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Coherently: phase & amplitude ——» Quantum: no measurement
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GHz Sound and light are a match WACQT |Gt eimios,

‘Magical’ scale convergence

-1 . Wavelength of 200 THz light
% L0GHy = Wavelength of GHz sound

i =1 um

v Speed/ 10°
200 THy Wavelength )\ — —

~1um f Frequency / 10°

Van Laer et al.
Nature Photonics (2015)



GHz sound and light are a match WACQT |Gt eimios,

‘Magical’ scale convergence

S Wavelength of 200 THz light

L0GHy = Wavelength of GHz sound
- =1 um zl um

Strong, fast interactions
Low energy per (qu)bit
Dynamical gratings

200 THz
=1 um Integrated
Matchir photonics!
Stiff'rrrecrrarmes
Disorder
Van Laer et al.
Nature Photonics (2015) More info:

Safavi-Naeini, Van Thourhout, Baets & Van Laer. Optica 6(2) (2019)



GHz sound already widespread WACQT | eimaes

Wavelength-scale

AlN confinement
oD e B

Filtering, delays
¥ g y ¥ D | Q
2D T
3D O 2 S

Extend to integrated photonics & quantum technology

Safavi-Naeini et al. Optica (2019)
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Basic physics
Confinement
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Confining GHz sound
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Safavi-Naeini et al. Optica (2019)



Confining GHz sound: slow materials WACQT |creimes,

Total internal reflection

Q (b) Q }

\ | |
Slow materials Impedance mlsmatch
() Ql . P (d) Q|/\ Ql
K B [ X K K K(Q)) = Q/vy
\’. ———— B P Maximum slowness 1/U¢

Geometric softening Bandgaps

Safavi-Naeini et al. Optica (2019)



5500 m/s

: Si0
5843 m/s * \/
Dostart et al. (2017)

2700 m/s
diadaing 1
As.S, core
Silicon wafer Pant et al. (2011)

Phonons: soft & light materials

Confining GHz sound: tension with photons WACQT | einoes,

Index 3.5

1
-

1.45

2.6

daading 1 pm

- -

As.S, core

Silicon wafer

Photons: dense materials

Safavi-Naeini et al. Optica (2019)



Slow materials

Geometric softening

Confining GHz sound: impedance mismatch
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Impedance mismatch
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Bandgaps

WAC T Wallenberg Centre for
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More phonons reflect when
mismatch is larger

Zm = PU(IJ

Atmospheric air does not support
phonons >500 MHz

Safavi-Naeini et al. Optica (2019)
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5500 m/s

Safavi-Naeini et al. Optica (2019)



Confining GHz sound: impedance mismatch WACQT |creimes,

220 nm .
=40000 r K

Si More phonons reflect when
mismatch is larger

Zm = PV

Atmospheric air does not support
phonons >500 MHz

/=38000

Safavi-Naeini et al. Optica (2019)



Confining GHz sound: impedance mismatch WACQT |creimes,

[ K

Si More phonons reflect when
mismatch is larger

/=40000

N Oxide
Im = P0¢
‘ Atmospheric air does not support
R, S1 wire __——_— phonons >500 MHz
SiO,

Van Laer et al. (2015) Safavi-Naeini et al. Optica (2019)
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Slow materials

Geometric softening

Confining GHz sound: geometric softening

7, 3.

‘ ‘--

Impedance m|smatch

LLLLL

Bandgaps

WAC T Wallenberg Centre for
Quantum Technology

Surfaces soften structure
Rayleigh SAWs
Unique to phonons

Safavi-Naeini et al. Optica (2019)



Confining GHz sound: geometric softening WACQT Sy

‘ = = =Clamped
i =——0n Glass

Mechanical frequency  £2/2x (GHz)

SIDE 1 B
0 cl.rs 1 1.|5 2 25 3

Sarabalis et al. (2016)

Large surface to volume ratio
Ew
Qry[——

Safavi-Naeini et al. Optica (2019)



Confining GHz sound: bandgaps WACQT |G cniy

@ QO (b) Q Q Q
|/ | 7 A
Cabcon water & ar 10, °
K [ K ] :

> B A N
Slow materials Impedance mismatch Make mirrors by patterning

series of holes

© Q ; > (d) Q|/\ Q|
I—/ = B - x K : e Add point- or line-defect
. 166661 . by smooth perturbation
B | i B Y P
DXXXXTD T XX (b) A 10 1
Geometric softening Bandgaps 0 0 OOO 0 ot 0 00 0 0 0
= - :

(c) _—

. YWY i -~
000 00ccoifocen it

Chan et al. APL (2012)



Confining GHz sound: bandgaps WACQT |G cniy

Fang et al. (2016) Santos et al. (2017) Q Q
N .

