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• 17 cm radius x 20 cm thickness
• mass = 40 kg

LIGO (Laser Interferometer Gravitational-Wave Observatory)

http://gw.iucaa.in/cabinet-grants-in-principle-approval-to-ligo-india/


Nano mechanical systems for sensing

Mechanical sensing of displacement, force, mass, single spins…
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LIGO Livingston
Nano mechanical systems 
for practical applications
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Nano mechanical systems in the quantum regime

1. Quantum-limited sensors based on nano mechanical systems

Mechanical sensing of displacement, force, mass, single spins…

Displacement sensitivity
attometer-scale (10-18 m)

O. Arcizet et al., 
PRL 97, 133601  (2006)

Force sensitivity
zeptonewton-scale

(10-21 N)

H. J. Mamin et al., 
APL 79, 3358  (2001)

Mass sensitivity
yoctogram-scale

(10-24 g)

A. K. Naik et al., 
Nature Nano. 4, 445 (2009)

Magnetic sensitivity
single e spin-level

D. Rugar et al., 
Nature 430, 329 (2004)



Nano mechanical systems in the quantum regime

2. Quantum phenomena from macroscopic mechanical objects

Schrodinger cat state

Quantum phenomena 
at single atom, single photon level

G. Nogues et al., 
Nature 400, 239 (1999)

C. J. Myatt et al., 
Nature 403, 269 (2000)

Quantum phenomena 
from massive mechanical objects

• Non-classical mechanical states

• Quantum decoherence mechanism

• Interface of QM/CM



Nano mechanical systems in the quantum regime

3. Universal quantum interface in hybrid quantum network

K. Stannigel et al., PRL (2010)

D. Lee et al., JOP (2017)

Mechanical oscillator

MW photon Optical photon

R. Andrews et al., Nat. Phys. (2014)



Nano mechanical systems in the quantum regime

3. Universal quantum interface in hybrid quantum network

Diamond mechanical oscillator

Spin qubits
(e.g. NV centers)

In this talk: diamond hybrid quantum system



Outline

• When Phonon met Photon (Cavity Optomechanics)

• Ground state cooling and sidebands asymmetry

• Multimode optomechanics

• When Phonon met Spin (Diamond Hybrid System)

• Strain-spin state coupling

• Strain-orbital state coupling

• Future applications
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Cavity photons + mechanical oscillator

mechanical
resonator

input 
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Microwave resonator



Various “optical cavity + mechanical oscillator” devices
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• Radiation pressure: very tiny force

e.g.  Sunlight on a mirror (1kW/m2)

 Radiation Pressure:  10-5 N/m2

Cavity optomechanics

Mirror

Photons

High reflectivity (99.999%)

IBM

(D. Rugar et al)

High force sensitivity (1 aN/Hz½  )

• Solution:  “Optical Cavity” +  “Micro-Mechanics”

Many impacts/photon Enhanced response to small force
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Laser
Optical cavity

LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Basic concepts of cavity optomechanics

Optical Cavity:

• Resonance frequency, 

𝜔𝑐 = 2𝜋𝑛
𝑐

2𝐿
= 2𝜋𝑛𝑓𝐹𝑆𝑅 (𝑛 = 1, 2… )

MirrorMirror 𝐿

𝜔𝑐 , 𝜅



Laser BS
Optical cavity

LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Basic concepts of cavity optomechanics

Optical Cavity:

• Resonance frequency, 

𝜔𝑐 = 2𝜋𝑛
𝑐

2𝐿
= 2𝜋𝑛𝑓𝐹𝑆𝑅 (𝑛 = 1, 2… )

MirrorMirror 𝐿

𝜔𝑐 , 𝜅

A
m

p
lit

u
d

e
P

h
as

e

Δ𝐿

Amplitude/phase
Detector



𝑥, 𝜔𝑚

𝑘, 𝛾

Laser BS
Optical cavity
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Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

Optical Cavity:

• Resonance frequency, 

𝜔𝑐 = 2𝜋𝑛
𝑐

2𝐿
= 2𝜋𝑛𝑓𝐹𝑆𝑅 (𝑛 = 1, 2… )

Mechanical Oscillator:

• Damped harmonic oscillator
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Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

Optical Cavity:

• Resonance frequency, 
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2𝐿
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Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

