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* “interacting quantum states” image generated by chatGPT
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Top Gates

Nano-acoustic resonator

*** Low temperature necessary:
Why? Microwave photon energy > thermal energy

e.g.) 1 GHz microwave photon ~ 50 mK thermal energy
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Cavity optomechanical system (& G <t A)

[Cavity Hamiltonian]

= hwcavc’ﬁd
optical ™ mechanical l
faser cavity 1 mode ] ] _ _ _
Weavo ¥ TR D, i [Optomechanical interaction Hamiltonian]
i —e aw AAT A ” - .
. - = h—2zaTa radiation pressure”
~ H 0x
a
-
. ; vibrating
i C(z)
LC circuit

* Aspelmeyer et al., Rev. Mod. Phys. 86, 29 (2014).
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Cavity optomechanical system (& G <t A)

[Cavity Hamiltonian]

= hw,,,dta
optical ™ mechanical l
laser cavy 1 mode . . . . .
Weavo ¥ TR D, i [Optomechanical interaction Hamiltonian]
— aw A A A V74 . .
' = = h—2zaTa radiation pressure”
A Xz 0x
(l
-
) L., =nh= naz)facv — 60X = OLcgy = —an”CZ(chav
cav
Owcav — __Wcap?
dx 2men
, , vibrating &
P o — 1 . _ SOAcap _ ~ chap
AN ‘ Weav = 75 C= Toap = 0x = 0dcqp = mdwcav
T o Owcav — ~ Wcav
LC circuit ox 2dcap

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

Mechanical oscillator couples to photons

optical ™ mechanical
laser u}caw_tyh |] 1 pmodlg‘
A = hweq,dTa+h0bth + hgoata(bt + b)
”~ T T
. T f
a photon interaction
- phonon
* Optomechanical “single-photon” coupling strength
dw
. . vibrating Jo = ——=x
microwave drive I capacitor ,i;; 0 Ox zpf

ST e

LC circuit

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

* Quantum hybrid systems

* Fundamental tests of quantum mechanics with gravity
* Classical/Quantum information processing ...

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

Implementation Qubit(s) Measured quantity(ies) Typical frequency Implementation Qubit(s) Measured quantity(ies) Typical frequency
Neutral atoms o . ) Superconducting circuits
Atomic vapor Atomic spin Magnetic field, rotation, dc-GHz SQUID® Supercurrent Magnetic field de-GHz
o time/frequency Flux qubit Circulating currents Magnetic field dc-GHz
Cold clouds Atomic spin Magnetic field, de-GHz Charge qubit Charge eigenstates Electric field dc-GHz
acceleration,
time/frequency Elementary particles
Trapped ion(s) Muon Muonic spin Magnetic field de
Long-lived Time/frequency THz . .
SlEthiae Sikie Bitation Neutron Nuclear spin Magnetic ﬁelq, dec
Vibrational mode Electric field, force MHz phonon d.enmty,
gravity
Rydberg atoms
Rydberg states Electric field dc, GHz D{herTsdensors
Solid-state spins (ensembles) Optomechanics Phonons Force, acceleration,
NMR sensors Nuclear spins Magnetic field dc mass, magnetic
NV® center Electron spins Magnetic field, de-GHz field, voltage
ensembles electric field, Interferometer Photons, (atoms, Displacement,
teTperainre, molecules) refractive index
pressure, rotation
Solid-state spins (single spins)
P donor in Si Electron spin Magnetic field dc-GHz
Semiconductor Electron spin Magnetic field, de-GHz
quantum dots electric field
Single NV" center Electron spin Magnetic field, de-GHz

2025-05-22

electric field,
temperature,
pressure, rotation

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

Scientific

singla electron spin single electron charge
[IBM Almaden) (Caltech)

magnetie tip

silicon mass 10 pm

@i mass
|Caltech]

