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Levitated optomechanics
Global view

Gonzalez-Ballestero et al., Science 374, eabg3027 (2021) 3
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Optically levitated nanoparticles

Mechanical oscillator controlled by light

Particle dynamics in a tweezer:

Interactions properties

Ω (in all directions): → tweezer intensity

𝛾: collisions with gas molecules → 

pressure

𝜏𝑜 = 2𝜋 ⋅ Ω−1

Time domain: position 

trace

𝛾
Variance: 

𝑧1
2 =

𝑘𝐵𝑇

𝑚Ω2

Ω/2𝜋

Frequency domain: power spectral 

density

𝑧1

𝑈𝑡𝑤,1 = −
𝛼0,1

2
𝑬𝑡𝑤

2  ≃
𝑚Ω2𝑧1

2

2

Position readout via the phase of the backscattered light (heterodyne detection)

Point-like dipole

=

𝒑𝟏

Silica nanoparticle
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Optically levitated nanoparticles

Mechanical oscillators coupled by light

Light-induced force:

𝑧1 𝑧2

Particle’s (optical) electric dipole

𝜙1 𝜙2

optical binding interaction
stems from interference! 

𝑭𝑖 = −
1

2
Re 𝒑𝑖

∗. ∇𝑖𝑬𝑡𝑜𝑡

𝒑𝒊 = 𝛼𝑖 + 𝑖
𝑘3𝛼𝑖

2

6𝜋𝜖0
𝑬𝑡𝑜𝑡(𝒓𝑖)

Polarizability Radiative loss

𝑭𝑖 = 𝛼0,𝑖Re 1 − 𝑖
𝑘3𝛼0,𝑖

6𝜋𝜖0
𝑬𝑖

∗. ∇𝑖𝑬𝑖 + ∇𝑖(𝑬𝑖
∗. 𝑬𝑠𝑐)

𝑬𝑠𝑐

scattering forcetweezer force

𝑬1 𝑬2

Dielectric (nonabsorbing) subwavelength (𝑅 ≪ 𝜆) nanoparticles

𝑬𝑡𝑜𝑡 = 𝑬𝑖+ 𝑬𝑠𝑐

Total force applied to particle 𝑖 :

𝛾2𝛾1

𝛾𝑖 ≃ 0.45 kHz @ 0.6 mbar: damping 

𝑬𝑖   tweezer fields → Ω𝑖 ≃ 30 kHz

𝑬𝑠𝑐 scattered fields

𝜙𝑖   tweezer phases

𝜔𝑖   tweezer frequencies

𝜆=1064 nm

𝑅=105 nm

Total electric field
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Dipole-dipole interactions
Experimental control

𝑧1 𝑧2

𝜙1 𝜙2

𝑑=18 𝜇m

𝜃 → laser polarization

𝑑 → tweezer distance 

𝜙𝑗𝑖 = 𝜙𝑗 − 𝜙𝑖 tweezer phase difference

𝜔𝑗𝑖 = 𝜔𝑗 − 𝜔𝑖 tweezer detuning

Trap engineering with Acousto Optic Deflectors (AODs)

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Full (nonlinear) expression for the force along 𝑧:

laser polarization angle

relative tweezer phase

𝑭𝑖𝑗 ≃ 2𝑚Ω𝑔 cos 𝑘𝑑 + 𝜙𝑗𝑖 ×
sin 𝑘(𝑧𝑗 − 𝑧𝑖)

𝑘

𝑔 ∝ cos2 𝜃

tweezer distance

𝜆=1064 nm

𝑅=105 nm

𝛾2𝛾1
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Relative distance calibration
Interferometric imaging

𝐼𝑟 𝑑 = 𝐼1 + 𝐼2 + 2 𝐼1𝐼2cos(𝑘𝑑 + Δ𝜙𝑙𝑟)

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)
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Dipole-dipole interactions
Nonreciprocity

𝑧1 𝑧2

𝑑=18 𝜇m

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Full (nonlinear) expression for the force along 𝑧:

relative tweezer phase

𝑭𝑖𝑗 ≃ 2𝑚Ω𝑔 cos 𝑘𝑑 + 𝜙𝑗𝑖 ×
sin 𝑘(𝑧𝑗 − 𝑧𝑖)

𝑘

tweezer distance

𝜆=1064 nm

𝑅=105 nm

𝛾2𝛾1

𝜙1 𝜙2 = 𝜙1 + Δ𝜙

Linearized interaction:     sin 𝑘(𝑧𝑗 − 𝑧𝑖) ≃ 𝑘(𝑧𝑗 − 𝑧𝑖)

ሷ𝑧1 + 𝛾1 ሶ𝑧1 + Ω1
2𝑧1 = 2Ω(𝑔𝑟 − 𝑔𝑎) 𝑧2 − 𝑧1 +  𝜉𝑡ℎ,1(𝑡)

ሷ𝑧2 + 𝛾2 ሶ𝑧2 + Ω2
2𝑧2 = 2Ω 𝑔𝑟 + 𝑔𝑎 𝑧1 − 𝑧2 +  𝜉𝑡ℎ,2(𝑡)

