence.
On the other hand, however, it is crucial that the optomechanical coupling is engineered
to be higher than the dissipation rate of both resonators.

Based on a recent work [8], we explore the development of novel micro-fabrication tech-
niques aimed at obtaining a robust and reproducible recipe for planar superconducting
electromechanical devices. This latest wafer-scale fabrication process relies on the etching
of a trench in the silicon substrate for the deposition of the microwave cavity and on
the consequent planarization of the deposited sacrificial layer of oxide through Chemical
Mechanical Polishing (CMP). The combination of these two steps allows both for a care-
ful engineering of the vacuum-gap size between the suspended drumhead resonator and
the bottom capacitor pad of the LC oscillator, as well as for the possibility of increasing
the surface area of the mechanical oscillator and optimizing its strain. As a result, the
quantum coherence of superconducting mechanical oscillators could be increased to val-
ues comparable to optomechanical platforms implemented with high-stress silicon nitride
membranes, while keeping a competitive value of single-photon optomechanical coupling
rate. An ultra low quantum decoherence could open up new experimental routes, and
place these systems in a suitable parameters regime for exploring the interplay between
quantum mechanics and gravity via the generation of massive quantum superposition
states.

[1] Mason, D., Chen, J. et al., Nature Physics 15, 745-749 (2019).
[2] Pechal, Marek, Patricio Arrangoiz-Arriola, and Amir H. Safavi-Naeini, Quantum Science

and Technology 4, 015006 (2018).
[3] Gely, Mario F., and Gary A. Steele, AVS Quantum Science 3,3 (2021)
[4] Teufel, J. D., Donner et al., Nature 475.7356,359-363 (2011)
[5] Ma, X., Viennot et al., Nature Physics 17.3, 322-326 (2021)
[6] Palomaki, T. A., Teufel et al., Science 342.6159, 710-713 (2013)
[7] Cicak, K., Li, D., Strong et al., Applied Physics Letters 96.9,(2010)
[8] Youssefi, A., Kono, S. et al., Nature Physics, 19.11, 1697-1702, (2023)
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Nanomechanical logic with atomically thin resonators 

Nishta Arora 1 

1School of Mathematics and Physics, The University of Queensland, Australia 
 
Nanomechanical computers provide efficient and low-energy information processing 
capabilities. As electronic computing encounters escalating challenges in sustained scaling and 
performance improvement, there is a growing interest in mechanical computing. Leveraging 
the mechanical degrees of freedom and nonlinearities inherent in nanoscale mechanical 
resonators have the potential to offer alternative solutions for upcoming memory and 
computing systems. In our work, we utilize the bistability of atomically thin membranes to 
establish logical states. Additionally, our objective is to showcase parametron based computing 
by harnessing the substantial tunability of resonance frequency and spring constant modulation 
in ultrathin resonators. Our CMOS-compatible architecture, coupled with atomic-scale 
miniaturization, aims to minimize energy consumption, approaching the fundamental Landauer 
limit. This paves the way for large-scale reconfigurable nanomechanical computers and 
neuromorphic networks capable of simulating computationally challenging problems and 
understanding complex interactions. 
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Interaction between magnons and mechanical modes of a levitated Yttrium 

Iron Garnet (YIG) sphere 

Malek Bagheri Harouni 

Quantum Optics Group, Department of Physics, University of Isfahan, Isfahan, Iran 

 

Magnon excitations, collective excitations of a spin system, have attracted a great deal of 

attention, recently [1]. Magnons have ability to couple with different quantum excitations such 

as photons [2], phonons [3] and spin degrees of freedom [4]. Recently, the interaction between 

magnons of a levitated YIG sphere with its center of mass motion is studied [5]. This interaction 

describes the coupling between the internal degrees of freedom, magnons, and external ones. 

Therefore, the external degrees of freedom would be considered as the probe for internal 

degrees of freedom. The mechanical motion of the levitated YIG sphere provides a platform 

for new kind of quantum systems. In this contribution, we study the entanglement between the 

magnons and mechanical motion of a levitated YIG sphere. Moreover, the possibility of 

occurrence of mechanical induced transparency in this system will be studied.   

 

References: 

[1] H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifenstein, A. Marx, R. Gross, and S. T.     

Goennenwein,“High Cooperativity in Coupled Microwave Resonator Ferrimagnetic Insulator 

Hybrids,” Phys. Rev. Lett. 111, 127003 (2013). 

[2] T. Liu, X. Zhang, H. X. Tang, and M. E. Flatte, “Optomagnonics in magnetic solids,” Phys. Rev. 

B 94, 060405 (2016). 

[3] C. Gonzalez-Ballestero, J. Gieseler, and O. Romero-Isart, “Quantum Acoustomechanics with a 

Micromagnet” Phys. Rev. Lett. 124, 093602 (2020). 

[4] D. Lachance-Quirion, Y. Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yamazaki, and Y. 

Nakamura, “Resolving quanta of collective spin excitations in a millimeter-sized ferromagnet” Sci. 

Adv. 3, e1603150 (2017). 

[5] S Bayati, MB Harouni, A Mahdifar, “Magnomechanically induced transparency and tunable slow-

fast light via a levitated micromagnet”, Optics Express 32, 14914 (2024). 
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Bell Correlations and Quantum Memory in Noble-Gas Nuclear Spins
Alexandre Barbosa1,2, Hugo Terças3, and Emmanuel Zambrini Cruzeiro4

1Physics Department, Instituto Superior Técnico, Lisboa, Portugal
2Department of Microtechnology and Nanoscience (MC2), Chalmers University of

Technology, Gothenburg, Sweden
3GoLP/Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Lisboa, Portugal

4Instituto de Telecomunicações, Lisboa, Portugal

A defining feature of quantum theory is the prediction that parts of quantum system can share
stronger correlations than allowed by any classical theory. However, the extent and role of
these correlations in many-body systems remains largely unknown, as their detection proves
experimentally challenging.

Odd isotopes of noble-gas atoms have nuclear spins with extraordinarily long coherence
times, exceeding hundreds of hours at room temperature. Although optically inaccessible, they
can be interfaced with light, using alkali atoms as mediators. We design an experiment to certify
entanglement and nonlocal correlations in a spin-squeezed ensemble of noble-gas atoms, testing
the manifestation of genuinely quantum effects in a macroscopic system at room temperature.

Finally, we propose a non-cryogenic optical quantum memory for these noble-gas nuclear
spins based on the Atomic Frequency Comb (AFC) protocol. Leveraging this long-lived multi-
mode memory, a ground-based quantum repeater would enable entanglement distribution across
distances over 2000 km with only 8 elementary links, and intermittency issues could be allevi-
ated in satellite-based repeaters that promise to span truly global distances
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Thermoelastic Damping in 2D magnet nanomechanical resonators  

across the phase transition 

 

X. Xiang1, A.  Bermejillo-Seco 1 , M. J. Houmes 1 M. Siskins, and P. G. Steeneken2, H.J. 

van der Zant1 and Y. Blanter 1 

1Kavli Institute of NanoScience, Delft University of Technology,  

Lorentzweg 1,2628 CJ Delft, Netherlands 
2 Department of Precision and Microsystems Engineering, 

Delft University of Technology, Mekelweg 2, 2628 CD Delft, Netherlands 

 

Understanding and circumventing the energy decay mechanisms in nanoelectromechanical 

resonators (NEMS) has been paramount in the field over the last two decades. The 

emergence of two-dimensional (2D) NEMS has provided a new perspective on this challenge, 

particularly in the case of 2D magnetic materials. Thermoelastic Damping (TED) has been 

proposed as the primary mechanism behind dissipation in 2D magnetic NEMS, but so far it 

fails to accurately reproduce the temperature-dependent quality factor. 

 

This study explores an extended version of TED, considering anisotropic thermal transport in 

the in-plane versus the out-of-plane directions. It is found that for van der Waals materials, 

highly anisotropic in nature, it is critical to account for this difference. In the material of study, 

FePS3 we find a maximum in the dissipation at the phase transition (118 K), and at a radius 

of the circular cavity of 0.5um, with the typical Debye peak shape. This points that larger radius 

drums will have much higher quality factors; surpassing a factor of 100 times higher Q for 

10um radius drums. 

 

On the experimental side M. Siskins et al. (2020) [1] first noticed that nanomechanical 

resonators can be used to detect the phase transition of 2D materials and measure their 

specific heat. An extended scheme studied the anisotropy of these materials by M. Houmes 

et al. (2023) [2,3], allowing to measure the magnetic order in absence of a magnetic field. 

These investigations left open questions about the dissipation, which can be studied in the 

same setup: a laser interferometer that detects the displacement of the membranes to obtain 

the resonant frequency and quality factor of its oscillation modes. 

 

We acknowledge support from the Dutch National Science Foundation (NWO). 

 

[1] Šiškins, M., Lee, M., Mañas-Valero, S. et al., “Magnetic and electronic phase transitions 

probed by nanomechanical resonators”, Nat. Commun., 11, 2698, (2020). 

https://doi.org/10.1038/s41467-020-16430-2. 

[2] Houmes, M.J.A., Baglioni, G., Šiškins, M. et al. Magnetic order in 2D antiferromagnets 

revealed by spontaneous anisotropic magnetostriction. Nat Commun 14, 8503 (2023). 

https://doi.org/10.1038/s41467-023-44180-4  

[3] M.J.A. Houmes, S. Mañas-Valero, A. Bermejillo-Seco, et al., “Highly Anisotropic 

Mechanical Response of the Van der Waals Magnet CrPS4”,  Adv. Funct. Mater., (2023), 

2310206. https://doi.org/10.1002/adfm.202310206. 
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Fluctuating drive of coupled classical oscillators can simulate dissipative 

qubits 

Lorenzo Bernazzani and Guido Burkard 

University of Konstanz, D-78457 Konstanz, Germany 

 

We investigate a system composed of two coupled oscillators subject to stochastic fluctuations 

in its internal parameters. In particular, we answer the question whether the well-known 

classical analogy of the quantum dynamics of two-level systems (TLS), i.e. qubits, provided 

by two coupled oscillators [1] can be extended to simulate the dynamics of dissipative quantum 

systems. In the context of nanomechanics, the analogy in the dissipation free case has already 

been tested in multiple experimental setups, e.g., doubly clamped or cantilever string resonators 

and optically levitated particles [2,3]. A well-known result of this classical analogy is that the 

relaxation and decoherence times of the analog quantum system must be equal, i.e. T1=T2, in 

contrast to the general case of quantum TLS.  We show 

that this fundamentally quantum feature, i.e. T1≠T2, can 

be implemented as well in the aforementioned classical 

systems by adding stochastic fluctuations in their internal 

parameters. Moreover, we show that these stochastic 

contributions can be engineered in the control apparatus 

of those systems, discussing, in particular, the application 

of this theory to levitated nanoparticles and to nanostring 

resonators. However, a limit of this improved quantum-

classical analogy is that the analog Bloch vector of our 

system (see figure) always collapses to the center of the 

sphere, i.e., the state corresponding to an effective infinite 

temperature. Eventually, we investigate how to extend the 

present model to simulate finite temperature states. 

