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상호(相互) 작용 - (Mutual) Interaction
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* “interacting quantum states” image generated by chatGPT



광역학적 상호작용
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빛

마이크로파 대역 전자기파
(0.3~30 GHz)

중시계 (역학적) 진동자

마이크로/나노 역학적 진동자
(MHz~GHz)



마이크로파 중시계 소자의 예
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Superconducting qubit

Electron quantum dot qubit

*** Low temperature necessary:
Why? Microwave photon energy > thermal energy
e.g.) 1 GHz microwave photon ~ 50 mK thermal energy

Superconducting CPW resonator

Nano-acoustic resonator



Cavity optomechanical system (광역학계)
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[Cavity Hamiltonian] 

= ℏ𝜔𝑐𝑎𝑣 ො𝑎
† ො𝑎

↓
[Optomechanical interaction Hamiltonian]

= ℏ
𝜕𝜔𝑐𝑎𝑣

𝜕𝑥
ො𝑥 ො𝑎† ො𝑎 “radiation pressure”

* Aspelmeyer et al., Rev. Mod. Phys. 86, 29 (2014).

6



Cavity optomechanical system (광역학계)
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* Aspelmeyer et al., Rev. Mod. Phys. 86, 29 (2014); Devoret et.al., lecture notes of les houches summer school (2011). 

𝜔𝑐𝑎𝑣 =
1

𝐿𝐶
; 𝐶 =

𝜀0𝐴𝑐𝑎𝑝
𝑑𝑐𝑎𝑝

→ 𝛿𝑥 = 𝛿𝑑𝑐𝑎𝑝 ≈
2𝑑𝑐𝑎𝑝
𝜔𝑐𝑎𝑣

𝛿𝜔𝑐𝑎𝑣

𝜕𝜔𝑐𝑎𝑣
𝜕𝑥

= ≈ 𝜔𝑐𝑎𝑣
2𝑑𝑐𝑎𝑝

𝐿𝑐𝑎𝑣 = 𝑛 = 𝑛 2𝜋𝑐
𝜔𝑐𝑎𝑣

→ 𝛿𝑥 = 𝛿𝐿𝑐𝑎𝑣 ≈ −𝑛 2𝜋𝑐
𝜔𝑐𝑎𝑣

2𝛿𝜔𝑐𝑎𝑣

𝜕𝜔𝑐𝑎𝑣
𝜕𝑥

= ≈ −𝜔𝑐𝑎𝑣
2

2𝜋𝑐𝑛

[Cavity Hamiltonian] 

= ℏ𝜔𝑐𝑎𝑣 ො𝑎
† ො𝑎

↓
[Optomechanical interaction Hamiltonian]

= ℏ
𝜕𝜔𝑐𝑎𝑣

𝜕𝑥
ො𝑥 ො𝑎† ො𝑎 “radiation pressure”
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Cavity optomechanical system (광역학계)
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* Aspelmeyer et al., Rev. Mod. Phys. 86, 29 (2014); Devoret et.al., lecture notes of les houches summer school (2011). 

Mechanical oscillator couples to photons

෡𝐻 = ħ𝜔𝑐𝑎𝑣 ො𝑎
† ො𝑎+ħ𝛺෠𝑏† ෠𝑏 + ħ𝑔0 ො𝑎

† ො𝑎(෠𝑏† + ෠𝑏)

photon
phonon

interaction

𝑔0 =
𝜕𝜔𝑐𝑎𝑣

𝜕𝑥
𝑥𝑧𝑝𝑓

8

* Optomechanical “single-photon” coupling strength



Cavity optomechanical system (광역학계)
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* Aspelmeyer et al., Rev. Mod. Phys. 86, 29 (2014).

