<]
TUDelft

Delft University of Technology

Quantum communication using phonons
Towards a quantum network using high frequency mechanical oscillators

Fiaschi, N.

DOI
10.4233/uuid:db47aff4-192e-4557-ada9-22e8b7e5be07

Publication date
2023

Document Version
Final published version

Citation (APA)

Fiaschi, N. (2023). Quantum communication using phonons: Towards a quantum network using high
frequency mechanical oscillators. [Dissertation (TU Delft), Delft University of Technology].
https://doi.org/10.4233/uuid:db47aff4-192e-4557-ada9-22e8b7e5be07

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:db47aff4-192e-4557-ada9-22e8b7e5be07
https://doi.org/10.4233/uuid:db47aff4-192e-4557-ada9-22e8b7e5be07

QUANTUM COMMUNICATION USING PHONONS

TOWARDS A QUANTUM NETWORK USING HIGH FREQUENCY
MECHANICAL OSCILLATORS






QUANTUM COMMUNICATION USING PHONONS

TOWARDS A QUANTUM NETWORK USING HIGH FREQUENCY
MECHANICAL OSCILLATORS

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology,
by the authority of the Rector Magnificus Prof. dr. ir. T.H.J.J. van der Hagen,
chair of the Board for Doctorates,
to be defended publicly on
05/10/2023

by
Niccolo FIASCHI

Master of Science in Physics,
University of Florence, Italy,
born in Florence, Italy.



This dissertation has been approved by the promotors.

Composition of the doctoral committee:

Rector Magnificus, voorzitter

Prof. dr. S. Gréblacher, Technische Universiteit Delft, promotor

Prof. dr. E. Verhagen, TU Eindhoven / AMOLE copromotor
Independent members:

Prof. dr. Y. Chu, ETH Zurich

Prof. dr. A. Fiore, TU Eindhoven

Prof. dr. M. Gurioli, University of Florence

Prof. dr. U. Staufer, Technische Universiteit Delft

Prof. dr. S. Otte, Technische Universiteit Delft, reserve member

“] \ .y
TUDelft 5 o \C4S2T
©

NWO

Printed by: ek

Front & Back:  Artistic depiction of quantum connections using phonons, conceived
by Niccolo Fiaschi and the Al Dall-E.

Copyright © 2023 by N. Fiaschi
Casimir PhD Series, Delft-Leiden 2023-09
ISBN 000-00-0000-000-0

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.


http://repository.tudelft.nl/

CONTENTS

Summary vii
Samenvatting ix
1 Introduction 1
1.1 Quantum communication . . . . . . . . . . ... .0t e 2
1.1.1 Phononsin quantum communication. . . . . . . . .. ... ... 4

1.2 QuantumacoustiCS. . . . . . . . v . e e e e e e e e e e e e e e 9
References . . . . . . . . . . o L e e e 11

2 Optomechanical quantum teleportation 17
2.1 Introduction . . . . . . . . . . L e 18
22 Methods . . . . . . . . e 18
23 Results . . . . . . L e e e 22
24 DISCUSSION . . . . oo i e e e e e e e e e e e e 24
2.5 Supplementary Information . . . . ... ... ... 0000 26
26 AppendiX . . . . . ..o e e e e e e e e e e e e 36
References . . . . . . . . . . L e 39

3 Non-classical mechanical states guided in a phononic waveguide 43
3.1 Introduction . . . . . . . . . . . . i e e e 44
32 Methods . . . . . . . . . e 44
33 Results . . . . . . .. e 46
3.4 DISCUSSION . . . v v v vt e e e e e e e e e e e e e 50
3.5 Supplementary Information . . . .. ... ... ... .00, 53
3.6 Appendix . . ... L L Lo e e e e e e e 64
References. . . . . . . . . . . . . e 65

4 On-chip distribution of quantum information using traveling phonons 69
4.1 Introduction . . . . . . . . . . . . e e e 70
42 Methods . . . . . . . . . . . e e 71
4.3 Results . . . . o o L e 74
4.4 DISCUSSION . . v v v v vt i s e e e e e e e 77
4.5 Supplementary Information . . . ... ... ... ... ... .00, 79
4.6 AppendiX . . ... L L e e e e e e e e e e e e 86
References . . . . . . . . . . . o e 88

5 Time-resolved spectral diffusion of a multimode mechanical memory 93
51 Introduction . . . . . . . . . . .. L e 94
52 Methods . . . . . . . . . e 94
53 Results . . . . . . . . . e e 96



vi CONTENTS

5.4 Discussion . . . . . . .. e e e e e e e e e e e e e e e e e e 99
5.5 Supplementary Information . . .. .. ... ... ... ..., 100
References . . . . . . . . . . . . e e e e e e e e 108
6 Conclusion 109
References . . . . . . . . o 0 i i e e e e e e e e e e e e e e 111
A Appendix 113
A.1 Noteson Laboratories . . . . . . . . . . . . . ... ... ... 113
Curriculum Vitae 115
List of Publications 117

Acknowledgments 119



SUMMARY

Quantum communication refers to the field of science that studies the ability to connect
separated quantum devices via coherent channels, i.e. via buses that maintain coher-
ently the information encoded. The importance of the task is on multiple levels: from
secure communications to scaling quantum computers. The first one can be of fun-
damental importance in moments like government elections, or banks transaction, but
even to secure the right of privacy of individuals. The latter could open the way to, for
example, faster and more precise solutions to problems in chemistry (for drug develop-
ment), or material science (more environmentally friendly solar cells). At this moment,
quantum communication and computing are in a similar stage as of the early comput-
ers: the machines are with very little connectivity and require large spaces and specialists
to be operated. In a few years, we can expect these systems to be interconnected more
and more, scaled, and made easier to use. In this thesis, we present work done to create
quantum channels using high frequency mechanical oscillators.

In chapter 1 we present recent progress in the field of quantum communication done
with several types of systems, both in the long and short distance. We also introduce how
high frequency mechanical oscillators could play an important role in this research area.
We discuss the current challenges and limitations and possible future developments.

In chapter 2 we perform a optomechanical quantum teleportation. In this work, we
teleport a polarization encoded telecom photon onto a quantum memory, made by two
single mode mechanical oscillators in a dual-rail configuration. This work is a step to-
wards entanglement swapping (also referred to as 'teleportation of entangled state’) and
represents a proof of principle towards quantum repeaters (using the scheme proposed
by Duan, Lukin, Cirac, and Zoller - DLCZ scheme).

In chapter 3 we report the first experiment done with the multimode mechanical
devices. These devices are formed by a single mode optomechanical cavity coupled to
a single-mode mechanical waveguide (ended with a phononic mirror). We show that
the non-classical information created in the optomechanical cavity can be guided on-
chip in the mechanical waveguide, using as witness the cross-correlation between the
scattered photons. However, the non-uniform spacing between the mechanical modes
severely lowers the maximum value of the non-classical correlation measured. This was
greatly improved with the new design of the device. With this design, we are able to en-
tangle two traveling phonons in the mechanical waveguide, shown in chapter 4. In this
way, we show that the traveling phonons can be used to distribute quantum entangle-
ment on-chip, a first step towards connecting quantum devices on a short scale.

In chapter 5, we measure in time the frequency jitter of two spectrally close mechani-
cal modes of the same device. We demonstrate that the frequency diffusion of the modes
is not correlated in time, and so the coherence length of the traveling information will
ultimately be limited by the jitter. This result shows the importance of performing a de-
tailed study on the surface defects.
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viii SUMMARY

Lastly, in chapter 6 we summarize the findings of these experiments and we discuss
the future developments of the field.



SAMENVATTING

Kwantumcommunicatie verwijst naar het wetenschapsgebied dat het vermogen bestu-
deert om gescheiden kwantumapparaten met elkaar te verbinden via coherente kana-
len, d.w.z. via bussen die de gecodeerde informatie coherent vasthouden. Het belang
van de taak ligt op meerdere niveaus: van veilige communicatie tot het schalen van
kwantumcomputers. Het eerste kan van fundamenteel belang zijn bij bijvoorbeeld rege-
ringsverkiezingen of banktransacties, maar zelfs om het recht op privacy van individuen
te waarborgen. Het tweede kan de weg openen naar bijvoorbeeld snellere en precie-
zere oplossingen voor problemen in de chemie (voor de ontwikkeling van geneesmidde-
len) of de materiaalkunde (milieuvriendelijkere zonnecellen). Op dit moment bevinden
quantumcommunicatie en -computing zich in een vergelijkbaar stadium als de vroege
computers: de machines hebben zeer weinig connectiviteit en vereisen grote ruimtes en
specialisten om bediend te worden. Over een paar jaar kunnen we verwachten dat deze
systemen steeds meer met elkaar verbonden zullen zijn, geschaald zullen worden en ge-
makkelijker te gebruiken zullen zijn. In dit proefschrift presenteren wij het werk dat is
verricht om kwantumkanalen te creéren met behulp van hoogfrequente mechanische
oscillatoren.

In hoofdstuk 1 presenteren we recente vooruitgang op het gebied van kwantumcom-
municatie met verschillende soorten systemen, zowel op de lange als op de korte af-
stand. We introduceren ook hoe hoogfrequente mechanische oscillatoren een belang-
rijke rol zouden kunnen spelen in dit onderzoeksgebied. Wij bespreken de huidige uit-
dagingen en beperkingen en mogelijke toekomstige ontwikkelingen.

In hoofdstuk 2 voeren we een optomechanische kwantumteleportatie uit. In dit werk
teleporteren we een polarisatie-gecodeerd telecomfoton naar een kwantumgeheugen,
gemaakt door twee single mode mechanische oscillatoren in een dual-rail configuratie.
Dit werk is een stap in de richting van entanglement-swapping (ook wel 'teleportatie van
verstrengelde toestanden’ genoemd) en vormt een principebewijs voor kwantumrepea-
ters (met behulp van een DLCZ-schema).

In hoofdstuk 3 rapporteren we het eerste experiment met multimode mechanische
apparaten. Deze apparaten worden gevormd door een optomechanische holte met één
modus, gekoppeld aan een mechanische golfgeleider met één modus (beéindigd met
een fonische spiegel). Wij tonen aan dat de niet-klassieke informatie in de optomechani-
sche holte on-chip kan worden geleid in de mechanische golfgeleider, met als getuige de
kruiselingse correlatie tussen de verstrooide fotonen. De niet-uniforme afstand tussen
de mechanische modi verlaagt echter sterk de maximumwaarde van de gemeten niet-
klassieke correlatie. Dit is sterk verbeterd met het nieuwe ontwerp van het apparaat.
Met dit ontwerp zijn we in staat twee reizende fononen in de mechanische golfgeleider
te verstrengelen, zoals te zien is in hoofdstuk 4. Op deze manier laten we zien dat de
reizende fononen kunnen worden gebruikt om kwantumverstrengeling on-chip te ver-
spreiden, een eerste stap naar het verbinden van kwantumapparaten op korte schaal.
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In hoofdstuk 5 meten we in de tijd de frequentiejitter van twee spectraal dicht bij el-
kaar liggende mechanische modi van hetzelfde apparaat. We tonen aan dat de frequen-
tieverspreiding van de modi niet gecorreleerd is in de tijd, en dus zal de coherentielengte
van de reizende informatie uiteindelijk beperkt worden door de jitter. Dit resultaat toont
het belang aan van een gedetailleerde studie van de oppervlaktedefecten.

In de conclusie 6 vatten we de bevindingen van deze experimenten samen en be-
spreken we de toekomstige ontwikkelingen op dit gebied.



INTRODUCTION

In recent years high frequency phonons (with frequency v = 5GHz) have proven to be a
resourceful platform for quantum information processes. From being used as quantum
buses between heterogeneous systems [1, 2], to intermediary for transduction from mi-
crowave to optical photons [3-5] and as quantum memories that could be used in a DLCZ
scheme of quantum repeaters [6]. These applications are possible thanks to the several in-
teresting properties of phonons: a much slower group velocity compared to light, a much
smaller wavelength compared to microwaves, a long lifetime and a strong coupling to
several types of systems. Here we will discuss recent results in the field of quantum in-

formation using phonons, their limitations, and the possible future developments in the
field.



2 1. INTRODUCTION

1.1. QUANTUM COMMUNICATION

HE field of quantum information has been receiving a growing interest in the past
T years. A way of visualizing it, even though imperfect, can be through the number
of papers published and the citations of some fundamental papers on the subject per
year. We report in Fig. 1.1a the number of papers per year with the word "quantum
communic*" (in orange) and "quantum comput*" (in blue) in the title or the abstract,
and in Fig. 1.1b the citation of the three major work of the recent Nobel prize for physics
(2022). Both graphs show how the work in the area is steadily increasing. From the first
graph, we can extract a rate of doubling from the mid '90 to 2022 every ~3.5 years, 5 times
faster compared to the general field of physics [7].

But what is quantum communication? In broad terms it is the ability to link multiple
quantum systems while maintaining the coherence of the information exchanged. The
separate quantum systems are in nodes, connected via the quantum channels. The in-
formation to be exchanged are traveling qubits used to generate entanglement between
the remote nodes. The communication can be done for long or short distances: the first
one is meant to create a so-called quantum network, for example between neighbor-
ing cities, while the second can be used to connect modular quantum computers in the
same dilution refrigerator (so on a wafer/chip scale) or between different laboratories. It
is to be noted that for some systems a direct transmission of the qubit is possible (like
in gate-defined quantum dots [8]). However, most systems rely on an intermediary fly-
ing qubit to transmit the information (photons generally, or phonons). We will focus on
the latter architecture. We will now discuss recent advancements in both long and short
range communication and their challenges. In the whole thesis, we will focus mainly on
the discrete variable architecture, despite some of the work and concepts could also be
used with continuous variables.

LONG DISTANCE COMMUNICATION

The term "long distance communication" is generally used for distances ~km between
the sender and receiver of the information. The long term goal is to connect neighboring
cities in a quantum network, similar to the classical network.

In long distance communication, it is useful to use traveling photons at telecom
wavelength as carriers. Photons have a very high group velocity (in free space and optical
fibers), can have extremely low propagation losses (as low as 0.15 dB/km in commercially
available fibers), and could already use the infrastructures and technologies developed
for classical communication. Despite the low loss, direct communication rates between
nodes scale exponentially with the distance between the nodes, and the no-cloning the-
orem prevents the use of any amplifiers (as done instead in classical communication).
For this reason, it will be required to divide the distance between the nodes into shorter
segments, each with an absorption well below the propagation length of the flying qubit
used. This quantum repeaters architecture allows having high rates between the nodes
for distances >100km [9, 10]. The so-called DLCZ scheme, from the names of the cre-
ators (Duan, Lukin, Cirac and Zoller), is one of the most important architectures and
is of fundamental importance to realize the quantum network [11]. A scheme of this
is shown in Fig. 1.2a. Several types of systems have been used to demonstrate mile-
stones in the field: with atomic ensemble (see [12] or [13, 14]), single atoms [15], solid
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Figure 1.1: Papers and citation in quantum. a) Histogram of the number of papers per year that have the title
or in the abstract "quantum communic*"(in orange) and "quantum comput*" (in blue), as from web of science.
b) Histogram of the number of citations per year for "Proposed Experiment to Test Local Hidden-Variable The-
ories" from Clauser et al. [22] (in green),"Experimental Test of Bell's Inequalities Using Time-Varying Analyzers"
from Aspect et al. [23] (in blue) and "Experimental quantum teleportation" from Bouwmeester et al. [24] (in
orange), as from Google scholar. These are some of the works done by Clauser, Aspect and Zeilinger that make
them Nobel Prize laureates in 2022. The metrics shown here, even if far from being perfect, show the impres-
sive growth in interest in the past years in quantum information.

state defects with spins [16-18], single trapped ion [19], quantum dots [20] and down-
converted photons [21]. The distances between the nodes in these works range from
lab scale (few meters), to several km using optical fibers up to hundreds with a satellite
link. The key challenge is to find a system that is scalable, with long coherence time (or
with a quantum memory easy to interface), with high retrieval efficiency, with real-time
feed-forwards operations and ideally native to telecom wavelength.

SHORT DISTANCE COMMUNICATION

We use the term "short distance communication" referring to the transmission of infor-
mation on wafer/chip scale or lab scale. In this case, the goal is to have an easier scaling
of quantum computers or to interconnect heterogeneous quantum systems.

The short scale communication is pursued to address the difficulties to scale quan-
tum computers, which is mostly due to from technical reasons. The two quantum sys-
tems on chip which are mature for computation (superconducting qubits and quantum
dots) have a challenging scaling, despite their relatively small footprint. One possible
solution to address this is to create a modular quantum computer. The computer will
be formed by a matrix of nodes in which several computational qubits will be closely
packed together, and by some (on-chip) quantum channel to connect the nodes. Work
in this direction has been done for both superconducting qubits [25-28] and quantum
dots (see for example [29]). We represent in a schematic way the described short distance
communication in Fig. 1.2b (left).