Adddd
09000
rYYYYY

+++++

Si

[ X K K

Chan et al. (2012)

Robust to scattering!

Patel et al. (2018)



Confining GHz sound: material limits WACQT | einoes,

1011 T T
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Safavi-Naeini et al. Optica (2019)
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Basic physics

Interactions



Light-sound interaction WACQT |5 i,

(a) Parametric coupling

Photons

Spectral Density

(b)

Spectral Density
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Process light with sound?

ONLY parametric

Light

J\

(GHz) Sound

WACQT

Quantum Technology



Light-sound interaction: parametric WACQT | o eimion,

(a) Parametric coupling

Photons Phonons optical

mechanical

= . cavity mode
U _ .

E We, K Qm: 1—‘m
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(b)

Aspelmeyer et al. (2014)

Mechanical motion changes
optical cavity frequency

Spectral Density

Safavi-Naeini et al. Optica (2019)



Light-sound interaction: parametric WACQT | o eimion,

(a) Parametric coupling
Photons Phonons optical B ‘mevchanical %int = ff(axwo)nm,r
E faser (:j:/{t);{ Q:]lo-,drem
L torsp o st
a ) . = Hint = higoa a(6b+ 6b")
@ a
:;::' ) | g0 = (ax("-:’o)xzp
|
Aspelmeyer et al. (2(ﬁ4)

(b)

Maximize interaction rate in

small structures with large
zero-point motion

Spectral Density

Integrated
photonics!




There are typically two contributions WACQT | ey

Photo-elastic contribution Boundary contribution

‘J“hf FFJ Sound changes
S —> effective refractive index

. I -
mirror ! mirror




In this example the contributions add WACQT |creimes,

® Experiment , N
Finite-element < . 7

° 10 | 19

Bulk

5
%

350 400 450 500
Waveguide width (nm)

Van Laer et al. (2015)

Bulk & boundary effects add



Momentum- and energy-conservation WACQT | reimoesy

kward . Stokes Pump B
Backwar ke < > Ly
High-group-velocity phonons > K
Phonon
-  Stokes Phonon
Forward ks »K’
Low-group-velocity phonons kp >
Pump
% _____ . Energy and momentum conservation are Van Laer et al. (2015)
~ ks necessary — but not sufficient —
ky v approximate conditions
K

This is important in quantum
hardware, isolators, beam-steering
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(GHz) Sound

Either parametric or direct

N

Microwaves



Parametric coupling to microwave photons WACQT [ieriers cene o

Quantum Technology

(a) Parametric coupling
. Photons Phonons optical ™ mechanical
£ laser cavity mode
:]:.; We, K Qm: 1—‘m
9 | )
= ~ X
& a
=1
- -
[b] Aspelmeyer et al. (2014)
, , vibrating
microwave drive L capacitor i,

LAV AT AN i

Spectral Density

C(z)

LC circuit




Parametric coupling to microwave photons WACQT |Gt eimios,

Edinger et al. (2021)

(a) Parametric coupling

Photons

I g 55t

X

Spectral Density

E‘ Mechanics u

ﬂ " a

T EN

(i

= 1 — — |
(¥

Lﬁ Van Laer et al. (2018)

“Capacitive” driving: both at
GHz and MHz



Direct coupling to microwave photons WACQT |creimes,

Piezoelectric materials

(a) Parametric coupling

Photons

Spectral Density

Jiang, Mayor et al. (2022)

(b) AIN, Lithium niobate, PZT, ...

Heterogeneous integration!

Spectral Density

Micro-transfer-printing,
Wafer bonding, etc.
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Case studies
Microwave-optics



Case study: microwave-optics transduction WACQT |creimes,



Case study: microwave-optics transduction

WAC T Wallenberg Centre for
Quantum Technology

Si, LN, GaAs, SiN, ...

