4 )
Cavity optomechanics: platform for

nonreciprocity and synchronization
\_ J

Andreas Nunnenkamp
Cavendish Laboratory

THE

ROYAL
SOCIETY

[(Pf\‘ Eigig /\, THE WINTON PROGRAMME FOR THE
- Physics of Sustainability




a & = xypp(b+ b1 )
” Cavity optomechanics

\_ J

4 )
|S12] # [S21] Nonreciprocal devices

\_ _J

4 N

Quantum synchronization




Cavity optomechanics

H = hwe(2)aa + hwpbTh

photons phonons

For small displacements

. owe
we(Z) = wr z+ . —
oz
Two parametrically coupled oscillators radiation-pressure force
A L A A ~ A ~ R A
Hint — —hgoa a(b —+ bT) Hint = —Fx F = (ZR CLJr
AN, Borkje, and Girvin, PRL 201 | Borkje, AN, and Girvin, PRA 2010

First analysis of single-photon coupling Signature of radiation pressure shot noise



Cavity optomechanics
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® open quantum system

® coherence and dissipation

® far from equilibrium
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optomechanical I
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rich physics: steady states,
limit cycles, classical chaos
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Cavity optomechanics

th& CAL([; -+ Z;T) mechanical oscillator  driven optical cavity
fhgo(ozé&T + a*0a) (b + ?)m P Tien

g = go&x
enhanced, reconfigurable
K coupling with tunable phasej

blue-detuned

ul

lp)
cavity
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A=-wy,  A=0 A =+wp,
Input-output scattering matrix beam-splitter OND squeezer
(cooling) (entaAngIemeAnt)
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9 Aspelmeyer, Kippenberg, and Marquardt, Rev. Mod. Phys. 86, 1391 (2014)



Hybrid optomechanical technologies ‘HOT’
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Quantum-limited transducer
(microwave to optical link)
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Nonreciprocal devices
(isolator, circulator, amplifier)
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Mechanical “metamaterials”
Topological light and sound
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Nonreciprocal devices by reservoir engineering

(quantum) _ non-reciprocal device _amplifier,
source e.g. isolator, circulator read-out

1]

~Tcm

T

Transmission-
line cavity

Cooper-pair
box atom

Schoelkopf and Girvin, Nature 451, 664 (2008)

But: bulky, lossy, large magnetic fields
— searching for on-chip, reconfigurable,
magnetic-field-free, nonreciprocal device

Magneto-optical effect (YIG) Jalas et al., Nature Photonics 7,579 (2013)
breaks Lorentz reciprocity. Verhagen and Alu, Nature Physics 13,922 (2017)



Nonreciprocal devices by reservoir engineering

a1.out \ S11 Si2 1 .in
a2 out Sa1 S22 a2 in

black-box isolator

S =

0 0
I 0
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nonreciprocal if

S12| # |S21)

A

Bs2

Ranzani and Aumentado,
NJP 17,023024 (2015)

Metelmann and Clerk,
PRX 5,021025 (2015)

K Some of the recent work on non-reciprocity using reservoir engineering

Fang, ..., Painter
Nat. Phys. 13,465 (201

~
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Nonreciprocal devices by reservoir engineering

two cavities, two mechanics, four coherent drives optomechanical plaquette
with gauge-invariant phase

red-detuned

QA = AL A AL A N N A A
gﬁ\ 5 [H=—0b{bi+0bibatgn (aabi+a1bi)+g21 (a2b] +ahy)

0 T 912(&1[7; =+ CALJ{bQ) + g22 (€Z¢&Qb£ 6_7’@5&;[)2)
A=—-wnm

Artificial magnetic field for photons and phonons in a

beam-splitter “synthetic dimension” by drives (broken time reversal)

(cooling)

A A-‘- N -‘- 7
ab’ +a'b Bernier et al., Nat. Commun. 8, 604 (2017)
6 also: Peterson et al., Phys. Rev. X 7,031001 (2017)



Nonreciprocal devices by reservoir engineering

single path: reciprocal frequency conversion

a1,in ?Vv‘%j (

a2 out
—_— s
— —

Andrews et al., Nature Physics 10, 321 (2014)
Lecocq et al, PRL 116,043601 (2016)