In most cases, as described before, modular quantum computers are made of homo-
geneous systems. However, we report also another challenge, which has received more
and more attention in the community in recent years: to connect heterogeneous sys-
tems in the same chip for integrated quantum devices. Hybrid quantum systems are a
fascinating new line of research. The idea is to use the best of each system connected
to try to outperform the single components. Most likely, it will be advantageous to in-
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4 1. INTRODUCTION

terface different types of qubits instead of using a single type. This connectivity should
allow using the desired properties of the single systems. Some exciting future works in
this direction could be on interfacing a spin memory to a superconducting qubit to al-
low an extremely long storage time of the computation results [30]. We represent this
in an illustrative way in Fig. 1.2b (right). The challenge here is to design a bus that can
be interfaced with several types of systems, that has a slow group velocity (to also create
delay lines) and that is scalable.

In this thesis, we propose in chapter 3 and 4 a possible candidate for both long and
short distance quantum communication, that could interface homogeneous and het-
erogeneous systems.

a
|'| <0 >10km
7777777777777777 VAN
: )
BSM :
ol
| —h
J se se i
BsM BSM
e
!
QPU . Quantum memory ' On-chip Quantum memory Entangled photon source

Figure 1.2: Quantum communication. a) Schematic of a possible scheme for quantum repeaters (DLCZ
scheme). The communication within two nodes (further than 10 km, so for example, in two different cities)
is done by diving the total distance in segments. Each segment (encircled in the dashed purple rectangle) has
two sources of entangled photons and two quantum memories and a Bell state measurement station (BSM).
This segment can be repeated multiple times to divide the total distance into segments as small as needed.
Since the protocol relies on probabilistic emission of the photons the quantum memory is fundamental to
synchronize the attempts and store the generated entangled state. In this simplified scheme, it's performed 1.
a BSM on the repeater(s) to entangle the quantum memories of the repeaters, 2. an entanglement swapping on
the memories so that 3. the two end nodes are entangled. b) Representation of modular quantum computers
(left) and connection between two heterogeneous systems on chip (right). In this cases, the quantum channel
is for short distance communication (on-chip, for example). The blue lines are a representation of entangle-
ment between the nodes.

1.1.1. PHONONS IN QUANTUM COMMUNICATION

Within all systems, phononic ones have some peculiar characteristic which makes them
a promising candidate for solving some of the challenges in quantum communication
describe before. They have a much slower group velocity compared to light (on the or-
der of 1 x 103m/s, so 7-8 order of magnitudes smaller than the speed of light), a much
smaller wavelength compared to microwaves (on the order of um, while for microwaves
is mm), a long lifetime compared to most systems (up to seconds) and a strong coupling
to several types of devices (up to 10 MHz in the case of superconducting qubits). We be-
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lieve that phonons can be an extremely useful resource to connect heterogeneous and
homogeneous systems (both for long distance communication and locally on chip). We
want to stress that in the case of phonons, the short distance communication is only for
chip scale since waveguide systems like coax cables or optical fibers are not available.

We will now discuss recent results using phonons for quantum communication and
the challenges to overcome.

LONG DISTANCE COMMUNICATION

For long distance communication, phonons have been proven to be a useful tool as
quantum memory for DLCZ scheme [6]. The long lifetime, up to second [31], make
them very promising candidates for this task. Another advantage is that the optical res-
onance can be designed to match in frequency the one of the other systems (for exam-
ple, down converted light from NV centers), making them easy to integrate and connect
via the photonic link. Some possible future works in this direction could be entangle-
ment swapping, and entanglement between a color center (NV or SnV in diamond) and
a mechanical registry. Another possible future experiment could be the teleportation of
a quantum state into a device as the one presented in chapter 3 and 4. Teleportation
into a mechanical registry is shown in chapter 2, where we use a pair of single mode
mechanical oscillators as memory. Instead, using a multi-mode device allows us to per-
form the same experiment with a single device making the fabrication requirements less
stringent.

Phonons are also used as mediators of the interaction between superconducting
qubits and photons, for frequency conversion [3-5]. In this case, the mechanical os-
cillator serves as an intermediate step from the GHz photons of superconducting qubits
to THz optical photons (used for long distance communication). This step serves to take
advantage of the relatively high electromechanical and optomechanical cooperativities
that give an efficient conversion without the strong pumps needed in the direct electro-
optical case [32, 33]. Despite some systems have very little added noise [34], the conver-
sion efficiencies are still far from unity limiting the rates at which experiments can be
performed. Apart from the challenges of noise and efficiency, the transducer also needs
to have high enough bandwidth and come with an easy integration on-chip. A possible
future work in this direction could be the entanglement between two superconducting
qubits in two separate dilution refrigerators. This will be a big step towards the quantum
network between quantum computers.

SHORT DISTANCE COMMUNICATION

For the short range communication, we can divide the phononic systems into 3 groups:
Bulk acoustic waves (BAW), Surface Acoustic Waves (SAW) and 1D acoustic waves (that
we will often refer to as Nanobeam, since are the most used platform at the moment). In
Fig. 1.3a, b, c, a cartoon image of each is presented.

BAWs are generally generated via a piezo dome. The phonon propagation is confined
between the dome, which acts as a focusing mirror, and the other face of the chip. The
(0,0)-Laguerre-Gaussian mode is generally used. Since the mechanical wavelength is
much shorter than the size of most chip, these systems are also called High-Overtone
Bulk Acoustic Resonator (hBAR). The most interesting feature is that the lifetime of this
mode can be several hundreds of microseconds [40]. Thanks to the piezo actuation,
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Figure 1.3: Cartoon picture of several types of mechanical systems. a) The 3D type Bulk Acoustic Wave (BAW)
with the piezoelectric dome on top. b) The 2D type Surface Acoustic Wave (SAW) and the InderDigitated Trans-
ducer (IDT) to create it. c) The 1D type Nanobeam developed in the work presented in this thesis in chapter 3
and 4. d) Plot of the coupling rate between a superconducting qubit and a mechanical line (Fabry-Pérot cav-
ity for phonons) in the function of the lifetime of the phonons for: BAW (0, 1, 2, for [35-37]), SAW (3, 4, 5,
for [1, 38, 44], and a case with nanobeam (6, for [5]). Note that for 4 the coupling rate is not reported so we
extract it from the lifetime of the qubit when fully coupled. Note also that in the SAW case, some works have
shown a higher coupling rate (between 20 MHz and 40 MHz, but have no phononic cavity (so no phononic life-
time can be inferred) [39]. Finally, note that for 6, the phonons are confined so in this case we can only use this
datapoint as a reference for the expected coupling with this geometry. This last coupling rate, together with
the lifetime reported in chapter 3, show that the nanobeam have the capability of having both high rates of
coupling and extremely long lifetime making them suitable candidates for communication between quantum
circuits on-chip. The coloured areas are only to schematically group the systems and show the possible range
of parameters achievable.

connecting superconducting circuit to this system is possible both in a direct way [35]
and in a flip chip architecture [36, 41]. However the coupling between the system is
relatively low (~ 100kHz), and, given the massive size (diameter of the dome ~ 100um,
thickness of the chip ~ 1 mm), this system is also quite difficult to scale. An interesting
prospect is to use them to couple the two sides of the chip. In this case, the flipped chip
is used for connecting other systems to form a stack of planar circuits interconnected in
the third dimension via the hBARs.

SAWs are waves propagating on the surface of a bulk material. The penetration depth
is of the order of the wavelength and are generally actuated via InterDigitated Transduc-
ers (IDTs). IDTs are simply metallic strips alternatively connected to two electrodes and
with a spacing of the order of the mechanical wavelength. The number of strips and
length determine the impedance and the bandwidth of the transducer. IDTs can be done
with asymmetric strips to generate the wave in a single direction [42] and curved to cre-
ate focused waves [43]. Since they also have an electrical actuation and an impedance
easy to design, it is possible to integrate them with superconducting circuits [39, 44].
Despite the easy connectivity, they still have the severe limitation of a short lifetime
(Th = 1ps) which limits the applications of this type of system. Moreover, SAWs still have
quite a large footprint having a transversal size of ~ 100 um, making the scaling challeng-
ing.

The last type of system is the nanobeam, described in detail in chapter 3 and 4. In
this case, the phononic excitation is strongly confined in the transversal direction since
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Figure 1.4: Thermal population in silicon nanodevices. a) 3D rendering of a silicon nanobeam (cut in the
middle of the optomechanical cavity). The zoom is a cartoon image of the absorption process of a photon
(yellow arrow) happening in the Si/SiOx interface region caused by point defects. The diagram shows a cartoon
picture of the process: 1. absorption of the telecom photon, 2. phonon-assisted relaxation that generates a
shower of high energy phonons in the THz frequencies, 3. decay via multi-phonon interaction in a bath of
GHz phonons. This thermal bath is responsible to increase the thermal population of the mechanical mode of
the nanobeam (4.). b) Teleportation fidelity and total integration time for the teleportation experiment, shown
in chapter 2, in the function of the normalized thermal occupation of the mechanical modes (with unity value
for the one measured in the paper). In this simulation, all the other parameters are left constant (including the
scattering probabilities) to show how the integration time depends heavily on the nj,. The horizontal dashed
line is the classical limit of the fidelity.

the beam dimensions are 500nm x 250nm. This allows the system to be scalable. A
remarkable property is the (engineerable) lifetime that can be extended up to several
milliseconds, as shown in chapter 3. Since the group velocity is ~ 1um/ns, the theoreti-
cal traveling length of the phonons could be as high as several meters, allowing lossless
connectivity on-chip. In recent years it has been developed a way to electrically actuate
the excitation in the waveguide [3-5]. In all these works the goal was to transduce mi-
crowave to optical signal, but using this type of device with along mechanical waveguide
should be a feasible implementation. By doing so we could excite a phononic packet in
the waveguide deterministically, as done in the other systems presented before, and with
an extremely low thermal population. In Fig. 1.3d, we show the coupling rates of BAW,
SAW and nanobeam systems in function of their lifetime. The nanobeams are the only
system with both a high coupling rate and a long lifetime, making them a perfect candi-
date to interconnect superconducting circuit on chip.

DEFECTS IN SILICON

In the previous section, we described how phonons, thanks to their unique set of proper-
ties, are a promising platform for quantum communication. Their versatility and capa-
bilities have been shown in several groundbreaking works over the years. We want now
to discuss briefly defects in silicon since they are thought to be the cause of the two major
challenges in the type of devices described in the thesis: optical absorption, which gives
a thermal population in the mechanical mode, and mechanical spectral diffusion (fre-
quency jitter), that causes dephasing. Solving these two challenges (or mitigating them)
will unlock many experiments and applications, making the use of phonons in quan-
tum communication even more attractive. Despite being a very technical challenges,
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the process of solving it could also help in understanding the nature of defects in silicon
(and in amorphous materials and at surfaces). Since other systems are facing analogous
challenges, e.g. superconducting circuits [45, 46], this knowledge could also be applied
to other fields of physics.

In all chapters, the manipulation of the state was performed using optomechanical
interactions. These interactions are probabilistic and require strong optical pumps. To
increase the probability of scattering it is needed to increase the pump power. How-
ever, the residual absorption of photons in the device leads to an increase in the thermal
population of the mechanical mode. The optical absorption should be caused by point
defects, most likely formed by the dangling bonds in the Si/SiOx interface [47]. This
interface has states with energies in the bandgap of silicon [48]. Silicon Oxide grows
naturally on silicon if exposed to air [49]. The sample stays in air for 220 min between
the final strip of oxide with a HydroFluoric (HF) acid dip and being in the vacuum of
the dilution refrigerator, a time sufficient to form a few nm of oxide on the surface. It is
also seen that the longer the mounting time, the worse the average absorption of the de-
vices. In Fig. 1.4a we show a cartoon picture of the model developed in the years [31, 50].
Because of the absorption, all the experiments done with optomechanical techniques
have rates limited by the thermal population. A possible solution can be to use 2D struc-
ture, that should have better thermal anchoring to the substrate [51] or change the way
the phononic excitation is created and measured (as proposed in the section before).
In Fig. 1.4b, we show the effect of the thermal occupation on the teleportation fidelity
and integration time (see chapter 2 for more). As visible, the integration time increase
dramatically even with a small increase in the thermal occupancy.

The mechanical jitter, instead, is thought to be caused by another type of defect lo-
cated near the surface of the device (in the silicon and also in the SiOx). In this case,
the defect is formed by some atoms that have two arrangements in space with nearly
degenerate energies. This can be modeled as Tunneling Systems (TS) [52] or Two Level
Systems (TLS) [6, 31, 50]. These fluctuating TLSs have a mechanical dipole that couples
to the strain field of the mechanical mode. The resonant TLSs, i.e. with energies close
to the one of the mechanical mode of interest, are believed to cause the slow shift of the
resonant frequency of the mechanical mode (time scale of hours) and the mechanical
jitter (time scale sub-ms) [6, 31]. Since they should be created by damage in the silicon
while dry etching [53], these defects are hard to eliminate. While previous work studied
in detail the coherence properties of single mode mechanical memory, in this thesis in
chapter 3 and 4 we present devices with several mechanical modes closely spaced (aver-
age frequency spacing ~10 MHz). We found that the frequency jitter between adjacent
modes is completely uncorrelated. We report these results in chapter 5, where we prove
this with fast scans of the spectrum and with time traces of the mechanical frequencies.
We use a measured time trace to simulate the population in the optomechanical cavity,
as done in chapter 3, to show how this jitter could affect the coherent storage and trans-
port of information across the chip. In Fig. 1.5a we show the frequency shift in time of the
mechanical modes measured (mode A in orange and mode B in blue, see chapter 5 for
more). We use this data to simulate the mechanical population in time in the cavity. The
dashed black rectangle highlights the data used for the simulation. We use two modes
spaced on average by 10 MHz, and we report the result of the simulation in Fig. 1.5b in
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Figure 1.5: Frequency diffusion in silicon nanodevices a) Frequency shift of the mechanical mode A (in or-
ange) and B (in blue), as measured from chapter 5. b) Simulation of the population rephasing in the optome-
chanical cavity in the ideal case (green, with zero jittering) and with the measured jitter (dark grey). In the left
plot is clear that the maximum population in the cavity have values smaller than unity for several time ranges.
From the plot on the right, which is a zoom of the area highlighted by the white rectangle in the plot on the left,
is visible the bouncing pattern with a period of 100 ns (the spacing between the mechanical modes is 10 MHz).
The code used is identical to the one used in chapter 3. We use a cubic spline of the jitter data to have enough
time resolution to plot the bouncing pattern.

dark grey. We also plot, for comparison, the ideal case with zero jittering (in green). It is
visible from the graph that the jittering reduces the coherent population that rephases
in the optomechanical cavity at certain times. For some time the population rephase to
unity, and so at that time the retrieving efficiency of information is not affected by the
jittering. However, since it’s needed to average on several repetitions and in each the
population pattern will be different, the jitter will result in a lower coherent population
that can be retrieved. This effect will be even bigger with more modes. The white dashed
rectangle is the area plotted in Fig. 1.5b on the right plot, which is a zoom to see the
fast timescale behavior. We want to stress that, since these TLSs are saturable (for ex-
ample with strong optical power or high temperature of the device (>100 mK)), it might
be possible to drive them with an external RF field to decouple them from the mechan-
ical mode. In this way, the coherence time of the devices will be expected to increase
substantially.

1.2. QUANTUM ACOUSTICS

Another exciting direction of research for the system presented in chapter 3 and 4, is to
perform equivalent experiments of quantum optics using phonons. For this reason, we
generally referred to this field as quantum acoustic.

In recent works it has been shown a waveguide [1], a Beam Splitter [38] and a phase
shifter [54] for SAWSs, making them a mature technology for the coherent manipulation
of phonons on chip. Moreover, a beam splitter has been proven for BAWs [55], showing
how also this system can be a candidate for this type of experiment. However, the strong
confinement of the nanobeam and the long lifetime make them a more suitable candi-
date. In chapter 3 and 4, we have reported a waveguide for single phonons. To complete
the toolbox, it'’s needed to design and measure a beam splitter and a phase shifter. Note
that for the latter a possible design has been simulated [56]. Some possible experiments
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could be a Hambury-Brown-Twiss interferometry [57], with the phonons interfering via
the phononic beam splitter. Another possibility could be to do boson sampling using
phonons [58, 59]. In the phononic case the sources, linear transformation and detectors
are all on-chip making the system more compact and scalable.
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OPTOMECHANICAL QUANTUM
TELEPORTATION
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Rodrigo BENEVIDES, Jie L1, Thiago P. Mayer ALEGRE, Simon
GROBLACHER

The faithful transfer of an unknown input state onto a remote quantum system, known as
quantum teleportation [1], is a key component in long distance quantum communication
protocols [2] and distributed quantum computing [3, 4]. In recent years, high frequency
nano-optomechanical systems [5] have gained more and more attention as nodes in a
future quantum network [6], since they operate on-chip at low-loss optical telecom wave-
lengths and have long mechanical lifetimes. Recent demonstrations include entanglement
between two resonators [7], a quantum memory [8] and microwave to optics transduc-
tion [9-11]. Here we demonstrate quantum teleportation of a polarization-encoded op-
tical input state onto the joint state of a pair of nanomechanical resonators,allowing for
the first time to store and retrieve an arbitrary qubit state onto a dual-rail encoded op-
tomechanical quantum memory. This work demonstrates the full functionality of a single
quantum repeater node, and presents a key milestone towards applications of optome-
chanical systems as quantum network nodes.