 

 

[1] Frimmer, Novotny. Am. J. Phys. 82, 947 (2014). 

[2] Faust, Rieger, Seitner, Kotthaus, Weig. Nature Phys. 9, 485 (2013). 

[3] Frimmer, Gieseler, Novotny. Phys. Rev. Lett. 117, 163601 (2016). 

[4] Bernazzani, Burkard. Phys. Rev. Res. 6, 013284 (2024). 
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Acousto-optoelectric effect in organic-inorganic semiconductor systems 

Paromita Bhattacharjee1, 2, Harshal Bhalchandra Nemade2 and Hubert Krenner 1 

1University of Münster, Münster, Germany 
2Indian Institute of Technology Guwahati, Guwahati, India 

 

Often referred to as “nanoscale earthquakes”, surface 

acoustic waves (SAWs) are elastic waves which can 

propagate on the surface of a piezoelectric substrate at the 

speed of sound. A voltage signal applied to comb-like metal 

electrodes, termed as interdigital transducer (IDT), typically 

generates SAW in a device. The applications of SAW based 

systems are wide-ranging spanning electronics, optics, 

microfluidics and biological based fields used in medical 

diagnostics to mobile communication and quantum 

computing [1]. SAWs can transfer energy into its vicinity 

and control fundamental excitations in surrounding material. 

When paired with an optically active semiconductor, the 

photogenerated charge pairs called as excitons can be 

ionized by SAW into separate electrons and holes, captured in the deformation potential 

originated by SAW, and swept along with SAW towards an output spot [2]. Utilizing this effect 

called as acousto-optoelectric (AOE) effect, first of a kind organic polymers, poly(3-

hexylthiophene) (P3HT) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenvinylen] 

(MEH-PPV) based charge transport devices [3] and P3HT based excitonic transistor [4] have 

been demonstrated wherein long-range excitonic transports of 3 to 4.7 mm at room temperature 

at an applied RF power of −8 dBm have been observed with accompanying quenching of 

photoluminescence (PL) intensity. This opens up the utilization of AOE effect in emerging low 

cost and solution processable based semiconductor systems. The basics of such a device [3, 4] 

with prospects of extending this to heterostructured organic-inorganic semiconductor layered 

systems for potentially efficient photovoltaic and optoelectronic devices has been discussed 

here.  
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2Centro Atómico Bariloche and Instituto Balseiro, Comisión Nacional de Enerǵıa
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Time crystals (TCs) are many-body systems that display spontaneous breaking of time
translation symmetry. Microcavity exciton-polaritons are bosonic quasiparticles result-
ing from the strong coupling between excitons and photons in a driven-dissipative open
system and exhibit a transition to a nonequilibrium Bose-Einstein condensate state. The
platform for this study is a polaromechanical (Ga,Al)As microcavity, where micrometer
traps confine polaritons and ∼ 20 GHz mechanical vibrations that are very efficiently
coupled. Polaritons exhibit a pseudospin degree of freedom, with its dynamics manifested
through the polarization of the emitted light. Recently, under nonresonant continuous
wave excitation, a robust time crystal behavior of the polariton condensate was observed:
spontaneous and stable oscillation in the spinor dynamics occurs and locks to the rhythm
of the GHz-cavity phonons. Different time-crystalline phases were observed as a function
of the applied laser excitation power: i) Larmor-like precession of the condensate pseu-
dospins; ii) locking of the precession frequency to self-sustained coherent phonons; and
iii) doubling of the TC period by phonons.[1]

In this work, we demonstrate the tuning of the time-crystalline phases in a polariton
state of a micrometer trap, through two additional control parameters, that evidence
and exploit the critical role of the exciton reservoir that feeds the polariton condensate
in the trap. Namely, i) the polarization ellipticity of the continuous wave excitation
laser, that is able to induce a spin imbalance in the reservoir and thus induce a synthetic
magnetic field affecting the condensate; and (ii) the position of the excitation spot laser
respect to the trap, which determines the spatial distribution of the reservoir and is
shown to favor a mechanically driven dynamics of the reservoir. These results establish
microcavity polaritons affected by mechanics as a platform for the investigation of time-
broken symmetry in nonhermitian systems. In addition, it is argued that the mechanically
induced time modulation of the coupling between spinor modes could be used to control
quantum gates based on polariton fluids proposed for classical and quantum computing.

[1] I. Carraro-Haddad, D. L. Chafatinos, A. S. Kuznetsov, I. A. Papuccio-Fernandez, A. A.
Reynoso, A. E. Bruchhausen, K. Biernmann, P. V. Santos, and A. Fainstein, Solid-state
continuous time crystal in a polariton condensate with a built-in mechanical clock, Science
384, 995-1000 (2024).
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One challenge of current biosensors is to remove non-specifically bound (NSB). Surface 

acoustic wave (SAW) technology, because of its non-contact and non-marker characteristics, 

becomes one of the hot research fields and shows great prospects. In this paper, SAW is used 

to remove NSB. Firstly, the effect of the cut of the piezoelectric material on the removal force 

is determined based on the dispersion equation of the acoustic wave and the properties of the 

piezoelectric material. Secondly, the effects of channel height, excitation voltage and fluid 

medium temperature on the removal process are verified through theoretical calculations. The 

results show that the SAW force, lift force and drag force induce by the SAW can effectively 

remove the NSB, among which, SAW force mainly removes the nonspecifically bound from 

sensor surface, while the lift force and drag force mainly prevent the re-deposition of the 

removed NSB. Finally, the optimal region where NSB can be removed effectively by SAW is 

determined by comparing the SAW force and van der Waals force. When the sensing region 

is located in the optimal region, not only can the NSB be effectively removed, but also the 

performance of the sensor is guaranteed. 
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As continuous displacement measurements of a harmonic oscillator read out its two quadratures
simultaneously, the standard quantum limit constrains the precision with which displacement
can be measured. Pulsed measurements allow in principle for precision below the quantum limit
in one quadrature, increasing the uncertainty in the other quadrature, leading to mechanical
squeezing [1]. In order to measure below the quantum limit, a photonic crystal cavity with high
quality factor Q and extreme vacuum optomechanical coupling rate g0 is wanted[2]. We show
the design of nanocavities which simultaneously optimize optical Q and g0. We characterize
the realized samples experimentally using both the optical spring effect and the nonlinearity of
optomechanical transduction. Our research paves the way to realize pulsed measurement below
the quantum limit by using photonic crystal cavities, and mechanical quantum state preparation
based on such measurements.

[1] Vanner et al.,PNAS 108, 16182 (2011).
[2] Muhonen et al., Phys. Rev. Lett. 123, 113601 (2019).
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Abstract 

We investigate the dynamics of non-classical correlations and quantum coherence in open quantum 

systems by employing metrics like local quantum Fisher information, local quantum uncertainty, and 

quantum Jensen-Shannon divergence. Our focus here is on a system of two qubits in two distinct 

physical situations: the first one when the two qubits are coupled to a cavity field whether the system 

is closed or open, while the second consists of two qubits immersed in dephasing reservoirs. Our study 

places significant emphasis on how the evolution of these quantum criterion is influenced by the initial 

state's purity (whether pure or mixed) and the nature of the environment (whether Markovian or non-

Markovian). We observe that a decrease in the initial state's purity corresponds to a reduction in both 

quantum correlations and quantum coherence, whereas higher purity enhances these quantumness. 

Furthermore, we establish a quantum teleportation strategy based on the two different physical 

scenarios. In this approach, the resulting state of the two qubits functions as a quantum channel 

integrated into a quantum teleportation protocol. We also analyze how the purity of the initial state 

and the Markovian or non-Markovian regimes impact the quantum teleportation process. 
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Brillouin devices have emerged recently as a novel perspective platform for optomechanics, 
including applications like sensing, transducers and memories. Combining high mechanical 
quality with high mechanical oscillations frequency (and consequently very low equilibrium 
thermal occupation) they hold promise to be used as quantum memories and for fundamental 
studies of quantum mechanics at the macroscopic scale. Simultaneous optomechanical and 
piezoelectric control of mechanical motion can potentially enable microwave-to-optical 
conversion at the quantum level. For such applications, reaching quantum non-Gaussian 
mechanical states deterministically is crucial but has been challenging. Here, inspired by the 
recent experimental progress of Brillouin optomechanics, we consider the pulsed deterministic 
optomechanical conversion of optical single- and two-photon Fock states to the quantum states 
of mechanical oscillations. We investigate the conditions necessary to achieve the mechanical 
Wigner function negativity and the mechanical-state quantum non Gaussianity. As a practical 
recipe, we provide concrete thresholds for relevant parameters of the optomechanical 
interaction required to reach quantum non-Gaussian mechanical states and address applications 
in quantum sensing, transducers and memories. 
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Here we calculate the response of parametrically-driven resonators to an added external
AC signal or white noise using Floquet theory [1]. We provide new estimates, based
on the Green's function method, for the response of the system in the frequency do-
main. The response consists of three parts: elastic, down, and up parametric conversions.
Furthermore, we present novel expressions for the power and noise spectral densities.
Additionally, we characterize noise squeezing by calculating the statistical properties of
the real and imaginary parts of the Fourier transform of the resonator response to added
noise [2]. We observe that the squeezing e�ects occur only at half the parametric pump
frequency. For a single parametric resonator, due to correlation, the squeezing limit of
−6 dB can be reached even with pump detuning around resonance near the instability
threshold. We have preliminary results that indicate that squeezing beyond the −6 dB
limit with coupled resonators, in which at least one of them is parametrically driven, can
be achieved. We validate our theoretical predictions of squeezing with results obtained
from the numerical integration of the stochastic di�erential equations of our model.

[1] A. A. Batista, Physica Scripta 99, 065258 (2024).
[2] A. A. Batista, R. S. Moreira, and A. A. Lisboa de Souza, arXiv:2404.03758 (2024).
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Polaromechanics refers to the emerging field that combines cavity exciton-polariton
and cavity optomechanics, leading to hybrid systems with interesting new physics [1]. By
integrating the mechanical degree of freedom, polaromechanics introduces the variable
of time into polaritonic systems, paving the way for quantum state modulation at GHz
frequencies and optical-to-microwave conversion.

