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How to Use Quantum Mechanics?
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_ the second quantum
revolution

Jonathan P. Dowling and Gerard J. Milburn
Published: 20 June 2003 | https://doi.org/10.1098/rsta.2003.1227

Abstract

We are currently in the midst of a second quantum revolution The first quantum
revolution gave us new rules that govern physical reality.

In this review
we discuss the principles uponwhich quantum technology is based and the tools
required to develop it. We discuss a number of examples of research programs that
could deliver quantum technologies in coming decades including: quantum information
technology, quantum electromechanical systems, coherent quantum electronics,
quantum optics and coherent matter technology.

“superposition” and “entanglement”
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Quantum Technologies

Engineering/Control
Software/Theory

Education/Training

Sensing/Metrology
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* Quantum Technologies Flagship Intermediate Report (2017).
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REVIEWS OF MODERN PHYSICS, VOLUME 89, JULY-SEPTEMBER 2017

C.L. Degen
Department of Physics, ETH Zurich, Otto Stern Weg 1, 8093 Zurich, Switzerland

F. Reinhard"

Walter Schottky Institut and Physik-Department, Technische Universitat Munchen,
Am Coulombwall 4, 85748 Garching, Germany

P. Cappellaro’

Research Laboratory of Electronics and Department of Nuclear Science & Engineering,

Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge,
Massachusetts 02139, USA

(published 25 July 2017)

Historical examples of quantum sensors
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Quantum Sensing
(I) Use of a GUAREIMNOBIEEE to measure a physical

quantity (classical or quantum). The quantum object
1s characterized by quantized energy levels. Specific
examples include electronic, magnetic or vibrational
states of superconducting or spin qubits, neutral
atoms, or trapped 1ons.

(II) Use of quantum EOREIEAEE (i.c., wavelike spatial or
temporal superposition states) to measure a physical
quantity.

(IIT) Use of quantum EREAAZIEMENT to improve the sensi-
tivity or precision of a measurement, beyond what is
possible classically.

* C. L. Degen et.al, “Quantum sensing”, Rev. Mod. Phys. 89, 035002 (2017).
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Quautum Sensing

Implementation

Qubit(s)

Measured quantity(ies)

Typical frequency

Implementation

Qubit(s)

Measured quantity(ies)

Typical frequency

Neutral atoms

Atomic vapor

Cold clouds

Trapped ion(s)

Rydberg atoms

Atomic spin

Atomic spin

Long-lived
electronic state
Vibrational mode

Rydberg states

Solid-state spins (ensembles)

NMR sensors

I
NV” center
ensembles

Nuclear spins
Electron spins

May. 19. 2022

Magnetic field. rotation,
time/frequency
Magnetic field.
acceleration,
time/frequency

Time/frequency
Rotation
Electric field, force

Electric field

Magnetic field

Magnetic field,
electric field,
temperature,

pressure, rotation

* C. L. Degen et.al,

de-GHz

de-GHz

THz

MHz

dc, GHz

dc
dc-GHz

Superconducting circuits

SQUID*
Flux qubit
Charge qubit

Elementary particles
Muon

Neutron

Other sensors
SE’rd

Supercurrent
Circulating currents
Charge eigenstates

Muonic spin

Nuclear spin

Charge eigenstates

Magnetic field
Magnetic field
Electric field

Magnetic field
Magnetic field,

phonon density,
gravity

Electric field

de-GHz
de-GHz
de-GHz

dc

dc

dc-MHz

Optomechanics
Electromechanics

Phonons

Force, acceleration,

mass, magnetic
field, voltage

kHz-GHz

Interferometer

Photons. (atoms,
molecules)

Displacement,
refractive index

“Quantum sensing”, Rev. Mod. Phys. 89, 035002 (2017).



