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Lorentz reciprocity in optics

* Reciprocity: transmission through
system is equal when source and
detector are interchanged

* Rooted in:
* Linearity
 Time-reversal symmetry
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Lorentz reciprocity in optics

Nonreciprocal elements: Isolators,
nonreciprocal phase shifters, circulators

Integer quantum Hall effect

QoY edge current

Nonreciprocal
materials: quantum
Hall effect, topological
insulator

Protected one.

Lu, Joannopoulos, Soljacic, Topological
photonics, Nature Photon. 8, 821 (2014)

<FOM Institute Jalas, D. et al. What is — and what is not — an optical isolator.
Nat. Photonics 7, 579-582 (2013).

AMOLF




Breaking reciprocity

Breaking time-reversal symmetry through temporal modulation

Fang, Yu, Fan, Phys. Rev. Lett. 108, 153901 (2012), Nature Photon. 6, 782 (2012)

Modulation Modulation

Py -
Laser — ¢ Tl ¢ A¢, — R Tl Pr

Lipson, Fan, Nature Photon. 2014 Alu, Science 2014, Nature Phys. 2014
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Breaking reciprocity

Breaking time-reversal symmetry through temporal modulation

... using optomechanical interactions?

image: Aspelmeyer et al., Rev. Mod. Phys. 86, 1391 (2014)
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Breaking reciprocity

Breaking time-reversal symmetry through temporal modulation

... using optomechanical interactions?

Mode conversion:

Habraken et al., New J. Phys. 14, 115004 (2012)
Peano et al., Phys. Rev. X 5, 031011 (2015)
Schmidt et al., Optica 2, 635 (2015)
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Ring resonators:

Hafezi & Rabl, Opt. Express 20, 7672 (2012)
Kim et al., Nature Phys. 11, 275 (2015)
Shen et al., arXiv:1604.02297 (2016)
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Breaking reciprocity

Breaking time-reversal symmetry through temporal modulation
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Ring resonators:

Hafezi & Rabl, Opt. Express 20, 7672 (2012)
Kim et al., Nature Phys. 11, 275 (2015)
Shen et al., arXiv:1604.02297 (2016)

This work:

Minimal requirements for optomechanical nonreciprocity
Quantitative nonreciprocal transmittance measurements
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Nonreciprocity and the S matrix

Nonreciprocity requires an asymmetric scattering matrix S

Si _ g Si g _ S11  S12
52 52 S21 S22
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Nonreciprocity and the S matrix

Nonreciprocity requires an asymmetric scattering matrix S

(31> _ g (31:) g (511 S12
S92 59 S21 S22
S12 # 521

Create asymmetry

- FOM Institute Jalas, D. et al. What is — and what is not — an optical isolator.

AMOLF Nat. Photonics 7, 579-582 (2013).




Nonreciprocity in a two mode system

Nonreciprocity requires an asymmetric scattering matrix S
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Nonreciprocity in a two mode system

Coupled mode theory describes coupling to ports:

+ — +
d ai _ ai T [ S1 Sq _ Sq ai
B) =) () ()=e() ()

- FOM Institute Suh, Wang, and Fan, IEEE J. Quant. Electron. 40, 1511 2004
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Nonreciprocity in a two mode system

Coupled mode theory describes coupling to ports:

+ — +
d ai _ ai T [ S1 Sq _ Sq ai
B) =) () ()=e() ()

yields scattering matrix:

- FOM Institute Suh, Wang, and Fan, IEEE J. Quant. Electron. 40, 1511 2004
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Nonreciprocity in a two mode system

Coupled mode theory describes coupling to ports:

$(2)-eo(2) (3

asymmetric optical system nonreciprocal mode coupling

/

(my; — myq)
det(M + wl)

521 — 512 —_ ldetD

- FOM Institute F. Ruesink, M.-A. Miri, A. Alu, and E. Verhagen, arXiv: 1607.07180
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Cavity Optomechanics

w Total optical field:

control

a—+ a
'k \

strong weak
control probe

wprobe

—_—
—

—

Linear coupling between optical probe and mechanical resonator:

Fay

Hi = hG’:r:pr(a&Tl; -+ a*&BT)
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Nonreciprocal optomechanical phase

Hyy = hGazpr(ozl&J{B + OﬁleBT -+ 042&58 + 0435'}28”
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Nonreciprocal optomechanical phase

A

Hine = hGapp(a1al b+ ata bt + analb + agaqb?)