Mechanical oscillator couples to photons

෡𝐻 = ħ𝜔𝑐 ො𝑎
† ො𝑎+ħ𝜔𝑚

෠𝑏† ෠𝑏 + ħ𝑔ො𝑎† ො𝑎(෠𝑏† + ෠𝑏)

photon
phonon

interaction

= ො𝑥/𝑥𝑧𝑝

• Ultrasensitive measurements
• Quantum hybrid systems
• Fundamental tests of quantum mechanics with gravity
• Classical/Quantum information processing …

9



Cavity optomechanical system (광역학계)
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중력파 암흑물질

U. Arizona

가속도

NIST

Atomic force

NIST



Mechanical quantum sensing
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* C. L. Degen et.al, “Quantum sensing”, Rev. Mod. Phys. 89, 035002 (2017).
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Mechanical oscillators as force sensors
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Industrial

Hemispherical resonator gyroscope  
- Coriolis force

Scientific

MEMS/NEMS sensors
- Force from single quanta
- Mass of single atom/molecule

MEMS accelerometer 
- inertial force from acceleration

12



역학적 진동자
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* Suh et al., Science 344, 1262 (2014)
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조화 진동자
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Amplitude measurement

측정량

Q-값 (품질값); 10~109

스프링계수; 10-4~102 N/m
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Near-resonant Force

“linewidth”
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Frequency measurement

측정량
질량; pg ~ ng

스프링계수; 10-4 ~ 102 N/m
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Frequency measurement

스프링계수 or
force gradient 
(      )의 변화

질량의 변화



Example of doubly clamped beam
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Eigenmode = harmonic oscillator
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Equation of motion
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 Euler-Bernulli equation

Young’s modulus

Moment of inertia
(=t3w/12)

density Cross-section
(=wt)

 seperation of variables; normal modes

* Foundations of nanomechanics, A. N. Cleland



Equation of motion
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 damping can be included by adding a dissipation term

* Foundations of nanomechanics, A. N. Cleland

 In frequency domain (quality factor                       ),

 At resonance, 



Example of doubly-clamped beam
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 boundary condition: fixed ends, zero-slopes

 First four mode shapes

* Foundations of nanomechanics, A. N. Cleland
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예제: magnetic resonance force microscopy

* D. Rugar et.al., Single spin detection by magnetic resonance force microscopy, Nature 430, 329 (2004).
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Mechanical detection of single electron spin flip

* D. Rugar et.al., Single spin detection by magnetic resonance force microscopy, Nature 430, 329 (2004).
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Mechanical detection of single electron spin flip

* D. Rugar et.al., Single spin detection by magnetic resonance force microscopy, Nature 430, 329 (2004).
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Frequency measurement

* D. Rugar et.al., Single spin detection by magnetic resonance force microscopy, Nature 430, 329 (2004).
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예제: protein mass spectrometry

* M. S. Hanay et.al., Single-protein nanomechanical mass spectrometry in real time, Nat. Nano. 7, 602 (2012).
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Mechanical mass sensing

* M. S. Hanay et.al., Single-protein nanomechanical mass spectrometry in real time, Nat. Nano. 7, 602 (2012).

a
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Multi-mode frequency measurement

* M. S. Hanay et.al., Single-protein nanomechanical mass spectrometry in real time, Nat. Nano. 7, 602 (2012).
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Protein mass spectrometry

* M. S. Hanay et.al., Single-protein nanomechanical mass spectrometry in real time, Nat. Nano. 7, 602 (2012).

isoforms of 
human antibody IgM
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Quantum mechanics defines 
minimum uncertainty in position measurement

* C. M. Caves et.al., Rev. Mod. Phys. 52, 341 (1980).

“standard quantum limit”
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Quantum mechanics defines 
minimum uncertainty in position measurement

* C. M. Caves et.al., Rev. Mod. Phys. 52, 341 (1980).

Quantum measurement of mechanical oscillators

Ultimate-precision force sensing

=
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Cavity optomechanical system (광역학계)

Strong coupling between phonons and photons
⇒ hybrid quantum devices for quantum information science
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Cavity optomechanical system (광역학계)
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* Aspelmeyer et al., Rev. Mod. Phys. 86, 29 (2014).