In polaromechanical systems, photons are strongly coupled to excitons, forming quasi-
particles known as a polaritons. The exciton component significantly enhances the po-
lariton’s coupling to vibrations through the deformation potential mechanism. Further-
more, the transition to a highly coherent polariton condensate —a Bose Einstein-like
macroscopic coherent state— brings the system into the optomechanical sideband-resolved
regime. In this regime, the polariton’s coherence time is long enough to remain stable
throughout a full oscillation cycle of the modulating acoustic field. This allows for coher-
ent energy exchange between the phonons and the polaritons, as has been demonstrated
at cryogenic temperatures (10 K) [2]. In this work, we show that this coherent regime
can be extended to higher temperatures eliminating the need for cryogenic liquid cooling
by properly engineering the system at the microscale.

Our system consists of a hybrid (Al, Ga) As optomechanical microcavity confining both
polaritons and phonons in a micro-sized trap. We use bulk acoustic wave resonators driven
by a microwave electrical signal to inject GHz phonons into the polaromechanical cavity.
We show that the sideband-resolved regime can be maintained by confining the polaritons
in 0D structures (polariton dots). Confinement prevents decoherence of polariton lines
due to scattering with acoustic phonons, ensuring narrow linewidths up to temperatures
as high as 200K and facilitating the transition into a polariton condensate. With this
approach, we have shown efficient modulation of polariton lines up to 80 K showing proof
of concept coherent microwave-to-optical signal conversion above cryogenic temperatures.

[1] P. V. Santos and A. Fainstein. Optical Materials Express 13.7, 1974-1983 (2023).
[2] A.S. Kuznetsov, K. Biermann, A.A. Reynoso, A. Fainstein, P.V. Santos. Nat Commun 14,

5470 (2023).
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Backaction effects in optomechanical systems can be exploited to efficiently cool thermally 
excited mechanical states towards their ground state [1]. However, within specific operational 
regimes, the resulting backaction can give rise to a negative damping rate, consequently 
leading to heating of the mechanical mode and subsequently to a break-down of the linear 
theory [2]. The interplay of nonlinear effects and dissipation can lead to self induced 
oscillations with a fixed amplitude. Our current study focuses on the theoretical modelling of 
a nonlinear magnetomechanical system that exhibits self-induced oscillations. In such 
inductively-coupled electromechanical systems, the interaction between the mechanical mode 
and the microwave cavity mode is effectively mediated via a SQUID loop [3], thus the 
nonlinear aspect of the system is strongly enhanced as the cavity mode is itself nonlinear. We 
compare our theoretical predictions with experimental data.

[1] J. D. Teufel, et.al. Nature,475(7356):359–363, Jul 2011. 
[2] Florian Marquardt, et.al. Phys. Rev. Lett., 96:103901, Mar 2006. 
[3] Thomas Luschmann, et.al. ScientificReports, 12(1):1608, Jan 2022. 
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Superconducting transmons are well-established as a platform for quantum applications, but the
ability to build larger quantum networks is precluded by room-temperature noise at microwave
frequencies. Our work uses mechanical membrane oscillators to transduce between microwave
and optical frequencies, the latter of which has photon energies higher than thermal energy
and thus can be used to send quantum signals. The mechanical system is a 500 µm Si3N4

membrane, one corner of which contains a pad of a capacitor to couple the mechanical motion
with an LC circuit on the chip below. The other corner of the membrane is placed within an
optical Fabry-Perot cavity, so that membrane motion pulls on the cavity frequency. These two
interactions are enhanced by microwave and optical pumps red-detuned from their respective
cavity frequencies by the mechanical frequency, efficiently sending single excitations through
the transducer device. Previous work has demonstrated 50% efficiency and input-referred added
noise of 3 photons in these devices [1, 2].

We have been setting up to create interactions between separate qubits using a heralding
process in which two microwave excitations would be upconverted to optical frequencties and
then interfered on a detector. As opposed to direct signal upconversion then downconversion,
heralding quantum states is robust to photon loss after the tranducer. To perform these heralding
schemes, we have incorporated non-linear detection into the optical setup using single-photon
detectors. But single-photon detectors are not frequency-selective, which necessitates additional
considerations for these schemes. Firstly, the strong optical pump that enhances the optome-
chanical interaction follows the same optical path as the signal at only 1.5 MHz detuned. To
filter out this pump, we have incorporated three cascaded filter cavities, which reduce detected
pump photons by 100 dB. Secondly, single-photon detection is more susceptible to broadband
noises, the largest of which in the optical system is mirror thermal motion.

We describe here the first measurements of mirror noise at dilution refrigerator temperatures.
These measurements were facilitated by reduction of the phase noise on the optical pump by
adding an additional 100 kHz filter cavity before the beam enters the refrigerator and device.
Once reducing the phase noise levels, we characterized the mirror noise in the optical cavity
geometry of the transducer. These measurements show that while the mirrors are reaching 400
mK, the thermal noise of the mirrors is broadband and could contribute noise close to signal
levels in single-photon detection.

With these characterizations and improvements to the optical setup, we are looking toward
non-classical optomechanical measurements. We are exploring protocols both to herald single-
phonon states on one mechanical mode, as well as to generate entanglement between multiple
modes on the same membrane. Alongside concurrent work to reach the transducer threshold of
one photon of input-referred added noise [3], this improved optical setup will then be further
incorporated into a larger optically-connected superconducting qubit experiment.

[1] B.M. Brubaker, et al., Phys. Rev. X 12, 021062 (2022).
[2] R.D. Delaney, et al., Nature 606, 489–493 (2022).
[3] S. Mittal,. . . , S. Dickson, et al., Phys. Rev. Applied 21, 054044 (2024).
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Modern techniques allow synthesize or fabricate different types of magnetic structures: nano-
wires [1], nano-tubes [2], mesoscopic samples, etc. In general, experiments of these systems
are carried out on samples that contain a large number of these entities. The main drawback
that arises in these investigations is that it is only possible to determine the collective physical
properties of assemblages. And from these macroscopic measurements, it is very difficult to
infer what is the individual physical behavior of each microstructure. Fortunately, nowadays,
using micromagnetometers, it is possible to measure the magnetic characteristics of a single
microstructure. There are different types of microsensors that can be used as highly sensitive
magnetometers, for example MEMs (Micro Electro Mechanical Systems).

In this work,  I present the use of micro-mechanical oscillators to characterize mesoscopic
superconductors [3], isolated magnetic nano-tubes [4] and nano-wires [5]. The small size of
these  sensors  allows  to  study  the  physical  processes  and  the  analysis  of  a  single
microstructure,  not  achieved  by  macroscopic  devices.  These  micro-oscillators  works  as
unidirectional micro-magnetometers. I also present a new design and characterization of an
vectorial micromagnetometer.

[1] A. G. Leyva, J. Curiale, H. Troiani, M. Rosenbusch, P. Levy, y R. D. Sánchez,
Adv. Sci. Technol. 51, 54 (2006).
[2] F. Meneses , S. E. Urreta , J. Escrig , P. G. Bercoff, Current Applied Physics 18, 1240 
(2018).
[3] M. I. Dolz, A. B. Kolton, and H. Pastoriza, Phys. Rev. B 81, 092502 (2010).
[4] M. I. Dolz, W. Bast, D. Antonio, H. Pastoriza, J. Curiale, R. Sanchez, and G. Leyva, J.
Appl. Phys. 103, 083909 (2008)
[5] M. I. Dolz, S. D. Calderón Rivero, H. Pastoriza, and F. Romá. Phys. Rev. B 101, 174425
(2020).
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The Standing Wave Fibre Interference Trap (SWIFT) is a levitated optomechanical trap 

employing fibre optics and a planar geometry to create a standing wave optical field in which 

individual nanoparticles can be trapped [1]; phase coherent light, sent through three single-

mode fibres, converges on a common central point. This geometry offers is compact, stable, 

and offers fast and accurate 2D positioning, including active feedback cooling, via relative 

phase control of the optical fields. Our device uses a silicon wafer with diced trenches, 

created in collaboration with the Optical Engineering Group (Southampton) [2], to provide 

accurate alignment of the fibres, which are glued in place, over a millimeter-sized through 

hole. In contrast with other work [3], the hexagonal arrangement offers a standing-wave 

without counter-propagating light so that scatter from the nanoparticle can be more easily 

separated from the strong laser field used for trapping, enabling homodyne detection with a 

single optical wavelength. I will report on the challenges and overall progress of realising this 

device. 

 

[1] Backaction suppression in levitated optomechanics (2024), Rafal Gajewski : 

https://levitation.wales/theses/2024_Rafal_Gajewski.pdf 

[2] Optoelectronics Research Centre, Southampton : https://www.orc.soton.ac.uk/ 

[3] Vacuum levitation and motion control on chip, Melo et al. : https://arxiv.org/abs/2311.14016 
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We study time reversibility during the adiabatic preparation of populations in the few-level quantum system.
The validation of time-reversal symmetry is studied in the various regimes during adiabatic processes by con-
sidering various sweep functions and system configurations. The counterdiabatic control and Berry curvature
are investigated. The results will be useful for the optimization and acceleration of experimental protocols for
efficient population transfer.
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Brillouin scattering (BS) is the strongest third-order optical non-linearity in dielectric
materials that couples the optical fields and mechanical vibration in the media. Interest-
ingly, in silicon the near-infrared photons and GHz phonons have the same wavelength
scale (near 1 µm), leading to the possibility of confining both on the same structure si-
multaneously. Thus, silicon-based devices attracted the interest of the community due
to the optomechanical interactions and CMOS technology compatibility. Yet, silicon-on-
insulator (SOI) waveguides suffers from strong phonon leakage towards the silica cladding.
Current solution consist of removing the silica layer and isolating the active silicon, which
either negatively impacts the fabrication tolerance or rely on extremely low optical loss
to compensate for a moderate Brillouin gain.

Our solution consist of subwavelength and suspended waveguide that requires a single-
etch step to facilitate fabrication. We propose a geometry comprising a suspended central
strip anchored to the lateral silicon slabs by a subwavelength lattice of arms followed by
a phononic crystal. Based on COMSOL simulations, the bandgap of the crystal serve
as a mirror preventing phonon leakage, and effectively coupling the breathing modes in
the core, while the subwavelength arm ensure a low loss propagation of the fundamental
TE mode, as depicted in figure (a). This design yields a significant Brillouin gain of
GB ≈ 1800 W−1m−1 for a mechanical Q-factor of 1000. We probe our geometry using the
three-tone gain experiment [1], we observe a Lorentzian shape, characteristic of Brillouin
interactions, centered at Ω/2π = 7.0453 GHz, from which a quality factor of 1100 ± 36
is obtained, and using an accurate fitting of the experimental value we obtain a Brillouin
coefficient of 1390± 35 W−1m−1.

Figure 1: a) Geometry of the structure. b) Power spectral density (PSD) as a function of
the modulating frequency for an input power of 35.5 mW.

Although these values are still far from a net gain scenario due to the moderate optical
linear losses, they open interesting perspectives sufficient to create a narrow-linewidth
notch filter [2]. Further reducing the optical propagation loss, e.g. by post-processing to
reduce sidewall roughness, could allow for achieving net Brillouin gain.

