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Experimental Setup
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MBE-grown GaAs/AlGaAs nanowires
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MBE-grown GaAs/AlGaAs nanowires
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Equation of motion

�̈�𝑥(𝑑𝑑) + 𝛾𝛾�̇�𝑥(𝑑𝑑) + 𝜔𝜔0𝑥𝑥(𝑑𝑑) = 𝐹𝐹(𝑑𝑑)

Linear Response
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Duffing Equation

�̈�𝑥 𝑑𝑑 + 𝛾𝛾�̇�𝑥 𝑑𝑑 + 𝜔𝜔0𝑥𝑥 𝑑𝑑 + 𝛼𝛼𝑥𝑥3(𝑑𝑑) = 𝐹𝐹(𝑑𝑑)

positive (negative) α could be seen as a 

hardening (softening) of the spring 

constant

�̈�𝑥 𝑑𝑑 + 𝛾𝛾�̇�𝑥 𝑑𝑑 + 𝑥𝑥 𝑑𝑑 (𝜔𝜔0 + 𝛼𝛼𝑥𝑥2(𝑑𝑑)) = 𝐹𝐹(𝑑𝑑)

𝑥𝑥 𝑑𝑑 = 𝑍𝑍 cos(𝜔𝜔𝑑𝑑 − 𝜓𝜓)

Duffing Oscillator
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Duffing Equation

𝑍𝑍2 𝜔𝜔2 − 𝜔𝜔0
2 −

3
4
𝛼𝛼𝑍𝑍2

2

+ 𝛾𝛾𝑍𝑍 𝜔𝜔 2 = �𝐹𝐹

Bistable solution!

The jumping point depends on the history 

of the resonator

Duffing Oscillator
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Low-temperature scanning NW setup

9



Low-temperature scanning NW setup
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Low-temperature scanning NW setup

11



Mechanical modes
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Nanowire mode doublet
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Interferometric detection
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Interferometric measurement of NW motion
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Interferometric measurement of NW motion
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Interferometric measurement of NW motion
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Two-mode lateral force microscopy

18O. Pfeiffer et al., Phys. Rev. B 65, 161403R (2002)
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Nanowire mode doublet

MODE I MODE II

 Slightly asymmetric nanowire gives two non-degenerate flexural modes

ω0 = 𝛽𝛽𝑚𝑚
5𝑑𝑑𝐸𝐸
24𝑚𝑚

d
L2
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External Force
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External Force
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External Force
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External Force
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External Force



In-plane spatial force derivatives 

 NW tip equations of motion:

𝑚𝑚�̈�𝑟𝑚𝑚 + Γ𝑚𝑚�̇�𝑟𝑚𝑚 + 𝑘𝑘𝑚𝑚𝑟𝑟𝑚𝑚 = 𝐹𝐹𝑡𝑡𝑡 + 𝐹𝐹𝑚𝑚

 For small oscillations and 𝜕𝜕𝐹𝐹
𝜕𝜕𝑟𝑟
≪ 𝑘𝑘1,2:

𝜕𝜕𝐹𝐹𝑚𝑚
𝜕𝜕𝑟𝑟𝑚𝑚

≈ −2𝑘𝑘𝑚𝑚
∆𝑓𝑓𝑚𝑚
𝑓𝑓𝑚𝑚

𝜕𝜕𝐹𝐹𝑚𝑚
𝜕𝜕𝑟𝑟𝑗𝑗

≈ 𝑘𝑘𝑚𝑚 − 𝑘𝑘𝑗𝑗 tan𝜙𝜙
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NW scanning force microscopy

26N. Rossi et al., Nat. Nanotechnol. 12, 150 (2017).



NW scanning force microscopy

27N. Rossi et al., Nat. Nanotechnol. 12, 150 (2017).



NW scanning force microscopy: Friction

28N. Rossi et al., Nat. Nanotechnol. 12, 150 (2017).



Driving with AC voltage

29N. Rossi et al., Nat. Nanotechnol. 12, 150 (2017).



AC force fields

30

N. Rossi et al., Nat. Nanotechnol. 12, 150 (2017).

See also: Mercier de Lépinay et al., Nat. Nanotechnol. 12, 156 (2017).



NWs with magnetic tips

31Rossi et al., Nano Lett. 19, 930 (2019).



Fully magnetic NWs

32De Teresa et al., J. Phys. D: Appl. Phys. 49, 243003 (2016).






Fully magnetic NWs
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• 10 µm length, 100 nm diameter
• Q ≈ 2000
• k ≈ 1 mN/m
• meff ≈ 200 fg
• Fmin ≈ 25 aN/Hz1/2

Mattiat et al., Phys. Rev. Appl. 13, 044043 (2020).

T = 4.2 K



Quantifying sensitivity

34
Rossi et al., Nano Lett. 19, 930 (2019).



Quantifying sensitivity

35
Rossi et al., Nano Lett. 19, 930 (2019).

Mattiat et al., Phys. Rev. Appl. 13, 044043 (2020).

MBE-grown MnAs-tipped NWs FEBID-grown Co NWs

Fmin = 4 aN/(Hz)1/2

At 250 nm spacing:

dB/dxmin = 11 mT/m(Hz)1/2

Fmin = 25 aN/(Hz)1/2

At 200 nm spacing:

Bmin = 3 nT/(Hz)1/2

+

-

+-



Quantifying sensitivity
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MBE-grown MnAs-tipped NWs FEBID-grown Co NWs

Kirtley, Rep. Prog. Phys. 73, 126501 (2010)

250 nm tip diameter

At 250 nm spacing:

Mmin = 50 µB/(Hz)1/2

Φmin = 1 µΦ0 /(Hz)1/2

Imin = 10 nA /(Hz)1/2

100 nm tip diameter

At 100 nm spacing:

Mmin = 60 µB/(Hz)1/2

Φmin = 6 µΦ0 /(Hz)1/2

Imin = 8 nA /(Hz)1/2



NW MFM
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1 µm
Py

Mattiat et al., Phys. Rev. Appl. 13, 044043 (2020).



