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Dynamics and thermodynamics of nanoscale devices:

» Optomechanics
» Quantum transport
» Noise, fluctuations, bounds ...

» Nonthermal thermodynamic resources
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Optomechanics with a frequency-dependent mirror Introduction

Outline

@ Standard dispersive cavity optomechanics

© Modeling the experiment: optomechanics with a frequency-dependent mirror
@ Dispersive optomechanics with a frequency-dependent mirror
e Additional dissipative optomechanical effects

© Strategies to reach the resolved-sideband regime
@ Fano mirror engineering
@ Coherent feedback scheme
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Standard dispersive cavity optomechanics

Optical cavity with one moving-end mirror:
L= L() + x

wa ()

» Resonator motion = change in cavity resonance frequency

walw) = sy = wa(0) +2(%2),_, = coupling g+ o —(%2),_,

» Photons in the cavity = radiation pressure on the mirror
= change rest position of resonator

Cavity mode coupled to mechanical mode



Optomechanics with a frequency-dependent mirror

Standard dispersive cavity optomechanics

Experimental platforms

Many different implementations, for instance:

» Membrane in the middle

» Integrated system

» Levitated particle

monsel@chalmers.se

J. D. Thompson et al.
Nature 452, 72 (2008)

J. Chan et al.
Nature 478, 89 (2011)

U. Deli¢ et al.
Science 367, 892 (2020)
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Applications
L=Lg+=x
Wlas é
Qmec wa(i')
a
o, )
Single-photon optomechanical coupling: w,(7) = niy and g* = — (Gea )xzoxzpp

» Ground-state cooling of the mechanical resonator
» Sensing: force sensor, gravitational waves ...
» Quantum manipulation of nanomechanical resonators
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Applications
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K resolved-sideband
Single-photon optomechanical coupling: w,(7) = niy and g* = — (Gea )xzoxzpp

» Ground-state cooling of the mechanical resonator
» Sensing: force sensor, gravitational waves ...
» Quantum manipulation of nanomechanical resonators

Issue: ¢“ typically very small
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How to improve the coupling strength?

» Make cavity shorter - microcavity Ly = \,/2 (n = 1)
Issue: larger loss rate x

» Frequency-dependent mirror —» Fano resonance, reduced kg
Issue: changes optomechanical properties

Experimental device

» Free-space microcavity
» On-chip integration

» Suspended photonic crystal mirror
— frequency dependence

Al .,Ga, . As

0,67 29 33/

Al o,Ga, As

How to model this system?

Juliette Monsel monsel@chalmers.se 8/21
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Standard dispersive cavity optomechanics
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Coupling single-photon optomechanical coupling strength
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Standard dispersive cavity optomechanics
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Standard dispersive cavity optomechanics
Wlas ﬁ

“Ymec
—>

~ ~2 . . o
_p 1 2 22 PP AT a—iWiast * & A TW]ast wats T
H =L 4+ imQ2% 4% + hwsala + h(eale st 4 e*gei@inst) — gt aTaxZPF

Resonator frequency Quec, position Z, momentum p, damping rate Ymec
Cavity frequency wg, annihilation operator a, loss rate kK = k1, + kg
Laser drive frequency wy,s, amplitude ¢
Coupling single-photon optomechanical coupling strength

= Solved with typical input-output framework in the linearized regime
Hin — _pge /g (6at + 6a)-22

int T TZPF




Standard dispersive cavity optomechanics

Optomechanics with a frequency-dependent mirror

Optical spring effect

Whas D>

“Ymec
—>

Frequency shift induced by the light field: Q= Q.. + 6Qmec

KR

< 0.51
Z
S
Q0.04
&
=2 (.51

-2 0 2
(Wlas - wa)//f

Linearized limit and & > Quec (nonresolved sideband)
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Frequency-dependent (Fano) mirror

Strongly frequency-dependent left mirror (e.g. photonic crystal)

Wa (i') ain,R
a Topl
KR

Wias é

“Ymec Q mec
T
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Modeling the experiment