(Nano) Mechanical Sensors

single electron spin g single electron charge
(IBM Almaden) e ', (Caltech)

Atomic mass
(CIN Barcelona)
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(Nano) Mechanical Sensors

optical cavities &

: - : T F photonic structures ; G—
single electron spin : . single electron charge ' P'o’,”a?a:"g single system
(IBM Almaden) (Caltech) photons coupling
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coupling

magnetie tip
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Laser or micro-
wave assisted
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protein mass
(Caltech)

Atomic mass
(CIN Barcelona)
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* Kurizki et.al, PNAS 112, 3866 (2015).




Example: Nano-Beam Resonators
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Eigenmode of vibration = Harmonic oscillator

MHz ~ GHz

May. 19. 2022
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Euler-Bernulli Equation

UL | 0P,

=f,t)

T T T T

Young’s modulus Moment of inertia Density  Cross-section (=tw) External force
(=t3w/12)
* Foundations of nanomechanics, A. N. Cleland
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Equation of Motion

04U (y, t) 92U (y, t)
Bl—g 5=+ PA—5 7= = [0

* Separation of variables; normal modes ¢,,(y)

UG, =) on)an(®)

» Consider homogeneous case, i.e. f(y,t) =0

0*pn(y) 0%q (t)
6;4 - ,B;{Qon(:V) = 0; 0:2 n qn(t) = 0; ,Bn — pA

* Integrate Euler-Bernulli equation

[ l l
MnGn + knqn = f f.0) en(y)dy; my, = pAlJ (P () dy ; Ky = %f (0%, (y)/0y*)*dy
0 0 0

* Foundations of nanomechanics, A. N. Cleland
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Equation of Motion

For the fundamental mode shape ¢,(y), the displacement u(t) at y = y, under uniformly
distributed force f(t) satisfies, (F(t) = total force)

meffil + keffu — F(t)

pAL [ (0o (»))?dy . EL [ (9%¢n () /0y?)2dy
9o o) [, 9o()dy RPN [ po()dy

Damping can be included:

Merr =

In frequency domain:
Flw)/Mesr = g

2 o ) Q -
(wg — w?) + i=5°

u(w) =

* Foundations of nanomechanics, A. N. Cleland

May. 19. 2022 15



Example of Nano-Beam

* Fixed ends + zero-slope at the ends
Z

May. 19. 2022

Et
pl?

(a, = 6.47,17.9,35.0,...)

* Foundations of nanomechanics, A. N. Cleland
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Nanomechanical Sensing

Center of mass displacement: x(t)

— -

meffjc' + meffyx + keffx = f(t)

with  f(t) = F(w)e™@t , x(t) = X(w)e'?t :

_F(w)/(mefrwo)
i) = 2(wg — w) + iy

~ _ /keff
(w = w Morr > Y)

= Maximum amplitude (“resonance”) when f(t) = F cos wyt
F-Q
Kers

o
Y

Kers

x(t) = Xsinwyt = sin wyt = sin wyt

May. 19. 2022

17



Nanomechanical Sensing

arg(X)

Center of mass displacement: x(t) |X|
Xmax —
—— - (= FQ/kegy)
mefij. + meffyx + keffx = f(t) Xmax/\/i_

with  f(t) = F(w)e™@t , x(t) = X(w)e'?t :

_F(w)/(megrwo)
i) = 2(wg — w) + iy

~ (). — /keff
(w = w Morr > Y)

= Maximum amplitude (“resonance”) when f(t) = F cos wyt

“linewidth”

Yy = wo/Q

Wo
. i F-Q
x(t) = Xsinwyt = sin wyt = sin wyt
Kefy Kefy

May. 19. 2022
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Nanomechanical Sensing

Center of mass displacement: x(t)

- - 1) Force vs displacement
wo/Y Q
meffjé + meff)/x + keffx = f(t) 8X — 6F keff — SF keff

with  f(t) = F(w)e™@t , x(t) = X(w)e'?t :
2) Resonance vs mass/spring constant

Flw)/(myrrw

f () = @)/ (mesr0)
2(wg — w) + iy

keff wO wO
(W= wo = Wﬁ» Y) 8(1)0 = Smeff— o]y Skeff
2Mer 2Kefr
= Maximum amplitude (“resonance”) when f(t) = F cos wyt
. T F-Q
x(t) = Xsinwyt = sin wyt = sin wyt
Kefr Kerr