[1] Wang Kang, Cheng Ming, Shi Haotian, Yu Linfeng, Huang Chukun, Qin Senbiao, Zhang Yi,
Kai Li, Sun Junqiang, ACS Photonics 9, 2755-2763 (2021).

[2] Alvaro Casas-Bedoya, Blair Morrison, Mattia Pagani, David Marpaung, Benjamin J. Eggle-
ton, Opt. Lett. 17, 4154–4157 (2015).
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In this paper, we investigate the quantum speed limit (QSL) within the framework of the 

Jaynes-Cummings model with detuning, focusing particularly on arbitrary initial states. Our 

analysis delves into the impact of detuning, the width of Lorentzian spectral density, and the 

coherence of the initial state on the non-Markovian speedup evolution within an open 

quantum system, specifically within optomechanical systems. 

  

Our results highlight that, even in the Markovian regime, increasing the detuning parameter 

leads to quantum speedup. Moreover, we uncover an inverse correlation between the QSL 

and the population of the initial excited state. Notably, we demonstrate that the QSL is 

contingent upon the quantum coherence of the system's initial state, with the maximal 

coherent state capable of saturating its bound. 
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High-overtone bulk acoustic wave resonators (HBARs) are a compelling nanomechanical 

platform with promising applications. For instance, the mechanical modes in HBARs can be 

coupled to superconducting qubits in the quantum regime [1]. This coupling enables the 

coherent control and readout of the mechanical modes, featuring a rich cQAD toolbox of non-

classical states and interactions [2, 3, 4, 5] which could be extended to design protocols for 

quantum sensing, simulation, or the implementation of a quantum memory. Furthermore, the 

optomechanical coupling of HBARs could enable microwave-to-optical transduction of 

quantum signals, an important ingredient in long-distance quantum networks.  However, all of 

these applications strongly rely on the low losses of the mechanical modes in the HBARs. 

Therefore, understanding the origin of these losses and implementing mitigation strategies is 

key to their success. 

In the present work, we use classical coplanar waveguide antennas and flux-tunable 

superconducting qubits to characterize the quality factors and phonon T1s of hundreds of 

HBAR modes in a few GHz frequency span. Our current micro-fabrication process, materials, 

and HBAR plano-convex geometry [6] allow us to observe typical Q-factors in the order of 1 

million and phonon T1s in the order of 100 µs at cryogenic temperatures. The trends and spread 

in our preliminary data point towards different loss mechanisms, which we discuss.  

 

 

 

[1] Y. Chu, et.al. Science 358 (6360), 199-202 (2017). 

[2] Y. Chu, et.al. Nature  563 (7733), 666-670 (2018). 

[3] U. von Luepke, et.al. Nature Physics 18 (7), 794-799 (2022). 

[4] M. Bild, et.al. Science 380 (6642), 274-278 (2023). 

[5] U. von Luepke, et.al. Nature Physics 20, 564-570 (2024) 

[6] P. Kharel, et. Al. APL Photonics 3, 066101 (2018). 
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As neural networks develop to tackle increasingly complex tasks, we are witnessing a rapid
growth in the computational resources required. In this context, designing a physical imple-
mentation of a neural network provides an exciting alternative [1]. We consider a system of
coupled phase oscillators, namely optomechanical oscillators [2,3], with the aim of leveraging
their non-linear behaviour to perform neuromorphic computing. We investigate the possibility
of using this kind of network to execute simple tasks based on supervised learning.

[1] D. Marković, A. Mizrahi, D. Querlioz, J. Grollier, Nature Reviews Physics 2, 499 (2020).
[2] F. Marquardt, J. G. E. Harris, S. M. Girvin, Phys. Rev. Lett. 96, 103901 (2006).
[3] G. Heinrich, M. Ludwig, J. Qian, B. Kubala, F. Marquardt, Phys. Rev. Lett. 107, 043603 (2011).
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Levitated optomechanics is emerging as a fascinating topic in experimental and theoretical 
physics due to its promising applications in fundamental science, quantum sensing, 
gravitational effect investigation [1-4]. Here we consider a typical massive nanoparticle which 
is trapped in a tightly focused Gaussian beam in vacuum [2]. We calculate the perturbation 
corrections to the correlation function of the nanoparticle under the influence of an effective 
feedback generated potential. The effect of feedback delay is investigated from the perturbation 
theory of Brownian particle under the action of an optical gradient force. The Langevin force 
acting on the particle is considered to be velocity dependent. We use path integral method to 
calculate the moments of the probability density function of a stochastic differential equations 
associated with the motion of the trapped particle [3]. 
 
[1] James Millen, T. S. Monteiro et al,  Rep. Prog. Phys. 83, 026401 (2020). 
[2] M. Rashid, M. Toros et al, Phys. Rev. Lett. 121, 253601 (2018). 
[3] B. Suassuna, B. Melo, T. Guerreiro, Phys. Rev. A 103, 013110 (2021). 
[4] T. Kuang, R. Huang et al, Nat. Phys. 19, 414 (2023). 
  

P28



Entanglement dynamics of levitated nanoparticle in coupled cavities in PT-

symmetric regime 

Seongi Hong 1, Sandeep Sharma 1, and Andrey S. Moskalenko 1 

1Department of Physics, KAIST, Daejeon 34141, Republic of Korea 

 

 

In recent years, levitated systems have become interesting platforms for exploring quantum 

sensing, entanglement and non-equilibrium physics as well as testing fundamental limits in 

physics [1-6]. In our work, we focus on entanglement, which has potential for applications in 

quantum metrology and quantum information processing [7, 8]. 

Studies on entanglement in various conventional optomechanical systems [9] and cavity-based 

levitated systems [6] have already been initiated by many researchers. Previous work on a 

cavity-based levitated system by Chang et al. showed that a levitated nanoparticle trapped 

inside a single cavity can be entangled with the cavity field [6]. In our work, we study the effect 

of an auxiliary cavity, coupled to this single cavity, on the entanglement between the 

nanoparticle and the cavity field. We show that the entanglement between the nanoparticle and 

the cavity field can be significantly enhanced when the whole system works in a PT-symmetric 

regime i.e., when the single cavity and the auxiliary cavity has equal gain and loss rates. 

Enhancement of entanglement using PT symmetry is an interesting technique that can be 

applied to other optomechanical systems as well. Moreover, our findings on the enhancement 

of entanglement may bring benefits for the mentioned applications in quantum information 

quantum communication and quantum sensing. 
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Abstract: 

This paper explores the integration of quantum nanomechanical systems with quantum teleportation 

protocols, focusing on the potential of nanomechanical oscillators as a medium for quantum state 

transfer. Quantum teleportation, a process that allows the transfer of quantum states between 

distant particles without physical transmission of the particles themselves, is a cornerstone of 

quantum communication and computing. Concurrently, advancements in quantum nanomechanics 

have introduced highly controllable and integratable nanomechanical oscillators, such as carbon 

nanotubes and graphene sheets, which can serve as quantum bits (qubits). We provide a 

comprehensive review of the principles of quantum teleportation, followed by an in-depth discussion 

on the properties and advantages of nanomechanical oscillators. The paper examines theoretical 

models and experimental setups that demonstrate the feasibility of entangling nanomechanical 

oscillators with other quantum systems, highlighting their potential for high-frequency operations 

and robust integration with existing quantum technologies. We address the challenges associated 

with coherence and decoherence in nanomechanical systems, and present recent experimental 

results that show promising advancements in this hybrid approach. Through analysis of current 

research and case studies, we evaluate the efficacy of using nanomechanical oscillators for 

teleporting quantum states, supported by simulations and theoretical models. Finally, we discuss the 

future directions and applications of this technology in quantum computing, sensing, and 

communication, outlining a roadmap for overcoming technical barriers. This paper aims to 

underscore the synergy between quantum nanomechanics and quantum teleportation, proposing 

that this interdisciplinary approach could pave the way for significant advancements in the field of 

quantum information science. 
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We demonstrate a frequency-converting microwave isolator using synthetic nonreciprocity 

[1] in a microwave cavity optomechanical system. Our device, consisting of a 3D reentrant 

cavity and a silicon nitride membrane coupled via tunable vacuum gap, can accumulate a 

large number of photons up to 2×1014. Strong optomechanical interaction arises to result in 

efficient nonreciprocal phonon transfers to demonstrate reverse isolation between two 

microwave ports even at room temperature. 

 

[1] Mathew, J. P., Pino, J. del & Verhagen, E. Synthetic gauge fields for phonon transport in a nano-
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Mechanical resonators offer many applications in quantum information processing due to their
bosonic nature. The modes of these resonators can be manipulated using tunable bilinear in-
teractions, including beamsplitter and squeezing operations. To engineer these interactions,
bosonic modes can be coupled to a nonlinear element, such as a transmon ancilla, driven by two
parametric drives [1]. Recently, a beamsplitter-type interaction has been demonstrated in our
circuit quantum acoustodynamics (cQAD) system [2]. To provide a universal gate set for con-
tinuous variable quantum information processing within one cQAD device, we also introduced
single-mode squeezing (SMS) to our tool box [3].

In this poster, we present SMS and two-mode squeezing of bosonic modes of a mechanical
resonator. We show that off-resonant coupling to the qubit leads to a tunable nonlinearity in
our resonator mode. This allows us to prepare non-Gaussian quantum states with high quantum
Fisher information, with applications in for example quantum metrology and sensing [3].

[1] Y. Zhang, et al. Engineering bilinear mode coupling in circuit QED: Theory and experiment. Phys.
Rev. A. 99, 012314 (2019).

[2] U. v. Lüpke, et al. Engineering multimode interactions in circuit quantum acoustodynamics. Nat.
Phys. 20, 564–570 (2024).

[3] S. Marti, U. v. Lüpke, et al. Quantum squeezing in a nonlinear mechanical oscillator. Nat. Phys.
(2024).

P32



A mechanical qubit 

Yu Yang 1,2 , Igor Kladarić 1,2, Maxwell Drimmer 1,2, Uwe von Lüpke 1,2,  

Daan Lenterman 1,2, Joost Bus 1,2, Stefano Marti 1,2, Matteo Fadel 1,2, Yiwen Chu 1,2 

1(Presenting author underlined) Department of Physics, ETH Zürich,  

8093 Zürich, Switzerland 
2Quantum Center, ETH Zürich, 8093 Zürich, Switzerland 

 

Strong nonlinear interactions between quantized excitations are an important resource for 

quantum technologies based on bosonic oscillator modes. However, most electromagnetic and 

mechanical nonlinearities arising from intrinsic material properties are far too weak compared 

to dissipation in the system to allow for nonlinear effects to be observed on the single-quantum 

level. To overcome this limitation, electromagnetic resonators in both the optical and 

microwave frequency regimes have been coupled to other strongly nonlinear quantum systems 

such as atoms and superconducting qubits, allowing for the demonstration of effects such as 

photon blockade [1, 2] and coherent quantum protocols using the Kerr effect [3]. Here, I will 

present the realization of a single-phonon nonlinear regime in a solid-state mechanical system. 

