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e Levitation initially proposed for high-Q nanomechanics (no clamping)

e Many particle materials and shapes:

> Dielectrics

» Charged metallic particles

» Nanomagnets

» Superconducting particles
» Liquid helium droplets

» Nanorods, nano-dumbells...
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» Nanomechanics
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» New regimes of condensed matter

2/14



Outline

g

® Introduction to nanoparticle levitation

e New tools: center of mass cooling

e Fundamental questions: radiative thermalization

® Conclusion and outlook



Center-of-mass cooling

I’!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D

@ Nanoparticles are levitated at room temperature:
~ 10% — 10 phonons on average

(@)

™)

3/14



Center-of-mass cooling

I’!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D

@ Nanoparticles are levitated at room temperature:
~ 10% — 10 phonons on average

(@)

® Reaching the quantum regime requires to bring
the particle to its motional ground state, (1) < 1

™)

3/14



Center-of-mass cooling

I’!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D

@ Nanoparticles are levitated at room temperature:
~ 10% — 10 phonons on average

(@)

® Reaching the quantum regime requires to bring
the particle to its motional ground state, (1) < 1

™)

® Despite initial proposals for cooling using a driven
cavity, ground-state cooling still not achieved

0. Romero-Isart, M. L. Juan, R. Quidant, I. Cirac, NJP 2010

D. E. Chang, C. A. Regal, S. B. Papp, D. J. Wilson, J. Ye, O. Painter, H. J. Kimble, P. Zoller, PNAS 2010
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® Recent experiments show that it is possible to
cool with an un-driven cavity

D. Windey, CGB, P. Maurer, L. Novotny, 0. Romero-Isart,
R. Reimann, PRL 2019 (arXiv: 1812.09176)

U. Delic, M. Reisenbauer, D. Grass, N. Kiesel, V. Vuletic,
M. Aspelmeyer, PRL 2019 (arXiv:1812.09358)
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e Interaction Hamiltonian (electric dipole approximation)
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e Interaction Hamiltonian (electric dipole approximation)

H=_—+— /d3r [E‘2(r) + 02]A32(r)} — %aﬁf(f{)

e Some approximations:

» Lamb-Dicke regime
> Rotating frame + Rotating Wave Approximation

» Displaced frame + Linearization

e Trace out free field + exact solution of Master Equation

CGB, P. Maurer, D. Windey, L. Novotny, R. Reimann, 0. Romero-Isart, arXiv: 1902.01282 (2019) 5/14
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Center-of-mass cooling: results

® Included decoherence sources:

@ @ ©
(=)

Photon recoil Surrounding gas Trap displacement

e Quantitative fitting with experiments:

103 T
10° |
— 10t}
\i 100 |
&~ 101 |
102
10739 - - [
1075 1073 1071 101
Pressure (mbar)

. (antinode)| ]
(antinode)| ]
(node)

SIS

7/14



Center-of-mass cooling: conclusions
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e Center of mass cooling via cavity-assisted coherent scattering is currently limited only
by trap displacement noise.
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Center-of-mass cooling: conclusions

=

e Center of mass cooling via cavity-assisted coherent scattering is currently limited only
by trap displacement noise.

e Our theoretical model allows to quantify this decoherence and compute the necessary
vibrational isolation for reaching ground-state cooling

® Ground-state cooling is achievable by present experiments

D. Windey, CGB, P. Maurer, L. Novotny, 0. Romero-Isart, R. Reimann, PRL 2019 (arXiv: 1812.09176)
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2. Radiative thermalization

® A levitating particle in vacuum equilibrates with the
surrounding EM field by radiative thermalization.

® Relevant for decoherence of COM motion /—'\PH/ /J\;\F

“Hot” photons
“Cold” photons

® Internal temperature not yet directly measured in
levitodynamics
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e Usual model: quasi-equilibrium fluctuation electrodynamics (FED)

» Assume very fast internal thermalization rate
> Define internal temperature 1'(t)

» Use fluctuation-dissipation theorem
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2. Radiative thermalization

e Butin UHV levitated systems, internal relaxation times should be large:

— —_— Isolation from _>_
= Confinement _ environment 9 e
== I

= — T
= —_— _>_

e Different timescales: “resonant” vs “off-resonant” phonons

e For a levitated NP in high vacuum, quasi-equilibrium approximation should not hold

Rubio-Lopez*, CGB* & Romero-Isart, PRB 98, 155405 (2018) 11/14
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2. Radiative thermalization

=

® We build a model based on harmonic oscillators

resonance

Off-resonant
phonons

® Exact solution using the closed-time path integral

formalism
Resonant

® All parameters matched to experimentally measurable quantities:

» Polarizability
» Specific heat

» Thermalization timescale

Rubio-Lopez*, CGB* & Romero-Isart, PRB 98, 155405 (2018) 12/14
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e Fundamentally different dynamics than FED (exponential vs polynomial)
e State of the system is never thermal: out-of-equilibrium thermalization

® Experimentally testable

Rubio-Lopez*, CGB* & Romero-Isart, PRB 98, 155405 (2018) 13/14
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4. Outlook: new regimes of light and matter

@ Brillouin (photon-phonon-photon) scattering for
. . . mz::irich
measuring internal dynamics

® Strong magnon-phonon interaction in levitated
nanomagnets

® And many more!



Thank you!
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