May. 19. 2022 19



Nanomechanical Sensing

Center of mass displacement: x(t)

— = Q
0X = OF ——
Kefr

meffjc' + meffyx + keffx = f(t)

with  f(t) = F(w)e™@t , x(t) = X(w)e'?t :

F(a))/(meffwo) = Maximum sensitivity In force measurement requires:

lw) = 2(wg — w) + iy x I .
1) High Q(i.e. low dissipation
(w = wy = /_:fel;l; > ¥) ) g ( P )

_. Maximum amplitude (“resonance”): 2) High compliance (i.e. small mass)

F. . %0
° ¥ din Wt 3) Low measurement noise in 80X (i.e. guantum-limited)

eff

f(t) = Fcoswyt; x(t) = X sinwyt =

May. 19. 2022 20



Quantum limit

May. 19. 2022

“zero-point motion”

h

8Xquantum — % > 0Xthermal =
\

or h(l) > kBT

(zero-point energy overcomes thermal energy)

“thermal motion”

kpT

\

2maw?
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Quantum limit

May. 19. 2022

hw > kgT

* Speed of sound ~ 10* m/s
* Device temperature ~ 50 mK

* kgT ~4 peVor1lGHz

.. device length scale
~ (10* m/s) / (1 GHz) = 100 hm

22



Single phonon vs single photon

May. 19. 2022

medium
nonlinearity
mass

wavelength

Electric charge/dipole

Magnetic dipole

solid

high

Mert
Sub-micron
possible

possible

vacuum

low

Zero

Micron or centimeter
no

no
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Mechanical quantum sensor

hw > kgT

* How to generate?
* How to apply them in sensing?

* How to hybrid with other quantum
system?

May. 19. 2022
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Example1: Quantum electromechanical system

* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).

May. 19. 2022
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Example1: Quantum electromechanical system

Cooper pair box
“qubit”

.

o

nanomechanical

N — i
-— ‘- “harmonic oscillator”

* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).

May. 19. 2022
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Example1: Quantum electromechanical system

-

Cooper pair box
“qubit”

Eel

T s . AE
H=hwwra' a+ >

&,+hi(a+ah) (

e nanomechanical
.— - “harmonic oscillator”
* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).

May. 19. 2022 27



Example1: Quantum electromechanical system

-

Cooper pair box

“coupling”

e nanomechanical - dnnrEc 1 0Cyr %
. . ” N o zp
.— - “harmonic oscillator et 2 h  Cwr 0x 7

nvr = Cnr Vinr/2e
* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).
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Example1: Quantum electromechanical system

L
!

H= /7(!)NR a

Off degeneracy

1’4
=

On degeneracy

phase (rad)

hl e’ ay< iV TON (dispersive coupling limit)

{

“qubit-state dependent mechanical resonance shift”

A hi’ E
= I (6:)

58.4725 58.4775
Excitation frequency (MHz)

1,000 /
.
.

>
=
@
©
2
a
E
©
-
o)
821
©
c
o]
v
@
-
o)
c
@
-

A/ 27 (H2)

Vaia V)

58.470 58.475 58.480 58.485
Excitation frequency, w/2r (MH2)

2t m AE(AE? —(hong)?)

* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).
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Nanomechanical probe of quantum coherence

“Landau-Zener Interference”

-500 0 500 1,000
sonv2e ) N

E
A
P,, = exp(-2nd )
\ / P, --%+arg[l‘(l-—i6)]+6(log6 -1)
/\ paf = 2P (1= P, + cos@ - 2,,)]
rd

P Nepb

-8.0 -6.0 -4.0 -2.0 0.0
Vepg (MV)

* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).
May. 19. 2022
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Quantum tomography of mechanical phonon

Qubit

SAW resonator

* Satzinger et.al, “Quantum control of surface acoustic-wave phonons”, Nature 563, 661 (2018).