G : — . A
MEMS/NEMS sensors

- Force from single quanta
- Mass of single atom/molecule

2025-05-22 SAA gt

Industrial

- gyroscope

MEMS accelerometer
- inertial force from acceleration

12



By

* Suh et al., Science 344, 1262 (2014)
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LUl for external force F’ coswt,
d’z  mwo dx 9
m | + mwyx = F coswt
dt2 = Q dt 0
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Amplitude measurement

A
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I Near-resonant Force

A

“linewidth”

Wo
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I Frequency measurement

ey
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Frequency measurement
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I Example of doubly clamped beam

2025-05-22 SANA S5t
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I Eigenmode = harmonic oscillator

2025-05-22 SA|A oS5t
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Equation of motion

* Euler-Bernulli equation

Young’s modulus

Cross-section
Moment of inertia (=wt)

(=t3w/12)

density

* seperation of variables; normal modes

* Foundations of nanomechanics, A. N. Cleland
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I Equation of motion

- damping can be included by adding a dissipation term |
I

* In frequency domain (quality factor [N ),

* At resonance,

* Foundations of nanomechanics, A. N. Cleland
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Example of doubly-clamped beam

* boundary condition: fixed ends, zero-slopes

* First four mode shapes
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* Foundations of nanomechanics, A. N. Cleland
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I 3| M| : magnetic resonance force microscopy

magnetie tip

iy b

\

silicon mass 10 um

* 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

Y Bext= 30mT

* 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

of . = 4 2 Grs
) _'n'kxpeak

Cantilever position

: : 64 cycles
Microwave field i

[

Relative phase:
Spin z component 0 n 0 m

Cantilever frequency shift p— ~43 Hz —
Lo L L

Time
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G= aBg/ax

0 50 100 150
X scan position (nm)

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

i
¥
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* 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

d
/. 0 - -
om N 3 =
T a
= 5
£ N
= =) —=2() E
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o =
o e
£ -40- -40 %
2 ks ‘ T
o T
Un LIy e = B
——— -60 T | ' | ' I ' -60
T, M a«a, 0 250 500 750 1,000
Time (s)

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

-20 - - 20

Mode 1 frequency shift (kHz)
(ZHX) B1ys Aduanbauy z apoy
Relative responsivity
|

-40 L_\‘%—’\\ - =40
_60 ! | f [ ' [ J _60 0 T | T | T I T | T
0 250 500 750 1,000 0.0 0.2 0.4 0.6 0.8 1.0
Time (s) Normalized position, a

* 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

yd || BV  EMBR)
| W M4 (12) W MO (6)
1.[} A

|| EMsQo)  EMIO®
| B M6 (10) W M1 (3)

> | B M7 (5) W M2 (1)

g | W Total (73)

£ 05 |

isoforms of
,- human antibody IgM
/-/
0.0 |

1.0 1
Mass (Mpa)

2.0 2k

* M. S. Hanay et.al., Single-protein nanomechanical mass spectrometry in real time, Nat. Nano. 7, 602 (2012).
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Quantum mechanics defines
minimum uncertainty in position measurement

“standard quantum limit”

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

2025-05-22 SANA S5t



Quantum mechanics defines
minimum uncertainty in position measurement

Quantum measurement of mechanical oscillators

|
Ultimate-precision force sensing

* C. M. Caves et.al., Rev. Mod. Phys. 52, 341 (1980).
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Cavity optomechanical system (& &<t A)

Strong coupling between phonons and photons
= hybrid quantum devices for quantum information science

2025-05-22 SAA HEStn 34
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Cavity optomechanical system (& G <t A)

optical
cavity

microwave drive

BT ATAY

[Cavity Hamiltonian]

_ /\-I- A

mechanical ~L
mode

M Q.. T, [Optomechanical interaction Hamiltonian]
aw AAT A V74 » »
p— — p e 2atq radiation pressure”
X ox
-
‘ Leay =nh =n 2T §x = OLcgy = —1 27TCZ(SC‘)CCW

Wcav Wcav

Owcav — __Wcap?