Parts of this chapter have been published in Niccolo Fiaschi*, Bas Hensen*, Andreas Wallucks, Rodrigo Bene-
vides, Jie Li, Thiago P Mayer Alegre and Simon Groblacher, Optomechanical quantum teleportation, Nat. Pho-
ton. 15, 817-821 (2021).
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2.1. INTRODUCTION

IGH frequency nano-optomechanical systems [5], besides their appeal for probing
fundamental quantum physics [12], also hold great promise as nodes in a future

quantum network: first, their optical characteristics can be designed to match the par-
ticular application, including operation at low-loss telecom wavelengths and matching
resonances with other systems (e.g. atomic transitions). Second, the mechanical modes
can be designed to coherently store quantum information for more than ten microsec-
onds [8], unparralelled for systems natively operating at telecom wavelength. Third, the
mechanical mode offers a direct interface to other quantum systems operating in the
gigahertz frequency regime [9-11], such as superconducting qubits, or spin quantum
systems.

Quantum teleportation [1] of an unknown input state from an outside source onto
a quantum node is considered one of the key components of long distance quantum
communication protocols [2, 13]. It has been demonstrated with pure photonic quan-
tum systems [14-17] as well as atomic [18] and solid-state spin systems [19] linked by
photonic channels. While quantum teleportation involving the vibrational modes of a
diamond has previously been demonstrated [20], the extremely short lifetimes of the sys-
tem required the mechanical state to be measured before the teleportation protocol was
completed. This reverse time-ordering, as well as the operation in the visible wavelength
regime, makes the protocol unsuitable for long distance quantum communication.

Here we demonstrate for the first time quantum teleportation of an arbitrary input
state onto a long-lived optomechanical quantum memory. In particular, we teleport a
polarization encoded photonic qubit at telecom wavelength onto a dual-rail encoded
optomechanical quantum memory. The memory is composed of two mechanical res-
onators, where the quantum information is stored in the single-excitation subspace of
the two resonators. The teleportation we perform implements all components of first-
level entanglement swapping [2, 21]. Together with the remote generation of a single-
excitation [7], or DLCZ-type [22] entanglement, which has been shown individually be-
fore, this current experiment demonstrates the combined requirements for a fully func-
tional quantum repeater node [21]. Besides the impact this has on quantum technolo-
gies, it also opens the way to create single-phonon arbitrary qubit states of massive, me-
chanical oscillators, which can be used for testing quantum physics itself and potential
decoherence mechanisms leading to quantum-to-classical transition [23, 24].

2.2. METHODS

UR optomechanical register consists of two silicon photonic crystal nanobeams, A
O and B, on two separate chips [7]. Both the nanobeams support a co-localized op-
tical and mechanical mode with resonance frequencies in the optical telecom C-band
around 1550 nm and the microwave C-band around 5 GHz, respectively. The optical and
mechanical modes are coupled through the radiation pressure force and photoelastic
effect with a single photon coupling rate gy/27 = 900kHz. The chips are placed 20cm
apart from each other inside a dilution refrigerator, and the nanobeam resonators are
cryogenically cooled close to their quantum ground state of motion. Optical control
pulses of 40 ns length that are either blue or red detuned by one mechanical frequency
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Figure 2.1: Teleportation protocol and experimental setup. a) Schematic representation of the key steps of
the teleportation protocol and its verification. 1. Realization of an Einstein-Podolsky-Rosen (EPR) source: the
Stokes scattering of a pair of nanobeams results in an entangled state between the photon polarization state
and the phonon population state in the nanobeams. 2. An arbitrary input state is encoded in the polariza-
tion basis of a weak coherent state. 3. A Bell-state measurement (BSM) of the polarization teleports the input
state onto the joint mechanical memory state. 4. A short anti-Stokes pulse maps the teleported state |1//0m)
back onto the photon polarization for verification. b) Schematic diagram of the experimental setup. Each
nanobeam is placed in one of the arms of a phase-stabilized interferometer, where the polarization in one arm
is rotated from horizontal to vertical using a half-wave plate (HWP), before recombining the paths on a po-
larizing beamsplitter (PBS). The control pulses are filtered out with a narrow linewidth Fabry-Pérot filter. The
electro-optic-modulator (EOM) and Pockels cell (PC) allow fast selection of the readout basis in the verifica-
tion step. Also shown are the half- and quarter-wave plate (QWP) used for the input state preparation, and
BSM beamsplitter (BS), PBSs and superconducting nanowire single-photon detectors (SNSPD). (inset) Elec-
tron micrograph of one of the optomechanical devices used.

Qn, from the optical resonance give rise to linearized optomechanical interactions, ad-
dressing the Stokes and anti-Stokes transitions of the system, respectively [12, 25].

Our teleportation protocol is based on the proposal described in Ref. [26, 27], which
is schematically shown in Fig. 2.1a, while a sketch of the experimental setup can be seen
in Fig. 2.1b. Each optomechanical device is placed in one of the arms of an actively
phase-stabilized fiber interferometer, see Supplementary Information (SI) section 2.5 for
more details. The paths are recombined on a fiber-polarizing beamsplitter such that the
photons from the devices are cross polarized. A single blue detuned pulse is injected into
the interferometer exciting each nanobeam with the same probability py, and the which-
path information of the Stokes scattered light is encoded in the polarization state of the
optical mode. Light from device A is vertically, while light from device B is horizontally
polarized. The joint state of the two mechanical resonators AB and the optical field "o"
after recombining, can be described as

|WepR) < 1006100} a5 + v/ (1o 1045 + € [V [10)8) + O (py) @1)

where |0),|1) denote the number states containing 0 and 1 excitation, respectively, ¢ can
be set by controlling the relative phase of the light coming from each nanobeam using
an EOM in arm A of the interferometer, and pp < 1 is the Stokes scattering probability
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set by the blue detuned control pulse energy. Conditioned on the presence of a Stokes-
scattered photon, Eq. (2.1) is the Einstein-Podolsky-Rosen (EPR)-state that forms our
basic resource for teleportation (as shown in Fig. 2.1a, top left).

After passing a narrow-band (~40 MHz) Fabry-Pérot optical cavity filter to reject the
excitation pulse light, the optical part of our EPR-state wave-packet is sent to a (poten-
tially remote) Bell-state measurement apparatus. The arbitrary input qubit state, |1//in>,
to be teleported is encoded into the polarization of a weak coherent state obtained from
a heavily attenuated independent laser (Fig. 2.1a, top right)

|Win) o [0) +a cosf |H)Y + /¥ sin% VY| +0(al® (2.2)

where |a] is the coherent state amplitude, and input angles 0i,, ¢in can be chosen by
setting the appropriate angles Ji,, ¢in on the waveplates shown in Fig. 2.1b.

We then implement a polarization based Bell-state measurement (BSM) by combin-
ing |u/in> with the optical part of |Wgpr) on a 50/50 beamsplitter (Fig. 2.1a, bottom left)
and further analyzing the output polarization using polarizing beamsplitters and single-
photon detectors. From Eq. (2.1) and (2.2) we can see that both the conditional EPR state
and the photonic state to be teleported are close to the single excitation ideal case, and,
by operating in the suitable regime ,/p, < |a| < 1, we can beat the classical threshold
despite the higher order terms that reduce the teleportation fidelity (see Ref. [26] and
SI section 2.5). In this limit a coincidence between polarizations H and V in the BSM
projects the state of the mechanical resonators onto

0 o O
[Wou)ap = €08 =" 11005 £ €7 sin =2 101)ap (2.3)

where the + (—) corresponds to cases where the coincidence occurred on the same (dif-
ferent) output port of the BSM beamsplitter. This event corresponds to the input state
|1//in> being teleported onto the single-excitation subspace of the two mechanical res-
onators. We note that, as also stated in [26], the teleported mechanical state has the
probability amplitudes of the two eigenstates exchanged (bit flip) and has a possible -
phase difference (phase flip) compared to the conditional EPR state of Eq (2.1). We take
this into account in post-processing.

Finally, we can verify that the teleportation was successful by mapping the joint state
of the mechanical resonators back onto an optical polarization state using a red detuned
pulse (Fig. 2.1a, bottom right). We can choose an arbitrary measurement basis for the
polarization analysis setup by pulsing the EOM in arm A to adjust the relative phase ¢oy;
between the H and V components, and setting the rotation of a Pockels cell (PC) pulsed
at its half-wave-voltage to adjust Oy, the relative amplitude between the H and V com-
ponents. Conditioned on a successful teleportation event, the fidelity of the teleported
state can be measured from the number of readout events with the polarization equal to
the one in the input, divided by the total number of readout events (see SI section 2.5 for
more).

For the above protocol to work, the nanobeams must meet very stringent criteria.
In particular, the emitted photons from each device must be completely indistinguish-
able in all degrees of freedom but their polarization, which in principle requires the
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Figure 2.2: EPR source characterization. a) Characterization of the optical resonances of device A (blue) and
device B (orange) measured in reflection. The devices have a small mismatch of about 0.01 GHz. b) Mechanical
spectra of the devices using optomechanical induced transparency (OMIT, see SI section 2.5 for more), device
A in blue and device B in orange. The difference in the mechanical frequencies shown here, equal to 8 MHz,
is compensated by using a serrodyne-technique to frequency shift the light going to device A to ensure the
emitted photons are fully indistinguishable. c) For the same repetition An = 0, the Stokes and anti-Stokes
fields of each devices show strong cross-correlations gé%), violating the bound for classical emitters (dashed
line), while for different repetitions the detections are fully uncorrelated. Data in blue for device A and in
orange for device B. d) Characterization of the entangled states produced by the EPR source: Second-order
coherence gl(.'2}, in green for i # j and in red for i = j, with i, j € {D, A} the detected polarization state of the
Stokes and anti-Stokes photons respectively (D for diagonal, A for anti-diagonal, see main text), as a function
of the phase shift induced in one arm of the interferometer by applying a pulsed voltage to the EOM. The solid
line is a sinusoidal fit to guide the eyes. Shaded regions are expected values from simulation, see main text for
details. All error bars are one standard deviation.

nanobeams to have identical mechanical and optical resonance frequencies. In order
to realize these requirements, we fabricate two chips with around 160 devices each and
map their optical resonances, which results in about 40 matching pairs between the two
chips in a single fabrication run (see SI section 2.5).

A key challenge in the demonstration of quantum teleportation in our system is the
rates at which we can detect threefold coincidences: the first two-photon coincidence to
herald a teleportation event in the BSM and a subsequent readout photon to verify its
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success. While higher optical pulse energies result in higher scattering rates, and there-
fore higher coincidence rates for the teleportation protocol, they also increase the ther-
mal population of the mechanical systems due to optical absorption heating [28] and
lead to a reduced fidelity of the teleported state and its readout [26]. We characterize the
thermal population of the mechanical modes as a function of the optical pulse energy
using sideband asymmetry [25], and select a few pairs of devices that exhibit the highest
scattering rates at a fixed total thermal population. A final selection criteria for the pair is
their mechanical lifetime 77, which should be long enough to store the teleported state
until it is retrieved, however not too long, as the repetition rate of the experiment is set
by the time required for the mechanical modes to re-thermalize into the ground state
(see SI section 2.5 for more details).

2.3. RESULTS

HE characterization of the pair of devices we chose for this work is shown in Fig 2.2.

Their resonance wavelengths are A.a = 1567.0154nm and A = 1567.0153 nm with
a difference in frequency of 0.01 GHz, and with total optical linewidths x5 /27 = 1.47 GHz
and xg/2m = 1.18 GHz (intrinsic linewidths «; A/27 = 557MHz and «;p/27n = 264 MHz),
see Fig 2.2a. The small residual mismatch in mechanical frequencies Qy, o /27 = 5.2474 GHz
and Qp, /27 = 5.2555 GHz of about 8 MHz (Fig 2.2b) can be compensated by frequency
shifting the optical excitation pulse in one of the arms, which we realize through serro-
dyning by driving an EOM with a linear ramp [7]. We measure TI(A) =1.3pus, TI(B) =19us
such that we can operate our experiments with a 20 us repetition time (see SI section 2.5
for details). We choose to work with scattering probabilities for the Stokes process of
1.2 % (1.3 %) and for the anti-Stokes process of 2.6 % (2.9 %) for device A (B), which cor-
respond to a pulse energy of 22 fJ (18 f]) and 50 fJ (40 {]) for device A (B) (see SI sections 2.5
and 2.5 for more details).

We then confirm that the mechanical modes of the nanobeams can individually be
prepared close to a single phonon Fock state. In order to accurately predict the g'® of the
mechanical state [25], we measure the cross-correlation between Stokes and anti-Stokes
scattered photons: g = %p(i"), with psaas(An) the probability to detect both a Stokes
(S) and anti-Stokes (aS) scattered photon An experimental repetitions apart and ps, pas
the probability to detect individual Stokes and anti-Stokes photons, respectively. The
measurement results shown in Fig. 2.2c demonstrate cross-correlation values far above
the classical bound of 2 [25] by more than 9 (5) standard deviations for device A (B),
proving that we can store our teleported state with little added noise. We also use this
measurement to estimate the total thermal population added by the optical pulses. We
infer a total thermal excitation of 0.24 +0.04 (0.10 +0.01) for devices A (B) using a fixed
delay between the pulses of 100 ns [29]. Note that the average thermal excitation of the
two devices is below < 0.24, the threshold to demonstrate quantum teleportation [26].

Having chosen the most suitable pair of optomechanical devices using the above
criteria, we then proceed to characterize their suitability as a conditional EPR source to
produce the state |Wgpr) in Eq. (2.1). We test the full conditional EPR source by proving
the non separability of the Stokes field with the phononic state in the nanobeams, veri-
fying it with the visibility after readout, similarly to [7]. We first measure the polarization
of the optical output state of | Pgpr) in a rotated, diagonal basis. This projects the state
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of the nanobeams onto

_1 ip
|u/>AB = ﬁ (|01>AB e |10>AB) (2.4)
where the sign + depends on whether a diagonal |D) o< |H) +|V) or anti-diagonal | A)
| H)—|V) photon was detected. We then map the joint state of the mechanical resonators
back onto an optical polarization state, and measure it in the same diagonal basis as a
function of ¢ set by the EOM voltage in arm A. This yields the second-order coherence

(2) (gb) 5: l;assf , with i, j € {D, A} the detected polarization state of the Stokes and anti-

Stokes photons, respectively. As shown in Fig. 2.2d, the cases where i = j (the same

polarization is detected for Stokes and anti-Stokes photons) exhibit opposite correlation

compared to the cases where i # j. We obtain a visibility between Stokes and anti-Stokes
@ _,@

pulses of 7 = % = (74£3) % for the EOM voltage of 6V, which shows the suit-

i=j " 8izj
ability of the optomechanical system as the EPR source for the teleportation. From this

measurement we also calibrate our readout angle ¢ as a function of the applied EOM
voltage. Finally, we compare the measured visibility to a numerical simulation of the en-
tanglement experiment, taking as input only the independently measured thermal oc-
cupations and lifetimes of the two nanobeams (see SI section 2.5), detector dark count
probability, control pulse leakage and interferometer dephasing. The values expected
from simulation are shown as the shaded region in Fig. 2.2d, also taking into account the
statistical uncertainties in the measured simulation input parameters (see SI section 2.5
for more details).

Since our scheme is symmetric around a change of 7 in the phase of the teleported
state, we verify our teleportation for input states H, V, D = (H+V) and L= (H+iV), only.
To estimate our teleportation fidelity we set our EOM readout phase ¢, and Pockels cell
angle such that the ideal teleported state is mapped to H (V) for cases where the coin-
cidence occurred on the same (different) output port of the BSM beamsplitter. We can
then estimate the fidelity of the teleported state as the fraction of correct readout results
F; = Neorrect,i/ Niotal,i With i € {H,V, D, L} (see SI section 2.5). Note that this fidelity esti-
mation includes the fidelity of our readout process, and therefore provides a lower bound
to the true teleportation fidelity. After around 100 successful measurement runs for each
basis we obtain an average fidelity of (F) = (Fy + Fy +2(Fp + F1))/6 = (75.0 £ 1.7) % (see
Fig. 2.3), which is significantly above the classical threshold of 2/3 by 4.8 standard de-
viations. We obtain very similar results even when using the more robust Agresti-Coull
interval [30], which is above the threshold by more than four quantiles of a standard
normal distribution. The average probability of the measured teleportation event is
4.3 x 1072 (one event every 1.3 hours).