May. 19. 2022 31



Example 2: Quantum optomechanical system

Mechanical oscillator coupled to photons

) AN
N D

H = how.ata+hw,,b™h + hgata(bt + b)

t f |

photon mechanics interaction
or
“phonon”

Quantum non-demolition measurement
Quantum squeezing

Ground state cooling

* Microwave-optical photon conversion

e Zero-point fluctuation of motion ...

May. 19. 2022

Frequency (Hz)

1010

108

108

104

102

10°

1020 10 104 10*? 10%° 10% 10® 10“% 102 10°
Mass (kg)

* Aspelmeyer et al, Phys. Today 65, 29 (2012).
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Cavity quantum electro-mechanics

= microwave resonator

May. 19. 2022
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Cavity quantum electro-mechanics

= microwave resonator

May. 19. 2022

B 1 (x = 0) + dw,
wC_VLC(x)Nwa_ ax )~

“cavity frequency shift per zero-point motion”

_ (Ow,
g — ax pr

34



Cavity quantum electro-mechanics

= microwave resonator S

B 1 (x = 0) + dw,
wC_VLC(x)NwCX_ ax )~

“cavity frequency shift per zero-point motion”
0w,
= X
g ax zZp

H = hw.aTd + hw,,bTb + hgata(bT+b)

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

Xzp =2 fm

*JS et.al., Science 344, 1262 (2014).
May. 19. 2022 35



Cavity quantum electro-mechanics

7 N

e Quantum non-demolition measurements
- JS et.al., Science 344, 1262 (2014).

 Quantum squeezing of motion
- Wollman, Lei, Weinstein, JS et.al., Science 349,
952 (2015).
- Lei, Weinstein, JS et.al., Phys. Rev. Lett. 117,
100801 (2016).

NN

May. 19. 2022 36



Microwave resonance

power

“cavity”
May. 19. 2022
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Motion moves cavity resonance

A

power
Q)
%‘ S
N——
=

May. 19. 2022
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Motion converts photons

Vour * V¢ COS(a)Ct + Om (t))
N = . cos(w.t + a(x)cosw,,t)

~ V.cosw,t - a(x) V.(sin(w,.- wy,)t + sin(w.+w,,)t)/2
%)
@) dx x
o
>
Wec-Wm Wc Wec+Wm
“Stokes sideband” “anti-Stokes sideband”

May. 19. 2022 39



Photon-phonon coupling

Wec-Wm W
”heating" \ llcoollngn

9 e W VNV Wet wm

)

=

@)

Q- Wm Wc

We-Wm Wc Wc+Wm
“Stokes sideband” “anti-Stokes sideband”

May. 19. 2022
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(Ideal) Detection of motion

power

May. 19. 2022

A..= hgataz

w c—Wm Wm
"heating” «.\ cooling
We N\ Wet wm
Wm Wc
>
We-Wm Wc Wc+Wm
“Stokes sideband” “anti-Stokes sideband”
41



Continuous position detection of harmonic oscillator

May. 19. 2022

Sx((.l.)) / Spr(wm)

"""""""""""""""""" E “total noise -
: ‘zero—point ‘
A motion
é{ . Qah -
[ i\
...................... £‘§ o
y'f/ I l‘b"'. ,
/N
2/ : ‘
———— : S —
Wm
Frequency

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

Back-action
(i.e. radiation pressure
noise)

Imprecision
(i.e. photon shot noise)



—_
E
3
—
o
e
w
ey
—
3
=
w

Frequency

Back—-action Imprecision

# of photons

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

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) ] (5/mw)¥? in a mechanical oscillator
on earth, corresponding to AN < 0,4(N +3)¥2[m/
(10 tons)], For detectors of reasonable mass
this signal is below the quantum limit,

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

May. 19. 2022
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Evading quantum back-action (i.e. quantum non-demolition
measurement)

“guadrature operators”

A A

— t _ t
X,(t) = X(t) cos wt — &sin wt; X,(t) = X(t) sinwt + &cos wt
mw mw

i.e. £(t) = X (t) cos wt + X, (t)sin wt
(X1, X2] =
AXy - AXp> P N
Xy A2

N g

ax, o0X{ i ._
dt ot _ﬁ[xl’HOSC] =0

Quadrature conserves; no measurement back-action!