Optomechanics with a frequency-dependent mirror

Frequency-dependent (Fano) mirror

Strongly frequency-dependent left mirror (e.g. photonic crystal)

|
Wia ey
“Ymec Qumec Wa (j;) Gin R
T "
a Topl
KR

» Fano profile, reduced losses

—_

0. Cernotik, A. Dantan,

Frequency C. Genes, Phys. Rev. Lett.
122, 243601 (2019)

Reflectance

o

monsel@chalmers.se
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Modeling the experiment

Optomechanics with a frequency-dependent mirror

Frequency-dependent (Fano) mirror

Strongly frequency-dependent left mirror (e.g. photonic crystal)

» Fano profile, reduced losses

Reflectance

=)
o

Frequency

» Coupled-mode model: mirror mode wy, d, Yd

Coupling to the cavity mode Hyano = A (dld 4 a'd)
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Optomechanics with a frequency-dependent mirror

Comparison to the experiment

P — — Experiment
, La%ér e |
,
&= 0.5
Al Ga, As
0.0%
~ 0
=
[
S 200
&
= 400

198 199 200 201
w/2m (THz)
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Comparison to the experiment

—— Experiment
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Optomechanics with a frequency-dependent mirror

Comparison to the experiment

—— Experiment
, La%ér o

y

1.0

Al,,Ga,  As
Al,,,Ga, , As

--=- Standard dispersive optomechanics

- - - Dispersive optomechanics + Fano mirror

—250

0Qmec/27 (Hz)

198 199 200 201
w/2m (THz)

Dispersive optomechanics + Fano mirror: Optics ¢ — Mechanics X
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Optomechanics with a frequency-dependent mirror

Comparison to the experiment

What are we missing?

» Dissipative optomechanics: kp(Z)

198 199 200 201
w/2m (THz)

Dispersive optomechanics 4+ Fano mirror: Optics ¢ — Mechanics X
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Optomechanics with a frequency-dependent mirror

Comparison to the experiment

What are we missing?

» Dissipative optomechanics: kp(Z)

» Optomechanical effects on the mirror mode:
wq(Z) (dispersive) and ~4() (dissipative)

198 199 200 201
w/2m (THz)

Dispersive optomechanics 4+ Fano mirror: Optics ¢ — Mechanics X
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Dissipative optomechanics with a Fano mirror

wa(Z)
Wias é
k'yic; wa(i) &in,R
a Topl
KR
@ n(2) A
<

Va(2)
4 optomechanical couplings needed:

Dispersive Dissipative

. R ow, Ok
Cavity mode, a gy = ( o ) TypF gy = ( ML) T7PF

_ . B P
Mirror mode, d g5 = —( o ) TZPF g5 = (%)OIZPF
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Dissipative optomechanics with a Fano mirror

Comparison to the experiment

L0 — Experiment
0.5
0.0 - - - Dissipative & dispersive optomechanics

for cavity and mirror modes

wa (&)

6mee/ 2 (Hz)
.
S

199 199 200 201 (@)
w/2m (THz) 9% /Qmec = 4.5, g5 /Qmec = 8.7, ¢4 /Qmec = —3.0, g7 /Qmec =~ 2.2

Optics ¥ — Mechanics v/
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Dissipative optomechanics with a Fano mirror

Comparison to the experiment

1.0

— Experiment

0.0 i~ Coupling strengths

v/ All optomechanical couplings are in the ultrastrong regime
— order of magnitude confirmed by FEM simulations

8mee /2 (Hz)
L
S

1 ——— "
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Dissipative optomechanics with a Fano mirror

Comparison to the experiment

— Experiment

‘oI Coupling strengths

v/ All optomechanical couplings are in the ultrastrong regime

8mee /2 (Hz)

— order of magnitude confirmed by FEM simulations

X Kot > Qmec, 42, 94, 95, g5 — far from strong coupling regime

N ————

199 200 201 Ya(%)
U.)/27T (THz) 9% /Qmec >~ 4.5, gg/ﬂmec ~ 8.7, gs/Qmec ~ —3.0, gg/Qmec ~2.2

Optics ¥ — Mechanics v/
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Experiment — Summary

» On-chip free-space microcavity of sub-um length

» Non-standard optomechanical effects, captured by versatile coupled-mode model:
cavity + Fano mirror + mechanics with dispersive and dissipative
optomechanical effects