Different interference phases lead to nonreciprocal interactions

Particle 1:    𝑘𝑑 + Δ𝜙
Particle 2:    𝑘𝑑 − Δ𝜙

𝑔𝑟 = 𝑔. cos (Δϕ) cos(𝑘𝑑)

𝑔𝑎 = 𝑔. sin (Δϕ) sin(𝑘𝑑)

Full quantum theory: H. Rudolph et al, PRL 133, 233603 (2024)

𝑔 cos 𝑘𝑑 ± Δ𝜙 = 𝑔𝑟 ∓ 𝑔𝑎
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Normal mode eigenfrequencies: 

Ω± = ഥΩ + 𝑔𝑟 + i
𝛾

2
∓ 𝑔𝑟

2 − 𝑔𝑎
2

Ω− = Ω + 2gr

Ω− = Ω + i(𝛾/2 + 𝑔𝑎 )

EP EP EP

Ω+ = Ω

Ω+ = Ω + i(𝛾/2 − 𝑔𝑎 )

Different interaction regimes
Fully reciprocal, unidirectional, purely antireciprocal

Ω1/Ω Ω1/Ω Ω1/Ω

J. Rieser et al, Science 377, 987 (2022)
Ratio between oscillation frequencies

Reciprocal (conservative) Anti-reciprocal (non-conservative)Unidirectional
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Non-Hermitian dynamics

Complex Hamiltonian 𝐻:

Variation of parameters of 𝐻 →

Balanced gain & loss  →

Carl M. Bender & Stefan Boettcher, PRL 80, 5243 (1998)

Kosmas V. Kepesidis et al, NJP 18, 095003 (2016)

B. Peng et al., Science 346, 328-332 (2014) 

𝑖ℏ
𝜕𝜓

𝜕𝑡
= 𝐻𝜓

Mohammad-Ali Miri, Andrea Alù, Science 363, eaar7709 (2019)

PT symmetry breaking transition strongly affects system dynamics

Parity-Time reversal (PT) symmetry 
allowing for real eigenvalues

PT symmetry breaking at the 
Exceptional Point (EP)

Here: Non-Hermitian dynamics stems from nonreciprocal interaction! 
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Eigenmode
reconstruction

Purely anti-reciprocal interactions
Non-Hermitian dynamics / linear theory

“Normal mode attraction”

4𝑔𝑎

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Mechanical detuning: difference between the
oscillation frequencies
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Experiment: control of interactions
Magnitude of interactions: trap polarization

𝜃 (deg)

𝑔
𝑎

/2
𝜋

 (
kH

z)
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Motional correlations
Oscillation amplitude and mechanical relative phase

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

𝑔𝑎

ത𝜓 = ത𝜓2 − ത𝜓1



ሶ𝑎𝑗 = ±
ΔΩ

2
−

𝛾

2
𝑎𝑗 + 𝑖𝛽 𝑎𝑗

2
𝑎𝑗 + 𝛾𝑛𝑡ℎ𝜉𝑗 𝑡 + 𝑖𝑔𝑎 𝑎2 − 𝑎1 𝑓(2𝑘𝑧𝑧𝑝 𝑎2 − 𝑎1 )

14

Non-Hermitian dynamics / full theory

non-linear interactiontrap potential anharmonicity
 (negligible effect)

Interaction nonlinear stabilizes the motion into a limit cycle 

Interpretation:
gain + saturation = mechanical lasing

thermal noise

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

𝐴 = 2𝑘
ℏ

𝑚Ω
𝑎1

2 + 𝑎2
2    collective amplitute

𝜓 = arg 𝑎2𝑎1
∗               relative mechanical phase

𝑓 𝑥 =
2J1 𝑥

𝑥
≃ 1 −

𝑥2

8

Nonlinear model for the complex amplitudes of motion:

Can be rewritten for the new collective variables:

Purely anti-reciprocal interactions

𝑧1 [𝜆]

𝑝
1

 [
𝑚

𝜆
Ω

]

𝑔𝑎

(i)(ii)

(iii)



Limit cycle phase diagram

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Phase diagram: experiment vs theory



Limit cycle phase diagram

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Phase diagram: experiment vs theory

Hopf bifurcation
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Motional correlations

Locking of mechanical relative phase

ΔΩ/𝛾

𝜓 = tan−1
2ΔΩ

𝛾

Theory prediction

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

ത𝜓 = ത𝜓2 − ത𝜓1
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Conclusions 

Nonlinear dynamics resulting in mechanical lasingPhase locking in the motion of particles

Non-Hermitian dynamics via light induced anti-reciprocal interaction

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

See also similar work by collaborators @ ISI Brno: V. Liska et al, Nat. Phys. (2024)
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Stationary:

J. Rieser et al, Science 377, 987 (2022)

M. Reisenbauer, L. Egyed, H. Rudolph et al, Nat. Phys. (2024)

Reciprocal interaction:

Anti-Reciprocal interaction:

Time dependent:

Detuned interaction:

In preparation…

Full quantum theory: H. Rudolph et al, PRL 133, 233603 (2024)

Light induced interaction between two trapped nanoparticles

Outlook: time dependent interactions
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