* Braginskii et.al., Sov. Phys. Usp. 17,644 (1975); Thorne et.al., Phys. Rev. Lett. 40, 667 (1978).
May. 19. 2022
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<X12>add /

May. 19. 2022

G

Back—actio mpregision

# of photons

* A. Clerk et.al., Rev. Mod. Phys. 82, 1155 (2010).
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Evading quantum back-action

A pump(1)=a ,COS(W 1 )COS(W)t )

Wc WctWm

H oo X (I+cos2m t)+ X,sm2w 1

* Braginskii et.al., Sov. Phys. Usp. 17,644 (1975); Thorne et.al., Phys. Rev. Lett. 40, 667 (1978).
47
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Experiments

300K
MR | TV rYveey
-6 — 3
10 F np—1.3x10 Ooo .
oo ] 4K-100mK
O .
e O
.
Q_E 10 F O 5 e0 -
= ‘ @ ]
" 50 1
+ $ l
& 40
40073 40074 4
-8 Freq. (MH2)
10 A daaaal " rd aaaaal
10 100
T mK
vatn (MK) 20mK =

*JS et.al., Science 344, 1262 (2014).
May. 19. 2022



Experiments

“back-action on ONE quadrature”

“Evade quantum back-action by 8.5 dB”

(X4 impXzp" s (X1 )palXzp"

% Ll LJ \J | 90 t T T TrTrTTT] T LA | T T T rrrr
£ o5 ® i
80 | 180 -
B QQ % o2
o g
701 $ $ 70 X
é& 4<X2)ba ® 5 § %
o0 ¢ 190 < “% 10’
X 3 | ¢ s | = 3
so & 150 %
b |8 : ol
40 ’ i Q% 140 1 ® 0 Non-BAE e
o Tl eomse e
30 -m/2 0 w2 ™ 30 104 105 106 107
¢ (rad) Mp

*JS et.al., Science 344, 1262 (2014).
May. 19. 2022
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Mechanical quantum sensor

hw > kgT

* How to generate?
* How to apply them in sensing?

* How to hybrid with other quantum
system?

May. 19. 2022
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Example1: Quantum electromechanical system

-

Cooper pair box
“qubit”

Eel

T s . AE
H=hwwra' a+ >

&,+hi(a+ah) (

e nanomechanical
.— - “harmonic oscillator”
* LaHaye, JS et.al, “Nanomechanical measurements of a superconducting qubit”, Nature 459, 960 (2009).
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Example 2: Quantum optomechanical system

Mechanical oscillator coupled to photons V Q

l '.\

H = how.ata+hw,,b™h + hgata(bt + b)
to ; ~
77

photon mechanics interaction
or
“phonon”

Quantum non-demolition measurement
Quantum squeezing

Ground state cooling

Microwave-optical photon conversion

Zero-point fluctuation of motion ... * JS et.al., Science 344, 1262 (2014)

May. 19. 2022
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Ground state cooling of mechanical motion

A
Wm : ; NIST
‘cooling” _
Thermal occupation factor ~ 0.2
g N\\/\/* Wc+Wm  * Nature 541,191 (2017).
S
Wc
- >
Wc-Wm Wc

May. 19. 2022 54



Reduction of mechanical motion (i.e. Cooling)

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

X2

Xthermal

X, -

May. 12. 2021 55



Squeezing “phonons”

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

X2 XZ

X, -

May. 12. 2021

56



Phase-dependent cooling

~ Period of mechanical oscillation

Wc-Wm Wc Wct+Wm

: ﬂﬂ W .y i Ml ] hm.
il (LAY LAAR11 1A



“Phase-dependent” reduction of mechanical
motion (l.e. Squeezing)

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

X5 X7

X4 ‘ —— A X,

May. 12. 2021 58



Arbitrarily large steady-state bosonic squeezing via
dissipation

—101log, <\13> <\12

squeezing > 3dB /\ \

N
o
°

Optimal ratio between red and blue power

Squeezing beyond 3dB possible

Steady state is squeezed thermal state

State purity vs. squeezing

~
——
5=
(@)
k=
N
()
)
-
O
w
(]
—
>
+—
(4]
.
©
©
=
lon

1x10°
cooperativity C

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

* Lel, Weinstein, JS, Wollman, Kronwald, Marquardt, Clerk, Schwab, PRL 117, 100801 (2016).