The single-phonon anharmonicity in our system exceeds the decoherence rate by a factor of 

6.8, allowing us to use the lowest two energy levels of the resonator as a mechanical qubit, for 

which we show initialization, readout, and a complete set of direct single qubit gates. This work 

adds another unique capability to a powerful quantum acoustics platform for quantum 

simulations [4], sensing [5, 6], and information processing [7, 8, 9]. 
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This work explores the dynamic behavior of flexural phonons in two-dimensional crystalline
membranes at the room temperature. We studied the attenuation of flexural phonons due to
interaction with in-plane phonons with the help of the Matsubara diagram technique.

At first we found that the decay rate of flexural phonons in the free-standing membrane is
independent of temperature, unlike the standard lifetime in three-dimensional crystals due to
three-phonon processes. Our analysis show that this unexpected result is because of the strong
screening of the interaction at small momenta q < q∗ where q∗ ∼

√
Y T/κ. Here Y and κ

denote the Young’s modulus and the bending rigidity, respectively.
For static out-of-plane deformations the strong screening of the interaction results, as well-

known, in power-law dependence of the Young’s modulus and the bending rigidity on momen-
tum, Y ∼ q2−2η and κ ∼ q−η [1]. These power-law scaling of elastic moduli persits in the
dynamic. We also obtained the exact relation for the dynamical exponent: z = 2 − η/2. For
long-wave in-plane phonons we obtained non-trivial dynamical exponent z′=(2−η)/(1−η/2),
contrary to the result of [3].

We studied the effect of an applied stress σ on the attenuation of flexural phonons, which is
usually present in the experiments when studying nanoelectromechanical properties of graphene
[2]. For sufficiently large flakes the spectral line quality factor Qk (the ratio of the spectrum to
its width) is parametrically large and strongly depends on the temperature and the stress ([5]).

Finally, behaviour of mean squared displacement, ⟨(h(t) − h(0))2⟩, was analysed as a
function of time ([4]). At long times, t ≫

√
ρ/(κq4∗) (ρ is the mass density), we obtain

⟨(h(t) − h(0))2⟩ ∝ t1−β , where β = η
4−η

> 0. The latter implies that fluctuations behave
subdiffusively in quantitative agreement with the experiment.

The work was funded in part by the Russian Ministry of Science and Higher Educations and
the Basic Research Program of HSE.
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Nanomechanical resonators as an optomechanical platform have emerged as promising
components in various applications, including sensing, signal processing, and quantum in-
formation technologies. The optimization of these resonators to achieve desired mechan-
ical and optical properties, and to minimize dissipative contribution poses a significant
challenge due to the complex interplay between their geometric, material, and environ-
mental parameters. Traditional design approaches, often based on iterative simulations
and empirical adjustments, can be time-consuming and computationally expensive. This
research explores the potential of Artificial Neural Networks (ANN) for the inverse design
of Nanomechanical resonators, offering a more efficient and targeted approach to achieve
specified performance metrics.
To this end, we have successfully demonstrated the potential of CNN-based machine learn-
ing models to accurately predict resonance frequencies, dissipation dilution, and buckling
instabilities in randomly etched thin plate resonators.
To further advance these concepts, we will develop a neural network model trained on
an extensive dataset of nanomechanical resonator designs and their corresponding perfor-
mance characteristics. This model will employ inverse design techniques to map desired
mechanical and optical properties to optimal design parameters. Additionally, we will
optimize mechanical performance while maintaining a high degree of optomechanical cou-
pling. Utilizing a deep learning framework, our approach can capture complex nonlinear
relationships within the design space, enabling rapid and accurate predictions.
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The study of nonlinear processes has applications in wide-ranging fields spanning different
timescales and dimensions. Here, we present an investigation into the dynamics of a Duffing
resonator driven by a combination of two drives at adjacent frequencies as shown in Fig.1a, ad-
vancing beyond the traditional pump-probe approach [1]. We introduce a model that accounts
for the change in the relative phase between the two drives due to their close, incommensurate
frequencies which results in an effective amplitude modulation of the primary drive. Our study
explores the effect of the relative strength and detuning of the secondary drive on the resulting
relaxation-like cycles depicted in Fig.1b, induced by periodic jumps between bistable response
branches, and leads to unexplored parameter regimes. These findings are supported by experi-
mental data, offering new insights into nonlinear resonator behaviour [2]. This work forms part
of a broader effort to refine the theoretical framework for multi-tone driven nonlinear systems
and harness their nonlinearity for advanced applications in nanomechanical systems.

(b)

Figure 1: (a) A schematic of a Duffing resonator with natural bandwidth γ driven with a primary
“pump” drive at frequency ωd and a secondary “probe” drive at ωp, where ωd − ωp < γ. (b)
Phase-space trajectory depicting a relation-like cycle obtained by tuning the strength of the
secondary drive and its frequency.

[1] G. Khitrova, P. R. Berman, and M. Sargent, J. Opt. Soc. Am. B 5, 160-170 (1988).
[2] L. Catalini, J. del Pino, S.S Kumar, V. Dumont, G. Margiani, O. Zilberberg, and A. Eichler, [In

Preparation] (2024).
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Phononic crystals have emerged as tools for manipulating phonons in vibrating 

micro/nanostructures and have found numerous applications in acoustic filtering, waveguiding, 

multiplexing, quantum sensing, biosensing, etc. [1]–[3]. The other known application is to 

enhance the quality factor by confining the energy that can be dissipated by the anchor [4]. We 

proposed electrostatic actuation and readout-based 1D phononic crystals with frequency ranges 

in MHz and verified them by bandgap measurements. The demonstration was carried out in a 

p+-doped silicon-on-insulator substrate, where we induced mechanical vibrations 

electrostatically through fixed-fixed beams connected by coupling beams. The transmission 

response is electrostatically sensed via a transimpedance amplifier using a network analyzer, 

which shows the bandgap regions formed by the interactions of the structures in the phononic 

crystals. Later, we used a double-ended tuning fork (DETF) resonator inside the bandgap of 

the phononic crystals to reduce the clamping loss. The resonator consists of two degenerate 

modes; one, i.e., in-phase mode, is within the bandgap, whereas the other, i.e., out-of-phase 

mode, is in the band region as compared to both frequencies that are close by and are within 

the bandgap frequency range while anchored. The implication of such a system demonstrates 

the efficacy of the phononic crystals, as the in-phase mode quality factor enhanced by ~2 times 

compared to that when it was anchored, whereas the out-of-phase mode quality factor remained 

the same at the temperature where the thermal expansion coefficient of the silicon decreased 

to zero, i.e., 110 K, after eliminating the thermoelastic dissipation completely. The degenerate 

modes Q show an ~ 7-times improvement as placed in the phononic crystals. 
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Microwave frequency comb, a source with a constant frequency interval, has made many 
advances in science and technology. They are characterized by their accuracy and wide range 
of applications. Integrated frequency comb can provide scalability for precise on-chip 
microwave photonics. Here, we present a microwave frequency comb driven purely by the 
Kerr nonlinearity of the kinetic inductance without a complex Josephson junction. This opens 
the door to the development of other devices in the future, such as parametric amplifiers and 
directional couplers. 
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Recently, high aspect-ratio membrane nano-resonators, established themselves as versatile 

platform in science and technology. The exceptional mechanical properties enabled by the 

introduction of techniques such as dissipation dilution [1] and mode-shape engineering [2] 

combined with the high susceptibility to a large variety of external triggers makes them 

excellent candidates for state-of-the-art sensors. Membrane-based sensors have been used, 

among others, for force sensing [3], photothermal sensing [4], and mass sensing [5]. 

 

The aforementioned properties set the nano-mechanical membrane resonators as viable 

candidates to outperform existing sensing devices, however commercial applications based on 

such devices are still rare. Within our project, we aim to accelerate their industrial diffusion by 

providing a playground for testing sensing resonators as well as further pushing the 

development of membrane devices to sense various quantities, including mass and pressure. 
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MEMS devices are widely used in both automotive and consumer applications. They are not 

only key enablers for miniaturization of consumer products like smartphones and in-ear 

headphones but also allow safety-relevant sensing in mobility applications with inertial 

measurement units. The ever-increasing product requirements result in complex mechanical 

designs that require a deep understanding of the underlying physics. Especially in the case of 

resonant sensors like MEMS gyroscopes, insights in nonlinear dynamics are essential. At 

Bosch Research, we tackle these challenges by using modern optimization techniques. 

Additionally, we are constantly looking for new methodologies like topology optimization to 

improve designs and increase engineering efficiency. This poster gives an overview of the 

research topics on MEMS oscillators and related fields at Bosch. 
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We propose the theoretical and experimental investigation of an optical cavity formed
by two (nominally identical) parallel semi–transparent membranes. In this scenario the
“good–cavity” approximation does not hold, due to the low reflectivity of the mirrors,
and the oscillations of the membranes introduce dynamical boundary conditions for the
cavity field.
The experiment consists in laser-driving the cavity, detecting interferometrically the field
reflected by the etalon, and measuring the intensity of the transmitted field, for differ-
ent distances within the two membranes. A complete characterization of the membrane
sandwich is provided.
On the other hand, we developed an analytical model to describe the fields, which is
consistent with the experimental results. Moreover, as a proof of its validity, it leads to
the known results when high–reflectivity, and/or fixed mirrors conditions are restored.
This work paves the way for a complete and analytical model to describe multi-oscillators
“membrane-in-the-middle” optomechanics.
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The field of cavity optomechanics investigates interactions between mechanical and electro-
magnetic oscillators that are mediated through the radiation pressure force. It has been shown
that optomechanical devices can have many applications such as: quantum sensing, quantum
transduction, and quantum information processing [1, 2, 3]. Furthermore, optomechanical de-
vices have been used to demonstrate groundbreaking quantum control of mechanical oscillators,
for example, cooling into their ground state [4]. Quantum control and measurement of mechan-
ical oscillators opens the possibility of performing fundamental tests of physics. If a mechanical
oscillator of sufficient mass is prepared in an appropriate quantum superposition, the quantum
state could decohere due to relativistic effects [5]. To prepare such a state, we are developing a
device where the optomechanical coupling rate exceeds the dissipation rate of both oscillators,
called the strong-coupling regime.