𝜔𝑐𝑎𝑣 =
1

𝐿𝐶
; 𝐶 =

𝜀0𝐴𝑐𝑎𝑝
𝑑𝑐𝑎𝑝

→ 𝛿𝑥 = 𝛿𝑑𝑐𝑎𝑝 ≈
2𝑑𝑐𝑎𝑝
𝜔𝑐𝑎𝑣

𝛿𝜔𝑐𝑎𝑣

𝜕𝜔𝑐𝑎𝑣
𝜕𝑥

= ≈ 𝜔𝑐𝑎𝑣
2𝑑𝑐𝑎𝑝

𝐿𝑐𝑎𝑣 = 𝑛 = 𝑛 2𝜋𝑐
𝜔𝑐𝑎𝑣

→ 𝛿𝑥 = 𝛿𝐿𝑐𝑎𝑣 ≈ −𝑛 2𝜋𝑐
𝜔𝑐𝑎𝑣

2𝛿𝜔𝑐𝑎𝑣

𝜕𝜔𝑐𝑎𝑣
𝜕𝑥

= ≈ −𝜔𝑐𝑎𝑣
2

2𝜋𝑐𝑛

[Cavity Hamiltonian] 

= ℏ𝜔𝑐𝑎𝑣 ො𝑎
† ො𝑎

↓
[Optomechanical interaction Hamiltonian]

= ℏ
𝜕𝜔𝑐𝑎𝑣

𝜕𝑥
ො𝑥 ො𝑎† ො𝑎 “radiation pressure”
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Optomechanical interaction
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* Devoret et.al., lecture notes of les houches summer school (2011). 



Optomechanical interaction
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* Devoret et.al., lecture notes of les houches summer school (2011). 



Optomechanical interaction
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* Devoret et.al., lecture notes of les houches summer school (2011). 



Optomechanical interaction
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* Devoret et.al., lecture notes of les houches summer school (2011). 
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Microwave cavity optomechanical system

෡𝐻 = ℏ𝜔𝑐 ො𝑎
† ො𝑎 + ℏ𝜔𝑚

෠𝑏† ෠𝑏 + ℏ𝑔ො𝑎† ො𝑎(෠𝑏†+෠𝑏)

ωm = 4 MHz
Γm = 10 Hz
xzp = 2 fm

ωc = 5.4 GHz
κ = 0.9 MHz

Photon Phonon

g = 14 Hz

Interaction

"𝐿" "𝐶"

* JS et.al., Science 344, 1262 (2014).

41



Photon-phonon coupling
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ωc

p
o

w
er

ωc

ωc-ωm

ωc+ωm

ωc

ωm ωm

“cooling”“heating”



Quantum-limited detection of motion
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ωc

p
o

w
er

Raman-like processes: 
sidebands proportional to phonon occupation

“anti-Stokes sideband”“Stokes sideband”
ωc+ωmωc-ωm



Measurement back-action in Heisenberg’s microscope
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momentum kick

“Back-action”
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Measurement back-action in Heisenberg’s microscope
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Measurement back-action in Heisenberg’s microscope
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𝜃

∆𝑥 ~
λ

2 sin 𝜃
& ∆𝑝 ~

ℎ sin 𝜃

λ
→ ∆𝑥 ∙ ∆𝑝 ~

ℎ

2



How about mechanical oscillator?
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Standard quantum limit

𝜔0

𝑆𝑥
𝑧𝑝

(= Τħ 𝜋𝑚𝛾𝜔0)

2𝑆𝑥
𝑧𝑝

Radiation pressure noise
“back-action”

Photon shot noise
“imprecision”

෡𝐻 = ħ𝜔𝑐 ො𝑎
† ො𝑎+ħ𝜔𝑚

෠𝑏† ෠𝑏 + ħ𝑔ො𝑎† ො𝑎(෠𝑏† + ෠𝑏)

photon mechanics or “phonon” interaction

an ideal measurement of mechanical motion

* A. Clerk et.al., Rev. Mod. Phys. 82, 1155 (2010).
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Standard quantum limit

