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Canonical model for a cavity optomechanical system

L
€—====== >
=-hGa'ax
Optical frequency shift & = [ &] [ h = z(a) GX)
. . - d N N
Radiation pressure force F = = h1Ga T
P dx 4

measurement leads to
a radiation pressure
‘backaction’

. J

Vacuum optomechanical coupling rate g, =




Radiation pressure Dynamical backaction

Optical field responds on the mechanical motion with delay T = 1("1
d’x dx

—+Fm—+£212nx= Frp(x(t—r))

2
dt dt m .

Taylor expansion yields:

dF dF d
Fm(X(f—T))zEX—Td—X?);

Amplification Blue detuning
dF 1 A > O Dynamical backaction induced Parametric instability
. (JETP 1970, Braginsky)
P dx m

eff A < O Cooling Red detuning
(JETP 1970, Braginsky)
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Frequency domain picture

L
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Coherent exchange of quanta, cooling
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Two-mode squeezing, amplification
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Cavity optomechanics today

M. Aspelmeyer, T. J. Kippenberg, F. Marquardt.
Rev. Mod. Phys. 86, 1391 (2014)



Cavity optomechanics today
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Cavity optomechanics and reservoir engineering

K>>I k, T <hw



Cavity optomechanics and reservoir engineering

K>>I k, T <hw

Electromagnetic mode constitutes a cold dissipative bath for the mechanical sub-system.
We can prepare the state (e.g. ground state or squeezed state) of the mechanical oscillator
by controlling coupling between the mechanical resonator and the electromagnetic mode.

J. F. Poyatos, J. I. Cirac, P. Zoller. Phys. Rev. Lett. 77, 4728 (1996)
A. Kronwald, F. Marquardt, A. A. Clerk. Phys. Rev. A 88, 063833 (2013)



Cavity optomechanics and reservoir engineering

K>>I k, T <hw

K Resolved sideband cooling & amplification of \

mechanical motion

* Opto- and electromechanically induced
transparency (OMIT/EMIT)

* Back-action evading measurements

* Mechanical squeezing via optomechanical reservoir

\\ engineering /

Electromagnetic mode constitutes a cold dissipative bath for the mechanical sub-system.
We can prepare the state (e.g. ground state or squeezed state) of the mechanical oscillator
by controlling coupling between the mechanical resonator and the electromagnetic mode.

J. F. Poyatos, J. I. Cirac, P. Zoller. Phys. Rev. Lett. 77, 4728 (1996)
A. Kronwald, F. Marquardt, A. A. Clerk. Phys. Rev. A 88, 063833 (2013)



Cavity optomechanics and reservoir engineering

K>>I k, T <hw

Can we turn the mechanical resonator into a reservoir for light?

Electromagnetic mode constitutes a cold dissipative bath for the mechanical sub-system.
We can prepare the state (e.g. ground state or squeezed state) of the mechanical oscillator
by controlling coupling between the mechanical resonator and the electromagnetic mode.
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Cavity optomechanics and reservoir engineering

K>>I k, T <hw

Can we turn the mechanical resonator into a reservoir for light?

Yes!
We need
K<<l
m

Electromagnetic mode constitutes a cold dissipative bath for the mechanical sub-system.
We can prepare the state (e.g. ground state or squeezed state) of the mechanical oscillator
by controlling coupling between the mechanical resonator and the electromagnetic mode.

J. F. Poyatos, J. I. Cirac, P. Zoller. Phys. Rev. Lett. 77, 4728 (1996)
A. Kronwald, F. Marquardt, A. A. Clerk. Phys. Rev. A 88, 063833 (2013)



The reversed dissipation regime

Optomechanical interactions
A=-Q
m

H_ =~-hg \|n (5&Tb+5&bT)
int 0 c
Coherent exchange of quanta, cooling

Electromagnetic mode damps
mechanical oscillator on red sideband

Conventional dissipation hierarchy: K > r
m

A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J. Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)



The reversed dissipation regime

Optomechanical interactions
A=-Q
m

H._ ~—hg0\/7(5aTb+5abT)

Coherent exchange of quanta, cooling

Electromagnetic mode damps
mechanical oscillator on red sideband

A=+Q
H_ = —i‘zgo\/i(é&)rbT + 6ab)

Amplification and two mode squeezing
Electromagnetic mode amplifies
mechanical oscillator on blue sideband

Conventional dissipation hierarchy: K > r

A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J. Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)



The reversed dissipation regime

Optomechanical interactions
A=-Q
m

H._ ~—hg0\/7(5aTb+5abT)

Coherent exchange of quanta, cooling

Electromagnetic mode damps
mechanical oscillator on red sideband

A=+Q
H_ = —i‘zgo\/i(é&)rbT + 6ab)

Amplification and two mode squeezing
Electromagnetic mode amplifies
mechanical oscillator on blue sideband

Conventional dissipation hierarchy: K>T I'  —«K
m eff eff

Change in the mechanical damping rate,

Reversed dissipation hierarchy : K<< _ ,
m becomes change in the optical decay rate.