Nonreciprocal devices by reservoir engineering

two symmetric paths: still reciprocal frequency conversion

Interference of two coupling amplitudes

S12(w) _ g11X1(w)g21 + gr2x2(w)gase™?
So1(w)  guixi(w)gar + graxa(w)geoe™

Bernier... Malz, AN..., Nat. Commun. 8,604 (2017)



Nonreciprocal devices by reservoir engineering

two asymmetric paths: non-reciprocal frequency conversion

Interference of two coupling amplitudes
(broken time reversal, dissipation, asymmetry)

S12(w) _ g11X1(w)g21 + grax2(w)gase™®
So1(w)  guixi(w)gar + graxa(w)geoe™

2
constructive interference ‘S 12| destructive interference

|Sor|°
'}

Bernier... Malz, AN..., Nat. Commun. 8,604 (2017)



Nonreciprocal devices by reservoir engineering
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Kippenberg lab

vibrating
capacitor T

L
? C(x)

LC circuit

H = hwe(2)a'a

20

nature

ARTICLES

physics

PUBLISHED ONLINE: 15 MAY 2017 | DOI: 10.1038/NPHYS4121

A dissipative quantum reservoir for microwave
light using a mechanical oscillator

L. D. T6th™, N. R. Bernier'’, A. Nunnenkamp?, A. K. Feofanov' and T. J. Kippenberg'™

(w,,.w,,)=27-(0.2,3.4) MHz
e (T,,T',)=27(30,10) Hz (891-80,) = 27+(91,12) Hz

(k,,k,) = 27+(0.2,3.4) MHz

Bernier... Malz, AN..., Nat. Commun. 8,604 (2017)



Nonreciprocal devices by reservoir engineering
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H = hwe(2)a'a
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low insertion loss,

low added noise on-chip electro-mechanical circuit!
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Quantum thermodynamics

Barzanjeh, ..., Xuereb,

N PRL 120, 060601 (2018) Bernier... Malz, AN..., Nat. Commun. 8,604 (2017)



Nonreciprocal devices by reservoir engineering

cavity 1 cavity 2

Lol

frequency w

Bernier et al., Nat. Commun. 8, 604 (2017)
Peterson et al.,, Phys. Rev. X 7,031001 (2017) Malz et al., PRL 120,023601 (2018)

Barzanjeh et al., Nat. Commun. 8,953 (2017)
22



Nonreciprocal devices by reservoir engineering

phase preserving

DPPA with four drives . . Ceo .
isolation and “impedance matching”
o o G — 4C,C,
unlimited gain (€, — C,)?
quantum limited
. . L _L 0 b1,in(V)
Sca’.cterlng m.atrlx a0\ | V2 V2 b, in(0)
(rich behavior a; ©0)) | V6 VG VG C,+6 || ay 1,(0)
off-resonance) out 4C; V4G =G a; (0)
in

23

Malz et al., PRL 120,023601 (2018)




Nonreciprocal devices by reservoir engineering

DPSA phase sensitive - QND measurement couples one optical
with six drives quadrature to the mechanical oscillators
8C,(2C, — 1)

unlimited gain —

unlimited gain-bandwidth product

quantum limited

Ul out O 0 0 O Ul in / 1 0 -1 0 / X1in
/ Vl,out\ o (0 O O O \ / Vl,in\ —|—L O 1 —1\ Pl,in\
Upou | [0 O =1 0 || Un| V2| O 0 0 0 [ Xz
\V20ut) \O \/G 0 _1) \Vzm \\/ﬁ 0 \/ﬁ 0 ) \P21n)

9y with noise scattering intensity F = 4C,/Cj. Malz et al, PRL 120,023601 (2018)



Nonreciprocal devices by reservoir engineering

<112>>O
a D ~ =
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Current rectification in serial

spinless double quantum dot
Malz and AN,
PRB 97, 165308 (2018)
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Motional Sideband Asymmetry

and Kerr-type nonlinearities
..,Malz, AN,;,...,
in preparation
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Unconditional preparation of
nonclassical massive states
Brunelli,...,AN,...,
arXiv:1804.00014
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Quantum synchronization

Letter to Royal Society of London
Christiaan Huygens “adjustment of rhythms of oscillating

(1629 — 1695) objects due to weak interaction”

o fireflies, heart, neurons, algae...