May. 12. 2021 60



KRISS QEM Lab

May. 19. 2022 61



w.= 4.6 GHz

May. 19. 2022
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w.= 4.6 GHz

W, + Wy,

May. 19. 2022

w,= 2.6 MHz

Sweaep (FFFT) ~ mmipu

il ,i\ \\ - M .1.lx.hn n -
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Niobium for better Cavity QEM sensor

Niobium cavity QEM works at higher temperatures magnetic fields.

Critical Temperature (Tc) 1.2K 9.26K
Critical Magnetic Field(Hc) 0.01T 0.82T
Density 2700 kg/m?3 8570 kg/m?3

Young’'s modulus 70 Gpa 105 GPa
Poisson ratio 0.35 04

Advantages Easy to control the film stress Good mechanical properties
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).

May. 19. 2022 64



Niobium QEM at 4 K

network rf signal spectrum
analyzer ® ¢generator analyzer g . O = 27 x 3.777 GHz

Sz ] lwd S(®) K =27 x 960 kHz

1

Transmission

J13|dnod
|euondalip
Jaydwe

-20 dB ‘.r

0 . | e
3.771 3.778 3.785
Frequency (GHz)

O

p3eIndJn LW3H

Jojenusjpe

Q=27 x 8.369 MHz
[, =27 x 810 Hz

~
(&)

Noise Power (aW/Hz)

($))
o

L reuradiur N
8.36 8.37 8.38
Frequency (MHz)

May. 19. 2022 * Cha et.al, Nano Letters 21, 1800 (2021).




Back-action cooling at 4 K

Wm

%;cooling"
" WetWm

R

O
/
Wc

power

We-Wm Wc

e Cooling process accompanies with mechanical
linewidth broadening

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

May. 19. 2022 * Cha et.al, Nano Letters 21, 1800 (2021). 66



Electromechanical induced reflection of microwave at 4 K

o
>
[ ]

Probe microwave interferes destructively with
mechanical sideband from pump

Transmission
=
o N

3.776 3.778

erouency (GH) * Reflection window

(g {'r.Jp (-

4gén
P () [EmiR = Im (1 T d) =[p(1+C)
30 20 -10 0 Kkl
0.6
0.5 * Single photon coupling
go = 3.3 Hz

Cooperativity

Transmission
nd
[ ]

C = 40

40 -20 0 20 40 10 20 30
Frequency (kHz) lNemir (KHZ)

May. 19. 2022 * Cha et.al, Nano Letters 21, 1800 (2021). 67



Niobium QEM under magnetic field

=0
3.77 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.

EMIR 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.

May. 19. 2022 * Cha et.al, Nano Letters 21, 1800 (2021).
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Outlook: Niobium QEM for single spin control

Charge :

A ‘- /' ]
R
E
Ultrasensitive & 3
: ’ > Ny
cantilever Spin qubit X
Laser
interferometer

Sample

<«— Resonant slice

Ol

PNAS 106, 1313-1317 (2009) New J. Phys 21, 043049 (2019)

Microwire

Nature Physics 6, 602-608 (2010)

May. 19. 2022 * Cha et.al, Nano Letters 21, 1800 (2021). 69



Nanowire for wider QEM sensing applications

4 N )
Nanomechanical probe for TI surface states Microwave bolometer at millikelvin
& (h/e)
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w Ve V)
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N M—-236
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- —-29.0
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5 *~hle

]200 Hz £y A\

02 04 06 08 1.0 ‘wsom®

CPW resonator (L/2)
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N
I
=
<
=
o
=
)
=