A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J. Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)



The reversed dissipation regime

Reversed dissipation hierarchy : K << Fm Feff — Keff

Change in the mechanical damping rate,

becomes change in the optical decay rate.

A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J. Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)



The reversed dissipation regime

. o o . : K << I_‘
Reversed dissipation hierarchy . Feff — Keff

Change in the mechanical damping rate,
becomes change in the optical decay rate.

Qm/lﬁ:104:

Qp /Ty = G = 10 Change in the electromagnetic decay rate

(mechanical damping)

I n I n

K — efng c _ efng c
om 2 2 2 2
(T /72 +(A+Q ) (I ,/2)"+(A-Q )
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The reversed dissipation regime

. o o . : K << I_‘
Reversed dissipation hierarchy . Feff — Keff

Change in the mechanical damping rate,
becomes change in the optical decay rate.
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Change in the electromagnetic resonance freq.

1—‘effgoznc(A_ Qm) _ I_‘effgoznc(A-I_ Qm)

Aa)om = 2 2 2 2
(Feff/Z) +(A+Qm) (Feff/Z) +(A—Qm)
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The reversed dissipation regime

. o o . : K << I_‘
Reversed dissipation hierarchy . Feff — Keff

Change in the mechanical damping rate,
becomes change in the optical decay rate.
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Change in the electromagnetic resonance freq.
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Aa)om = 2 2 2 2
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Modified cavity response

K
Sp(@)=1-
(K, +k_+K _)/2+i(w,+A0 —o)
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The reversed dissipation regime

. o o . : K << I_‘
Reversed dissipation hierarchy . Feff — Keff

Mechanics amplifies electromagnetic mode on blue sideband | Change in the mechanical damping rate,
becomes change in the optical decay rate.
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Qp /Ty = G = 10 Change in the electromagnetic decay rate
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Amplification in the reversed dissipation regime

Amplification scheme Fm > K
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Amplification in the reversed dissipation regime

Amplification scheme Fm > K

Glasl ,

unstable
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&O = A(G))&m + B(w) CAZ;; + C(w)b._+ D(w) biz The system operates as a phase
) IBj<|A| |Cv—‘| D preserving parametric amplifier
< <

Noise added by the amplifier

1 Providing a dissipative but cold mechanical
> 4C T oscillator therefore realizes a quantum limited
D(o)| 2 1 ) o .
N =( " . = —= >N+ phase preserving amplifier based on a mechanical
A(a))‘ (C+1) 2 oscillator

A. Nunnenkamp, V. Sudhir, A. K. Feofanoyv, A. Roulet, T. J. Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)

C. M. Caves. Phys. Rev. D 26, 1817 (1982)



Two-mode implementation of the reversed dissipation regime

A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J. Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)



Two-mode implementation of the reversed dissipation regime

N ampllfiler mode cooling mode
, Is
£ :
a | pump cooling
3 tone
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C()pump Wcool 0)2

A. Nunnenkamp, V. Sudhir, A. K. Feofanov, A. Roulet, T. J.

Q >K. >K
m 2

Realization of RDR:
The second mode establishes the RDR
with respect to the amplifier mode:

L, = I‘m(C2 +1)

Feff—>K2/2>>K

4G22 >

K2F

for C, =

Kippenberg. Phys. Rev. Lett. 113, 023604 (2014)



Circuit design and fabrication




Process flow — dual-mode circuits

Flowable oxide

1,3,9: metal and sacrificial layer (Si) deposition
2,8,10: metal and Si etch

4,5: planarization of Si layer (for split-plate drums)
6,7: lithography to open Si layer (with reflow)

11: releasing the drum capacitor (XeF,) K. Cicak et al. Appl. Phys. Lett. 96, 093502 (2010)



New approach — hybrid modes
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New approach — hybrid modes
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mechanical element
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New approach — hybrid modes
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New approach — hybrid modes
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New approach — hybrid modes
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0000 0000
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mechanical element CTKS,a=\/5 (&liﬁz)

H=hw,+J)aa +n(w,—J)aa + Zhwk éfe,

Bright and dark modes

_I_hz( o &é )—I—hZ(g" —g(? Q Z—I—Hc) due to interference



Circuit layout
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L. D. Toth et al. Nature Physics 13, 787-793 (2017)
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Circuit layout
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Measurement setup




Measurement setup

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



Device characterization

b0

mechanical element

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



Device characterization

S80S

mechanical element

o /2r x/2r 0, /2rk, /28 Q /27 T, /27 g,/2n
43GHz  118kHz 54GHz 44MHz 5MHz  ~30Hz ~120Hz