A platform for such experiment consists of two individual chips placed close to each other,
which we refer to as a flip-chip device. Here, one chip contains the mechanical oscillator:
a high-stress silicon nitride membrane embedded within a phononic shield. The other chip
contains a planar, superconducting microwave cavity. When one chip is placed on top of the
other, the membrane acts as a free-hanging capacitor plate, forming an electromechanical device
with the microwave cavity. To access the strong-coupling regime, the optomechanical coupling
rate of our device has to be increased by bringing the membrane closer to the capacitor pads of
the cavity. Optimizing fabrication methods to achieve a gap distance between the membrane and
capacitor plates of to d ∼ 200 nm, would increase the single photon optomechanical coupling
rate to g0 ∼ 10 Hz. This would allow access to the strong coupling regime in the presence of a
strong drive. Combined with the long coherence time of the mechanical oscillator, this device
is another step towards exploring the possible interplay between general relativity and quantum
mechanics [5].

[1] D. Mason, J. Chen, M. Rossi, et al., Nature Physics 15, 745-749 (2019).
[2] J. Hill, A. Safavi-Naeini, J. Chan, et al., Nature Communications 3, 1196 (2012).
[3] M. Pechal, P. Arrangoiz-Arriola, A. Safavi-Naeini, Quantum Science and Technology 4, 015006

(2018).
[4] A. Youssefi, S. Kono, et al., Nature Physics 19, 1697-1702 (2023).
[5] M. Gely, G. Steele, AVS Quantum Science 3, 035601 (2021).
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The dynamical characterisation of nanoelectromechanical systems has long been a great 
concern in different systems and applications. A plethora of studies were conducted to 
characterise single degree of freedom (single mode) systems, either linear or nonlinear. 
However, regarding two-mode, or two-level, systems another dimension must be considered, 
that is the coupling mechanism between both modes. The problem is even harder in this case 
because the coupling is implicit in the measurable hybridised coordinates. Moreover, in 
complex systems it is not always possible to determine the coupling strength in a generic form 
for all use cases. In this contribution, we present a novel method for estimating the linear 
coupling coefficient in any two-level system while making use of a phenomenon that occurs 
due to an additional parametric excitation. 
 
The method is based on applying a parametric excitation on at least one already-resonating 
mode in a two-mode system. If this parametric excitation is tuned to the difference frequency 
between the natural frequencies of both modes, a splitting is observed in the resonance peak of 
the resonating mode, which is known as parametric normal mode splitting [1]. The 
phenomenon is analysed using the multiple scales method, a perturbation method using 
different time-scales, by perturbing the modal response when the parametric excitation 
frequency is detuned around the difference frequency. This perturbation shows the existence 
of the splitting phenomenon and could trace the change in the two resulting branches of the 
resonating mode in a wide range of coupling strength magnitudes. Moreover, this method links 
a measurable quantity, the splitting width, to the implicit coupling strength. Using the model 
developed, the coupling strength could be then estimated and validated experimentally.  
 
The experimental validation is carried out by exciting the in-plane and out-of-plane modes of 
a SiN nanostring using dielectric actuation in an inhomogeneous electric field. Using a 
microwave cavity-assisted measurement, the two modal oscillations of the nanostring are 
measured at different bias dc voltages [2]. At each bias voltage, not only the natural frequencies 
change, but also the coupling strength. Thereby, by applying the described method at different 
voltages, the change of coupling strength with bias voltage is estimated. Since previously the 
coupling strength estimation was only attainable under the condition of the avoided crossing, 
this method then provides a novel method for its estimation with no need to change the system 
parameters. 
 
[1] J. M. Dobrindt, I. Wilson-Rae, T. J. Kippenberg, Phys. Rev. Lett. 101, 263602 (2008). 
[2] Faust, T., Krenn, P., Manus, S. J.P. Kotthaus, E.M. Weig. Nat Commun 3, 728 (2012). 

P43



Towards Quantum Transduction with an  

Integrated Gallium Phosphide Platform  

Javier Naya Hernandez 1,2 , Thomas Karg 1 , Benjamin Lloyd 1 , David Indolese 1 , 

Henrik Tuschla 1,2 , Alberto Nardi 1,3 , Paul Seidler 1 

1IBM Research Europe, Zurich, Säumerstrasse 4, Rüschlikon, CH-8803, Switzerland 
2 Department of Physics, Swiss Federal Institute of Technology Zurich (ETHZ), Zürich, CH-

8093, Switzerland 
3 Institute of Physics, Swiss Federal Institute of Technology Lausanne (EPFL), Lausanne, 

CH-1015, Switzerland 

 

Microwave-optical transducers are devices that can link photons at gigahertz frequencies with 

those at terahertz telecommunication frequencies. These transducers would enable long-

distance quantum-coherent communication at room temperature via optical fibers and, thus, 

the interconnection of remote qubits, opening opportunities for the creation of quantum 

networks as well as qubit control and readout. One promising avenue to realize such a 

transducer is via a combination of piezoelectromechanical and optomechanical interactions, 

exploiting an intermediary nanomechanical resonator with high coherence [1].  

Our work uses gallium phosphide (GaP) [2], a dielectric with a large index of refraction 

(𝑛 =  3.05) at telecommunication frequencies, making it ideal for high-confinement photonic 

structures.  GaP also has a wide electronic bandgap (2.26 eV) that reduces two-photon 

absorption and, in turn, heating of the mechanical resonator. Furthermore, the piezoelectric 

properties of GaP couple the mechanical and microwave domains.  

The geometry of the device consists of a free-standing GaP nanobeam comprising two 

optomechanical crystal cavities linked by a phononic waveguide with linear dispersion, 

providing strong mechanical hybridization between the two cavities. The phononic waveguide 

also possesses an optical bandgap that prevents the optical cavities from coupling to each other. 

One cavity is used for optomechanical coupling, while a thin-film niobium nitride electrode on 

top of the second cavity is used to piezoelectrically actuate the common mechanical mode. 

Characterization of our devices reveals internal optical quality factors as high as 3.5 × 105 and 

optomechanical coupling strengths greater than 0.45 MHz, values comparable to state-of-the-

art silicon devices. Our simulations predict an electromechanical coupling strength to a high-

impedance microwave resonator of up to 1 MHz.  

Recent results regarding room-temperature microwave-to-optical transduction will be 

presented. These results are promising for the subsequent integration of the devices with a 

tunable microwave resonator and eventually a logical qubit. 

 

[1] Y. Chu, S. Gröblacher, Appl. Phys. Lett. 117, 150503 (2020). 

[2] Hönl. S, et al. Nat Commun. 13, 2065 (2022). 
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The Casimir force originates from the quantum fluctuations of the electromagnetic field and 

the corresponding polarization fluctuations induced in the bodies. It increases rapidly with 

decreasing distance and becomes the dominant interaction between uncharged bodies at 

submicron separations. The effect of thermal fluctuations on the Casimir force has also 

attracted much interests [1-3]. However, for common metals like gold, thermal effects at room 

temperature only become significant at distances exceeding one micron, where measurement 

of the Casimir force and distinguishing it from other remnant forces is difficult [4]. With 

thickness as small as one atomic layer, graphene possesses unique optical and electrical 

characteristics. For example, undoped graphene is a semi‐metal with dispersion of 

quasiparticles having Dirac nature. Thermal effects on the Casimir force have been predicted 

to occur at separations significantly smaller compared to metals [5-8]. At these short distances, 

the Casimir force is expected to be strong enough to be experimentally detected. We measure 

the Casimir force gradient between a gold sphere on cantilever and graphene grown by 

chemical vapour deposition transferred onto silicon oxide. There is good agreement with theory 

but the large contribution from the silicon oxide precludes clear observation of thermal Casimir 

effects. Ongoing attempts aim at reducing the contribution of the silicon oxide substrate. 

 
This work is supported ANR/RGC Joint Research Scheme sponsored by the French National Research Agency 

(ANR) and the Research Grants Council (RGC) of the Hong Kong Special Administrative Region, China (Project 

No. A-HKUST604/20). 

 

 

[1] Z. Xu, Optomechanics with Quantum Vacuum Fluctuations, 37-55 (2023). 

[2] B. Geyer, G. L. Klimchitskaya, et al., Phys. Rev. A, 82, 3 (2010) 

[3] S. K. Lamoreaux, Rep. Prog. Phys. 68, 201 (2005) 

[4] S. K. Lamoreaux, A. O. Sushkov, et al., Nature physics, 7, 3 (2011) 

[5] G. Gómez-Santos, Phys. Rev. B, 80, 24 (2009) 

[6] D. Drosdoff, L. M. Woods, Phys Rev. B, 82, 15 (2010) 

[7] G. L. Klimchitskaya, U. Mohideen, et al., Phys. Rev. B, 89, 11 (2014) 

[8] V. B. Bezerra, G. L. Klimchitskaya, et al., Phys. Rev. A, 94, 4 (2016) 
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Fusion-based quantum computing with dual-rail qubits is the leading candidate for scalable 
quantum computing using linear optics. This computing paradigm requires single photons 
which are entangled into small resource states before being fed into a fusion network. The most 
popular sources for single optical photons (e.g., spontaneous parametric down-conversion) and 
for small entangled states (e.g., linear optics) are probabilistic and heralded. It is possible to 
effect deterministic sources of these photonic resources from many probabilistic, heralded 
resource generators, but this requires complex optical networks. Alternatively, successfully 
generated resources can be stored in quantum memories to be retrieved as needed. In this work, 
we show how optomechanics can be harnessed to implement such quantum memories. The 
acoustic modes act as caches of quantum resources—single-particle states and even small 
entangled states—with on-demand read-out. I will show how the resource states can be 
prepared directly in the acoustic modes using optical controls. This will still be probabilistic 
and heralded, as the all-optical approach, but the acoustic modes store the quantum states with 
no extra effort. The quantum states may be transferred from acoustic modes to optical modes, 
as needed, with another optical drive. The advantages of acoustic modes as optical quantum 
memories, compared to other technologies, include their intrinsically long lifetimes, as well as 
being solid state, highly tailorable, and insensitive to electronic or magnetic noise.  
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We propose a hybrid quantum device based on the graphene Josephson junctions where
the vibrational degrees of freedom of a graphene membrane couples to the superconduct-
ing circuits. The flexural mode controlled tunneling of the Cooper pairs introduces a
strong and tunable coupling even in the zero-point fluctuations level. By employing this
interaction we show that a parametric cooling process can be efficiently implemented. We
then investigate the application of our hybrid quantum device in quantum metrology,
with critically enhanced sensing under suitable quantum control. Our work provide new
ways to extend the recent research on quantum electromechanical systems.
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Quantum transduction schemes are essential for realizing quantum control in quantum networks of 

several platforms, i.e. ions, single atoms or spins to superconducting circuits. Each single system may excel 

in a particular task, i.e. quantum information processing is best accomplished with superconducting qubits 

or cavities in the microwave energy range, whereas optical signals are more favorable in transferring 

quantum information over long distances. Combining both energy regimes is quintessential for quantum 

networks. Engelhardt et al. presents such a two-stage microwave to optical photon conversion protocol 

[1] utilizing the excitation degrees of freedom of a magnetic material. They employ a resonant interaction 

between magnetic and mechanical excitations as a mediator between microwave and optical photons. 