®=0 D = +Py/2 2280 05 10 15 80 70
@ (@) P, (dBm)
* M. Kim et al., Nature Comm. 10, 4522 (2019). *J. Kim et al., Phys. Rev. Appl. 15, 034075 (2021).
NS 2N J
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Nanomechanical characterization of quantum interference
in a topological insulator nanowire

&b (h/e)
05 10 15 20 25

e~ N\ Y
—-188

206

/\/\/\/\_‘23 6
—-266

290

" |—312
N\ 3| e
1200 Hz & |

AL (HZ)

02 04 06 08 10 ‘wsim®
8 Af, (KHz)
27.0 20
26.0 10 Minjin Kim Kunwoo Kim
~ 25.0
2 0.0 *Nature Comm. 10, 4522 (2019)

May. 19. 2022 71



Bi,Se; nanowire electromechanical resonator

=
11508 11N
Frequency (MHz)

115.065 115.080 115.095 115.110
Frequency (MHz)
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Bi,Se; nanowire electromechanical resonator

“quantum capacitance”
Co = € - (Density of States)

* Luryi, Appl. Phys. Lett.. 52, 501 (1988).
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Frequency (MH2z)

Capacitive tuning of mechanical resonance

“capacitive softening”

115.3 10%C ,
Okerr ~ =527V
115.2
. Total capacitance ¢ = —2-¢
115.1 P = C,tCo

* Co » (C4; C;dominates softening

° CQ, aCQ/ax,aZCQ/axz m0d|fy
Okesy

= Surface state €, modulates mechanical resonance
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Surface states of topological insulator

T E
Bulk conduction band

—p i
( A‘ spin-momentum locking

Surface states p
Y « Conducting surface states with
insulating bulk

k

X

« Topologically protected

Bulk valence band
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1D subband of Tl nanowire surface

spacing

|

78

0 = +h/2e
E
¥ Al K
ﬂx\ %-\
s(n, k,®) = ith\/kZ n (n + 1/2R—2 cp/cpo)z

* Bardarson et al., Phys. Rev. Lett. 105, 156803 (2010).
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1D subband of Tl nanowire surface

®=0 ® = +h/2e
= =
Sub-band A if[ ______
spacing | K

K
1D sub-bands
/ \ / of surface state
ZZR T

(n+1/2 — ®/d,)2
RZ

cenk,®) = ith\/kz +

* Bardarson et al., Phys. Rev. Lett. 105, 156803 (2010).
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1D subband of Tl nanowire surface

N\
//
N

spacing |

K
1D sub-bands
/ \ / of surface state
Z S RN

n+1/2—o/d,)? - - - -
e(n, k,®) = ith\/k2 +( / 3 /®o) n n+1 nt2 n+3 n+4
H#(A)
* Bardarson et al., Phys. Rev. Lett. 105, 156803 (2010). % Af() — Af‘l _l_Af‘H
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Aharonov-Bohm conductance oscillation

2

1 A l : 0. 1
T v T v T v 0 5 0 1NG(1N)

04 00 04 0.8 1/B (1/T)
B(T)

Period = ®,/(cross-section) Period = A
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AB oscillation of mechanical resonance frequency

Period = ®,/(cross-section) Period = A

May. 19. 2022




Nanomechanical resonance shift

. . 2
1 CG 2 e CG a 1 3
i z(cg>Q +2(CG> ou\ C3 ¢

Afy (kHz)
27.0 L

e

- 1.0

e

- -1.0
Kunwoo Kim* (CAU)

D (Do)

* previously at IBS
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Nanomechanical resonance shift

4.0 0.4
0.5 P, 1.5 d,
20 4 — 1.0 ®,
g ) 5
T
x 004 -4 f[- A, D] X
L \//\ \/\' \/ ) w2
2 ¢ 2
-2.0
Theory Experiment
—4 0 L) L] L] L] _0.4 L) L] L] L)
22 23 24 25 26 27 -32 -28 -24 =20 -16
u (4) v, (V)

« Stronger mechanical effect closer to Dirac point
« Applicable to other Dirac systems™

b3

Chen et al. Nat. Phys. 12, 240-244 (2016).
D (D) / ()
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Nanomechanical microwave bolometer

Nanomechanical QEM detects heat from microwave photons.