# of photons

⟨x
2
⟩ a

d
d

/ 
x z

p
2

1

10

0.1

Total measurement noise

Back-action
(=radiation-pressure noise)

Imprecision
(=photon shot noise)

frequency

𝑆 𝑥
[

]

Nopt

N << Nopt

N = Nopt

N >> Nopt

* A. Clerk et.al., Rev. Mod. Phys. 82, 1155 (2010).
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Quantum limit in gravitational-wave detectors

* K. S. Thorne et.al., Phys. Rev. Lett. 40, 667 (1978).
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Evading quantum back-action

No back-action

“Quadratures” of motion
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Evading quantum back-action

෡𝐻𝑖𝑛𝑡 ∝ ෠𝑋1 1 + cos 2𝜔𝑚𝑡 + ෠𝑋2 sin 2𝜔𝑚𝑡

* Braginskii et.al., Sov. Phys. Usp. 17,644 (1975);

Thorne et.al., Phys. Rev. Lett. 40, 667 (1978).

𝑡𝑡

𝑐𝑎𝑣𝑖𝑡𝑦 𝑓𝑖𝑒𝑙𝑑 = 𝐴 cos𝜔𝑐𝑡 cos𝜔𝑚𝑡

𝜔𝑐 − 𝜔𝑚 𝜔𝑐 + 𝜔𝑚𝜔𝑐

Mechanical 
sideband sensitive 
to single quadrature

ො𝑥 𝑡 = ෠𝑋1 cos𝜔𝑚𝑡 + ෠𝑋2 sin𝜔𝑚𝑡

“Quadratures” of motion

෠𝑋1, ෠𝑋2 : constants of motion of harmonic oscillator

⇒ can be measured with no back-action

⇒ back-action into the “unseen” quadrature
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Experiments

back-action on ONE quadrature Evade quantum back-action by 8.5 dB

* JS et.al., Science 344, 1262 (2014).

53
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Ground state cooling of mechanical motion

54

ωcωc-ωm

p
o

w
er ωc+ωm

ωc

ωm

“cooling”
Thermal occupation factor ~ 0.2
* Nature 541,191 (2017).
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Phase-dependent cooling

55

ωc ωc+ωmωc-ωm

p
o

w
er

time

C
av

it
y 

fi
el

d

Period of mechanical oscillation
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“Phase-dependent” reduction of mechanical motion
(i.e. Squeezing)

ො𝑥 𝑡 = ෢𝑋1 𝑡 cos𝜔𝑚𝑡 + ෢𝑋2 𝑡 sin𝜔𝑚𝑡

𝑋1

𝑋2

𝑋1

𝑋2

𝑥𝑧𝑝
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Arbitrarily large steady-state bosonic squeezing
via dissipation

57

* Kronwald et.al. Phys. Rev. A 88, 063833 (2014).

• Optimal ratio between red and blue power

• Squeezing beyond 3dB possible

• Steady state is squeezed thermal state

• State purity vs. squeezing
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Squeezing more than 3 dB below zero-point

* Lei, Weinstein, JS, Wollman, Kronwald, Marquardt, Clerk, Schwab, PRL 117, 100801 (2016).
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Niobium for cavity optomechanical sensing under magnetic field

Aluminum Niobium

Critical Temperature (Tc) 1.2K 9.26K

Critical Magnetic Field(Hc) 0.01 T 0.82 T

Density 2700 kg/m3 8570 kg/m3

Young’s modulus 70 Gpa 105 GPa

Poisson ratio 0.35 0.4

Advantages • Easy to control the film stress
• Large zero point motion due 

to the small mass

• Good mechanical properties
• High critical temperature and 

magnetic field

Disadvantages • Low critical temperature • Difficult to control the film 
stress 

Deformed membrane

Freestanding membrane

Niobium superconducts at higher temperatures and magnetic fields.