Using our simulated version of the protocol, which agrees well with the measured
fidelities, we can estimate the errors induced by various parts of the protocol. Excluding
the readout error from the thermal population added by the red detuned pulse we esti-
mate the teleportation fidelity to be (F)gy, = (77 = 1) %. By replacing the input weak co-
herent state with a true single photon state, our expected fidelity increases to (86 + 1) %,
with all the other parameters unchanged.
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Figure 2.3: Experimental quantum teleportation. We measure the fidelity of the teleported state (green bars)
for 4 different input basis states: Horizontal (H), Vertical (V), Diagonal (D) and circular left (L). The number of
events for each basis, using a 80 ns detection window, are N4 = 110,102,100,99 for H, V, D, L, respectively.
All error bars are one standard deviation. The dashed line shows the classical limit of 2/3 and the rightmost bar
the average (F) = 1/6(Fyg + Fy +2Fp +2Fp) = (75.0 £ 1.7) %. This demonstrates quantum teleportation beating
the classical threshold by 4.8 standard deviations. The gray bars are the expected fidelities for each basis from
our simulation of the full teleportation protocol, taking only independently measured parameters as input,
with the shaded area the statistical confidence interval based on the uncertainty in those parameters and the
black line the expected value.

2.4. DISCUSSION

UR experiment marks the first realization of quantum teleportation of an arbitrary
O qubit input state onto a dual-rail-encoded long-lived optomechanical quantum mem-
ory In contrast to previous experiments, our fully engineered system directly functions as
a basic quantum repeater node for a future quantum network with an integrated mem-
ory component at telecom wavelengths. Even though the experiment was performed
in the lab scale, in our current implementation we already separate the weak coherent
state (and the BSM PBS) from the mechanical oscillators by several tens of meters of
fiber. A logical further extension to the teleportation protocol will be to demonstrate a
full first-level entanglement swapping operation [2, 21], where previously distributed en-
tangled states between distant nanobeams are combined to produce robust dual rail en-
coded entanglement. In the present form this would require four compatible nanobeam
resonators. An attractive alternative would be to use nanobeams with two distinct fre-
quency mechanical modes coupled to a single optical mode, combined with photonic
dual rail frequency encoding.

Our experiments also paves the way for transferring arbitrary qubit quantum states
onto amechanical system, which could lead to new tests of fundamental quantum physics [12].
Another exciting possibility for our system is the potential to directly interface with vari-
ous different quantum systems, such as superconducting microwave circuits, for exam-
ple [31]. In this context the demonstrated teleportation could function as a quantum
state transfer between photonic and microwave qubits. Moreover we show that the sys-
tem can be easily mode matched to an outside source making it suitable to connect a
large variety of optical systems that emit in the near-infrared.
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Figure 2.4: a) Histogram of the wavelength of the optical resonances from the two chips used in this experi-
ment. The standard deviation of the distributions are 1.9 nm and 1.7 nm and the distance between the centers
of the distributions is 0.5 nm. b) Histogram of the mechanical resonance frequency. In this case, the standard
deviation of the distributions are 12 MHz and 14 MHz, respectively, with a distance between the centers of the
distributions of 5 MHz. In both figures the chip with device A is in blue, the chip with device B is in orange and
they have a total of 121 and 162 working devices respectively.

2.5. SUPPLEMENTARY INFORMATION

DEVICE FABRICATION AND CHARACTERISATION

The nanobeams are fabricated from a silicon-on-onsulator (SOI) wafer with a 250 nm de-
vice layer. We pattern our device structure using electron beam lithography, combined
with HBr/Ar reactive ion etching. We perform a piranha cleaning step and finally release
the device layer with a hydroflouric acid (HF) wet etch. To ensure that the two sets of
devices are as identical as possible, we fabricate two lines of devices on the same chip
which is then diced into half. The dicing also allows to couple to the devices waveguides
with a lensed fiber (as done in [29]).

We proceed to characterize the optical and mechanical resonances of all the devices
on the two chips. In order to measure the mechanical resonances, we detect the ther-
mal motion of the nanobeam encoded in the amplitude noise of continuous wave (CW)
light reflected from the device, using a fast detector connected to a spectrum analyzer. In
Fig. 2.4 it’'s shown the histogram of the optical (a) and mechanical (b) resonances of the
two chips. The total spread of the optical cavity wavelengths is ~1.8 nm, and ~13 MHz
for the mechanical center frequencies. The precision of the nanofabrication allows us
to match pairs of nanobeams, that have small separation between the optical and me-
chanical resonances. Out of the approximately 160 devices on each chip we find 40 pairs
that have an optical frequency difference of less than the typical linewidth of ~1 GHz.
The maximum frequency difference between the mechanical resonances is set by the
maximum frequency that we can compensate by using a serrodyne technique (see sec-
tion 2.5 and main text for more). For the final pair chosen, we also perform a series of
OMIT measurements varying the intracavity photon number, as described in [32], from
which we then calculate the gy of each devices.
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MECHANICAL LIFETIME AND OPTICAL HEATING
One of the main source of reduction of the teleportation fidelity is the thermal popula-
tion of the mechanical mode caused by optical absorption heating (see e.g. [33]). Heat-
ing occurs directly, during the optical pulse, which we refer to as instantaneous heating.
Additionally, as visible from Fig. 2.5a, the thermal population of the mode continues to
increase beyond the duration of the optical pulse, which we refer to as delayed heating.
In our experiment the teleported state is retrieved after 100 ns to minimize delayed heat-
ing as much as possible [25, 33]. We intentionally choose a pair with shorter lifetime,
such that our experiment allows for a high repetition rate. This is due to the fact that we
have to wait for several mechanical lifetimes for the mechanical mode to thermalize back
to its ground state. Fixing the delay between Stokes and anti-Stokes pules to 100 ns we
show in Fig. 2.6a that two devices with mechanical relaxation times of = 3 s minimize
the required measurement time to violate the non-classical threshold for teleportation.

For our experiment we choose a pair of nanobeams that has the highest scattering
probability while still resulting in a thermal occupancy small enough to perform quan-
tum teleportation above the classical threshold. The thermal occupation versus scatter-
ing probability for the pair used is shown in Fig. 2.5b. This thermal occupancy reflects the
mode heating that occurs during the Stokes optical pulse, the instantaneous heating. To
take into account also the effect of the delayed heating, we mimic the real experimental
conditions by sending to the devices a red detuned pulse 100 ns before the pulses used to
measure the thermal occupation. The first pulse is not for optomechanical interaction,
but only for heating, while the second pulse is used to measure the thermal occupancy
of the devices. The result can be seen in Fig. 2.5¢, where we vary the energy of the pre-
heating pulse, and show the corresponding Stokes scattering probability for that pulse
energy. The thermal occupation here is given by the total effect of both pre-heating pulse
and readout pulses, however the slope allows us to infer the thermal population added
by the delayed heating only (see section 2.5 for more details).

With the pulse energy used in this work (221] (181]) and 501] (401]) for device A
(B) and for the Stokes and anti-Stokes processes, respectively) we measure a thermal
population given by the blue detuned Stokes pulse of 0.053 +0.003 (0.036 +0.003) and
for the red detuned anti-Stokes pulse (including delayed heating from the blue one)
0.135+0.005 (0.066 £ 0.005) for device A (B), respectively.

SIMULATIONS

We numerically simulate the cross-correlation, entanglement and teleportation exper-
iments by keeping track of the total system density matrix throughout the respective
protocols. We employ the QuTIP [34, 35] simulation package to describe each subsys-
tem in the Fock-basis up to NV = 3 excitation. We report that the calculated values differ
less than % from the results obtained with higher N and have the advantage of a much
shorter calculation time. For the teleportation experiment the total system is described
by the state of the mechanical mode of each nanobeam, pa, pg, the optical mode of the
emitted light py, py and the optical mode of the input state pig, pi‘;‘.

The teleportation model inputs include the input state angles Jin, ¢in, weak coherent
state amplitude |a|, Stokes scattering probability py,, anti-Stokes scattering probability
pr and readout angles 9oyt, Pout- The models for the cross-correlation and entanglement
only take a subset of these.
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Figure 2.5: a) Normalized clickrates of a red detuned probe pulse delayed by Aty, from a heating pulse. The
pump-probe scheme allows to track the changes in the thermal population (proportional to the clickrates)
while sweeping the delay between the pulses [29]. The rise and decay of the thermal population fits well to a
double-exponential phenomenological model, from which we obtain the 77 of the devices (1.3 us for device
A and 1.9 us for device B). The raise times are 0.2 us for device A and 0.4 us for device B. Note that in the tele-
portation experiment we use a delay between the pulses of 100 ns to limit the thermal heating. b) Thermal
occupation ny,, estimated from Stokes / anti-Stokes scattering rate asymmetry, as a function of the Stokes
scattering rate py,. The thermal occupation is increased due to the instantaneous optical absorption heating

that occurs during the optical pulse. Solid line is a linear fit from which we find niﬁ) = n(()A) + (i(ﬁ;t x pl()A) =

(0.049+0.004) + (0.91£0.05) x p¥, P = nf + (P % p' = (0.032+0.002) + (0.88+0.05) x p{*”, the uncer-
tainties are from the fit. ¢) Thermal population due to the combined effect of a heating pulse and the probe
pulses. The heating pulse occurs 100 ns prior to the probe pulses. We vary the pulse energy of the heating pulse
to assess the contribution of the delayed heating to the total thermal population. Solid line is a linear fit from

which we find the slope { gz)]aye q=34%02 and { gz)laye g=41£02 the uncertainties are from the fit. The fitted

values are used in our simulation to assess optimal optical pulse powers, see SI section 2.5 for details. In all
figures the data from device A are in blue and from device B in orange.
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We further include a number of imperfections as model inputs:

* The thermal occupation of the mechanical modes, consisting of three parts: First,
a steady state thermal occupation of the mechanical mode n[()A'B ), likely caused
by heating from the CW leakage from the pulse generation apparatus and heat-
ing from the average power sent to the nanobeam that is not efficiently dissi-
pated. Second, the instantaneous heating due to the blue pump pulse. Third,
the instantaneous heating due to the red pulse and the effect of the delayed heat-
ing from the blue pulse. We model the first two by taking the initial state of the
mechanical modes of device A and B as pj, pp at the beginning of the protocol

to be in a thermal state with n(A B = (A B (fﬁslf) X p](jA B where the n(()A’B) and
AB
(( )

inet. are estimated by the offset and slope of the fit in Fig. 2.5b, respectively. The
third part is modeled by coupling the mechanical modes to a thermal bath with

(A B) _ »(AB) (A B) AB) o (,AB) _ (A B) (A, B) : :
=( delayed X Pb + i ; ), where ( q1s estimated by the

slope of the fit in Fig. 2.5c. The coupling to the thermal bath is modeled to occur
just after the detection of the Stokes-scattered photon and the coupling is imple-
mented by a two-mode-squeezing interaction with an angle /7y, between each
mechanical mode and an environmental vacuum mode, and subsequently tracing
out the environmental mode. Using the fixed red and blue pulse energies used in
the cross-correlation, entanglement and teleportation experiment, we extract the
nﬁﬁ’B), used in the simulation shown in Fig. 2.2d and Fig. 2.3, from the measured
cross-correlation data (Fig. 2.2¢), as it is increased due to the additional average
power sent to the device necessary for locking the devices interferometer. The sta-
tistical uncertainties of the estimated thermal occupations result in a simulated
range of values, shown in the figures as shaded areas.

* The mechanical lifetime of each mechanical mode, modeled as an amplitude damp-

"y B) -TA A
ing channel acting on each mechanical mode with loss probability p ' = e™ "1 o,

where At;, = 100ns is the readout delay and Tl(A B) as found in Fig. Z.Ja.

* Detector dark-counts and excitation pulse leakage, resulting in a detector click not
originating from either nanobeam or input photon. We take the weighted sum
of the density matrix corresponding to a genuine coincidence click from a Stokes
scattered photon and input photon, and the density matrix where one of the clicks
was produced by a detector dark count or leakage photon. The weights take into
account the darkcount and leakage click probability pq4., and the total Stokes pho-
ton detection efficiency (device coupling efficiency, detection filter and setup effi-
ciency and single photon detector efficiency), see section 2.5.

* Finite interferometer phase stability, modeled as a dephasing channel with de-
phasing probability Vi, on the optical mode H, see Fig. 2.4.

By including optical losses we can also estimate the protocols success probability.
We use this simulation to obtain ideal device parameters and power settings to demon-
strate teleportation, see Fig. 2.6. Firstly, we determined the optimal T; of the devices, a
tradeoff between efficiently storing the state and having a higher repetition rate of the
experiment. Secondly, we determine the optimal ratio of the weak coherent state (WCS)
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Figure 2.6: Average teleportation fidelity and total measurement time obtained from our simulations. The
threshold for the measurement time is the required integration time for the fidelity to be above the threshold
of 2/3 by at least 2 standard deviations for each basis. a) Varying the T; of the devices we see an optimal point
at T1 = 3pus (for simplicity both devices are assumed to have the same lifetime with a fixed readout delay of
100 ns). b) Varying the ratio between the coherent state amplitude |a| and the Stokes scattering probability
Pp, we find an optimal value around 8. c) Varying the ratio between the Stokes and anti-Stokes processes,
an optimal point is found for p;/py, = 3. Here we use the parameters for instantaneous and delayed heating
from the asymmetry measurements (Fig. 2.5b,c) and we choose the scattering rates to have a fixed total thermal
population due to both pulses. d) Varying the scattering probability py,, and so the average thermal occupation
of the devices 7 aveg- Note a optimal point for pp = 0.02. Also here the parameters for instantaneous and
delayed heating from the asymmetry measurements are used. In all four figures the curves are guides to the
eye.
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amplitude |a| and the scattering probability of the Stokes process py, given by the re-
quirement that |a| has to be much larger than p}, for the protocol to work, as well as
much smaller than 1 to avoid excessive contribution of the higher order terms of the co-
herent state. Note that, with a single photon source input, the simulated average fidelity
of the teleportation increases to 86 % with the same parameters used in this work. We
then calculate the best ratio of scattering probability of the Stokes and anti-Stokes pro-
cesses, pr/ pp. Here the optimal point is given by a tradeoff between having a high exci-
tation probability of the devices, given by py, and a efficient readout of the mechanical
state, given by p;, while having a constant total thermal occupation. Finally, we sweep
the Stokes scattering probability pp, using the optimal settings of the other parameters.
This also change the total thermal population, and so the average thermal population of
the devices (n,avg). The optimal point is for py, high enough to have high rates and with
a thermal population low enough to have a average fidelity of the teleported states above
the threshold.

OPTICAL SETUP AND EXPERIMENTAL PROCEDURES

A complete schematic of the setup used in the experiment can be found in Fig 2.7. The
optical pulses are generated from three separate tunable CW diode lasers, two for the op-
tical control pulses (RED and BLUE lasers), one for the state to be teleported (WCS laser).
The lasers are stabilized using a wavelength meter and a frequency beat-lock system
(not shown), which allows to have a laser frequency jitter of few MHz. All light sources
are filtered with fiber filters of 50 MHz linewidth to reduce the amount of classical laser
noise at GHz frequencies. The pulses used in the experiment are generated using two
110 MHz acousto-optic modulators (AOMs) gated via an arbitrary waveform generator
(AWG, Agilent 81180A) and are fed into the Mach-Zehnder interferometer through a fiber
beamsplitter (BS 1). A variable optical attenuator (VOA) is used to have different pulse
powers in the two arms of the interferometer. An electro-optical modulator (EOM) is
used for the serrodyne shift (signal from an AWG, Tektronic AFG3152C) and, together
with a home-built fiber stretcher, for the phase stabilization of the interferometer (see
section 2.5 for more). The pulses are sent to the devices inside the dilution refrigera-
tor via optical circulators, using lensed fibers to couple to the devices’ waveguides. The
light coming from the devices is recombined on PBS 1 and filtered with two free-space
Fabry-Pérot with 40 MHz total linewidth and 17 GHz and 19 GHz free spectral range. The
average suppression ratio is 4.0 x 10~ (104 dB) for the Stokes and 1.5 x 10~ (108 dB)
for the anti-Stokes process, where the difference in suppression arises from higher order
modes present in the transmission spectra of the cavities due to a small mode mismatch.
Every ~ 6s the measurements are paused and CW light is injected in the filter cavities to
lock them using optical switches (not shown, see [25]). A flip mirror and a free space
PBS (PBS 2) are used to align the polarization to the axis of the Pockels cell (PC) using
CW light. The signal from the nanobeams, once passed through the PC, is combined in
a fiber 50/50 BS with the WCS and then routed to a fiber PBS (PBS 4) with a relative delay
in arrival time of 300 ns. An optical switch is used to send optical pulses on a free space
setup (A1/2 and PBS 3) to analyze the polarization in order to align the polarization of the
devices and the coherent state. The A/2 after the PC is used for the test of the EPR source
(Fig. 2.2¢) to change the polarization of the photon from the devices from the alignment
settings (H, V) to the measurement setting (D, A).
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Figure 2.7: Detailed schematics of the setup (see the text for more details). AOM are the acousto-optic mod-
ulators, AWG the arbitrary waveform generators, EOM the electrooptic modulator, VOA the variable optical
attenuator, BS the 50/50 beamsplitters, PBS the polarization beamsplitters, PC the Pockels cell, FPC the fiber
polarization controller, 1/2 half-wave plate, 1/4 quarter-wave plate and SNSPD the superconducting nanowire
single-photon detectors. WCS is the weak coherent state to be teleported. Note that PBS 2, 3 and 5 are free
space PBS while the others are fiber PBS.