, .
2 g ’ —
; L \
> JInAs NW = &;. -
r i 5 AS
o 1 "t
' JR

A
YRR :
g s o 4 -
é CPW resonator (4/2)

Jihwan Kim (KAIST)

* ). Kim et.al., “Nanomechanical Microwave Bolometry with Semiconducting Nanowires”, Physical Review Applied 15, 034075 (2021).
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Bolometer = thermal radiation detector

EM radiation
Power “P”

4

Absorber
Heat capacity “C”

Temperature “T”

Thermal
conductance “G”

Reservoir

May. 19. 2022

P =G-AT
T=C/G

Sir William Herschel (1800)
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Bolometer = thermal radiation detector

Absorbin
EM radiation g

Power “P”

4

P =G-AT
T=C/G

Thermal
conductance “G”

Cosmic microwave background
map from Plank mission (2009)

Reservoir 100 ~ 857 GHz
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Bolometer = thermal radiation detector

EM radiation
Power “P”

4

P=G-AT
T1=C/G

8 GHz
Sensitivity ~ 32 GHz single photon
* G. Lee et.al., Nature 586, 42—46 (2020).

Thermal
conductance “G”

Reservoir
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InAs nanowire based cavity electromechanics

CPW resonator (2/2)

Resistive nanowire dissipates microwave power

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
May. 19. 2022
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InAs nanowire based cavity electromechanics

I

Drive Microwave
Sideband

v

s

S21 (arb. unit)

Amplitude (10 W/Hz)

L) - L

6.42 6.43 6.44 R TR R
Frequency (GHz) " Vo' (uV'Hz)

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
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InAs nanowire based cavity electromechanics

Microwave cavity resonance Mechanical resonance

N
L
>
(&)
(o=
(&)
=
o
[
—
L

Mechanical resonance signal comes from superconducting cavity

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
May. 19. 2022
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InAs nanowire based cavity electromechanics

P =

Pn 2097 +a1/%), ,
_m_ T (x2)
P pump K ' 26436  26.439

Frequency (MHz)

where g, = dw,/0X and g, = Ok /OX

11 (K/2n)? (X107 Hz?)

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
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InAs nanowire based cavity electromechanics

P =

Pn 2097 +a1/%), ,
_m_ T (x2)
P pump K ' 26436  26.439

Frequency (MHz)

where g, = dw,/0X and g, = Ok /OX

11 (K/2n)? (X107 Hz?)

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
May. 19. 2022
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Nanowire controls cavity dissipation

l,coso t ‘ 2C . ..

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
May. 19. 2022
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Nanomechanical resonance thermometer

N
L
=
o

E
3
<]

*J. Kim et.al., Physical Review Applied 15, 034075 (2021).
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Microwave-power-dependent nanomechanical resonance
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12.848 12.850 12.852 12.854 12.856
0)’l (GH2)

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

;Resistance

26.4128

26.4112 - 10° 10' 10° 10° 10' 10* 10" 10’

R, ()

* “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))

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

cavity electromechanics for quantum
“Quantum Technology” nanomechanical resonator for non-demolition measurement of

superconducting qubit measurement motion

g
2
2
)
F
&

“Quantum Sensing”
: the use of a quantum system,
quantum properties, or quantum
phenomena to perform a
measurement of a physical

quantlty
Nb cavity QEM
Implementation Qubit(s) Measured quanuty(ies)  Typical frequency
Optomechanics Phonons Force, acceleration, kHz-GHz
Electromechanics mass, magnetic

field. voltage
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Outlook

quantum transduction

THz

\ I
-

| Jan :

e I - |

sensors for new physics

entangled force sensors

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

cavity electromechanics for quantum
“Quantum Technology” nanomechanical resonator for non-demolition measurement of

superconducting qubit measurement motion
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