Light

(GHz) Sound

Desired:
strong coupling rates
low losses

Si, LN, PZT, GaA:s, ...

~_

J\

N

Microwaves



Connect small quantum computers WACQT | St s

https://ai.googleblog.com
Y
P
e
o
Microwave cable: Telecom fiber: Millimeter wave at 4K
e 1dB/m e <0.2dB/km e < 1thermal photon
e 1000 thermal e 1e-14 thermal e lower energy cost per
photons photon :
e coherence e coherence converted qubit
length < 1 mm length 20 km e coherence length ~50 m




Hybrid quantum architectures WACQT | oo

Superconducting QC

/
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GHz phonons can drastically improve performance  WACQT |croecmoes

Confined mechanics can reduce energy
consumption by orders of magnitude

1w ? . Ermec

Classical Epit = 10m ( t ) 1 alJ/bit By = -

4 \go "

. 100 Mgbits/s
E 1.
gbit _ Wo 100 fJ/qubit —
Quantum e /q @ 10 uW

Desired: Integrated
strong coupling rates .
low losses photonics!

Safavi-Naeini et al. Optica (2019)



State of the art in energy per (qu)bit WACQT | eimaes
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Acousto-optic modulators in AIN-SOI

2.0 ym

u'(r,)

WAC T Wallenberg Centre for
Quantum Technology

Acousto-oplic @y, @, + L2
modulation

Vpsin(2n—e N1

GND—8 L4

Kittlaus et al. Nature Photonics (2020)



Acousto-optic modulators in AIN-SOI WACQT | ey

Non-reciprocal modulation ® Forward (1.-+2)

e Backward (2-1)
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Kittlaus et al. Nature Photonics (2020)



Acousto-optic modulators in LN
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Acousto-optic modulators in LN

WAC T Wallenberg Centre for
Quantum Technology

(a)

(b)

Modulation Efficiency (dB)

1550 nm

440 MHz

o |ILTE, »TE, _~1 [|IV.TE, «TE,
-40 1
4 ’1
-60) 1 4,
-80 1
-30 -20 -10 0 -30 -20 -10
P, (dBm) P, (dBm)
Jw+20Q
itk : ¥ o -( ) 2. o+

0

Sarabalis et al. Optica (2022)



Steep rise towards viability WACQT | St g

g/ hQ(

Q)27 mm~—! W2 (L/A)2Prp
Work Year A (nm) (MHz) L (mm) Prpp (mW) 9 (dB/mm)  |tou 12(dB) ) (MW) Hmax (%)
Harris [1] 1970 632.8 54 35 3.64 x 10° - -7.5 0.057 1.1 x 10* 95
Ohmachi [2] 1977 1150 245.5 4.5 550 — -20 4.7 8.42 70
Binh [3] 1980 632.8 550 9 225 - =25 6.54 45.5 99
Heffner [23] 1988 1523 175 25 500 - -7.0 0.20 135 97
Hinkov [24] 1988 633 191.62 17 400 -0.1 -25 2.6 289 90
Frangen [25] 1989 1520 178 9 90 -0.05 -10 1.9 3.16 99
Hinkov [26] 1991 800 355.5 20 19.8 -0.04 -3 0.825 12.4 93
Hinkov [5] 1994 800 365 25 0.5 -0.04° -3° 4.2 0.488 100
Duchet [6] 1995 1556 170 30 6 — -3 0.96 2.23 100
Liu [27] 2019 1510 16,400 0.5 42 x10° - -15 0.041 46.4 25x 1074
Kittlaus [28]¢ 2020 1600 3110 0.240 4.69 x 10° — -12 5.7 0.105 1
Kittlaus [28]¢ 2020 15254 3110 0.960 148 x 10° — -12 4.5 0.587 13.5

This work ) 1.6 x 102

Sarabalis et al. Optica (2022)



Acousto-optic modulators in LN-SOI WACQT | ey
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Jiang, Mayor et al. Nature Physics (2023)



Acousto-optic modulators in LN-SOI WACQT | ey
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Clamped optomechanical crystals in SOI WACQT | e

Mechanics

b

Conventional suspended

Confine GHz sound in SOI while
interacting strongly with light

0 0.5 1 15 2 25 3
k (m/a) Negt (—)

Non-suspended!