dx 2men

vibrating |
capacitor 4

_ 1 ., _ €Acap _ - 2dcap
‘ WDeav = 7775 C= - 0x = 5dcap ~ w—dwcav

2025-05-22

Bl I LC dcap cav
c(&) Owcav — ~ Wcav
LC circuit 0x 2dcap

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

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

Mechanical oscillator Driven optical cavity

{1 — X

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

Mechanical oscillator Driven optical cavity

{1 — X

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

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

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

hw,,bTh + hgata(bt+b)

Photon Phonon Interaction
we =5.4 GHz wm =4 MHz g =14 Hz
K=0.9 MHz 'm=10Hz

Xzp = 2 fm

2025-05-22 SA|A oS5t 41



I Photon-phonon coupling

WectWm

power

2025-05-22 SANA S5t



Quantum-limited detection of motion

A
Raman-like
2 sidebands occupation
| ﬁ ﬁ
Wc-Wm WctWm

“Stokes sideband” “anti-Stokes sideband”

2025-05-22 SANA S5t



Measurement back-action in Heisenberg’s microscope

momentum kick
“Back-action”

P

2025-05-22 SAA Estn
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Measurement back-action in Heisenberg’s microscope

2025-05-22 SAA Estn
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Measurement back-action in Heisenberg’s microscope

2025-05-22 SAA HEStn 46



I How about mechanical oscillator?

2025-05-22 SA|A oS5t
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an ideal measurement of mechanical motion \

Standard quantum limit f

H = hw.ata+hw,,bTh + hgata(bt + b)

_— ! T~

photon mechanics or “phonon” interaction

)

‘on shot noise

.,“ (ERTY Aoy L-ﬂljll,ql yrecision”

I'I" . 'r".ﬁ
nre ol

I P M

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

10 ;

N << Nopt

N = Nopt
N >> Nopt

frequency

Total measurement noise

Back-action
(=radiation-pressure noise)

Imprecision
(=photon shot noise)

N

opt

0.1 ————rt
# of photons

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

2025-05-22

Braginsky® has pointed out that the above “quan-
tum limits” on AX,, AX,, and AN pose serious
obstacles for gravitational-wave detection: To
encounter at least three supernovae per year,
one must reach out to the Virgo cluster of gal-
axies, But gravitational waves from supernovae
at that distance will produce |AX,|~|AX,|=0,3
X [m/(10 tons) ] (#i/mw)Y? in a mechanical ﬂscﬂla.tur
on earth, corresponding to AN = 0,4(N +3)¥2[m/
(10 tun.s}] For detectors of reasonable mass
this signal is below the quantum limit,

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

SAA 6 &5t
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I Evading quantum back-action

“Quadratures” of motion

—
-

- —
No back-action

2025-05-22 SANA S5t



Evading quantum back-action

qavity field = A cos w.t cos w,t

N\

£(t) = X; cos wy,t + X, sinw,,t

N /

“Quadratures” of motion >t

X1, X, : constants of motion of harmonic oscillator

= can be measured with no back-action 1 Mechanical
= back-action into the “"unseen” quadrature sideband sensitive
to smglg\quadrature
* Braginskii et.al., Sov. Phys. Usp. 17,644 (1975); _ " /\ ~ | -
Thorne et.al., Phys. Rev. Lett. 40, 667 (1978). W, — Wy W, We + Wy

H; e < X;(1 + cos2w,,t) + X, sin 2w, t

2025-05-22 SAIA gt 52



Experiments

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

3 np=4.7x108
0 q N:-cﬁ- - {x‘12}|‘|mp=xzpz g
2 © <10 2
o~ 10 3 E*a S 10
w F 8 -1
- e
"& 8
w1 1
K10 E 110
®
HE“ i e® s : 5] ]
= AR & T -/ o ¢ Q@J 1
@ ././ @{5 T 3
0. )
10 %< KX ®0 Non-BAE  °° 310
F / 1 e BﬁkEl 1
L PR T L4 4o s .
4 5 6 7
10 10 10 10
. n
*JS et.al., Science 344, 1262 (2014). B
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Ground state cooling of mechanical motion

Thermal occupation factor ~ 0.2
* Nature 541,191 (2017).