Here, we describe the design and fabrication of a single crystalline ferrimagnetic yttrium iron garnet (YIG)-

chip-based optomechanical crystal (OMC) [2] capable of realizing the multipartite coupling scheme. 

Typically to get the best magnetic properties, single crystalline YIG is grown on gadolinium gallium garnet 

(GGG), due to its low lattice mismatch with YIG. However, both garnets are challenging in a top-down 

fabrication as they are very stable with respect to chemical gases. To this end, two possible fabrication 

schemes of single crystalline YIG on sacrificial layers are discussed. The first one is the lateral solid phase 

epitaxial (LSPE) growth of YIG over a silicon dioxide sacrificial layer [3] engineered by our collaborators S. 

Sailler et al. from the University of Konstanz. The second approach is adapted from the smart cut process 

well established in the silicon industry. Helium ion implantation is conducted at a depth of 10 µm in GGG 

of a commercially purchased liquid-phase-epitaxy-grown bulk YIG film by our collaborator Jeffrey 

McCallum et al. from the University of Melbourne. The induced defect layer is then sliced by thermal 

spalling or phosphoric acid treatment [4].  We plan to transfer the separated layer to a semiconductor 

substrate realized by a direct wafer bonding [5]. A chemical mechanical polisher smoothens the GGG-YIG-

semiconductor film surface. Electron-beam lithography (EBL) for etch mask layering is conducted in LSPE-

films. A sequence of anisotropic argon milling etch and isotropic hydrofluoric etch suspends the OMC. 

Finally, we conduct a critical point drying which prevents the adhesion of the nanobeam to the substrate 

during phase transition from water.  

[1] Engelhardt, Fabian, et al., Physical Review Applied 18.4 (2022): 044059. 

[2] Eichenfield, Matt, et al., Nature 462.7269 (2009): 78-82. 

[3] Sailler, Sebastian, et al., Physical Review Materials 8.2 (2024): L020402. 

[4] Levy, M., et al., Journal of applied physics 83.11 (1998): 6759-6761. 

[5] Izuhara, T., et al., Applied Physics Letters 76.10 (2000): 1261-1263. 
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Cavity optomechanics is a vibrant field in physics, it allows to explore fundamental quantum
physics even in macroscopic objects and also promises to realize a pletora of applications, es-
sential for the upcoming quantum revolution. In this work we study a Fabry-Perot cavity, with
two SiN membranes inserted in the “membrane in the middle” configuration [1]. The effec-
tive coupling between the two mechanical resonators, mediated by the electromagnetic field,
features a variety of effects such as, amoung others, enhancement of single-photon optome-
chanical coupling [1], heat transfer [2], cooperativity competition [3].
In order to reach control in the quantum regime, it is mandatory to take into account, and possi-
bly avoid, all kind of noises of the system, even technical laser noises, which are often neglected
in the literature. This work provides a method for modelizing amplitude and phase laser noises
in a multimode optomechanical system driven by two laser fields. We add terms in the Langevin
equations which describe the laser noise sources, and check the validity of the model experi-
mentally by exploiting an artificial noise source on the pump beam. Moreover we calibrate and
quantify the corresponding noise spectra in order to make a proper match between theory and
experiment [4].

[1] P. Piergentili, L. Catalini, M. Bawaj, S. Zippilli, N. Malossi, R. Natali, et al., New J. Phys. 20,
083024 (2018).

[2] C. Yang,X. Wei, J. Sheng ,H. Wu, Nat. Commun. 11, 4656 (2020).
[3] M.D. Jong , J. Li, C. Gärtner, R. Norte, S. Gröblacher, Optica 9, 170-176 (2022).
[4] F. Marzioni, F. Rasponi, P. Piergentili, R. Natali, G. Di Giuseppe, D. Vitali, Front. Phys 11, 3389

(2023).
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Interconnecting quantum processors to create quantum networks is an essential step
towards the secure internet of the future. While conventional optical fibres can propagate
quantum information, the quantum processors are not operating at the telecom wave-
lengths. Quantum transducers based on electro-opto-mechanical conversion have been
proposed as an efficient system to bridge the 5-orders of magnitude difference between
microwave and optical frequencies. Integrating these transducers into photonic chips re-
quires developing geometries capable of providing strong optomechanical coupling.

Stimulated Brillouin Scattering is the nonlinear interaction involving the scattering
of an optical field by acoustic phonons, and has led to several developments [1] in sens-
ing, communications and quantum technologies [3]. Efficient Brillouin Scattering requires
simultaneous confinement of photons and phonons which, in Silicon-on-Insulator (SOI)
waveguides, is challenging due to strong phonon leakage towards the silica cladding. Typ-
ically, this is overcome by using suspended membranes that are created by removing the
silica cladding. However, using subwavelength structures we can avoid these suspended
membranes, thus ensuring an easier, CMOS-compatible fabrication process as well as
co-integration with other photonic and electronic components.

Previous work [2] demonstrated in our group uses subwavelength silicon pillars consist-
ing of a unit cell of two pillars with π-shifted mechanical motion that results in suppression
of the acoustic radiation by 20 dB. This radiation cancellation confines the mechanical
modes effectively, with Quality Factors > 103 for mechanical modes. The optomechani-
cal coupling, driven primarily by the radiation pressure exerted by the optical mode, is
high with g0/2π ≈ 108 ± 6 kHz. The goal of my PhD is to demonstrate higher optome-
chanical coupling and larger mechanical frequency (∼GHz) in non-suspended designs, for
monolithic integration with superconducting transmon qubits.

Figure 1: Cavity with parabolically decreasing width of the silicon pillars, and the corre-
sponding optical modes (Ez component) and phononic modes (mechanical displacement).

[1] M. Merklein, I. V. Kabakova, et.al. Applied Physics Reviews 9, 4, 041306 (2022).
[2] J. Zhang, P. Nuño Ruano, et. al. ACS Photonics 9, 12, 3855-3862 (2022).
[3] S. Barzanjeh, A. Xuereb, S. Gröblacher, et. al. Nat. Phys. 18, 15–24 (2022).
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Mechanical resonators are systems which present high quality factors and can easily couple 

to a wide range of forces, which makes them excellent candidates for quantum information 

processing and quantum sensing. In our group, we are developing a hybrid platform where a 

charge qubit defined in a double-quantum-dot is coupled to the mechanical vibrations of a 

suspended carbon nanotube. The nature of the coupling allows to reach the so-called 

ultrastrong coupling regime, that could open the possibility of exploring and realizing new 

regimes in a circuit quantum electrodynamics (cQED) framework.  

 

In particular, the anharmonicity induced by the qubit in the mechanical vibrations when the 

system is in the ground state could allow the realization of a mechanical qubit, i.e. a qubit 

based on phonon’s fock state transitions [1]. The effective mechanical non-linear potential in 

the ultrastrong coupling regime can also serve to realize a macroscopic quantum 

superposition similar to the one proposed in [2], with potential applications of studying 

collapse models in quantum mechanics, or the interplay of quantum effects and gravity, 

among others.  

 

 

[1] F. Pistolesi, A.Cleland, A. Bachtold, Phys. Rev. X 11, 3 (2021). 

[2] Roda-Llordes, M., Riera-Campeny, A., Candoli, D., Grochowski, P. T., Romero-Isart, O. Phys. 

Rev. Lett.132, 2 (2024). 
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Nanomechanical resonators, including nanowires, nanotubes and two-dimensional membranes,
have become essential tools in physics due to their remarkable mechanical properties, such
as high fracture strength and Young’s Modulus. Van der Waals materials like graphene or
hexagonal boron nitride (hBN) are particularly suitable to produce 2D membranes, as they lack
dangling bonds at the surface. HBN, in particular, which has comparable mechanical properties
to graphene, is often utilised in optomechanics and electromechanics due to its wide bandgap
of 6 eV [1].

We will show the fabrication process of 2D drum resonators made of hBN suspended over
a high-stress Si3N4 membrane, including a hybrid wet transfer technique and the use of capac-
itively coupled plasma reactive ion etching (CCP-RIE) to tune the thickness of the hBN [2, 3].
We imaged and characterized the mechanical modes of these drums and will demonstrate the
large temperature dependencies of the mode frequencies of hBN resonators coupled to a Si3N4

resonator [2]. Notably, unlike other 2D materials, hBN exhibits a negative thermal expansion
coefficient (TEC). Consequently, elevated temperatures increase the internal stress within the
flake, resulting in higher mode frequencies. In contrast, at lower temperatures, the internal stress
decreases, causing the drum to buckle. This buckling significantly affects both the frequency
and the shape of the modes. This temperature-dependent frequency tunability also enables a
more detailed investigation of the hybridization state between the mechanical modes of the
hBN and the Si3N4 membrane, as well as its effects on the quality factor and effective mass.
Our study reveals how the interplay between these modes can be modulated through tempera-
ture adjustments, providing deeper insights into the behaviour of the coupled resonator system.
Finally, this could have significant implications for the development of more complex het-
erostructure resonators, as well as for the realisation of nanomechanical devices from 2D mag-
nets, with a focus on the rich physics of their magneto-mechanical coupling [1].

[1] P. Steeneken, R.Dolleman, D. Davidovikj, F. Alijani, H. van der Zant, 2D Mater. 8, 042001 (2021).
[2] D. Jaeger, F. Fogliano, T. Ruelle, A. Lafranca, F. Braakmann, M. Poggio, Nano Lett 23, 2016 (2023).
[3] H. Park, G.Shin, K. Lee, S.Choi, Nanoscale 10, 15205 (2018).
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In recent years, optomechanical cooling using microwave radiation has been realized in various
superconducting circuits with a microwave cavity comprising a mechanical element. Circuits
provide an opportunity to engineer nonlinear cavities, by using Josephson junctions, thereby
generating quantum states of light for optomechanics experiments.

In the poster, we will theoretically describe an optomechanical setup where the cavity is
realized by an LC circuit driven by a dc-biased Josephson junction. By engineering the nonlin-
earity, such a cavity becomes an effective N-level system, with N = 2, 3..., where the access
to Fock states N and above is blocked [1]. Consequently, the cavity emission spectrum shows
Mollow-type side peaks, analogous to an optical cavity interacting with an atom. We show
that at these Mollow side peaks, the system exhibits a new, nonlinear type of optomechanical
cooling. We calculate the cooling rate using the spectral density of noise due to the radiation
pressure [2] and highlight how its unusual features compared to conventional optomechanics,
can be explained in a dressed state picture.

