Quantum electromechanics

from linear quantum acoustics to
quantum phononics
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Quantum superposition of macroscopically distinguishable

states

momentum Y

position )A(

mechanical coherent state

classical amplitude and phase
quantum uncertainty blob

mechanical “Schrodinger cat” state
Wigner function negativity
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Quantum measurement of macroscopic mechanical

oscillators

standard quantum limit (SQL)

quantum non-demolition measurements (QND)

back action evasion (BAE)

On the measurement of a weak classical force coupled to a
guantum-mechanical oscillator. |. Issues of principle

Carlton M. Caves, Kip S. Thorne, Ronald W. P. Drever, Vernon D. Sandberg, and Mark Zimmermann
Rev. Mod. Phys. 52, 341 — Published 1 April 1980

Measurement of Motion beyond the Quantum Limit by

Transient Amplification

R. D. Delaney, A. P. Reed, R. W. Andrews, and K. W. Lehnert

Phys. Rev. Lett. 123, 183603 (2019) J ILA
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https://link.aps.org/doi/10.1103/PhysRevLett.123.183603
https://link.aps.org/doi/10.1103/PhysRevLett.123.183603

Universal transducers/sensors in the quantum regime

. Atomic Force Microscope (AFM)

map atom scale surface forces to laser intensity

00000

Magnetic Resonance Force Microscopy (MRFM)

Image 3D nuclear spin density

Degengroup: ETHZ ) S



Acoustical information processing in the quantum regime?

sound waves: slow and small
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gquantum electromechanics and optomechanics



Optical fields precisely control and measure
macroscopic motion (optomechanics)
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moving mirror

motion of mechanical oscillator

control with radiation force

infer through optical phase

LIGO: Hanford

Aspelmeyer lab, IOQOI, Vienna
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Quantum electromechanics: control and
measure motion with electrical circuits

\NNS
NNV

microwave frequency electrical circuits

quantum operationat 7' <« 1K
interface with superconducting qubits

motion of compliant LC circuit
ce) L i

O_QE § L s control with electrostatic force
%; infer through electrical phase
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transmon qubit
in cavity
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Vibrating membrane electromechanics

| T,,, =20 mK o, ~21x7.3 GHz
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Pump creates parametric, linear coupling

pump in
NN ‘ swap phonons and photons
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Quantum link between superconducting qubits and light
enables a quantum communication network

gquantum network
secure communication
processing power exponential in nodes

nodes

superconducting q‘bits
(process and store information)

links

optics (transmit) J ILA
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Microwave signal processing in the quantum regime

pump in
NN !
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gquantum phononics



Is a single phonon detectable?

the quantum harmonic oscillator
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single phonons: require strong non-linearity JllA



Vacuum electromechanical coupling is nonlinear but weak

o, =2nx7 GHz
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Overcoming small vacuum electromechanical coupling

apply static voltage or  use piezo-electric coupling
s = | The @ e
P —
T Ve = =
77777777 rossssss g 0 ~21tx10 MHz
add electrical non-linearity % — * superconducting qubit

coupled mechanics

H

O‘Q@x Jg' =80, (b+b")

77777777 J !BLA




Outline

mechanical oscillator coupled to a charge qubit: a particle in a quantum potential
energy sensitive detector of mechanical oscillator

stabilizing a non-classical state of motion

electromechanical device as an artificial molecule

J CU Boulder and NIST



mechanical oscillator coupled to a charge qubit



Mechanics: vibrating aluminum membrane

S

w =225 MHz

antisymmetric 2:1 mode
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Coupling an Al drum oscillator to a Cooper pair box qubit

Thevenin equivalent
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Mechanical oscillator moving in a qubit potential
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Ultrastrong coupling, dispersive limit of Rabi Hamiltonian

at charge degeneracy
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energy sensitive detector of mechanical
oscillator
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Motional dispersion of qubit emulated with classical drive
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Motional modulation of qubit emulated with classical drive
qubit spectrum
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Qubit spectrum encodes phonon number distribution

probe frequency (GHz)
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De-convolution reveals phonon statistics

8
6 ®* thermal state, data
— deconvolution
S 4 + = = thermal fit, n;, = 20.3
- i
®* thermal coherent state
27 — deconvolution
o § -~ n,, =20.3,n.,, = 54
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probe frequency (GHz) J "-A



stabilizing a phonon number squeezed state
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Number sensitive sideband transitions

J CU Boulder and NIST
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Sideband drive moves population selectively

le,n + 2)
le,n+ 1)

le, n)

|e)n _ 1)
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Ngrive Nr

J.J. Viennot, X. Ma, and K.W. Lehnert, PRL (2018) J "'A



Number sensmve blue sideband )
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Sideband drive moves population selectively
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Number sensitive red sideband : cooling a mechanical ™
oscillator with a two level system

1 ,
P(0)~0.48 = —— thermal state
—— 150 ps drive
0.1 —— 1.5 ms drive

Ngrive ~ 8

3.8 3.82 3.84
frequency (GHz)
J.J. Viennot, X. Ma, and K.W. Lehnert, PRL (2018) J I I-A
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Chirped blue sideband displace thermal distribution

30
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Squeezing the number distribution with sideband drives
80

nchirp J I I.A
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Number squeezed state, dissipatively stabilized

var(n)
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Fano factor F =
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vibronic transitions in electromechanics