𝜙 𝑜𝑟 𝑥

𝑡

𝜔𝑚

𝜔𝑐 , 𝜅
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Mirror 𝐿
“Movable” Mirror
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Mechanical oscillator

𝜙 𝑜𝑟 𝑥

𝑡

1/𝛾

𝜔𝑐 , 𝜅
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𝑡

𝜔𝑐 , 𝜅
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Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

𝑆𝑥𝑥 𝜔

𝜔

𝜔𝑚

𝑥2 ~𝑘𝐵𝑇𝑏𝑎𝑡ℎEquipartition theorem

1

2
𝑚𝜔𝑚

2 𝑥2 =
1

2
𝑘𝐵𝑇 = ℏ𝜔𝑚 ത𝑛 +

1

2

Area underneath Brownian motion

~ mode temperature, 𝑇

~ phonon number, ത𝑛

𝜔𝑐 , 𝜅

Imprecision noise



𝑥, 𝜔𝑚

𝑘, 𝛾
𝑇𝑏𝑎𝑡ℎ

Laser BS
Optical cavity

Amplitude/phase
Detector

LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Optical reading of mechanical motion

Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

𝑆𝑥𝑥 𝜔

𝜔

𝜔𝑚

Brownian motion at 𝑇𝑏𝑎𝑡ℎ

Quantum motion
(Zero point fluctuation)

𝑥𝑍𝑃𝐹 =
ℏ

2𝑚𝜔𝑚

𝜔𝑐 , 𝜅
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Controlling (e.g. cooling) of mechanical motion

Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

𝑆𝑥𝑥 𝜔

𝜔

𝜔𝑚

Reduce Brownian motion by

• lower bath temperature (refrigerator cooling)

decrease 𝑇𝑏𝑎𝑡ℎ

𝜔𝑐 , 𝜅

A. D. O’Connell et al., Nature (2010)

𝜔𝑚/2𝜋 = 6 GHz, 𝑇 = 25 mK

ത𝑛 ∼ 0.1
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Controlling (e.g. cooling) of mechanical motion

Mirror 𝐿
“Movable” Mirror
𝑥 is dynamic variable
Mechanical oscillator

𝑆𝑥𝑥 𝜔

𝜔

𝜔𝑚

Reduce Brownian motion by

• lower bath temperature (refrigerator cooling)

• inelastic interaction with photons (laser cooling) 

decrease 𝑇𝑏𝑎𝑡ℎ

𝜔𝑐 , 𝜅



𝑥, 𝜔𝑚

𝑘, 𝛾
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Laser cooling of mechanical motion

In: 𝜔𝑝

Frequency

E
~

𝜔𝑝

probe

Out: 𝜔𝑝



𝑥, 𝜔𝑚

𝑘, 𝛾
𝑇𝑏𝑎𝑡ℎ

LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Laser cooling of mechanical motion

In: 𝜔𝑝

Frequency

E
~

𝜔𝑝

probe

Stokes

𝜔𝑝 +𝜔𝑚𝜔𝑝 − 𝜔𝑚

anti-Stokes

Out: 𝜔𝑝

𝜔𝑝 +𝜔𝑚

𝜔𝑝 − 𝜔𝑚

• Laser cooling
• Raises phonon number
• Signal proportional to ത𝑛 + 1

• Laser heating
• Lowers phonon number
• Signal proportional to ത𝑛
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Laser cooling of mechanical motion

In: 𝜔𝑝

Out: 𝜔𝑝

Frequency

E
~

𝜔𝑝

probe

𝜔𝑝 +𝜔𝑚

𝜔𝑝 − 𝜔𝑚

Stokes

𝜔𝑝 +𝜔𝑚𝜔𝑝 − 𝜔𝑚

anti-Stokes

Optical cavity

𝜔𝑐 , 𝜅

Density of states
(cavity photons)



𝑥, 𝜔𝑚
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Laser cooling of mechanical motion

In: 𝜔𝑝

Out: 𝜔𝑝

Frequency

E
~

𝜔𝑝 +𝜔𝑚

𝜔𝑝 − 𝜔𝑚

Optical cavity

𝜔𝑐 , 𝜅

“heating”:
suppressed by cavity

“cooling”:
enhanced by cavity

Δ = −𝜔𝑚
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LIGO (Laser Interferometer Gravitational-Wave Observatory)LIGO (Laser Interferometer Gravitational-Wave Observatory)Laser cooling of mechanical motion