We use fiber polarization controllers (FPC) to:

* Maximize the transmission through the various PBSs along the setup (FPC 1 and
othera that are not shown).

* Align the polarization to the axis of the PC using a reference PBS (PBS 2 and FPC
2).

* Align the polarization of the light from the device A and from the WCS with respect
to a reference free-space PBS (PBS 3 and FPC 3), in both the H and D polarization.

* Align the polarization of the light from the device A and from the WCS with respect
to the BSM PBS (PBS 4 and FPC 4, 5).

* Ensure that the relative phase between the devices on which we lock the interfer-
ometer is constant during the whole experiment (PBS 6 and FPC 6, see section 2.5
for more).

Note that the polarization of device B is always orthogonal since the paths are recom-
bined on PBS 1. In particular the alignment on the free-space PBS 3 is fundamental to
determine the relative phase between the state of the devices and the teleported one, in
order to properly map the Poincaré spheres of both states.

To guarantee that the EPR state is the desired maximally entangled state, we assure
that the measured scattering rates from the Stokes process of the devices are equal. Since
for both devices the collection efficiency of the scattered photons and the thermal pop-
ulations are similar, matching the measured rates means matching p;. Note that the
readout probability will be, in theory, identical for both devices while the scattering rates
from the anti-Stokes process are not matched since they are sensitive to the (different)
thermal occupancy of the devices. From the results of Fig. 2.6, we also calibrate the click-
rates from the WCS to be 6.8 times the clickrates from the Stokes process of the single
device.
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Figure 2.8: a) Occurrence histogram of the difference of the phase in the interferometer unlocked (green) and
locked (red) configuration, for each dataset we sample the phase every second for approximately an hour. For
the latter case we obtain a FWHM = 7/40. b) Normalized count rates from the first order interference of a laser
on resonance with the cavities and the detection filters for detector 1 (red) and detector 2 (green). Sweeping
the EOM voltage in one of the interferometer arm shows the interference pattern. Due to the limited voltage
range only half a period is visible. The interferometer visibility in this case is Vin¢ = 99.3%. Error bars are one
standard deviation and are too small to be seen.

The total measurement time of the experiment in the main text, Fig. 2.3, was 35 days.
To ensure the stability of the setup and to exclude data recorded during a faulty state of
the setup, we check the parameters of the setup (the laser locking, the filter detection
locking among others) every five seconds and we measure the polarization state and the
clickrates from the devices and the WCS every hour. We further align the polarization
as described above every 2 days, to keep the deviation in polarization and clickrates to
a few % and the decrease in visibility of the interferometer in the fixed EOM voltage by
a few % (see section 2.5 for more). We also align the free space optics every two weeks
when the efficiency of the setup (measured via the clickrates at a fixed pulse energy)
reduces by a few %. The polarization check, which is performed every hour, requires
approximately 1/6 of the total measurement time. This time together with the time in
which the detection filters are re-locked (1/6, approximately 1 second every 6 seconds),
brings to the total effective integration time to 23 days.

The average collection efficiency of the scattering photon from the devices (includ-
ing the coupling from the fiber to the optical waveguide, equal to 46 % (55 %)) is 11 %
(13 %) for line A (B). The detectors dark-counts and residual leakage of the pump pulses
are 5.9x 107% (4.9 x 107%) for the Stokes process with pulse energy of 221] (181]) and
6.7 x107% (5.6 x 107) for the anti-Stokes process with pulse energy 501] (401]) for de-
vice A (B). We use for the simulation the average value, pgc = 6 x 107°. Note that the bare
dark-counts from the SNSPDs are sub-Hz (0.1 Hz).

PHASE LOCKING

In order to have a well-defined phase relation between the two nanobeams, so to have a
stable ¢ in the EPR state (see Eq. 2.1), we need a phase stabilized interferometer, which
has a free-spectral range (FSR) of more than 6 GHz. The red detuned locking pulse, de-
layed by 1 us in time with respect to the measurement pulse, is reflected by the first cav-
ity, split by a fiber PBS (PBS 6) and measured on a balanced photodiode. A PID program
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on a RedPitaya [36] is used to actively lock the interferometer during the experiment. The
locking feedback has a bandwidth of ~ 3.8 MHz and two output signals, see Fig. 2.7: one
is applied to the fiber stretcher that is low-passed by a pre-amplifier (30 kHz), while the
other output is applied to the EOM in the arm of device A and its feedback is ultimately
limited by the repetition rate of the experiment (100 kHz). In this way, we can compen-
sate the high frequency components of the error signal (mainly given by the vibration
picked up by the fiber in the dilution refrigerator induced by the pulsetube unit).

We directly estimate the phase stability from the normalized lock pulse amplitude,
shown in Fig. 2.8a, obtaining a full-width at half maximum FWHM = 7/40. We can also
measure the long term phase stability using the average interferometer visibility during
the whole measurement (Viy; ~ 99.3%, ultimately also limited by the polarization align-
ment). A typical measure of the first order interference from the laser light reflected
from the devices is plotted in Fig. 2.8b, from which we can estimate a phase stability of
/25 [37].

Note that the locking light and the signal light have two different paths, so we need
to reference the relative phase between the devices in order to fix the EOM calibration
done with the test of the EPR source (shown in Fig. 2.2¢). To do this we use a FPC (FPC 6)
to maximize the interference visibility for a chosen EOM voltage, fixing the phase differ-
ence between the devices for every run of the experiment. Polarization drifts changes the
point of maximum visibility over time. This because a change in polarisation after the
PBS 1 changes the phase at which we lock the interferometer and so changes the relative
phase between device A and device B. So, in order to have a small reduction in interfer-
ometer visibility for the chosen EOM voltage, the process of alignment is repeated every
two days.

TIME EVOLUTION OF THE ENTANGLED STATE

To ensure that the quantum state teleported onto the joint mechanical state of the nanobeams

maintains its coherence before the readout, we perform a characterization of the entan-
gled state produced by the EPR source by sweeping the delay between the blue and red
detuned pulses with a fixed offset in the EOM voltage, as previously done in [7]. The re-
sult is shown in Fig 2.9. We find a coherence time of the entangled state of 500 ns, much
longer than the readout delay At;, = 100ns. Note that this value is smaller than the mea-
sured T) of the single devices, which is a combined effect of additional delayed optical
heating and dephasing. We compare the measured data to the simulation, as done in
Fig 2.2d, including the expected increase in thermal population due the the delayed ab-
sorption, using the fitted value of Fig 2.5b. We find that the reduction in coherence time
can be explained by the delayed heating for short delays (up to = 500ns). For longer de-
lay the small discrepancies can be caused by the imperfection in the simple model of the
delayed heating.

HONG-OU-MANDEL INTERFERENCE

In order to further verify that the input photons from |y, ) and the photons scattered
from the nanobeams in |WgpR) are mode matched, as required for a successful BSM, we
perform a Hong-Ou-Mandel (HOM) interference experiment [38]. We report in Fig 2.10
the result for different repetition An of the second order correlation of the optical field
from the device A and the WCS (in red) and device B and the WCS (in green), for the
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Figure 2.9: Second-order coherence glgz} for i # j (green) and i = j (red), with i, j € {D, A} the detected polar-

ization state of the Stokes and anti-Stokes photons respectively (both occurring in the same repetition), as a
function of the delay between the blue and red detuned pulses. The phase shift is induced by the difference in
mechanical frequency of the two oscillators. We measure a decay time of 500ns. The shaded regions are the
expected values from simulation, including the statistical uncertainties of the input parameters (see the text
and section 2.5 for more details). The solid lines are a fit to help guide the eye. All error bars are one standard
deviation.
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Figure 2.10: Two-photon quantum interference of nanobeam and input state photons. a) Second order corre-
lation of the optical field from device A and the WCS (red) and device B and the WCS (green) for parallel polar-
ization. A clear dip is visible for the same repetition. b) Same as a) for orthogonal polarisation. In this case a
peak is visible for the same repetition. From this two dataset we can obtain a visibility of V{jopm = (38 + 3) % for
device A and Vijom = (42 £ 3) % for device B. All error bars are one standard deviation.
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case of interfering signals (gl(lz)) and not interfering signals (g(f)). The coincidence rate

from the not interfering signals (orthogonal polarization) is used for normalization of
@

the HOM. The measured interference visibility of Vijom = ﬁ is (38 £ 3) % for device
I 8L

A and (42 + 3) % for device B. This results are consistent with HOM interference of ideal
indistinguishable photons in a weak thermal and coherent state, for which a visibility of
2/5 = 40% is expected. For different repetitions we find an average of g = 0.986 +0.01
(device A) and g® =1.007 +0.017 (device B).

TELEPORTATION TRUTH TABLE

We report the truth table used for the post-processing analysis, Tab. 2.1. From Fig. 2.1a
(bottom left) we define the BSM detectors as Hearly, Vearly and Viate, Hiate, T€SPECtively
from the leftmost to the rightmost. A successful teleportation event is a double click with
opposite polarization. Note that, as visible in Fig. 2.7, this choice of name is given by the
fact that in the experiment only two SNSPDs were used so that "early" or "late" refers
to the output of the BSM BS (BS 2). For this reason the SNSPD 1 correspond to Heayly,
Viate and SNSPD 2 t0 Vealy, Hiate- With the readout pulse, we verify the polarization of
the teleported state choosing the appropriate measurement basis for the polarization
analysis setup. We then compare the output of the measurement to the truth table to
asses if the readout is correct.

Input polarization Teleportation event
Hearly) Vearly | Hearly) Viate | Hiates Vearly | Hiates Viate
H |4 |4 |4 14
% H H H H
D H |4 |4 H
L 1% H H 1%

Table 2.1: Truth table used in the post-processing analysis of the data.

2.6. APPENDIX

In this appendix we report some facts and some a posteriori consideration on the experi-
ment reported in this chapter. The idea is to give insights on the challenges encountered
on the path to acquire the final dataset.

* The major challenge in this experiment is to have high enough click rates and still
low enough thermal occupancy to violate the classical threshold. For this reason
very high optical Q cavities are necessary. We report, that despite the precision in
the nanofabrication, 29 total pairs of chip were made and tested over the course of
5 months to have the final devices. We also report that 7 total cooldown were done
in this period of time, each with a different pair of chips to test.
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* Despite the quite high number of pairs of devices with optical resonances within
one FWHM (thanks to the high number of devices available in one chip and the
"birthday paradox" [7]), having both devices with all the important metrics in the
desired value range is a challenge. In particular we report that out of the 160 de-
vices per chip we have 40 pairs where the difference in optical frequency is smaller
than the typical FWHM ( ~ 1GHz). Out of these ones, only 9 pairs have a ther-
mal occupancy from the optical heating small enough to be suitable candidates
for the experiment. Only 5 pairs have lifetime higher than 1ps and a difference
in mechanical frequency that is small enough to compensate with the serrodyne
(~20MHz).

 After the pairs of nanobeam were found, we spend other 3 months to complete and
improve the experimental setup, fully characterize two pairs to choose the best
one and then determine the optimize parameters of the experiment to minimize
the integration time (with a high enough visibility to pass the classical threshold).
With the pair chosen for the experiment we measured 3 datasets over the course
of 3 months. The data reported are only from the last dataset.

* In the last dataset we used the free space part (PBS 3 in 2.7) to align both H and
D polarization of device A and WCS, and FPC 6 (from the same figure) to stabilize
the relative phase between device A and B. These two part are fundamental since
the two Block sphere need to be aligned (device A and B, and WCS).

A fiber-based PBS only allows to align one axis (H for example), a re-alignment us-
ing a FPC can change the polarization in the equator (D A, L R) in a uncontrolled
way and even a small piece of fiber can change randomly the polarization. For
these reasons, the free space part is necessary to align not only to a single axis (i.e.
H) but also to a second one (i.e. D) to avoid -uncontrolled- polarization differ-
ences in the several integration runs of teleportation between the Block sphere of
the state to be teleported and one of the nanobeams.

To lock the interferometer of the devices we use light reflected from the first fil-
ter. However, maximizing the interference signal on the detectors after PBS 6 is
not enough. Since FPC 6 change the polarization on the equator in a uncontrolled
way, it would effectively result in a change in the phase between runs of integra-
tion. One could think that the H and V light from the devices is rotated to, for
example, D and A to interfere in PBS 6 and create the signal to lock the interfer-
ometer. But in reality is rotated to a mix of D, L and A, R that changes between
runs of integration. The change in the phase offset is measurable from the entan-
glement curves shown in Fig. 2.2. Instead of using the entanglement measure to
calibrate for every runs this offset, which will require too much time, we use FPC 6
to maximize the interferometer visibility at a (fixed) EOM voltage. Doing so, we fix
the phase offset measured in the entanglement and so the teleportation settings
of the EOM. Notably, having a VOA in the interferometer can be a problem. Since
the attenuation is done varying the length of a light-absorbing material, this also
changes the optical length and so the phase acquired in the interferometer. Using
the same settings every time for the VOA attenuation (both in the alignement and
in the integration) is important to not have a random phase offset for every runs.
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* Since every set of data for each polarization have a long integration time (~ 1
week), having a reliable tool to predict the visibility of the teleportation is fun-
damental to choose the correct parameters of the experiment. The simulation re-
ported in 2.5 were extensively used to understand which pair to choose and have
a good estimation of the parameters to be optimize using the result of calibration
measurements (like the entanglement reported in Fig. 2.2).
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The ability to create, manipulate and detect non-classical states of light has been key for
many recent achievements in quantum physics and for developing quantum technologies.
Achieving the same level of control over phonons, the quanta of vibrations, could have a
similar impact, in particular on the fields of quantum sensing and quantum informa-
tion processing. Here we present a crucial step towards this level of control and realize
a single-mode waveguide for individual phonons in a suspended silicon micro-structure.
We use a cavity-waveguide architecture, where the cavity is used as a source and detector
for the mechanical excitations, while the waveguide has a free standing end in order to
reflect the phonons. This enables us to observe multiple round-trips of the phonons be-
tween the source and the reflector. The long mechanical lifetime of almost 100us demon-
strates the possibility of nearly lossless transmission of single phonons over, in principle,
tens of centimeters. Our experiment demonstrates full on-chip control over traveling sin-
gle phonons strongly confined in the directions transverse to the propagation axis, poten-
tially enabling a time-encoded multimode quantum memory at telecom wavelength and
advanced quantum acoustics experiments.

Parts of this chapter have been published in Amirparsa Zivari, Robert Stockill, Niccolo Fiaschi and Simon
Groblacher, Non-classical mechanical states guided in a phononic waveguide, Nat. Phys. 18, 789-793 (2022).
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3.1. INTRODUCTION

REATING and detecting quantum states of mechanical motion open up new possibil-
C ities for quantum information processing, quantum sensing and probing the foun-
dations of quantum physics [1]. In particular within the field of quantum optomechanics
many remarkable milestones have been reached over the past years: from showing the
ability to realize the quantum ground state of a mechanical oscillator and single phonon
control [2], unambiguous demonstration of the quantum nature of phonons through
the creation of entangled states [3-5] and a Bell test [6], to realizing a long coherence-
time quantum memory [7]. Furthermore, the field has shown the potential to enable
crucial applications in connecting quantum computers, and transfer information be-
tween them [8-11]. While these applications usually rely on highly confined phononic
states (with a typical mode volume on the order of the wavelength), the use of travel-
ing phonons promises the ability to create on-chip architectures for classical and quan-
tum information [12], with the potential to add completely new capabilities compared to
their optical counterparts. The exciting prospects in this new field of quantum acoustics
are enabled by the orders of magnitude slower propagation speed compared to photons,
the inherently low loss, their extremely low energy and the small mode volume com-
pared to GHz-frequency photons. These features make phonons ideally suited for direct
manipulation on a chip with wavelength sized components, while the ability to realize
significant time-delays in a short distance makes this type of system an ideal platform
for on-chip operations [13]. Furthermore, phonons have also demonstrated their unique
capability to efficiently couple and even mediate the interaction between various quan-
tum systems [14], such as superconducting qubits [15], defect centers in solids [16], and
quantum dots [17, 18]. Using mechanical excitations as low-loss carriers of quantum
information will allow for the construction of two-dimensional architectures and large-
scale phononic quantum networks [19].