® Josephson junctions, lasers, Synchronization
spin torque oscillators... is ubiquitous!

® power networks, GPS, ...



Quantum synchronization

® driven into oscillation by an energy source
self-oscillator

(limit-cycle) oscillator ® characterized by a natural frequency
Wo ® NB.It is not a harmonic degree of freedom.
o + coupling
synchronization
y q
w1 W2 Wi W2’

injection locking + external force /,

(synchronization to = / A=w —wy

external force) Wo Focoswgt
0 \ synchronization plateay

Pikovsky, Rosenblum, and Kurths, Synchronization: A Universal Concept in Nonlinear Science, CUP (2001)




Quantum synchronization

mechanical coupling

mechanical ‘/Ias>

modes

$1¢— —¢$2

optical <wM, <wM,I
modes - -
WR Wr

Self-sustained oscillations

L'y +1ops <O
What s thefe o RRTTTTTR
synchronization in the VVVAVVVV\]VVVUJVVUVVU t

quantum regime!

Heinrich,..., Marquardt, PRL 107,043603 (201 1)
Ludwig and Marquardt, PRL 111,073603 (2013)
29 Mari, ..., Fazio, PRL Il I, 103605 (2013) & more



Quantum synchronization

simplest model: driven van der Pol oscillator

( T+ (- lm + wga :lcos(wdt)

Y1 negative damping (“battery”)

\

Balthasar van der Pol

Y2 nonlinear damping

() strength of the external driving field

A dEtunlng A — wd T WO Sir Edward Appleton



Quantum synchronization

Phase space amplitude Re[B(t)] ~ z(t) o [
in the rotating frame Im([B(t)] ~ p(t) imit cycle 7= /3, |
- N not synchronized
negative damping drive S P
- N
»=ia - A T
non-linear damping SR S
. y

Using polar coordinates = re’ L

synchronized

) x - p
- r— - | *
Q/’r v - T

A —|—- Adler (1946) overdamped S —
¢ particle Q/r > A

-
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Quantum synchronization

negative damping drive

d
LB —UA _ _
s Zﬂ+.-l

non-linear damping

~

1
D[O]p = OpOT — 5 {070, p}
non-linear damping

negative damping

Walter, Nunnenkamp, and Bruder, PRL 112,094102 (2013)

also: Lee and Sadeghpour, PRL 111,234101 (201 3)



Quantum synchronization

N
D[O]p = OpO' — % {070, p}

drive non-linear damping
dp A
dt [ P
negative damping
. . y
Add Hger = K(b'0) ) p—
W + 5K ‘ Q
2 F—
Genuine quantum features: gy B B | S
e footprint of quantized Fock levels -
® negative steady-state Wigner density : ——
wWm + K Y1
0

33 Lorch, Amitai, AN, and Bruder, Phys. Rev. Lett. I 17,073601 (2016)



Quantum synchronization

Aim: To study the tendency to phase locking 4
0.2
N (2) Pk . analytical expression i
‘ <b> ‘ i b . Fokk'er PI?an = perturbative in drive] £
: (semiclassical): : numerical solution |
~ ~ 0.1 = broad resonance 5 o master equation_ 3
bioy’ W T A
O'OO 1 > A/K 3 i 5
o )

Multiple phase locking resonances are
footprint of quantized energy levels.

_J

\—

34 (yv2/v1 =1, Ely, = 4.5, K/y, = 100)
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Lorch, Amitai, AN, and Bruder, Phys. Rev. Lett. | 1 7,073601 (2016)



Cavity optomechanics

New platform for quantum science and technology

Non-reciprocal devices with reservoir engineering

* Optomechancial isolator and circulator proposal
51| 7 1521 * Proposal for optomechanical directional amplifier

* Proposal for current rectification in double QD

Platform for synchronization in quantum regime
* Quantum noise generically destroys locking

B B * Genuine quantum features in sync identified
* “Quantum synchronization blockade”

THE Nat. Phys. 13,787 (2017)
ROYAL Nat. Comm. 8, 604 (2017)

PRL 120, 023601 (2018)
SOCIETY PRB 97, 165308 (2018)

THE WINTON PROGRAMME FOR THE PRL 112,094102 (2014)

Physics ot Sustainability AL 118, 243602 88:?;
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