[1] S. Dambach, B. Kubala, and J. Ankerhold, New Journal of Physics 19, 023027 (2017).
[2] F.Marquardt et.al., Phys. Rev. Lett. 99 093902 (2007).
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Despite their application in multiple fields, ranging from quantum sensing to fundamental tests
of quantum mechanics, conventional state-of-the-art cavity optomechanical experiments have
been limited in their scaling towards systems with multiple resonators. 3D direct laser writing
offers a new approach of fabricating multi-membrane structures that can be directly integrated
into fiber Fabry-Perot cavities. Here, we experimentally demonstrate direct laser-written stacks
of two or more coupled membranes – with normal-mode splittings of up to a MHz – inter-
faced by fiber cavities. We present finite element simulations for the optimization of the me-
chanical coupling and investigate the collective optomechanical coupling of multi-membrane
stacks (with single-membrane vacuum optomechanical coupling strengths of ∼ 30 kHz [1]).
We present our first experimental results and give an outlook on the scalability of the system to
an even larger number of coupled mechanical oscillators. Aside from tests of fundamental prop-
erties of multimode optomechanical systems, applications for sensing or routing of vibration in
acoustic metamaterials and circuits are envisaged.

[1] L. Tenbrake,, A. Faßbender, S. Hofferberth, et al. Nat Commun 15, 209 (2024).
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Mesoscopic physics poses fundamental questions regarding the boundary between quantum 

mechanics and general relativity. In this context, realization of a massive superposition is 

considered to be a major hallmark.  In Magnetic Resonance Force Microscopy (MRFM) 

experiments a cantilever with a magnetic tip is used to probe bulk and surface spins in materials. 

We perform MRFM at milliKelvin temperatures using a SQUID-based readout of the motion of 

the cantilever. Using Adiabatic Magnetic Cooling we are able to cool the cantilever to less than 

20 mK [1] and achieve a detection volume of less than 40 nm^3 [2]. By further pushing the 

limits and eliminating loss mechanisms we aim to couple to smaller number of spins with the 

eventual goal of coupling coherently to a single electron spin.  By improving cantilever-spin 

coupling, MRFM becomes an increasingly attractive platform for the study of mesoscopic 

physics.   

 

 

[1] van Heck, Bernard, et al. "Magnetic cooling and vibration isolation of a sub-kHz mechanical 

resonator." Journal of Low Temperature Physics 210.5 (2023): 588-609.  

[2] de Wit, M., et al. "Feasibility of imaging in nuclear magnetic resonance force microscopy using 

Boltzmann polarization." Journal of Applied Physics 125.8 (2019). 
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Is it possible to expand the quantum delocalization of a mechanical oscillator? This project
aims to address this question by exploring the quantum delocalization of a suspended carbon
nanotube (CNT) resonator. Specifically, we seek to achieve delocalization of the motion of
a CNT resonator up to its diameter, on the nanometer scale. Quantum delocalization of
a mechanical mode, defined by its zero-point motion, is an intrinsic property given by the
Heisenberg uncertainty: zzp =

√
h̄

2ωmmeff
Where ωm is the frequency of the mode and meff

the mass that contributes to the motion of the mode. Achieving nanometer-scale quantum
superposition would represent a significant advancement over current state-of-the-art results
[1].

Recent theoretical proposals suggest that utilizing a non-linear double well potential
can enhance quantum superposition states [2]. While these proposals focus on levitated
nanoparticles, our approach applies this concept to the eigenmode vibrations of a suspended
CNT. To realize this goal, we propose the following steps:

• Quantum control: Achieve precise control over system parameters such as tunneling
amplitude, detuning, and frequency.

• Decoherence minimization: Identify decoherence sources and minimize them.

• Experimental protocol: Implement the experimental protocol.

Our research group has experience in ground state cooling of mechanical resonators and
in creating double well potentials to induce strong non-linearities [3][4]. This expertise
positions us well to test the proposed theory. Currently, we are enhancing our control
capabilities and understanding of decoherence effects.

We propose to couple a double quantum dot to the second flexural mode of a suspended
CNT. The small effective mass of this mode, with a zero-point motion amplitude in the
range of 10 pm, facilitates strong coupling. Achieving the ultrastrong coupling regime will
enhance non-linearities in the mechanical potential, paving the way towards macroscopic
quantum physics. This research could potentially allow us to test quantum collapse models
and gravitational field theories, advancing our understanding of quantum mechanics at larger
scales [5].

[1] Fein, Y., Geyer, P., et.al. Quantum superposition of molecules beyond 25 kDa. Nature Physics.
15, 1242-1245 (2019)

[2] Roda-Llordes, et.al. Macroscopic quantum superpositions via dynamics in a wide double-well
potential. Physical Review Letters. 132, 023601 (2024)

[3] Samanta, C., et.al. Nonlinear nanomechanical resonators approaching the quantum ground
state. Nature Physics. 19, 1340-1344 (2023)

[4] Tormo-Queralt, R., Møller, C., et.al. Novel nanotube multiquantum dot devices. Nano Letters.
22, 8541-8549 (2022)

[5] Romero-Isart, O. Quantum superposition of massive objects and collapse models. Physical
Review A. 84, 052121 (2011)
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Surface acoustic waves (SAWs) have proven to be effective in the control and manipulation of
elementary excitations in condensed matter [1, 2]. In particular, SAWs have been efficiently
used to interact with spin waves in magnetic thin film, which shows great potential for the
realization of novel microwave devices [3]. In this work, the design of a lithium niobate on
silicon (LNoSi) phononic waveguide is presented. The localization of the SAW propagation
inside a phononic waveguide will enhance the coupling to hybrid quantum mechanical systems,
such as spin waves. Furthermore, the used LNoSi platform offers many other advantages such as
high piezoelectric coupling, the capability of photonic waveguiding in addition to the phononic
modes, as well as the possibility of non-linear optics. The fundamental phononic waveguide
modes determined by the waveguide geometry will be simulated using finite element methods
and the phononic dispersion will be studied by varying the waveguide width and height.

[1] P. Delsing, E. Nysten et al., J. Phys. D: Appl. Phys. 52(35):353001 (2019)
[2] D. Bühler, M. Weiß et al., Nat. Commun. 13:6998 (2022)
[3] M. Küß et al., Phys. Rev. B 107:024424 (2023)
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Density-Modulated Phononic-Engineered Membranes for Room-
Temperature Quantum Optomechanics 

Alessio Zicoschi 1, Yi Xia 1, Guillermo Arregui 1, Amirali Arabmoheghi1, Guanhao 
Huang 2, Alberto Beccari 3, Nils Engelsen 4, Tobias Kippenberg 1 

1 Institute of Physics, Swiss Federal Institute of Technology (EPFL), CH-1015 Lausanne, 
Switzerland 

2 John A. Paulson School of Engineering and Applied Sciences, Harvard University, 
Cambridge, MA, USA. 

3Luxtelligence SA, Rue des Jordils A1, 1025 Saint Sulpice, Switzerland 
4Department of Microtechnology and Nanoscience (MC2), Chalmers University of 

Technology, Göteborg, Sweden 
 
Phononic crystal engineering is a powerful technique for enhancing the coherence of 
nanomechanical resonators. It facilitates the isolation of a single mode within a bandgap, a 
critical feature for optomechanical experiments. This isolated mode is acoustically shielded 
from the substrate, resulting in exceptionally high coherence. By periodically modulating the 
density (and consequently the speed of sound) across the membrane, we introduce an array of 
very small pillars, effectively minimizing additional mechanical losses and achieving quality 
factors around 109 at room temperature. 
The innovation in this study lies in our new fabrication technique, which allows us to produce 
pillars from stoichiometric Si3N4. This is a significant advancement for conducting 
experiments with these membranes, as pillars made from other materials can lead to optical 
absorption and thermal instabilities. These membranes are often intended for use in Fabry-
Perot cavities, where they are exposed to substantial optical power. Moreover, our fabrication 
process boasts a near-unity yield due to the immaculate quality of the deposited thin film. 
Studies on the distribution of quality factor values indicate that the primary factor affecting 
quality is the presence of tiny contaminants on the samples, making our fabrication process 
highly reproducible. 
This progress is crucial for advancing towards the feedback cooling of these devices to their 
quantum ground state, a long-standing goal in the field of cavity optomechanics. Currently, 
the residual phonon occupancy of our devices is already in the single digits, and it can be 
further reduced with a better understanding of the experimental setup, technical noises, and 
small improvements in designing the mechanical resonators. 
 
[1] Høj, D. et al. PRX 14, 011039 (2024). 
[2] Huang, G., Beccari, A., Engelsen, N.J. et al. Nature 626, 512–516 (2024). 
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In the field of optomechanics, light is used to alter the dynamics of mechanical resonators.
Optomechanical synchronization [1] will be an important tool in fields like precision time-
keeping, sensing, and quantum technologies. Towards this goal, we develop a photonic
integrated optomechanical device consisting of a silicon nitride racetrack cavity with partly
suspended waveguide that can vibrate freely. A second beam is added to improve the op-
tomechanical coupling. This beam has a one-dimensional photonic crystal to prevent the
light from leaking from the racetrack.
We observe four mechanical modes from the two beams: two out-of-plane (OOP) modes
and two in-plane (IP) modes. The OOP are at ∼ 2.2MHz, but show small signal. The
two IP modes are more strongly coupled. The photonic crystal beam (PhC) mode is at
∼ 2.45MHz, and the IP mode of the racetrack is at ∼ 2.55MHz; their quality factors are
∼ 4 × 104. In order to synchronize the modes, the resonance frequencies have to match.
To overcome the frequency difference in the IP modes, we employ our geometric tuning
technique [2] and use a predisplaced beam instead of a straight waveguide. The more it is
displaced, the more the frequency shifts towards the PhC beam. The remaining frequency
distance of a few kHz can be tuned by the laser power. As the light propagates in the
predisplaced beam and only past the PhC beam, the predisplaced beam resonance shifts
further than the photonic crystal one as a function of power due to thermal effects. We
show that we can shift them to the same frequency this way. To synchronize them with
optomechanical backaction, we also need to enhance the optical cavity. To improve the
optical quality of the racetrack, we modify the transition from supported to suspended
parts. There, the optical mode profile changes, leading to loss [3]. One approach is
widening the waveguide at the transition to confine the optical mode more, and the
second one is modifying the etching window to gradually change the optical mode shape.
Both lead to the desired improved optical quality factor. Currently, we are investigating
their impact on the mechanics. We believe that, in the next generation of devices with
combined transition regions and the predisplaced beam, we can synchronize the racetrack
and photonic crystal beam.

[1] Bagheri, M., Poot, M., Fan, L., Marquardt, F., & Tang, H. X. (2013). Photonic cavity
synchronization of nanomechanical oscillators. Physical Review Letters, 111(21), 213902.

[2] Hoch, D., Yao, X., & Poot, M. (2022). Geometric tuning of stress in predisplaced silicon
nitride resonators. Nano Letters, 22(10), 4013-4019.

[3] Sommer, T., Haas, K., Hoch, D. & Poot, M. (submitted 2024). Tunable and switchable
suspended electromechanical photonic directional couplers in silicon nitride.
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