Frequency

E
~

Optical cavity

𝜔𝑐 , 𝜅

Δ = 0

Probe beam

Δ = −𝜔𝑚

Cooling beam

Cooling beam

Probe beam



Outline of experimental set-up at Yale Univ. (Jack Harris group)

High Q Si3N4 membrane, 1 𝑚𝑚 × 1𝑚𝑚 × 50 𝑛𝑚

Τ𝜔𝑚 2𝜋 ~ 705 kHz , 𝑄 ~ 5 × 106

1mm

𝑇𝑏𝑎𝑡ℎ ~ 300 mK



Laser-assisted cooling of mechanical motion

𝑃𝑐𝑜𝑜𝑙 = 0

ത𝑛 = 192

P
SD

• Blue sideband area: 𝑚𝜔𝑚ۦ ۧ𝑥2 = ℏ𝜔𝑚 ത𝑛

• Red sideband area: 𝑚𝜔𝑚ۦ ۧ𝑥2 = ℏ𝜔𝑚(ത𝑛 + 1)



Laser-assisted cooling of mechanical motion

𝑃𝑐𝑜𝑜𝑙 = 0

𝑃𝑐𝑜𝑜𝑙 = 34 μW

𝑃𝑐𝑜𝑜𝑙 = 158 μW

𝑃𝑐𝑜𝑜𝑙 = 415 μW

M. Underwood et al., PRA (2015)

ത𝑛 = 192

ത𝑛 = 9.59

ത𝑛 = 2.14

ത𝑛 = 0.84 ± 0.22

Ground state cooling!



Laser-assisted cooling of mechanical motion

M. Underwood et al., PRA (2015)

Sideband 
asymmetry

• Sideband asymmetry: 

𝜉 =
𝐴 𝑟

𝐴 𝑏 − 1 =
ത𝑛+1

ത𝑛
− 1 =

1

ത𝑛

𝜉 = 0.005

𝜉 = 0.1

𝜉 = 0.47

𝜉 = 1.15

• Ground state cooling

• Observation of sideband asymmetry

(due to quantum motion)

~ ത𝑛 + 1 ~ ത𝑛



Ground state cooling of macroscopic mechanical objects

1mm

This work: laser cooling ∼ 40 ng oscillator to ഥ𝒏 < 𝟏

O. Painter (Caltech)

Simmonds/Teufel/Lehnert
(JILA/NIST/Boulder)

K. Schwab (Caltech)

Cleland/Martinis (UCSB)J. Teufel et al. Nature (2011)
A.D. O’Connell et al. Nature (2010)

J. Suh et al. Science (2014)

J. Chan et al. Nature (2011)

Similar results from 
C. Regal (JILA/Boulder)



Ground state cooling of macroscopic mechanical objects

1mm

This work: laser cooling ∼ 40 ng oscillator to ഥ𝒏 < 𝟏

O. Painter (Caltech)

Simmonds/Teufel/Lehnert
(JILA/NIST/Boulder)

K. Schwab (Caltech)

Cleland/Martinis (UCSB)J. Teufel et al. Nature (2011)
A.D. O’Connell et al. Nature (2010)

J. Suh et al. Science (2014)

J. Chan et al. Nature (2011)

Similar results from 
C. Regal (JILA/Boulder)



Ground state cooling of macroscopic mechanical objects

• 17 cm radius x 20 cm thickness
• mass = 40 kg

1mm

• 1mm
• mass = 40 ng

Quantum phenomena from LIGO mirrors or human size objects?