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



Device characterization

Dark mode Bright mode

S80S

mechanical element

o /2r x/2r 0, /2rk, /28 Q /27 T, /27 g,/2n
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Device characterization

Dark mode Bright mode 2w
%o |
0800 5000
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mechanical element

o /2r x/2r 0, /2rk, /28 Q /27 T, /27 g,/2n
43GHz  118kHz 54GHz 44MHz 5MHz  ~30Hz ~120Hz

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



Device characterization

Dark mode Bright mode 2 e
%o |
0000 5000
Y
Koaux ™~ 40K || —

mechanical element

o /2r x/2r 0, /2rk, /28 Q /27 T, /27 g,/2n
43GHz  118kHz 54GHz 44MHz 5MHz  ~30Hz ~120Hz

With these parameters we can easily damp the mechanics to I~ 2rx550 kHz = 5«

Q >1 >«
m eff

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



Preparation of a dissipative reservoir

200 T T T T
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Intracavity photon number in cooling mode (-107)
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', ;» measured with read-out mode [kHz]
\

o
=

* Prepare of a dissipative reservoir

by increasing Iy / 21 to 550 kHz A .
K :
 Create close to Markovian dissipative bath B | D s\
for electromagnetic mode :
Qm > 1ﬂeff > K wc waux

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



“Mechanical” spring effect

Fix pump power (5 dBm) and sweep detuning
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Relative pump detuning (MHz)

Feffgoznp(A— Q) Feffgoznp(A+Qm)

W, = -
M (T, /2 +(A+Q ) (T,/2°+(A-Q )

L. D. Toth et al. Nature Physics 13, 787-793 (2017)
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cooling pump



Electromagnetic dynamical backaction

Fix pump power (5 dBm) and sweep detuning

2 2
1—‘effg.O np 1—‘effg.O np

Kom = 2 2 2 2
(Feff/Z) +(A+Qm) (Feff/Z) +(A—Qm)

L. D. Toth et al. Nature Physics 13, 787-793 (2017)

Qm Qm
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swept pump cooling pump
around SB
VNA



(De)amplification by mechanical reservoir engineering

A=-Q
m
|
Ok = 0.8
a\ \
S
~ 10 \ 1 Hoa
)
—20F .
0.0
| | |
—100 0 100 ¢
Probe detuning Ay /27 (kHz)
10 | | | |
) undercoupled
o oL KO + Kom > Kex
)
3
I —10
3 B
N
— —20
@A
—30 |
—0.6 —0.4 —0.2 0.0 0.2 0.4 0.6 0.8
_K'/om/ﬁ'/
KO B Kex + Kom
Ko = TCK Sj(o=0,)=
K‘O +K +K
X om

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering

—10F \// | 0.4

S1112 (dB)

—20F .
0.0
| | |
—100 0 100 ¢
Probe detuning Ay /27 (kHz)
10 | | | |
) undercoupled
o ok KO + Kom > Kex
3
Il =10} Emg B
3 \"'
N
— —20}F
)
_30 ] ] ] ]
—0.6 —0.4 —0.2 0.0 0.2 0.4 0.6 0.8
—Kom / K
KO B Kex + Kom
Ko = TCK Sj(o=0,)=
K‘O +K +K
X om

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering
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(De)amplification by mechanical reservoir engineering
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reservoir

Demonstrates electromagnetic
control over the cavity damping
rate, via mechanical dissipative




Saa(w) (photons / (s Hz))

Maser using a mechanical dissipative reservoir

* Linewidth narrows as we
increase pump power.

* Above threshold, the
noise turns into self-
sustained oscillations in
the cavity.

1010
_ K (K —K
Saa(w): 1_|_ ” ex( ex eff) (nm_'_%)
CoY 4w,y
10° 0 0.9 1?0 Ck K |
Cooperativity C + X (neff + %)

Y +(@-w,)

—_
(e}
(@)

—100 0 100 L
Frequency offset from w. /27 (kHz) K.=0-C)x

First observation of dynamical backaction on an electromagnetic mode

L. D. Toth et al. Nature Physics 13, 787-793 (2017)



Raman amplifier

Stimulated Raman Scattering (SRS)
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Phonons (idler mode population) decay quickly
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Amplification by mechanical reservoir engineering
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Noise added by the electromechanical amplifier (chip B)

in HEMT out
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Nyemt = 22.5 £ 0.25 quanta

n = 0.65 + 0.08 quanta




Summary

Realized electromechanics in the reversed dissipation regime

* Control over electromagnetic cavity properties
via cold dissipative mechanical reservoir

* Near-quantum-limited amplification of microwave field
* Maser action

More generally, realized a dissipative mechanical reservoir for microwaves:
a prerequisite for a new class of dissipative optomechanical interaction

Nature Physics 13, 787-793 (2017)



Thank you

L. D. Toth N. R. Bernier A. Nunnenkamp  T. J. Kippenberg