Qubit response to quantized motion
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Qubit response to quantized motion
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Qubit response to quantized motion
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Qubit response to quantized motion
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Qubit spectrum acquires vibronic sidebands
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resolving the mechanical recoil of a qubit transition: Franck — Condon physics

from artificial atoms to artificial molecules J".A



Overcoming small vacuum electromechanical coupling

apply static voltage or |use piezo-electric coupling
s = | @ [neeen
P —
T Ve = =
77777777 rossssss g 0 ~21tx10 MHz
add electrical non-linearity % — * superconducting qubit

coupled mechanics

H

O‘Q@x Jg' =80, (b+b")
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accessing single phonons with piezomechanics



Transmon qubit: a strongly nonlinear LC circuit
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Circuit quantum acoustodynamics (CQAD):
Superconducting qubits and piezo-electric materials

strong resonant coupling (qutons and phonbits) g, > max[k,v]

bulk waves surface waves
TR —— (Qﬂ A. O’Connell, A. Cleland

UCSB, 2011
= = |
e 4 Ang:

B. Moores, KWL,
JILA, 2018

A

:60 uwm

Y. Chu, R. Schoelkopf

Yale, 2017 K. Satzinger, A. Cleland

Chicago, 2018
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Count phonons in the dispersive limit of CQAD

ENg

o ) @,
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2
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resolve single phonon acoustical Stark shift

X > max|[x,]
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SAW waves confined between mirrors form
multimode cavities

interdigitated
47‘/_2, transducer (IDT)
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Rayleigh waves
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Split finger transducers launch SAWs without
reflecting them

M4

7 11/

M2 Bragg mirror

L]

52 ‘1}' R ot

— Rayleigh waves
. v~ 3000 m/s
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Transmon qubit coupled piezoelectrically to
multimode SAW cavity in GaAs

flux tunable
transmon
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All acoustical measurement and control of qubit

magnetic , measure SAW cavity
flux ctrl Input output | 3509 Kk reflection
HEMT f E 3 K
30 mK

52 JIA
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Cavity reflection reveals spectrum of high-Q
longitudinal SAW mode
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CQAD system in the strong multimode regime
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Qubit-cavity avoided crossing show coherent coupling
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Dense acoustical modes: too much of good thing?

strong dispersive limit

g
< A ===
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uniform coupling
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Acoustical Ramsey interferometric coupling

space
electrical impulse piezo

split IDT:
double-slit diffraction

frequency domain control

< measure SAWSs via IDT geometry
time frequency
N A 1> 1/T — U/S
o S 1t
sllpm om 5 ANl
S >. | |
@ V \/ time  Fourier transform A TANSEN
—_— fe frequency

\4

Anton Frisk Kockum, Per Delsing, Goran Johansson, PRA (2014) J "'A



Ramsey qubit: realizing frequency sensitive couplings
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Ramsey qubit: realizing frequency sensitive couplings
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Ramsey qubit: realizing frequency sensitive couplings
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Ramsey qubit: realizing frequency sensitive couplings

confined
A Propagating . , . propagating

an

—v/2D fe +v/2D
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Ramsey qubit: realizing frequency sensitive couplings

confined
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4.32 qubit spectroscopy
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4.32
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Characterizing the system with the qubit tuned to f,

Qubit tuned to zero in coupling at f,.

9 71| qubit linewidth
X 2 7 y = 550 kHz
v 1 -
AL
0 _
424 426 428 430  4.32

frequency (GHz)

J CU Boulder and NIST



Qubit tuned to zero in coupling at f,.

3 I 1 i |
—~ +28 dB +19 dB J:
< 2f -
© 1F b -
QS 1 fs 7
0 bk ) A o J\_]
4.24 4.26 4.28 4.30 4.32
frequency (GHz)
dispersive with all acoustic modes
A3/gs =18 As/gs =11 A;/97; = 8.5

excite acoustic modes through qubit

qubit linewidth
y = 550 kHz

acoustic linewidths
K3,5,7 =~ 250 kHZ

Ng/gg = 12
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Resolving the acoustical Stark shift of a single phonon!

excite acoustical mode, measure qubit spectrum

=0 mode 5

3 lliil

strong dispersive regime

X > max|[rx,]

drive detunin

(MHz) JIlA
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Strong dispersive regime for two cavity modes

excite acoustical mode, measure qubit spectrum

3 mode 3 mode 5 mode 7
. - - resolved peaks for modes 5, 7
oL 1 1 I | qubit linewidth ¥ = 550 kHz
D n=0.5 n=0.3 dispersive shifts
A 1 235, = 500,1050,890 kHz
1.8
AL N23

0 2 4 0 2 4 0 2 4
drive detuning (MHZz) J".A
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Single phonon self-interference!

detuning
(MHz)

propagating propagating

I
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38 40 42 44 46
qubit frequency (GHz)
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Acoustical Lamb shift

Lamb shift detuning

3.8 4.0 42 44 46
frequency (GHz)

RO voltage

dissipation dispersion related by
Kramers-Kronig

frequency shift

frequency dependent dissipation

J CU Boulder and NIST



COﬂC| USiOﬂ Collaborators
Cindy Regal

John Teufel
Kevin Silverman

linear quantum electromechanics
non-linear quantum electromechanics
resolving single acoustical phonons

acoustical qubits have designer couplings
observation of acoustic Purcell effect and Lamb shift
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