power
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Phase-dependent cooling

time

power
/ Cavity field
L Y

-
> At *w
@ ©
- & D
caes ®>® SCosaal
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“Phase-dependent” reduction of mechanical motion
(i.e. Squeezing)

£(t) = X{(t) cos w,,,t + X, (t) sin w,,t

X5 X7

2025-05-22 SAA HEStn 56



Arbitrarily large steady-state bosonic squeezing
via dissipation

_10log. <X> <X2> dB
U810 1 f iy e

* Optimal ratio between red and blue power
* Squeezing beyond 3dB possible
e Steady state is squeezed thermal state

* State purity vs. squeezing

X, quadrature squeezing (dB)

1 100 1x10% 1x108
cooperativity C

* Kronwald et.al. Phys. Rev. A 88, 063833 (2014).
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Squeezing more than 3 dB below zero-point

XC) /%

AX

0 40

-40

107"
-160 120 80

* Lei, Weinstein, JS, Wollman, Kronwald, Marquardt, Clerk, Schwab, PRL 117, 100801 (2016).
58
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Niobium for cavity optomechanical sensing under magnetic field

Niobium superconducts at higher temperatures and magnetic fields.

Critical Temperature (Tc) 1.2K 9.26K
Critical Magnetic Field(Hc) 0.01T 0.82T
Density 2700 kg/m?3 8570 kg/m3
Young’s modulus 70 Gpa 105 GPa
Poisson ratio 0.35 0.4
Advantages . Easy to control the film stress . Good mechanical properties Jinwoong Cha (KR|SS)
Large zero point motion due . High critical temperature and
to the small mass magnetic field
Disadvantages . Low critical temperature . Difficult to control the film

stress

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

Nb

Sapphire

{Bottom Nb)

2025-05-22

Nb

Sapphire

{Sacrificial PMMA»

SAA o

ojn

!

_|Ok

Nb

Sapphire

{Top Nb»

Nb

Sapphire

{Release)
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Microwave cavity optomechanics at 4.2 K

network rf signal spectrum
) ~ analyzer ol ~generator analyzer g @, =27 x3.777 GHz

= ‘ K =27 x 960 kHz
l B 5
—
. s

Q=271 x 8.369 MHz
[",~27 x 810 Hz

* Cha et.al, Nano Letters 21, 1800 (2021).
2025-05-22 SAA &<t



Back-action cooling at 4.2 K

e Cooling process accompanies with mechanical
linewidth broadening

-----------------------

» Efficient cooling of mechanical mode temperature
from 4.2 Kto 76 mK

.dl, Nano Letters 21, 1800 (2021).
2025-05-22 ZAA 20



Electromechanical induced reflection of microwave

* Probe microwave interferes destructively with
mechanical sideband from pump

e Reflection window

4g§nd

Kly,

* Single photon coupling
Jgo = 3.3 Hz
* Cooperativity

C = 40

* Cha et.al, Nano Letters 21, 1800 (2021).
2025-05-22 ZA|AH o2ES 0



Operation in magnetic field

100F f ]
L 0l i
% 375F " ® o 1™ 42,5 30
0L /v : ° o : : 5 @
o N 3.7651 420 £ B -42.6} < 20k
= 9 L e |1 = [
- OF e ) Vil 15
® S ' | { e i
S 3755k éa 7j ety -
3.755[ o 110 i ™ 10
-50 ] ;
: g , 5
3.745} 0® ] -42.81
100, | N e ... ... 9 PR W IFITEN IS RO W 0
3.70 3TT 3.84 0 178 356 534 712 8.393 8.397 8.401
Frequency (GHz) B (mT) Frequency (MHz)

* 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.