Recent progress in cavity optomechanics

• Mechanical ground state (UCSB, JILA/NIST, Caltech, Yale)

• Entangled with qubits, photons (UCSB, JILA/NIST)

• Radiation pressure shot noise, squeezed light (Caltech, Berkeley, JILA, Yale)

• Back action evasion measurement (Caltech, JILA/NIST)

• Quantum squeezed mechanical states (Caltech, NIST, Aalto)

• Phonon counting (Caltech)

• Multimode optomechanics (Yale, Caltech)

• Topological energy transfer via exceptional points (Yale)

• …

• Hybrid quantum systems based on mechanical oscillators



Outline

• When Phonon Met Photon (Cavity Optomechanics)

• Ground state cooling and sidebands asymmetry

• Multimode optomechanics

• When Phonon met Spin (Diamond Hybrid System)

• Strain-spin state coupling

• Strain-orbital state coupling

• Future applications



Various hybrid systems: mechanical oscillator + two-level systems

ȁ ۧ𝑔

ȁ ۧ𝑒𝜆

Ω

Phonons Two-level 
systems

෠𝑏, 𝜔𝑚

• non-linear interaction

• non-classical mechanical states 

e.g. Schrodinger cat states

• hybrid quantum systems

Mechanical oscillator ↔ Solid-state defects or QDs

Mechanical oscillator ↔ Ultracold atoms 

S. Camerer et al., PRL (2011)

Mechanical oscillator ↔ Superconducting qubits

D. Rugar et al.,
Nature (2004)

S. Kolkowitz et al.,
Science (2012)

I. Yeo et al.,
Nat. Nano. (2014)

M. Montinaro et al., 
Nano Lett. (2014)

A. D. O’Connell et al., Nature (2010)



Various hybrid systems: mechanical oscillator + two-level systems

ȁ ۧ𝑔

ȁ ۧ𝑒𝜆

Ω

Phonons Two-level 
systems

෠𝑏, 𝜔𝑚

• non-linear interaction

• non-classical mechanical states 

e.g. Schrodinger cat states

• hybrid quantum systems

Diamond mechanical oscillator

Spin qubits
(e.g. NV centers)

10 𝜇𝑚

Q ~ 400,000

Diamond hybrid quantum system





Nitrogen-vacancy defects in diamond

Ground state
S = 1

Excited states

NV defects in diamond 

• Spin qubits in solid state material

• Optical preparation and readout of spin state

• Long coherence time even at RT (e.g. T2 ∼ ms)

• High field sensitivity e.g. magnetic, electric, strain 

field

- -



Nitrogen-vacancy defects in diamond

Ground state
S = 1

Excited states

ȁ ۧ0

ȁ ۧ−1

ȁ ۧ+1

𝐷0~ 2.9 GHz

Ground state
S = 1

NV defects in diamond 

• Spin qubits in solid state material

• Optical preparation and readout of spin state

• Long coherence time even at RT (e.g. T2 ∼ ms)

• High field sensitivity e.g. magnetic, electric, strain 

field

No strain

- -



Nitrogen-vacancy defects in diamond

Ground state
S = 1

Excited states

ȁ ۧ0

ȁ ۧ−1

ȁ ۧ+1

𝐷0~ 2.9 GHz

Ground state
S = 1

NV defects in diamond 

• Spin qubits in solid state material

• Optical preparation and readout of spin state

• Long coherence time even at RT (e.g. T2 ∼ ms)

• High field sensitivity e.g. magnetic, electric, strain 

field

No strain Axial strain

- -



Nitrogen-vacancy defects in diamond

Ground state
S = 1

Excited states

ȁ ۧ0

ȁ ۧ−1

ȁ ۧ+1

𝐷0~ 2.9 GHz

Ground state
S = 1

NV defects in diamond 

• Spin qubits in solid state material

• Optical preparation and readout of spin state

• Long coherence time even at RT (e.g. T2 ∼ ms)

• High field sensitivity e.g. magnetic, electric, strain 

field

No strain Axial strain Transverse strain

ȁ ۧ−

ȁ ۧ+

- -



AOM

Green

Laser
APD

Objective 

Lens

Linear

Polarizer
HWP

Dichroic

BS (green)

Fast Stirring

Mirror
Confocal 

Lens

Confocal

Lens

Mirrors

HV chamber

Diamond

Cantilever

Confocal optics setup for ground state measurement



Confocal image of cantilever

Confocal image of mechanical oscillator and NV centers

30 18 6

kCounts/sec

15 μm



Confocal image of cantilever

Confocal image of mechanical oscillator and NV centers

30 18 6

kCounts/sec

15 μm

Confocal image of NV centers

1 μm

-250 0 250

MPa

• Stress/strain simulation (COMSOL)
• Fundamental flexural mode (e.g. 𝑓𝑚~ 900 kHz)
• Drive motion with a piezo actuator