J. A. Fenster / University of Rochester

CONTROL OF LEVITATED NANOPARTICLES

www.photonics.ethz.ch

A quantum phenomenon



x

Sensing Fundamental physics

Gonzalez-Ballestero et al, Science 374, 6564 (2021)

MOTIVATION
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OUTLINE

1: INTRODUCTION (A PERSONAL STORY)

2: Q-XTREME & GROUND-STATE 

3: STATE EXPANSION

4: OUTLOOK



LINAC Coherent Light Source (LCLS)

www.slac.stanford.edu



CONTROL BY OPTICAL FORCES

X[k] = [ r (tk), r (tk)  ].

particle detector

lens

laser Y[0], Y[1] .. Y[k] 

X [k|k] ^ ???

c.f. Principles of Nano-Optics (Cambridge)





FEEDBACK CONTROL

Active Feedback: Passive Feedback:



CAVITY OPTOMECHANICS

Aspelmeyer, Kippenberg & Marquardt, Rev. Mod. Phys. 86, 1391 (2014). J.D. Thompson et al., Nature 452, 72 (2008).



LEVITATED CAVITY OPTOMECHANICS





Particles ~ 10 µm in size





actuation

W

observation

processing

FEEDBACK CONTROL 



PARAMETRIC FEEDBACK COOLING

PRL 109, 103603 (2012)



Parametric feedback (2012) :

Backaction limited measurement (2016) :

Optimal control (2019) :

Optimal detection (2019) :



Sideband asymmetry (2020) :

Groundstate (2021):



COOLING DYNAMICS

Equation of motion :

Energy :

heatingcooling

www.photonics.ethz.ch

3 41 2
time (s)

0

∞

feedback gain ∞

gas pressure
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4: OUTLOOK
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GENERATING MACROSCOPIC
QUANTUM SUPERPOSITIONS

X[k] = [ r (tk), r (tk)  ].

particle detector

lens

laser Y[0], Y[1] .. Y[k] 

X [k|k] ^ ???

GROUND-STATE COOLING

WAVEFUNCTION EXPANSION

NONLINEAR INTERACTION
(non-Gaussian state)

QUANTUM MEASUREMENT



Nature 595, 378 (2021)

GROUND-STATE COOLING



Nature 595,378 (2021)

GROUND-STATE COOLING 
IN CRYOGENIC FREE SPACE

OUT-OF-LOOP
HETERODYNE:

OUT-OF-LOOP
CROSSCORRELATION:



Nature 595, 378 (2021)

GROUND-STATE COOLING 
IN CRYOGENIC FREE SPACE

IN-LOOP
HOMODYNE:

c.f. Aspelmeyer group      Nature 595,373(2021)



PONDEROMOTIVE SQUEEZING

PRL 129, 053602 (2022)
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GENERATING MACROSCOPIC
QUANTUM SUPERPOSITIONS

X[k] = [ r (tk), r (tk)  ].

particle detector

lens

laser Y[0], Y[1] .. Y[k] 

X [k|k] ^ ???

GROUND-STATE COOLING

WAVEFUNCTION EXPANSION

NONLINEAR INTERACTION
(non-Gaussian state)

QUANTUM MEASUREMENT



WAVEFUNCTION EXPANSION



HYBRID rf-OPTICAL TRAP 

Eric Bonvin
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GENERATING MACROSCOPIC
QUANTUM SUPERPOSITIONS

X[k] = [ r (tk), r (tk)  ].

particle detector

lens

laser Y[0], Y[1] .. Y[k] 

X [k|k] ^ ???

GROUND-STATE COOLING

WAVEFUNCTION EXPANSION

NONLINEAR INTERACTION
(non-Gaussian state)

QUANTUM MEASUREMENT



ROTATIONS

PRL 121, 033602 (2018)

c.f. work by:
M. Arndt
J. Millen
K. Dholakia
P. Zemanek
T. Li
D. Moore
…

Joanna
Zielinska
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INERTIAL SENSING

accelerometers
gyroscopes µdeg/hr

ng/Hz1/2



KINETICS

Nature Nano 9,358(2014)



SIMULATION

(equilibrium dynamics)

(parametric feedback)

(parametric modulation)

(Duffing nonlinearity)

(external drive)

(mode coupling)

ro-vibrational coupling, non-equilibrium dynamics, cross-Kerr nonlinearities …

multimode coupling (+rotations), state-dependent noise, chaos, topological physics …

non-Hermitian dynamics, PT-symmetric processes, …



SUMMARY

www.photonics.ethz.ch

- Active & passive feedback cooling

- Parametric feedback and cold damping

- Ultrahigh force sensitivity 

- Nonequilibrium dynamics

- Free-fall (sensing of static forces)

- Interactions with surfaces (and other particles)

- GHz rotations

- Quantum control

- Internal degrees of freedom






































































































































Nano magnetic Imaging using Scorning
Probe Microscopy Accp es

PhD Coarse EPFL 2022
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Noise

The ultimate noise limit is from the

formal motion of the cantilever

Sf 4k T T e Fluctuation Dissipation

Theorem

This implies a thermal force noise
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If we now calculate the flux directly above

a MB of moment

Ina y
ta

not
T.me Wb

Noise

There are several sources of noise

Johnson se
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SNUM

Signal

it

y
Ian

By measuring the NV splitting we

measure the magmatic foll along th

NV axis
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Noise

SNUM is typically limited by photon
shot noise from the optical rood out
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Reconstruction of É it from B
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