» Single-photon ultrastrong coupling but very large optical losses

S. K. Manjeshwar, A. Ciers, J. Monsel, H. Pfeifer, C. Peralle, S. M. Wang,
P. Tassin, W. Wieczorek Opt. Express 31 30212 (2023)
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Fano mirror engineering

Strategies to reach the resolved-sideband regime

How to further decrease the optical losses?

wa (&)
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Fano mirror engineering

How to further decrease the optical losses? L0
wa (&)

& 0.5

0.0

198 199 200 201
w/2m (THz)
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Fano mirror engineering

How to further decrease the optical losses? L0
wa (&)
£ 0.5
0'0198 199 200 201
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Optics only: d; I ik A — i«//;{p/d @ n input
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Fano mirror engineering

How to further decrease the optical losses? L0
wa (&)
0.5
0'0198 199 200 201
w/2m (THz)
Optics only: 7 . . A :
Ci _ wa. K A zm a + input
d A — i\/KLYd wq — 14 d fluct.
» Complex optical eigenfrequencies Q.
Normal modes: frequencies wy = Re(Q.), loss rates ki = —Im(Qy)

» Dissipative optical coupling —i\/k1,74

» Fano mirror engineering (wq,v4) + small kg = £ S Qmec
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Optomechanics with a frequency-dependent mirror = Strategies to reach the resolved-sideband regime

Effective resolved-sideband regime

Effective sideband resolution: k_ < Qe but &, 75 > Qe

= Behaves like a standard resolved-sideband device for wi,s >~ w_ & Qinec

= Ground-state sideband cooling possible by driving at wi,s = w_ — Qee

10*

10°

phonon number

103 100
laser power (W)



Optomechanics with a frequency-dependent mirror = Strategies to reach the resolved-sideband regime

Effective resolved-sideband regime

Effective sideband resolution: k_ < Qe but &, 75 > Qe

= Behaves like a standard resolved-sideband device for wi,s >~ w_ & Qinec

= Ground-state sideband cooling possible by driving at wi,s = w_ — Qee

10*

10°

phonon number

103 100
laser power (W)

Challenging parameters + fabrication imprecision
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Fano mirror and coherent feedback scheme

Add coherent feedback loop:

agp
HRM § HRM it .
| <
y C IS —— \

CBS

! |
! |
AR v : a 1
@), S |

|
output output¥ layy, oo T '

» No measurement

L. Du, J. Monsel, W. Wieczorek, and J. Splettstoesser, Phys. Rev. A 111 013506 (2025)
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Optomechanics with a frequency-dependent mirror

Fano mirror and coherent feedback scheme

Add coherent feedback loop:

aop
HRM C § HRM T .
1 [ e e \
/] - pumping
fb

CBS

CCP
output output

» No measurement
» Compensate for imperfect device parameters

4 : . : :
) \_/
s

‘_<5IE> - - (@) —'—L"gm("ﬁn)‘

-2
5200 5250 5300 5350 5400 5450
A/

L. Du, J. Monsel, W. Wieczorek, and J. Splettstoesser, Phys. Rev. A 111 013506 (2025)
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Strategies to reach the resolved-sideband regime

Optomechanics with a frequency-dependent mirror

Conclusion

» Versatile coupled-mode model in good agreement with experiment
S. K. Manjeshwar, A. Ciers, J. Monsel, H. Pfeifer, C. Peralle, S. M. Wang, P. Tassin, W. Wieczorek
Opt. Express 31 30212 (2023)

» Harness coupling between two optical modes to reach the effective

resolved-sideband regime
J. Monsel, A. Ciers, S. K. Manjeshwar, W. Wieczorek, J. Splettstoesser Phys. Rev. A 109 043532 (2024)

» Add coherent feedback loop to compensate for parameter limitations and

imperfections
L. Du, J. Monsel, W. Wieczorek, J. Splettstoesser Phys. Rev. A 111 013506 (2025)
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Conclusion
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» Add coherent feedback loop to compensate for parameter limitations and

imperfections
L. Du, J. Monsel, W. Wieczorek, J. Splettstoesser Phys. Rev. A 111 013506 (2025)

Outlook

?
» Model parameters — device geometry
» Nonlinear regime
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