While the creation of non-classical mechanical states have been demonstrated in
multiple physical systems [20], only a very limited number of experiments have been
able to realize propagating modes in the quantum regime, all based on surface acous-
tic waves [15, 21, 22]. This approach comes with its own limitations and challenges,
such as relatively short lifetimes, losses due to beam steering and diffraction, typically
only bi-directional emission and no full confinement of the mode except in resonators.
In the classical domain on the other hand, several proof-of-concept experiments have
realized the creation, transport and detection of mechanical states at cryogenic tem-
peratures [23] over millimeter ranges, as well as at room temperature and atmospheric
pressure [24]. The possibility of guiding a mechanical quantum state in a waveguide that
confines the excitation in all directions transverse to its propagation, similar to optical
fibers and waveguides, remains an open challenge.

3.2. METHODS

ERE we demonstrate a single-mode phononic waveguide directly coupled to an on-
H chip source and detector for non-classical mechanical states. We verify the non-
classicality of the launched mechanical states by measuring their quantum correlations
with an optical read-out field. In particular, we use the optomechanical interaction to
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Figure 3.1: Device and experimental setup. a) Band diagram for the modes with symmetric displacement
field with respect to the propagation direction along the waveguide. These modes are expected to couple
efficiently to the resonant optomechanical cavity mode. The highlighted region (red) shows a single mode
waveguide for the symmetric breathing mode with linear dispersion. The dashed line represent the frequency
of the modes of the optomechanical structure. Inset: mode shape of the unit cell from this simulation for the
band of interested. b) Band diagram for the optical TE mode of the phononic waveguide, exhibiting a band
gap at telecom wavelengths, allowing for a confined optical mode inside the optomechanical resonator. The
dashed blue line is the light cone, with the non guided modes in the gray shaded area. c) Mechanical (top)
and optical (bottom) eigenfrequency simulation of the full cavity and waveguide structure. Clearly visible are
the resonant breathing mode of the optomechanical crystal (left) and the waveguide mode (right). As the
mechanical mode leaks through the waveguide, the optical mode stays confined inside the optomechanical
resonator. d) A scanning electron microscope image of the device used in the experiment, showing the full
device with mirror, cavity and the 92 um long waveguide, as well as the optical coupling waveguide (top left).
e) Schematic of the setup together with a zoomed-in section of (d) (indicated by the red box). The blue, red
and green shaded regions show mirror, cavity and waveguide, respectively. The white dashed rectangle is the
area of the simulation in (c). See the text and SI 3.5 for a more details.

herald the creation of a single phonon, which then leaks into the phononic waveguide.
Since the waveguide has a free standing end that acts as a mirror for the phonons, the
excitations bounce, i.e. reflect, back and forth with a certain characteristic time that is
determined by the group velocity and the length of the waveguide. Moreover, we observe
non-classical correlations between time-bin encoded phonons [25], by creating and de-
tecting a phonon in either an early or late time window. The long mechanical lifetime
of the device will also allow the creation of an on-chip network for quantum acoustic
experiments. With the on-chip source, detector and waveguide presented in this work,
only a phononic beam splitter and phase modulator need to be developed in order to
obtain full coherent control over phonons on a chip.

We design our phononic crystal waveguide in thin-film silicon, which is single-mode
for the symmetric breathing mode of the structure, in the frequency range of interest
(at around 5 GHz with a single mode range of 750 MHz) and has an approximately linear
dispersion, in order to maintain the spatial mode shape of the traveling phonons. This
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waveguide is connected to an optomechanical resonator acting as the single-phonon
source and detector. For the waveguide design, only the symmetric breathing mode is
considered, in order to enable a good mode overlap with the mode of the optomechani-
cal cavity, as these resonant modes have large optomechanical coupling, and can easily
be created and detected optically. At the same time, in order to realize a high-finesse op-
tical cavity, we design our phononic waveguide to act as a mirror for photons, therefore
confining the optical field in the optomechanical resonator.

The details of our design are shown in Fig. 3.1a and 3.1b, where we plot the band
structure with the right mechanical symmetry, as well as the transverse electric (TE) po-
larized optical mode. An eigenvalue simulation of the full structure, cavity and waveg-
uide, is shown in Fig. 3.1c. The mechanical mode extends into the waveguide, while the
optical mode is strongly confined to the cavity region with a similar mode volume to
previous works [4, 26-28]. The different sizes of the holes in the structure create the mir-
ror, defect and waveguide. The hole dimensions and periodicity in the waveguide part
are adjusted to tune the group velocity. We design the waveguide to have a small group
velocity while still having a linear band inside the frequency range of interest (see SI for
more details). From the simulated group velocity, the time duration of the mechanical
packet (set by the optical pulse length of 40 ns), and the time of the mechanical excitation
to leak from the cavity to the waveguide, we determine a minimum length of about 40 pm
for the waveguide for the excitation to completely leave the cavity before it comes back
again, which is why we choose a length of 92um. In order to support the long waveguide
after suspension, we use narrow (50 nm wide) tethers to connect it to the surrounding
silicon. Moreover, to prevent any mechanical dissipation through the tethers, they are
directly connected to a phononic shield, as can be seen in the zoomed-in image of the
device in Fig. 3.1e. The phononic shield features a bandgap from 4 GHz to 6 GHz, and
by increasing the number of periods in the shields we can increase the mechanical life-
time (see SI). The same phononic shields are used at the left end of the device, to further
increase the mechanical lifetime.

A picture of the device and sketch of the experimental setup can be found in Fig-
ure 3.1d-e. To excite and detect non-classical phonons we use laser pulses detuned from
the optical resonance to address the optomechanical Stokes and anti-Stokes sidebands
in order to create (write) the mechanical excitation and to map it onto the optical mode
(read), respectively [29]. After being combined on a 50:50 beam splitter (BS), the light is
routed via an optical circulator to the device. The reflected light from the device is then
filtered using free space Fabry-Pérot cavities to block the pump laser pulses and, after
another BS, is sent to the superconducting nanowire single photon detectors (SNSPDs).
The device itself is cooled to 20mK in order to initialize the mechanical mode of interest
deep in the ground state.

3.3. RESULTS

OR the initial characterization of the device, we use a tunable continuous-wave (CW)
laser to determine the optical resonance in reflection. As shown in Fig. 3.2a, the fun-
damental optical resonance has a central wavelength around 1541 nm and a linewidth of
k¢ = 1021 MHz (with extrinsic and intrinsic loss rates of k. = 364 MHz and x; = 656 MHz).
We measure the mechanical spectrum using the optomechanical induced transparency
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Figure 3.2: Initial characterization. a) Characterization of the optical resonance of the device in reflection.
b) Mechanical spectrum measured using the OMIT technique at 20mK. The series of peaks is given by the

hybridization of the cavity mode and the modes of the waveguide (approximately equally spaced). c) gg) of
a waveguide-coupled thermal state for different delays between two detection events (T). Note the series of
peaks indicating the traveling back and forth of the phonons in the waveguide. The reduced maxima for these
peaks is attributed to the non constant FSR. The area highlighted is the chosen round trip peak for the pulsed
experiment with single phonon states. Inset: zoom-in around the highlighted area.

(OMIT) technique [30] (see SI for details). The resulting renormalized amplitude of
the reflected probe field (|S2;11) is plotted in Fig 3.2b, where a series of (almost) equally
spaced peaks shows the hybridization of the single mode of the cavity with the series of
modes of the free-ended waveguide. We choose the first prominent mechanical reso-
nance (around 4.98 GHz) as the frequency to which we detune the laser with respect to
the optical resonance wavelength for addressing the Stokes and anti-Stokes interaction.
We further measure the equivalent single photon optomechanical coupling rate from the
Stokes scattering probability using a short optical pulse of full width at half maximum
(FWHM) = 40ns, obtaining a collective gy/2m =~ 460kHz (for a detailed explanation see
the SI). This is the joint coupling rate of all mechanical eigenmodes within the detection
filter bandwidth.

In order to determine the time dynamics of the phononic wave packet, we measure
the second order correlation function g# of the light scattered from the cavity with a
CW read-out tone detuned to the anti-Stokes sideband. Due to non-negligible opti-
cal absorption in silicon, the continuous laser creates thermal mechanical population
in the device [31]. In this experiment, the continuous red-detuned laser field excites
thermal phonons in a broad frequency range. These phonons are read out by the same
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red-detuned field, which allows us to only measure the anti-Stokes scattered photons on
resonance with the optical cavity. The phononic state is therefore mapped onto the pho-
tonic state, and the photons are finally detected using our SNSPDs. As aresult the photon
statistics of the optical field corresponds to the phonon statistics of the thermal mechan-
ical mode. We obtain the gg) between emitted photons from the device, by measuring
two photon coincidences on two different SNSPDs and normalizing them to the single
photon counts of the SNSPDs. Owing to the optomechanical interaction, this is equiva-
lent to measuring the g(TZ) of the mechanical thermal states, for different delays between
the SNSPDs clicks 1. The results are plotted in Fig 3.2c, showing an (almost) equally
spaced series of peaks. As expected for a thermal state, at T = 0, we observe g(TZ) =2,
which is then modulated as the state leaks into the waveguide. We attribute the reduced
maxima for the round trip peaks ( g(TZ) = 1.5 instead of 2) to coupling to undesirable asym-
metric mechanical modes (which have relatively low optomechanical coupling rate, and
thus cannot be detected optically), as well as the non-constant FSR between mechanical
modes of the device, which could be caused by the dispersion of the phononic waveg-
uide. The exact effect will require a more detailed theoretical and experimental analysis

in the future.

We use three 150-MHz broad filter cavities in series to filter out the strong optical
driving pumps, which also filter the Stokes and anti-Stokes scattered photons within a
frequency range of 80 MHz around the setpoint (4.98 GHz). In this way, any signal from
the mechanical modes greater than 5.02 GHz is strongly suppressed and hence, only the
part of the spectrum with the evenly spaced mechanical modes will contribute consid-
erably to the correlation. These modes build a frequency comb with a free spectral range
(FSR) of around 11 MHz, which corresponds to a rephasing time of 1/FSR = 91 ns. This is
consistent with the round trip time that can be inferred from the measurement, which is
around 85 ns.

In order to verify that we can guide a non-classical mechanical state, we employ a
scheme in which we herald the creation of a quantum excitation in the optomechanical
cavity, which we confirm by swapping out the mechanical excitation to an optical pho-
ton after some time and correlating the photon statistics from the two processes [29].
We obtain these correlations by measuring the coincidences between the events on the
SNPSDs. We realize this scheme by first addressing the Stokes process with a 1191] blue-
detuned 40ns laser pulse creating a two-mode squeezed opto-mechanical state with
scattering probability of pswrite = 1.4%. Similarly, to readout the mechanical state from
the optomechanical cavity, a red-detuned laser pulse with the same energy, duration and
scattering probability of pgread = 1.4%, is sent to the device addressing the anti-Stokes
process. These low values are chosen to avoid excess heating of the optomechanical de-
vice from the remaining optical absorption in the silicon. Note however that it has been
shown that these can be increased up to around 30% [27]. These scattering probabilities
set the thermal occupation of the mode of interest to ny, = 0.27 (see SI).

The scheme of the pulses can be seen in Fig. 3.3a and the delay between the red-
detuned and blue-detuned pulses is set to approximately the second round trip time (t =
170ns). The detection of a single photon in one of the detectors from the blue-detuned
pulse heralds the mechanical state of the defect to a single-phonon Fock state [27]. This
phonon leaks through the attached phononic waveguide after a short time T and trav-
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Figure 3.3: Non-classical correlation. a) Pulse scheme used for the cross correlation measurement. We fix the
time between the pulses to T = 170ns, as calibrated from the measurement of Fig 3.2c. In post-processing, we
scan a narrow time window of 6 ns with an adjustable delay of ¢ represented by the dark blue and red shaded
areas over all of the acquired data (light shaded areas). This approach allows us to calculate the gg%1 of each
point with an adjustable moving window. b) Cross correlation between the optical and the mechanical state
for the pulsed experiment géﬁ(t). The correlation is higher than the classical threshold of 2, with a maxima

of g(()%]]i = 4.4J_’(1):(7), clearly demonstrating the non-classical character of the traveling phonons. For more details
on the error calculation see the SI 3.5. The highlighted area in the figure has the same position as the one in
Fig 3.2c.

els back and forth between the defect part and the end of the waveguide. In Figure 3.2¢
the highlighted area shows the chosen peak, that has a delay of T = 170ns, which is
much smaller than the measured lifetime T; = 78us for this particular device (see the
SI for more details). We choose to perform the measurement after two round trips of the
phonons to avoid any overlap between the optical write and read pulses. Another rea-
son for this is to overcome the SNSPDs’ dead time of around 100ns and hence be able to
measure coincidences on the same SNSPD as well as from different SNSPDs. We would
like to note that the expected cross-correlation between phonons and photons on multi-
ple round trips is expected to be similar or slightly lower as a result of optical absorption
and delayed heating [27, 29]. From this measurement, we can also infer the coupling
between the cavity and the waveguide from the width of the chosen peak, obtaining a
decay time of T = 10ns, corresponding to a coupling rate of around 27 x 16 MHz.

In order to measure the coincidences required to determine the correlations, two 6-
ns wide time windows, with a varying delay ¢ between them, are scanned through the
whole area of pulses in a post processing step (see Fig. 3.3a). Note that we also use the
measurement shown in Fig. 3.2¢ to calibrate these filtering windows. By summing all
the coincidences with each click happening in the same trial (An = 0, for n indicating
each trial), we gather all the correlated coincidences for each delay. In order to obtain
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the average uncorrelated coincidences, we perform a similar post processing step, but
finding coincidences in different trials (An # 0) where the clicks can be assumed to be
uncorrelated. Averaging this value over different An # 0, gives the average number of un-
correlated coincidences. We use these two values to calculate g(()i)l(t). The time window
is chosen to be less than the coupling time between the cavity and the waveguide (T¢) in
order to select only the correlated photons that have indeed traveled in the waveguide
(see SI for more details). The result is shown in Fig. 3.3b. In order to gather more statis-
tics, two separate measurements with identical thermal occupation have been used for
the data shown here, one with the sequence of red and blue pulses repeated every 200 s,
the other every 300us. After merging all the coincidences, a maximum cross-correlation
of gc(,zrzl = 4.4’:(1):(7’ is obtained from the reflected phonons at a time of ¢ = 168ns, which
is more than 3 standard deviations above the classical threshold of 2, unambiguously
showing the non-classical behavior of the guided single phonon state [29]. Furthermore,
no non-classical correlations between the photons can be observed at times where the
phonon is not spatially located inside the defect (i.e. outside a window of width T, cen-
tered at ¢ = T = 170ns). We suspect the slightly increased correlations at longer times to
be a result of the waveguide dispersion. This effect is also clearly visible in the envelope
of the peak shape corresponding to the second round trip in the inset of Fig. 3.2c, with
both patterns closely resembling one another.

We further explore the potential of creating a time-bin encoded phononic state by
extending our scheme to using two optical excitation (write) and two detection pulses
(read), effectively realizing a phononic FIFO quantum memory [32]. The identical blue-
detuned optical pulses (FWHM 40ns) have a scattering probability of pswrite = 2.7%
with At = 45ns delay. The red-detuned detection pulses (FWHM 40ns) have a scatter-
ing probability of pgreaq = 1.5% and with the same time delay. The first blue- and red-
detuned pulses are spaced by T = 170ns from each other and we repeat this sequence
every 800 us. We then measure the maximum cross correlation in time between all four
combinations of write and read pulses, using the same technique for delay-filtering used
to extract the data shown in Fig. 3.3. We choose 40-ns-long non-overlapping time win-
dows to separate "early" write and read pulses from "late" ones, as depicted in Fig. 3.4a.
As shown in Fig. 3.4b, we can clearly see strong non-classical correlation between the
"early-early" and "late-late" combination of excitation and detection pulse, while ob-
serving only classical correlations (due to absorption-induced heating) between the other
combinations of "early-late" and "late-early".