Spin state coupled to mechanical motion

• AC parallel strain modulates at mechanical frequency

• AC perpendicular strain modulates at twice mechanical frequency

𝐸± 𝑠 = 𝐷0 + 𝒅∥𝜺∥ ± (𝜸𝑵𝑽𝑩𝒛)
𝟐+(𝒅⊥𝜺⊥)

𝟐

𝐶3𝑣 symmetry group 

Three mirror planes

120o, 240o rotation 



Spin state coupled to mechanical motion

Mechanical 

motion

Axial strain measurement

𝑑∥𝜀∥

𝑑⊥𝜀⊥

Transverse strain measurement

e.g. Hahn echo pulse sequence e.g. XY4 pulse sequence



Spin state coupled to mechanical motion

Axial strain measurement

𝑑∥𝜀∥

𝑑⊥𝜀⊥

Transverse strain measurement

e.g. Hahn echo pulse sequence e.g. XY4 pulse sequence

Mechanical 

motion

𝜏

𝑑∥ = 13.4 ± 0.8 GHz/strain
𝑑⊥ = 21.5 ± 0.8 GHz/strain

Destructive interference

P. Ovartchaiyapong et al., Nat. Comm. (2014)

Revival of spin coherence when 𝜏 =
2𝑛𝜋

𝜔𝑚



Orbital state coupled to mechanical motion

Ground state
S = 1

Excited states

No strain

ห ൿ𝐸𝑦

ȁ ۧ𝐸𝑥

ȁ ۧ0

𝜆𝑍𝑃𝐿 = 637 nm

≈
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Orbital state coupled to mechanical motion

Ground state
S = 1

Excited states

No strain Axial strain

ห ൿ𝐸𝑦

ȁ ۧ𝐸𝑥

ȁ ۧ0

Transverse strain

𝜆𝑍𝑃𝐿 = 637 nm

≈
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Orbital state coupled to mechanical motion

Ground state
S = 1

Excited states

No strain Axial strain

ห ൿ𝐸𝑦

ȁ ۧ𝐸𝑥

ȁ ۧ0

Transverse strain

𝜆𝑍𝑃𝐿 = 637 nm

≈

K. Lee et al., PR Applied (2016)



NV center + mechanical oscillators

~ 1 km

~1 mm

K. Lee et al., PR Applied (2016)

𝜆∥1 = −1.95 ± 0.29 PHz/strain

𝜆∥2 = 2.16 ± 0.32 PHz/strain

𝜆⊥1 = −0.85 ± 0.13 PHz/strain

𝜆⊥2 = 0.02 ± 0.01 PHz/strain

Orbital-strain coupling constants

𝑑∥ = 13.4 ± 0.8 GHz/strain

𝑑⊥ = 21.5 ± 0.8 GHz/strain

Spin-strain coupling constants

P. Ovartchaiyapong et al., Nat. Comm. (2014)



Application #1: strain-controlled of NV’s spin and optical states

Energy matching

• Indistinguishable single photon source

• Energy and polarization matching

Polarization matching

NV A

NV B

K. Lee et al., PR Applied (2016)



Application #2: strain-mediated spin-spin interactions

Strain-mediated long range interactions

NV A
NV B

D. Lee et al., JOP (2017)

𝐻𝑖𝑛𝑡 = 𝜆 𝜎𝐴
+𝜎𝐵

− + 𝜎𝐴
−𝜎𝐵

+

𝜆 = Τ2𝑔⊥
2 Δ

For quantum regime, require high cooperativity:

𝜂 = 2𝜋
𝑔⊥

2𝑇2𝑄

𝜔𝑚 ത𝑛
> 1

S. Bennett et al., PRL (2013)

System parameters:
• 2 µm × 100 nm × 50 nm
• 𝜔𝑚 ≈ 240 MHz 
• Q = 106

• T = 100 mK
• T2 = 100 ms

𝜂 = 1.9

1 μm



Application #3: strain-controlled phonon cooling and lasing

D. Lee et al., JOP (2017)



Application #3: strain-controlled phonon cooling and lasing

D. Lee et al., JOP (2017)

Resonant cooling 

K. Kepesidis et al., PRB (2013)

෨Γ𝑐𝑜𝑜𝑙𝑖𝑛𝑔 ≈
𝜆⊥

2

Γ

4Ω2

Γ2
Ω Γ

𝜔𝑚

ȁ ۧ0

ห ൿ𝐸𝑦

ȁ ۧ𝐸𝑥

1 μm

• 2 µm × 100 nm × 50 nm
• 𝜔𝑚 ≈ 1 GHz 
• Q = 105

• T = 4 K
• Ω = 100 MHz
• Γ = 100 MHz

ത𝑛 = 0.4



Application #3: strain-controlled phonon cooling and lasing

D. Lee et al., JOP (2017)

20 μm

M. Burek et al., Optica (2016)D. Golter et al., PRL (2016)UCSB (unpublished)



Summary

• Phonon met photon : cavity optomechanics

• Phonon met spin : diamond hybrid quantum systems

Research at KU

Phonon met photon and spin
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Extra slides



Single mode cavity optomechanics

Mechanical mode
෠𝑏, 𝜔𝑚

𝑥

Cavity mode
ො𝑎, 𝜔𝑐

෡𝐻 = ℏ𝜔𝑐 𝑥 ො𝑎† ො𝑎 + ℏ𝜔𝑚
෠𝑏† ෠𝑏 + ⋯

Recent progress based on single mode optomechanics:

Cavity mode Mechanical mode

linear Interaction
𝜔𝑐 𝑥 ∝ ො𝑥

• Mechanical ground state (UCSB, JILA/NIST, Caltech, Yale)

• Entangled with qubits, photons (UCSB, JILA/NIST)

• Radiation pressure shot noise, squeezed light (Caltech, Berkeley, JILA, Yale)

• Back action evasion measurement (Caltech, JILA/NIST)

≈ ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏 + ℏ𝑔ො𝑎† ො𝑎 ෠𝑏 + ෠𝑏† +⋯

Single mode
Hamiltonian

ො𝑥 = 𝑥𝑧𝑝𝑓 ෠𝑏 + ෠𝑏†



Multi-mode optomechanics

Multi-mode Hamiltonian

෡𝐻 =෍

𝑘

ℏ𝜔𝑐,𝑘 ො𝑎𝑘
† ො𝑎𝑘 +෍

𝑗

ℏ𝜔𝑚,𝑗
෠𝑏𝑗
† ෠𝑏𝑗 + ℏ෍

𝑗,𝑘,𝑙

𝑔𝑘𝑙
𝑗
ො𝑎𝑘

† ො𝑎𝑙 ෠𝑏𝑗 + ෠𝑏𝑗
†
+⋯

Why multi-mode ? • Enhanced displacement sensitivity

• Energy transfer between modes

• Non-linear dynamics, hybridization, synchronization

• QND (quantum non-demolition) measurement

• Optomechanical arrays, circuits

ො𝑎1, 𝜔𝑐,1

Two cavity modes +  a mechanical mode

ො𝑎2, 𝜔𝑐,2
෠𝑏, 𝜔𝑚

෠𝑏1, 𝜔𝑚,1

෠𝑏2, 𝜔𝑚,2

ො𝑎, 𝜔𝑐

• QND measurement of phonons, photons • Topological energy transfer via EPs

Two mechanical modes + a cavity mode



ො𝑎1, 𝜔𝑐,1

Two cavity modes +  a mechanical mode

ො𝑎2, 𝜔𝑐,2
෠𝑏, 𝜔𝑚

• QND measurement of phonons, photons



Two cavity modes +  a mechanical mode

෠𝑏, 𝜔𝑚

ො𝑎1, 𝜔𝑐,1

ො𝑎2, 𝜔𝑐,2

1mm

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

Si3N4 membrane
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Displacement, 𝑥