Kolvik, Burger et al. Optica (2023)



Clamped optomechanical crystals in SOI WACQT | e

(b)

%5 -
\LMNV N N
1 0.5 0 0.5 1
k. (7/a)

Counter-propagating optomechanical interactions
as strong as in suspended structures

Kolvik, Burger et al. Optica (2023)



(b) QM !!!‘5
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Clamped optomechanical crystals in SOl
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Mechanics

Wallenberg Centre for
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Clamped optomechanical crystals in SOl

(a)

Light l in
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Reduced fabrication complexity
Improved thermal anchoring(?)
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Piezo phase shifters in AIN-SiN WACQT |:57 0

a b N
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Inputs Outputs 3 -— Silicon
o — - Thermal regime
- ‘ — § 10—4 | 3! \
— ‘i } ’
g "Plezo-SnN (300 K) Piezo-actuation
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Dong et al. Nature Photonics (2021)
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Case studies

Beam-steering



Beam-steering with sound WACQT |Gt eimios,
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Beam-steering with sound WACQT |Gt eimios,

a
P »
5 -
rd
" - s
“ -~ ATt
- Soad |
X ’ .
K] 3 SiO 5 B Sarabalis et al. (2018)
N
:
No need for
Optomechanical antennas tunable lasers

rotating gimbals



Beam-steering with sound WACQT |&him sy

a c
150 —— - 90)°
120° 60°
L __(mm)
1
100
a b
= —~ 030" 45 60 90
g 180° Z 400
= 2.6 1 bt
s 50 E 200 /
0k ! ! :
LA A LA 150° 2.4 £ 08 I 1.2 1.4
i 7
0 R R 2.2
0 10 20 90° ; 6
Perturbation # (nm) < 2 N 51
SI DO
b 180° 150° 120° 90° 60° 30° 0° 18] Q 4] v
_ i 4 g ' 3
= \“‘:’:’:‘ \ \\ o
1.6 1 \\“““‘\\ \\\ N g‘ 21 o I b
—~ | 3 1.4 RS W -;3{"““;&@‘::&3\_
E T8 RS e
E 4 = 120 160 200 240 0 1 2
= 5 2 Frequency (THz) Wavenumber (um™)
10
3 y Sarabalis et al. (2018)
0 3 - , , ] ———pt 100

-1 0.8 <06 04 -02 0 0.2 0.4 0.6 0.8 1

NG - K ogqe .
on A milliwatt of mechanical power to

scatter out the optical photons



The system distinguishes sending and receiving WACQT |\ S =

a b
k{w+Q+6w
Blw+20+6w)
C W d k(m'+D'}
£ ow
< = k(w+Q)
- e
—L—
QO 0O

Sarabalis et al. (2018)

The beam-steering system
is nonreciprocal



Rapid progress on such systems WACQT |creimes,

Light cone
b w?t Light cone (ai) / (SIO;) /

——————— / TE, mode

R vt o e 0 9

Non-suspended
= A LNOI

S
'O Li et al. Nature (2023)



Outlook: processing light with sound

signal power (dBm)
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Li et al. Nature (2023)
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Quantum computing Programmable
- all-optical

Quantum computing
- superconducting

Ji

P s R Y > N )
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uriver circuit

Amplifier

Frequency combs

Quantum acoustics S
in silicon Wit WA et Datacenters




Questions?

WACQT

Wallenberg Centre for
Quantum Technology

https://qapl-chalmers.se/

CHALMERS

UNIVERSITY OF TECHNOLOGY

QP

Quantum Photonics Laboratory

Vacancies for PhDs, postdocs:
raphael.van.laer@chalmers.se
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Optical forces as reverse-scattering WACQT |creimes,

Photo-elastic contribution Boundary contribution
Electrostriction Radiation pressure

£1 hk1 £9

M,\/\ﬁ\lg

»Ahk

! ! !
Ta T T o7 T T

v v v

Y
—hkq

“Gradient forces”
Scattering picture: no ambiguity about photon momentum