3.4. DISCUSSION

UR results clearly demonstrate the potential for creating, guiding, and detecting
O a non-classical mechanical state inside a phononic crystal, using optomechanical
techniques. Thanks to the long mechanical lifetime (up to 5.5 ms for similar devices on
the same chip) and the full lateral confinement, this type of device paves the way towards
on-chip quantum acoustic experiments. The current efficiency of the device is limited by
residual optical absorption in the silicon, which can be reduced through improved fab-
rication [27] and surface passivation [33]. While some of the motivation for these experi-
ments stems from the similarity to quantum optics, phonons are crucially different, due
to the 5 orders of magnitude smaller propagation speed and the ease of coupling them
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Figure 3.4: Double pulse non-classical correlation. a) Pulse scheme for the generation of time-bin encoded
phonon states with AT =45ns and 7 = 170ns. The area used to gather coincidences is depicted by the light
blue (red) shaded area for the write (read) pulses, respectively. In the post-processing step a similar technique
as before is used, in order to achieve high timing resolution. An example of 6ns wide coincidence-filtering
windows are sketched by dark blue (red) areas for write (read) pulses for the "early-late" combination. E (L)
stands for early (late). b) As expected, the maximum cross correlations for the various settings clearly shows
non-classical correlations for the "early-early" and "late-late” combinations, whereas in the other two we only
observe classically correlated phonons.

to other quantum systems. The realization of phononic beamsplitters and phase mod-
ulators will complete the toolbox required for full control over traveling single phonons
and more complex quantum experiments on a chip. Furthermore, the possibility of re-
trieving the state after several round-trips and with having time-bin encoded phononic
states, together with the full engineerability of the bandstructure, will allow for the cre-
ation of time-bin encoded phononic qubits and an optomechanical multimode quan-
tum memory working natively at telecom wavelengths. We also expect guided phonon
modes to play a crucial role in the low-energy transmission of quantum information on
a chip and for next generation filtering.
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3.5. SUPPLEMENTARY INFORMATION

FABRICATION

The device is fabricated from a silicon-on-insulator chip with a device layer of 250 nm.
We first pattern the structure using electron-beam lithography into the resist (CSAR)
and then transfer it to the silicon layer with a SFs/O> reactive-ion etch. The structure
is then cleaned with a piranha solution and suspended by undercutting the sacrificial
oxide layer using hydroflouric acid (HF). A last cleaning step with piranha and diluted
HF (1%) is performed just before mounting the sample in the dilution refrigerator.

EXPERIMENTAL SETUP

A complete overview of the experimental setup is shown in Fig. 3.5. The optical con-
trol pulses are created from two separate tunable CW external-cavity diode lasers. They
are stabilized over time using a wavelength meter (not shown) and are filtered with fiber
based filter cavities (50 MHz linewidth) to suppress the classical laser noise at GHz fre-
quencies. We create the pulses using two 110 MHz acousto-optic modulators (AOMs)
gated via a pulse generator. The optical paths are combined through a fiber beamsplit-
ter. The pulses are routed to the device in the dilution refrigerator via an optical circu-
lator, and then to the device’s optical waveguide using a lensed fiber. The optical signal
coming from the device is filtered with three 150 MHz broad free-space Fabry-Pérot cav-
ities in series, that results into an equivalent series bandwidth of about 80 MHz. The
average suppression ratio is 114 dB for the blue detuned pulse and 119 dB for the red de-
tuned pulse (the small difference is due to small misalignment and mode mismatch of
the cavities). Every ~10s the experiment is paused and continuous light is send to the
filter cavities to lock them at the optical resonance of the device using optical switches.
For this, the red-detuned laser is used after passing through a 50:50 beam splitter, and
the detuning is compensated via an electro-optics modulator to match the optical reso-
nance. It takes around 65 to lock the cavities each time.

The effect of dark counts, mostly unwanted photons from stray light which couple
into the fiber and leakage of pump photons through the filter chain, are negligibly small
compared to the photon rate that is obtained via the Stokes and anti-Stokes scatterings.
During the cross-correlation measurement shown in Fig. 3.3, we get total photon rates
of approximately 8 x 10~* and 1.7 x 10~ per trial from the Stokes and anti-Stokes scatter-
ings, respectively, from the full area of optical pulses. At the same time, the average total
dark count rate, which is constant in time, is only 1 x 1072 per trial.

COHERENT EXCITATION MEASUREMENT

Here we study the routing of a coherent mechanical wavepacket, as a verification to the
round-trip time of the measurement of Fig. 3.2¢c of the main text. We excite the mechani-
cal wave packet with a 40 ns long pulse of laser light, blue-detuned by 7 GHz with respect
to optical resonance of the cavity. Importantly, as the Stokes scattered photons are more
than two linewidths away from the optical resonance, the Stokes process will be highly
attenuated. We pass this laser pulse through an electro-optical modulator (EOM) which
produces two side bands at around 4.978 GHz (the frequency of the mechanical mode
which we use to detune our lasers and also lock our free space filter cavities in front of the
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Figure 3.5: The experimental setup, with BS the beam splitter and SNSPD the superconducting nanowire
single-photon detectors. See text for more details.

SNSPDs). The beating signal between these optical sidebands and the main carrier fre-
quency now results in a coherent driving of the mechanical modes in a broad frequency
range, which excites a mechanical packet inside the cavity. Following this excitation, we
use a continuous red-detuned laser tone to continuously read the mechanical popula-
tion. The resulting count rate from this read tone is shown in Fig. 3.6a. We can clearly see
the propagating behavior of the packet, first leaving the cavity resulting in a reduction of
the population, followed by the reflection back to the cavity.

In order to verify that the reflection is indeed a result of the phonon leaving the cav-
ity, we perform the same measurement on an identical device, with a 2.5 times longer
waveguide attached to it. As expected, the longer waveguide should result in a 2.5 times
longer traveling time of the packet, which is fully consistent with the time difference be-
tween the peaks in Fig. 3.6b. Note that the two experiments are performed with different
power settings of the coherent drive and the readout compared to the experiments in
the main text, which is the reason of not seeing a full decay of the click rates in Fig. 3.6a.
This results in an increased thermal background introduced by the high power readout
laser, as well as the pulse length of 40 ns that is comparable with the round trip time of
that device. Additionally, the peak widths are broader, since in this experiment only the
modes within the bandwidth of the laser pulse will be excited. Therefore, the time do-
main behavior is limited by the bandwidth of the laser pulse as it is much narrower than
the cavity-waveguide coupling and the bandwidth of the filter cavities.

SCATTERING PROBABILITIES
The Stokes and anti-Stokes scattering probabilities are determined from the click rates
(T'y, T'y) on the SNSPDs and by measuring the detection efficiency of the experimental

setup (1)det)

It = Ps read * Mth * Ndet (3.1
I'b = psywrite * (1 + Bth) * Ndet (3.2)

where the p;reaqd and psurite are the scattering probabilities from the red detuned
(anti-Stokes) and blue detuned (Stokes) laser pulses, respectively, and ny, is the mechan-
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Figure 3.6: Coherent mechanical population of the cavity versus time for different waveguide lengths of a)
92 um and b) 230 um. The time difference between the two peaks in the bottom figure is around 7 = 210ns
compared to 7 = 85ns for the shorter waveguide, which is fully consistent with the difference in waveguide
length.

ical mode thermal phonon occupancy. The measurement of the detection efficiency
gives Nget = 3.8%. This includes the coupling between the optical cavity and the opti-
cal coupler waveguide 74ev, the coupling from fiber to the optical coupler waveguide 7.,
the filter setup efficiency nr, the SNSPDs detection efficiency nsnspp, as well as all other
losses in the optical path n},5. Hence, the overall detection efficiency can be written as
Ndet = Nc " Ndev ' T * ISNSPD * Noss- BY shining a continuous off-resonance laser to the de-
vice and measuring the power at each point of the setup, we obtain n. = 37%, nr = 38%,
NsnseD = 90% and 1gs = 80%. Furthermore, the device efficiency ngey = 'f(—‘: and is mea-
sured using a similar method to [34].

In the weak coupling regime (g < «), the scattering probabilities are given by the

K

efficiency (fgev = K—f) and the incident laser pulse energy E;, [27]:

— AN 4ev 82 Ep
=1-ex 3.3
Ps,read p (hwc(wﬁn < 2)?) (3.3)
4N 4ev 83 Ep
ite = €X -1 34
Ps,write p (hwc ((U%n " (Kt/Z)z) (3.4)

where w( is the optical resonance frequency and w,, the mechanical frequency.
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Figure 3.7: Engineering the band structure and phonon group velocity by adjusting the hole dimensions: hx di-
ameter along the waveguide orientation, hy, diameter perpendicular to the waveguide orientation, and the size
of the unit cell (period). A sketch of the unit cell is shown in a). b,c) Mechanical and optical band diagram for
a waveguide with parameters of hy = 187nm, hx = 320nm, period = 436 nm resulting in a mechanical group
velocity of vg = 1946 m/s. d,e) Parameters of hy =430nm, hy =272nm, period =458 nm, with vg = 2766 mls.
f,g) Parameters of hy =468nm, hw = 240nm, period = 458nm, with vg = 6298 m/s. In our experiment, we use
the second set of parameters (shown in d) and e)) in order to have a small group velocity, while simultaneously
maintaining a linear region of the mechanical band to minimize dispersion.
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Figure 3.8: Normalized clickrates (directly proportional to the thermal population) from a thermally excited
mechanical mode as a function of time. The population exhibits a double exponential behavior, which cor-
responds to the initial heating and subsequent decay. For the device used in the measurements the rise and
decay times are Tyjse = 1pus and 77 = 78us (data in blue), respectively. An exemplary second device, with in-
creased number of phononic shield periods connected to the tethers, resulting in an much longer decay time
T1 = 5.5ms is also shown (data in red). The solid lines are exponential fits to the data.

BAND STRUCTURE

The band structure of the waveguide can be engineered by changing the hole dimen-
sions and the periodicity of unit cells, while keeping the width and thickness of the beam
fixed. In Fig. 3.7 three designs of a waveguide with different mechanical band structure
and group velocity are shown. All these designs act as optical mirrors for the cavity, as
can be seen from the optical band diagrams.

LIFETIME

One of the fundamental properties of the device is the extremely long lifetime T; of the
mechanical excitation. In order to measure T; we use a red detuned strong optical pulse
to heat the device, creating a thermal population in the mode. We then send another,
much weaker, red detuned pulse, to probe the thermal population as a function of time,
which is directly proportional to the clickrates. The result of the measurement is shown
in Fig. 3.8. Note that, as previously seen [7], the clickrates have a double exponential
trend, with a rise time Tijse and a decay time T;. For our measurement we choose one of
the shorter lifetime devices (to allow for higher repetition rates), while several structures
with up to 5.5 ms are also fabricated on the same chip, as shown in the plot.

THERMAL OCCUPANCY OF THE MECHANICAL MODE

The mechanical modes, having a frequency of around 5 GHz, have a thermal occupation
of <1075 at 20mK. Due to absorption of the optical pulses used to create and read the
state, the thermal occupation during the experiment is however significantly higher. We
measure the mode temperature via the sideband asymmetry as shown in figure Fig. 3.9a.
In more detail, we send a blue-detuned and red-detuned optical pulse with exactly equal
energies (and thus equal scattering probabilities) and a long delay between (few times
of the mechanical lifetime in order to reinitialize to the ground state at the starting of
each pulse) and measure the click rates from each pulse (I';,I'py). Using Eq. 3.1 and 3.2,
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we extract the thermal occupancy for different scattering probabilities. This measure-
ment allows us calibrate the mode heating that occurs during the optical red-detuned
(anti-Stokes) pulse, the instantaneous heating. To mimic the real experimental condi-
tions with two pulses (as used for Fig. 3.3a), we send an additional red detuned pulse to
the device 170ns before the pulses used to measure the thermal occupation, which ef-
fectively heats the mechanical mode. The results are shown in Fig. 3.9b, where the x-axis
is the inferred scattering probability of the heating pulse.

a b
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Figure 3.9: a) Thermal occupation of the mode of interest as a function of the scattering probability of the
Stokes and anti-Stokes process pswrite = Psread = Ps- th is measured from the asymmetry of Stokes/anti-
Stokes scattering rates. The fit follows ny, = (0.070+0.0095) + (5.29 £ 0.25) x ps. We choose to work at pg read =
1.4%. b) Thermal occupation with the pulse scheme of the experiment as a function of the inferred scattering
probability of the anti-Stokes process for the heating pulse. Here a heating pulse is sent to the device 170ns
before the pulses used to measure the thermal occupation. Since the heating dynamics is similar for both
Stokes and anti-Stokes processes, we can send either a red-detuned or a blue-detuned pulse as heating pulse.
The fitting of the resulting data follows 7, = (0.216+0.028) +(5.21+1.88) x ps. Choosing a scattering probability
of pg write = 1.4% results in a total thermal occupation of ny, = 0.27. In both figures the fits are linear and the
errors are one standard deviation.

ERROR ON THE g2

As discussed in the main text, we record the coincidences from the same trial (Na;—g,
where n is an indicator for each experimental round), and the average number of coin-
cidences from different trials (NA,#O), which is expected to be uncorrelated. In order to
calculate the g(()zrzl we divide these two quantities, such that gézrzl(t) = NAn:o(t)/NAmgo(t).
Using An > 1, one can gather enough statistics to estimate N, with a negligible error.
For the estimation of the error on Na,-o, which dominates the statistical uncertainty, a
binomial distribution function is considered for the number of coincidences on each
trial. Therefore, from this distribution, the probability of getting different numbers of
coincidences can be calculated and thus, the error of the number of coincidences will be
estimated. This is similar to the method used in [29].

EFFECT OF TIME FILTERING WINDOW ON g2

Due the strong coupling between the optomechanical defect and the mechanical waveg-
uide, the phononic packet has a narrow length of around T, = 10ns. Therefore, in order
to study the non-classical properties of the phononic packet, we have to filter the coinci-

dences happening with a certain delay in time, with a narrow time window around that
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delay. In Fig. 3.3 the width of the time filtering window is 6 ns and the delay of the win-
dow is scanned through the write and read pulses for each delay. The cross-correlation is
calculated by dividing the number of coincidences happening in the same trial (An = 0),
by the number of coincidences happening in different trials (An # 0), which are uncor-
related. By changing the filtering window, the number of uncorrelated coincidences re-
sulting from the thermal background noise of mechanical motion is changed, reducing
the cross correlations resulting from the heralded mechanical state. To further study this
effect, we plot the cross correlations in Fig. 3.10, where we increase the filtering window
from 3ns to 30ns. As can be seen, with a shorter filtering window the number of co-
incidences gathered for each delay is a reduced and thus, despite having a higher cross
correlation, the error bars of the measurement is also larger. For window widths smaller
than the packet lifetime we recover strong correlations, however for widths shorter than
5ns we only obtain a small number of coincidences, resulting in an increased uncer-
tainty in the correlation parameter. For windows longer than the packet length, the in-
creased contribution of uncorrelated coincidences reduces the measured correlations.
Please note that the cross-correlations of classical state can never exceed 2.
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Figure 3.10: Maximum cross correlations obtained with varying filtering window width, using similar time
delays as in Fig. 3.3. Inset: full cross correlations as a function of time for 3 selected data points.

DOUBLE PULSE gf;zfl(t)

In this experiment we use two write and two read pulses. In Fig. 3.11a, the click rates
are shown in time. The two pairs of pulses are clearly overlapping, since the delay be-
tween them is close to their FWHM. We gather coincidences from the shaded area of the
pulses, choosing them to not overlap to not double count coincidences. We use a sim-
ilar technique to the one use for Fig. 3.3, with filtering the coincidences in a 6ns time
window with varying delays, in order to obtain finer time resolution. In Fig. 3.11b, the
cross correlation between these fine-filtered coincidences is shown as a function of delay
between them for different combinations of write and read pulse. The maximum cross
correlation of these plots is depicted in Fig. 3.4b. Note that the maximum cross correla-
tion for "early-early" and "late-late" combinations happen at ¢ = 170ns which matches
the second round trip of phonons, as expected.
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Figure 3.11: a) Double-pulse click rate versus time. The two slightly overlapping write pulses preceding the
read pulses are clearly distinguishable into earlier and later time. The delay between pulses is 7 = 170ns for
both "early-early” and "late-late" combinations, T + At = 215ns for "early-late", and 7 — At = 125ns for "late-
early". b) Cross correlation between coincidences having a delay not more than 10ns deviation from the delay
between pulses, for different combinations. In all figures here "E"("L") stands for "early" ("late").

THEORY OF OPTOMECHANICAL INDUCED TRANSPARENCY
We assume to have an optomechanical cavity which is coupled to a truncated waveguide,
acting as a Fabry-Pérot interferometer, and can write the total Hamiltonian (% =1) as

H:wcafa+wmbfb+2wlc;rcl +Zye,lc;rb+h.c.
] ]

+goa a(b’ +b) (3.5)

where a and b are the annihilation operators for the optical and mechanical modes
of the optomechanical cavity and g, represents the single photon optomechanical cou-
pling rate. Additionally, y,; represents the coupling between the mechanical mode of
the cavity and the [-th mode of the Fabry-Pérot interferometer with annihilation opera-
tor ¢; and frequency w;.