ො𝑎1

ො𝑎2

Τ𝜔𝑚 2𝜋 =
100𝑠 kHz ~ MHz

𝑄 = 106 ~107



Two cavity modes +  a mechanical mode

෠𝑏, 𝜔𝑚

ො𝑎1, 𝜔𝑐,1

ො𝑎2, 𝜔𝑐,2

1mm

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

Si3N4 membrane
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n

cy
 

Displacement, 𝑥

ො𝑎1

ො𝑎2

෡𝐻 = Ԧ𝑎†𝑴Ԧ𝑎 + ℏ𝜔𝑚
෠𝑏† ෠𝑏 +⋯

𝑴 =
𝜔𝑐,1 + 𝑔1𝑥 𝑡𝑒𝑖𝜙

𝑡𝑒−𝑖𝜙 𝜔𝑐,2 + 𝑔2𝑥
, Ԧ𝑎 =

ො𝑎1
ො𝑎2

2𝑡

Τ𝜔𝑚 2𝜋 =
100𝑠 kHz ~ MHz

𝑄 = 106 ~107



Two cavity modes +  a mechanical mode

ො𝑎1, 𝜔𝑐,1

ො𝑎2, 𝜔𝑐,2

෠𝑏, 𝜔𝑚

Theory plot

TEM00

TEM{20, 11, 02}

D. Lee et al., Nature Comm. 6, 6232 (2015)



Two cavity modes +  a mechanical mode

ො𝑎1, 𝜔𝑐,1

ො𝑎2, 𝜔𝑐,2

෠𝑏, 𝜔𝑚

Theory plot

TEM00

TEM{20, 11, 02}

linear

quadratic

𝜔𝑐 ∝ 𝑥

𝜔𝑐 ∝ 𝑥2

D. Lee et al., Nature Comm. 6, 6232 (2015)



linear

quadratic

𝜔𝑐 ∝ 𝑥

𝜔𝑐 ∝ 𝑥2

Linear vs quadratic coupling

Linear regime

෡𝐻 = ℏ𝜔𝑐 𝑥 ො𝑎† ො𝑎 + ℏ𝜔𝑚
෠𝑏† ෠𝑏 + ⋯

𝜔𝑐 𝑥 ≈ 𝜔𝑐 +
𝜕𝜔𝑐

𝜕𝑥
ො𝑥

෡𝐻 ≈ ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏

+ℏ𝑔ො𝑎† ො𝑎 ෠𝑏 + ෠𝑏† +⋯

෡𝐻, ෠𝑏† ෠𝑏 ≠ 0 Backaction

Quadratic regime

෡𝐻 = ℏ𝜔𝑐 𝑥 ො𝑎† ො𝑎 + ℏ𝜔𝑚
෠𝑏† ෠𝑏 + ⋯

𝜔𝑐 𝑥 ≈ 𝜔𝑐 +
1

2

𝜕2𝜔𝑐

𝜕𝑥2
ො𝑥2

෡𝐻 ≈ ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏

+ℏ𝑔ො𝑎† ො𝑎෠𝑏† ෠𝑏 + ⋯

෡𝐻, ෠𝑏† ෠𝑏 = 0 QND measurement



linear

quadratic

𝜔𝑐 ∝ 𝑥

𝜔𝑐 ∝ 𝑥2

Linear vs quadratic coupling

Quadratic regime

෡𝐻 = ℏ𝜔𝑐 𝑥 ො𝑎† ො𝑎 + ℏ𝜔𝑚
෠𝑏† ෠𝑏 + ⋯

𝜔𝑐 𝑥 ≈ 𝜔𝑐 +
1

2

𝜕2𝜔𝑐

𝜕𝑥2
ො𝑥2

෡𝐻 ≈ ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏

+ℏ𝑔ො𝑎† ො𝑎෠𝑏† ෠𝑏 + ⋯

෡𝐻 = ℏ(𝜔𝑐 +𝑔2 ෠𝑏
† ෠𝑏) ො𝑎† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏 + ⋯

෡𝐻 = ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ(𝜔𝑚 + 𝑔2 ො𝑎

† ො𝑎)෠𝑏† ෠𝑏 + ⋯

• Shift-per-phonon
• Quantum jumps of phonon

• Shift-per-photon
• Quantum jumps of photon ෡𝐻, ෠𝑏† ෠𝑏 = 0 QND measurement



Dynamics of linear vs quadratic coupling

Optical spring effect

• Shape: derivative of Lorentzian
• Odd symmetry about the cavity resonance

Linear regime



Dynamics of linear vs quadratic coupling

Optical spring effect

• Shape: derivative of Lorentzian
• Odd symmetry about the cavity resonance

Linear regime

Quadratic regime

• Shape: Lorentzian
• Even symmetry about the cavity resonance

෡𝐻 = ℏ(𝜔𝑐 +𝑔2 ෠𝑏
† ෠𝑏)ො𝑎† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏 + ⋯



Classical version of QND of photons

• Real time measurement of photon fluctuations via quadratic optical spring 
• Quantum version: QND of photons

෡𝐻 = ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ(𝜔𝑚 + 𝑔2 ො𝑎

† ො𝑎)෠𝑏† ෠𝑏

AM tone

PSD of mechanical frequency Quadratic coupling regime

= ത𝑎 + መ𝑑



෠𝑏1, 𝜔𝑚,1

෠𝑏2, 𝜔𝑚,2

ො𝑎, 𝜔𝑐

• Topological energy transfer via EPs

Two mechanical modes + a cavity mode



Two mechanical modes + a cavity mode

෠𝑏2, 𝜔𝑚,2

1mm

Nearly degenerate
mechanical modes

෠𝑏1, 𝜔𝑚,1

ො𝑎, 𝜔𝑐

Τ𝜔𝑚,1 2𝜋 =788.024 kHz Τ𝜔𝑚,2 2𝜋 =788.487 kHz



Topological energy transfer via exceptional points

Two topological states without EPs

• Adiabatic passage leads to original state • Adiabatic passage leads to other state

• Topological energy transfer is possible

between two states via EPs

Two topological states with EPs

Multi-mode optomechanics with exceptional points 

• Novel means of topological energy transfer between normal modes

• Novel dynamics with exceptional points e.g. thermal and quantum fluctuations 



Adiabatic passage with varying 𝑃 𝑎𝑛𝑑 Δ 

Equation of motion: 𝑖 ሶ𝑩 𝑡 = 𝐻𝑩(𝑡) 𝑩 𝑡 =
𝑏1(𝑡)

𝑏2(𝑡)

𝐻 =
𝜔𝑚,1 −

𝑖𝛾1
2
− 𝑖𝑔1

2𝜎 −𝑖𝑔1𝑔2𝜎

−𝑖𝑔1𝑔2𝜎 𝜔𝑚,2 −
𝑖𝛾2
2
− 𝑖𝑔2

2𝜎

𝜎(𝑃, Δ): complex mechanical susceptibility



Topological energy transfer via exceptional points

EP

• At small power, back to original modes

• At high power, move to other modes (enclosing EP)

Range of Δ = −1200 kHz ~ − 400 kHZ

H. Xu et al., Nature 537, 80 (2016)

Theory



Topological energy transfer via exceptional points

EP

• At small power, back to original modes

• At high power, move to other modes (enclosing EP)

Range of Δ = −1200 kHz ~ − 400 kHZ

Topological energy transfer 

Path “a”
Not enclose EP

H. Xu et al., Nature 537, 80 (2016)

Path “a”



Topological energy transfer via exceptional points

EP

• At small power, back to original modes

• At high power, move to other modes (enclosing EP)

Range of Δ = −1200 kHz ~ − 400 kHZ

Topological energy transfer 

Path “b”
Not enclose EP

Enclose EP

H. Xu et al., Nature 537, 80 (2016)

Path “a”

Path “b”



Topological energy transfer via exceptional points

EP

Topological energy transfer 

Path “b”
Not enclose EP

Enclose EP

Path “a”

Path “b”



Fabrication of diamond mechanical resonators

SiO2

Si
2μm

Diamond

Si

SiO2

Define resonators 
lithographically and 
Oxygen ICP etching

Release sacrificial layer BHF

Diamond

P. Ovartchaiyapong et al., APL (2012)



Gallery of diamond nanostructures

1 μm

20 μm

5μm



Laser-assisted cooling of mechanical motion

M. Underwood et al., PRA (2015)

Mean phonon number obtained from: 

• Sideband asymmetry: 

𝜉 =
𝐴 𝑟

𝐴 𝑏 − 1 =
ത𝑛+1

ത𝑛
− 1 =

1

ത𝑛

• Blue sideband area: 𝑚𝜔𝑚ۦ ۧ𝑥2 = ℏ𝜔𝑚 ത𝑛

• Red sideband area: 𝑚𝜔𝑚ۦ ۧ𝑥2 = ℏ𝜔𝑚(ത𝑛 + 1)

• Mechanical linewidth:
𝑇

𝑇𝑏𝑎𝑡ℎ
=

𝛾0
𝛾𝑡𝑜𝑡

ത𝑛 = 0.84 ± 0.22