. A¢ = arg(asg) — arg(aq)

afanbt 2\, adbb
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Nonreciprocal optomechanical phase

b 4 aigb)

Optimal nonreciprocity when two optical modes are driven at rt/2

<EGM Institute see: Habraken et al., New J. Phys. 14, 115004 (2012),

AMOLF Xu and Li, Phys. Rev. A 91, 053854 (2015)



Optomechanical nonreciprocity

Optomechanics @ €2  Coupled-Mode Theory

Equations of motions

d [ar) _ . Al—l—ilill/Q B 0 a1 : 91(b+bT) T Sii_
dt (az)_l( 0 A2—|—114;2/2) (a2)+1(92(b—|—[ﬂ) +D 8;_

4ph = (=i, — [,,,/2) b+i(giar + glai + goa2 + gzag)

Solve in Fourier Domain
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Optomechanical nonreciprocity

Optomechanics @ €2  Coupled-Mode Theory

3 191 ? g195
01 :F ZE :F ZEE
M+ wl = L om moo,
g1 g2 3 g2 |
+F 09 T "t
> YXim

L idet(D)(mlg—mgl
S21 — S12 = det(M4wI) )

Importantly M1 — Mo X sin A¢

With Agb the difference between drive phases
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Microtoroidal optomechanical resonators

Optical frequency:
Optical Finesse:
Optical quality factor:
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Optical whispering gallery mode

200 THz
10°-10°
107-108

Mechanical radial breathing mode
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‘0
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Displacement
[ IR

0 max
Mechanical frequency: ~50 MHz
Mechanical quality factor: 103-104




Control field phase difference

* Even and odd optical modes (a,, a,) in
ring; superpositions of rotating waves

* Even/odd basis preferred
(reciprocity)

Intenisty
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Control field phase difference

* Even and odd optical modes (a,, a,) in
ring; superpositions of rotating waves

* Even/odd basis preferred
(reciprocity)

* 11/2 control phase

difference achieved by
pumping from one side

Intenisty
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Quantifying optomechanical nonreciprocity

Control arm

Probe arm w w

control ““probe
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Quantifying optomechanical nonreciprocity

Control arm

Network
Analyzer

)

SW|tch
Control

Probe arm

wcontrol wprobe
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- FOM Institute F. Ruesink, M.-A. Miri, A. Alu, and E. Verhagen, arXiv: 1607.07180

AMOLF




Quantifying optomechanical nonreciprocity

Control arm

Network
Analyzer
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Probe arm
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Quantifying optomechanical nonreciprocity

Control arm

Network
Analyzer

SW|tch
Control

Probe arm ) W control Wprobe
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F. Ruesink, M.-A. Miri, A. Alu, and E. Verhagen, arXiv: 1607.07180
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Isolation — Power dependence and bandwidth

Control arm

Network
Analyzer

Switch
Control

Probe arm

wcontrol wprobe

& 8 ' ' ' Isolation independent of

a - 4

S| e o | probe power

c @ [

o

= 4 - i

2 (unlike Kerr-based asymmetry)
014 18 2 26 30 €& Manipatruni, PRL 102, 213901 (2009),

Probe power (nW) Fan, Science 335, 447 (2012)
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Isolation — Power dependence and bandwidth

Control arm

Network
Analyzer

)

SW|tch
Control

Probe arm
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control wprobe

18 A

0.08 | _ Cooperativity: ,
E g HFm cav
= o .
E 0.04 | i 14_8| Isolation: AT o2
£ 5 — (C+1)2
< 2 .

0.00 L= - . - 10 Bandwidth:

0.0 0.1 0.2 0.3
Cooperativity Feff — (1 + C)Fm

- FOM Institute F. Ruesink, M.-A. Miri, A. Alu, and E. Verhagen, arXiv: 1607.07180

AMOLF




Nonreciprocal amplification
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Nonreciprocity without optical degeneracy
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e Superconducting circuits
LA "L
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Conclusions

* Optimal nonreciprocity in two- Soi — Sty = i det D maz=mi2)
mode (optomechanical) systems

S
. . o
* Crucial role of control field phase o f e

e Demonstrated isolation in

. 1 L
46.5 47.0 47.5

optomechanical ring resonator R T

* Building blocks of ,,
optomechanical metamaterials S

© mechanical defect mode

laser-field with different
phases on sites A,B,
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