* Cha et.al, Nano Letters 21, 1800 (2021).
2025-05-22 Z=A|A o 2stn 64



Niobium optomechanics for non-linear optomechanics

Nb handles more RF current (~6x103 more RF photons)

Aluminum Niobium
Critical Temperature (Tc) 1.2K 9.26K
Critical Magnetic Field(Hc) @ @
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 ¢« Good mechanical properties

« Large zero point motion due
to the small mass

Disadvantages * Low critical temperature

2025-05-22

High critical temperature and
magnetic field

Difficult to control the film
stress

Linear photon-phonon conversion

e o e
Pa =11 dBm

Multiple non-linear sidebands

EssmssmsssssmE e

Ps= 24 dBm
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Nonlinear responses above instability

Frequency (GHz) Time (ns)
2‘3"?0 3.95 3.80 3.85 0 200 400 600
= c g Cipg=116Bm| o= _[f .  Py=11dBm
& —ao ; Z 30 ’
o s
- @ 20
= =
D O
& & 10F
o —100 kol adaiinbin dbre aaiiiog) X :
g T 0 2 .
= - Pg =12 dBm — Py =12 dBm
E g
m g 30-
o 2
e o 20
g 2
o &
" w IAAAAN
" & -
G 1 1 [ 1
— = Py = 24 dBm — Py = 24 dBm
& —adl i = 30-h
- | s VVVVY
g ~o0r | | g 20
= :
_ank 1 . =)
g —80 : | I S 10f
IE_]'OD et Ml ettt ol :'.:::.. o :
=10 -5 0 5 10 OD 1 2 3 4 5
Frequency ([mw - w, /) Time (2n/Q2)

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

2025-05-22

New J. Phys. 20 (2018) 043013 https://doi.org/10.1088/1367-2630/aab5¢6

Optomechanical frequency combs

Mohammad-Ali Miri, Giuseppe D’Aguanno and Andrea Alu""’

' Department of Electrical and Computer Engineering, The University of Texas at Austin, Austin, TX 78712, United States of America
Photonics Initiative, Advanced Science Research Center, City University of New York, New York 10031, United States of America
Physics Program, Graduate Center, City University of New York, New York 10016, United States of America

' Department of Electrical Engineering, City College of The City University of New York, New York 10031, United States of America

3

E-mail: aalu@gc.cuny.edu

Keywords: combs, optomechanics, nanophotonics
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Optomechanical frequency comb

Frequency (GHz) Time (ns)
23.?0 3.75 3.80 3.85 0 200 400 600

T c T ipg=11dBm| = _[f . Ps=11dBm
EEn —40k < = 30} d

o =

L —60F o 20f

s : |

g ~8or a 10t

o C

0 L L A L
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— o 4 Pﬂ' 12 dBm
E = 30|—g
-U ‘-:-?l‘"
- o 20F
g 2
o o
a & 10
= o
0

= i Py =24 dBm e~
£ e i ]
o —40- b i = 30
=l EE;- 1 =
g —o0 Hinn g 20
F Ll .E=ea 1 3
a NI '] ol [
w :-l- :! LL
o o
-0 -5 0 5 10 G
Frequency ([m — w]/02,) Time (2m/C2,)

*J. Shin et.al., Nano Letters 22, 5459 (2022).
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Utilizing Dissipation: Nanomechanical microwave bolometer

Nanomechanical sensor detects heat from microwave photons

26.416

Jihwan Kim
(now at ADD)
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*J. Kim et.al., “Nanomechanical Microwave Bolometry with Semiconducting Nanowires”, Physical Review Applied 15, 034075 (2021).
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InAs nanowire based cavity optomechanics

Resistive nanowire dissipates microwave power

CPW resonator (1/2) j‘
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*J. Kim et.al., Physical Review Applied 15, 034075 (2021).

2025-05-22 SAA gt

Nanomechanical thermometer
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Mechanical resonance senses microwave power
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Nanomechanical microwave bolometry
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« “Noise equivalent power” NEP = 4.5 pW/Hz'2
« Maximum detectable power ~ nW
« c.f. Josephson bolometer has NEP ~ aW/Hz'2 and maximum power ~ fW (ref. Nature 586, 42 (2020))
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Outlook: quantum transducer and sensors

gquantum transduction

entangled force sensors

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

sensors for new physics

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

* “Quantum electromechanical interface for Majorana qubits” funded by Samsung foundation
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