* J. Cha et.al., “Superconducting Nanoelectromechanical Transducer Resilient to Magnetic Fields”, Nano Letters 21, 1800 (2021).

Jinwoong Cha (KRISS)

59
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Fabrication

Sapphire

Nb

Sapphire

Nb
PMMA

Sapphire

Nb
PMMA

Nb

Sapphire

Nb

NbNb

《Bottom Nb》 《Sacrificial PMMA》 《Top Nb》 《Release》

⇒ ⇒ ⇒

60
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Microwave cavity optomechanics at 4.2 K

* Cha et.al, Nano Letters 21, 1800 (2021).
61
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Back-action cooling at 4.2 K

* Cha et.al, Nano Letters 21, 1800 (2021).
62

• Cooling process accompanies with mechanical 
linewidth broadening

• Efficient cooling of mechanical mode temperature 
from 4.2 K to 76 mK
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Electromechanical induced reflection of microwave

* Cha et.al, Nano Letters 21, 1800 (2021).
63

• Probe microwave interferes destructively with 
mechanical sideband from pump

• Reflection window 

• Single photon coupling

• Cooperativity

ΓEMIR = Γm 1 +
4𝑔0

2𝑛𝑑
𝜅𝛤𝑚

= Γm 1 + 𝐶

𝑔0 ≈ 3.3 Hz

𝐶 ≈ 40
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Operation in magnetic field

* Cha et.al, Nano Letters 21, 1800 (2021).

• Magnetic field B affects the microwave resonance frequency and linewidth.
• Mechanical sideband signal persists even at 0.8 T.
• Cooperativity decreases as B increases due to the increasing cavity decay rate.
• Single-photon coupling rate is independent of magnetic field.  

64
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Niobium optomechanics for non-linear optomechanics

Aluminum Niobium

Critical Temperature (Tc) 1.2K 9.26K

Critical Magnetic Field(Hc) 0.01 T 0.82 T

Density 2700 kg/m3 8570 kg/m3

Young’s modulus 70 Gpa 105 GPa

Poisson ratio 0.35 0.4

Advantages • Easy to control the film stress

• Large zero point motion due 

to the small mass

• Good mechanical properties

• High critical temperature and 

magnetic field

Disadvantages • Low critical temperature • Difficult to control the film 

stress 

Nb handles more RF current (~6x103 more RF photons) Linear photon-phonon conversion

Multiple non-linear sidebands

pump
sideband

65
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Nonlinear responses above instability

* J. Shin et.al., Nano Letters 22, 5459 (2022).
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Optomechanical frequency comb

67
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Optomechanical frequency comb

* J. Shin et.al., Nano Letters 22, 5459 (2022).

68
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Utilizing Dissipation: Nanomechanical microwave bolometer

Nanomechanical sensor detects heat from microwave photons

* J. Kim et.al., “Nanomechanical Microwave Bolometry with Semiconducting Nanowires”, Physical Review Applied 15, 034075 (2021).

Jihwan Kim
(now at ADD)
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InAs nanowire based cavity optomechanics

Resistive nanowire dissipates microwave power

* J. Kim et.al., Physical Review Applied 15, 034075 (2021).

Nanomechanical thermometer

Mechanical resonance senses microwave power
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Nanomechanical microwave bolometry

• “Noise equivalent power” NEP = 4.5 pW/Hz1/2

• Maximum detectable power ~ nW

• c.f. Josephson bolometer has NEP ~ aW/Hz1/2 and maximum power ~ fW (ref. Nature 586, 42 (2020))
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Outlook: quantum transducer and sensors

entangled force sensors

*Kotler et al., Science 372, 622 (2021).

sensors for new physics

quantum transduction

* “Integrated quantum interconnects for long-distance quantum networks” funded by NST 

* “Quantum electromechanical interface for Majorana qubits” funded by Samsung foundation
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Hybrid Quatum Device Lab hql.postech.ac.kr
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