The linearized Hamiltonian in the rotating frame of the laser field after applying the
perturbation over the optical field is then given by [1]

H= Aa*a+wmb7b+ goa(aT + a)(lfr +b)
+ZQ;C}LC,+Z)/€JC;Z/J+ h.c. (3.6)
I 1
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Figure 3.12: Numerically calculated S»; signal, using the parameters given in the main text.

where A = 0, — w; is the detuning of the cavity with respect to the laser frequency.
Here, a is now the annihilation operator for the optical field fluctuation inside the cavity
with the steady state field of a. The equivalent optomechanical coupling to the field
fluctuation is defined by g = gp.a.

The Langevin equations after applying the rotating wave approximation, by assum-
ing having the pump field at the red sideband and neglecting the counter rotating terms,
follow as

. . K
% =—1Aa—1gb—§a+\/1<eam (3.7
. ; r ;
% :_lwmb_lga_Tmb_le:Ye,lcl (3.8)
d . . I
d_ctl :—zwlcl—lye,lb—?b (3.9)

Here « is the optical decay which includes both external and internal cavity loss x =
Ke + k. Similarly, I'y, and I'; are the mechanical decay rate for the cavity mechanical
mode and /-th mechanical mode of the Fabry-Pérot interferometer, respectively. Also,
a;p are the cavity input field fluctuations.

For an OMIT measurement we pass the pump laser field through an amplitude EOM
which produces sidebands at frequency w, thus the input field to the system can be writ-
ten as Eo + E, e/’ + E_e/®!, We are now interested in calculating the reflection coef-
ficients of each component and eventually calculate the output field as ayy,; = roEp +
ryE,e !+ r_E_e'™!. Without loss of generality, we can assume that the two side-
bands are equal and produced in-phase (E; = E_ = E;) by the amplitude EOM. More-
over, by operating in the resolved sideband regime (x < w;,,A), the fields at frequencies
far detuned from the cavity frequency reflect identically and we can assume ry = r_ = 1.
We therefore have to only calculate the reflection coefficient of the component close to
the cavity resonance r.. By considering only this input field in Eq. 3.7 and assuming
a=a;e !, b=b,e and ¢; = c; je”'*!, we have
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Figure 3.13: a) Simulated normalized cavity population as a function of time, detected after passing through
the filter cavities. b) Second order correlation function of the cavity mechanical field, calculated using the
Siegert relation.

b, = g F—a (3.10)
w—a)m+ir7’"—zl—e",rl
W0-w+i—5
iKe
a,=———-—7"—F (3.11)
* w-A+i5—y(w)
2
x(w) = g 5 (3.12)
.y Ve,
w-—wyt+it -}, Y
O-wi+i—5

with y(w) being the mechanical susceptibility to the optical field. After that, by using
the input-output relation of a,y,: = a;, — /Kea, we can extract the reflection coefficient
as

iKe

oo A+ iE—y@) 19

I‘+=1—

A fast photodiode detects the power of the output field as

P =|Epl* +|E1* +|ry By |* + EgEre™ '+

riEgEre 4 ry | By Pe 2t coc. (3.14)
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Figure 3.14: We apply the same model to the OMIT spectrum measured for the real device in the main text,
obtaining the cavity population and g(z) of a thermal state as a function of time.

The voltage produced by the fast photodiode is connected to channel 2 of a vector
network analyzer (VNA) which measures the quadratures of the signal, and thus mea-
sures Sp1 with magnitude of | Sy | = %. For simplicity, we assume all the Fabry-Pérot
interferometer modes to have a similar coupling rate to the cavity. We now numerically
calculate and plot this signal in Fig. 3.12 given the parameters of the system, which are
reported in the main text. The resulting graph is very similar to the measurement shown
in Fig. 3.2b. Note that the peaks in the transparency window at each mechanical mode
are a direct result of the optomechanical coupling in the denominator of Eq. 3.13.

MECHANICAL RESPONSE OF THE CAVITY-WAVEGUIDE STRUCTURE

In order to develop a simple theoretical model describing the measurements in Fig. 3.2c
in the main text we first look at the time domain behavior of the mechanical system
and then calculate its g® function. The state-swap interaction performed with the red-
detuned optical drive is such that the optical g® we recover reproduces the mechanical
state [27]. For the time domain response we use Eq. 3.8 and Eq. 3.9, where we set the
optomechanical interaction term to zero (g = 0). We solve them using a Python mod-
ule that solves a system of linearly coupled differential equations (Scipy.integrate.odeint
module), with the initial conditions of having a unity population in the cavity (b(0) = 1)
and all the Fabry-Pérot interferometer modes in the vacuum state (c;(0) = 0). For sim-
plicity, we solve the time dynamics for scalar classical fields. We then use the solution of
b(1) to further obtain the cavity population and the first order correlation function gV
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‘
M _ J(bT(Ob(t+1))dt i1
& S{bR)dr (8.15)

We then proceed by using the Siegert relation [35] to calculate the second order cor-

relation giz) of a thermal chaotic field

g? =1+gMp2 (3.16)

The general results for our simple model including the time domain response of
the cavity population, as well as the intensity correlation g?) are shown in Fig. 3.13.
The model clearly shows that having the adjacent waveguide results in a leakage of the
phonon population, followed by a subsequent revival after each round-trip with the re-
flection from the free-standing end. A similar behavior is observed for the intensity cor-
relation, where g?) decays as the thermal field leaves the cavity and then rises again as
the mechanical field reflects back into the cavity.

We can now use the same method in combination with the measured OMIT data as
the input and simulate the expected time domain response, as well as the mechanical
giZ) as a function of time, using the same assumptions as above (see Fig. 3.14). This
simple model allows us to qualitatively model our measured data from Fig. 3.2c very

well.

3.6. APPENDIX

In this appendix we report some facts and some a posteriori consideration on the experi-
ment reported in this chapter. The idea is to give insights on the challenges encountered
on the path to acquire the final dataset.

* Since a cooldown and a warm up of a dilution refrigerator takes 3 days, having a
reliable metric to characterize the devices ar room temperature was a fundamen-
tal part of this work. As shown in SI section 3.5, we found that the mechanical
spectrum is a reliable metric to determine the bouncing pattern of the phononic
packet.

* Having a constant FSR in the mechanical spectrum is fundamental to have high
g((,ﬂl on the bounced phonons. However having also a short lifetime is important
to reduce the integration time. We suggest to have most of the devices with short

lifetime on chip and only a few, as proof of principle, with long lifetime.
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ON-CHIP DISTRIBUTION OF
QUANTUM INFORMATION USING
TRAVELING PHONONS

Amirparsa Z1VART*, Niccolo FIASCHI*, Roel BURGWAL,
Ewold VERHAGEN, Robert STOCKILL, Simon GROBLACHER

Distributing quantum entanglement on a chip is a crucial step towards realizing scalable
quantum processors. Traveling phonons — quantized guided mechanical wavepackets —
can be used as a medium to transmit quantum states, due to their small size and low
propagation speed compared to other carriers, such as electrons or photons. Moreover,
phonons are highly promising candidates to connect heterogeneous quantum systems on
a chip, such as microwave and optical photons for long-distance transmission of quantum
states via optical fibers. Here, we experimentally demonstrate the distribution of quantum
information using phonons, entangling two traveling phonons and creating a time-bin
encoded traveling phononic qubit. The mechanical quantum state is generated in an op-
tomechanical cavity and propagates into a phononic waveguide for around 200 microm-
eters. We further prove that the entangles phonon-photon pair can be used to violate a
Bell-type inequality.

Parts of this chapter have been published in Amirparsa Zivari*, Niccolo Fiaschi*, Roel Burgwal, Ewold Ver-
hagen, Robert Stockill, and Simon Groblacher, On-chip distribution of quantum information using traveling
phonons, Science Advances Vol 8, Issue 46 (2022).
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70 4. ON-CHIP DISTRIBUTION OF QUANTUM INFORMATION USING TRAVELING PHONONS

4.1. INTRODUCTION

VER the past decades, quantum technologies have evolved from scientific proof-of-
O principle experiments to a nascent and thriving industry. With recent demonstra-
tions of quantum advantage over classical computation in multiple systems [1, 2], the
need for connecting such resources is becoming ever more urgent. Distributing quan-
tum entanglement between distant parties is a crucial step towards implementing quan-
tum repeaters and networks [3, 4]. Distributing it on-chip is needed for sparse qubit
array architectures, which require on-chip long-range qubit couplers [5]. Additionally,
having entanglement between a stationary quantum memory and a flying qubit plays a
central role in low-loss quantum information transfer over long distances [3].

One of the key challenges of building a quantum network is forming interfaces be-
tween heterogeneous quantum devices. A highly versatile system for this task has been
identified in phonons, which can act as efficient intermediaries between different re-
sources [6]. In particular, phonons have been shown to be highly useful in converting
states between different optical wavelengths [7], as well as for microwave to optics fre-
quency conversion [8-14]. Most recently, such a mechanical transducer has been used
to transfer signals from a superconducting qubit to an optical fiber [15], a key step for
quantum information transfer. Moreover, the potential for quantum gate operations us-
ing phonons has been shown [16-18], owing to long coherence times and high transfer
fidelities of phonons. The interest in traveling phonons in fact goes well beyond en-
abling long-distance quantum networks. Several of the most exciting prospects are aris-
ing from their many orders of magnitude slower propagation speed compared to light,
low loss transmission and their small mode volume compared to traveling GHz photons.
These unique features could have the potential to enable the on-chip distribution and
processing of quantum information in a highly compact fashion [19], allow for coherent
interactions with a large variety of quantum systems such as defect centers [20], super-
conducting qubits [21] and quantum dots [22, 23], in both homogeneous or heteroge-
neous implementations [24]. Demonstrating the basic building blocks, such as marking
the distribution of quantum information using highly confined phonons, remains an
open challenge to date.

Quantum optomechanics has proven to be a versatile toolbox for controlling sta-
tionary, strongly confined phonons [25, 26]. Previously, bulk and surface acoustic waves
(BAWSs and SAWSs, respectively) have been shown to be able to operate in the quantum
regime [17, 19], for example, by coupling to superconducting qubits for transducer and
quantum information applications [27, 28], as well as entangling acoustic phonons [29].
These systems benefit from deterministic quantum operations with high fidelities, en-
abled by the non-linearity of the superconducting qubit and strong coupling between
the qubit and the phononic channel. However, the confinement of the phonons in op-
tomechanical devices results in several advantages, such as stronger field coupling [30],
higher coherence and longer lifetime [31], and long distance routing capability on chip [32,
33]. In this work, building on these recent developments, we experimentally distribute
quantum information using phonons in a waveguide. Our device is composed of an
optomechanical cavity, which acts as the single phonon source and detector, that is
connected to a single-mode phononic waveguide. Using this device we then create a
time-bin entangled state of a pair of traveling phonons. Furthermore, we unambigu-
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Figure 4.1: Device and experimental setup. a) Scanning electron microscope (SEM) image of the device. Bot-
tom left: photonic and phononic mirror (highlighted in blue), optomechanical cavity (red) and initial part of
the phononic waveguide, which also acts as a photonic mirror (green). Bottom center: section of the phononic
waveguide. Bottom right: free standing end of the waveguide, which acts as a mirror for the phonons. b) Band
diagram of a unit cell of the waveguide showing its single mode design for the symmetric mode, with the fre-
quency of interest depicted by the black dashed line (see the SI section 1). c) The control pulses (write and
read) are sent to the cavity to create 1. and retrieve 3. the mechanical excitation. The green pulses depict the
scattered Stokes and anti-Stokes photons. In 2. the mechanical excitation travels in the waveguide (round-
trip time of 7). d) Simplified schematics of the time-bin entangling protocol. 1. Creation of the entangled
state between the Early (E) and Late (L) Stokes-scattered photons and the traveling phononic excitation in the
waveguide. The pulses have a time delay of 7/2 and are depicted here in shorter succession than in the exper-
iment for clarity of the drawing. 2. Propagation of the mechanical qubit in the waveguide, with the reflection
at the end. 3. Mapping of the phononic onto a photonic state in order to verify the entanglement. The boxes
conceptually divide Einstein—Podolsky—Rosen (EPR) source, and measurements setups A and B (which are the
same experimental setup at different times 1), used to create and detect the entangled state. SNSPDs are super-
conducting nanowire single-photon detectors. The arrows in c) and d) represent the direction of propagation
of the mechanical excitations and the time axis is shown by the vertical black arrow.

ously show the non-classical correlations between an optical and the traveling phononic
qubit, by violating a Bell-type inequality [34-36].

4.2, METHODS

UR device consists of a single mode optomechanical cavity connected to a phononic
waveguide (cf. Fig. 4.1a), similar to a previous design [33]. The cavity is used as
a source and detector for mechanical excitations, controlled with telecom-wavelength
optical pulses (via Stokes and anti-Stokes scattering [37]). We engineer the photonic and
phononic band structure of the different parts of the device such that the mechanical
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mode extends into the waveguide while the optical mode remains fully confined in the
cavity (see the Supplementary Information (SI) for more details on the device design).
The waveguide has a free standing end, which acts as mirror for the traveling phonons
and effectively forms a Fabry-Pérot cavity. The coupling between the single mode cav-
ity and this Fabry-Pérot cavity results in a hybridization of the cavity and waveguide
modes into (almost) evenly spaced modes separated by the free spectral range (FSR)
of the Fabry-Pérot cavity. The FSR is determined by the length of the waveguide and
by the group velocity of the phonons. We design the waveguide to be single mode for
the symmetry of the mechanical mode used in this work (the band structure is shown in
Fig. 4.1b).
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Figure 4.2: Initial characterization. a) Optical spectrum of the device measured in reflection. b) Mechanical
spectrum measured using optomechanically induced transparency (OMIT). c) Second order correlations of a
thermal state for different time delays between the SNSPDs click events 7. The series of equally spaced peaks
shows that when the thermal mechanical excitations leave the optomechanical cavity, they are reflected from
the end of the waveguide and then return back into the cavity. The inset is a close-up of the area around the first
peak. The shaded regions show the delay and control pulse area chosen for all the subsequent experiments in
this work (7 = 126 ns, with a time length of 30 ns).

In order to create a propagating mechanical excitation we use a blue-detuned write
(Stokes) control pulse, which via a two-mode squeezing interaction, creates entangled
photon-phonon pairs. The phononic excitation created in the cavity then leaks into the
waveguide, is reflected by the end mirror and returns back periodically to the cavity af-
ter a round-trip time 7. Finally, to retrieve the mechanical state, a red-detuned read
(anti-Stokes) control pulse enables the optomechanical beam-splitter interaction which
maps the mechanical into a photonic excitation (see Fig. 4.1c for details on the scheme).
To create a time-bin encoded mechanical qubit using this scheme, we first place the de-
vice in a dilution refrigerator at 10 mK, initializing the mechanical mode in its quantum
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ground state. We then send two blue-detuned write pulses separated by 7/2 to the de-
vice in the cryostat, as shown in Fig. 4.1d, and send the resulting scattered photons into
an optical interferometer. One arm is delayed with respect to the other one by 7/2 to
overlap the scattered photons in time. The reflected control pulses are suppressed using
optical filters (see SI) and the resulting interferometer output signals are detected on two
superconducting nanowire single-photon detectors (SNSPDs). By operating in the low
pulse energy regime (low optomechanical scattering probabilities, py), the two identical
write pulses create the optomechanical state

[wo) o< 10000) + /P (11010) £, 1, £, 1, +
e 10101 g, 1, 5,1, ) + O (Pw), .1

where E,;, (L) and E, (L,) indicate the “Early" (“Late") mechanical and optical state,
and ¢,y is the phase difference between the two “Early" and “Late" write pulses, set with
an electro-optical modulator (EOM) (see SI section 4 for more details). By overlapping
these “Early” and “Late" photons on a beamsplitter, after passing through the unbal-
anced interferometer, we erase any “which path" information. Consequently, by detect-
ing a Stokes-scattered photon from the overlapped “Early" and “Late" pulses on one of
the detectors, we perform an entanglement swapping operation resulting in an heralded
entangled state between the “Early" and “Late" traveling mechanical excitations

[Wm) < 110)g,,1,, + €' PP oLy ;- 4.2)

with the plus (minus) sign resulting from a detection event in either detector. The phase
¢ofr is a fixed phase difference between the two arms of the unbalanced interferometer
(SI sections 5 and 6). Note how the state is maximally entangled in the Fock-basis, which
at the same time serves as a mechanical qubit.

The entangled phonon state travels through the waveguide and after re-entering the
cavity can be mapped onto an optical state with the red-detuned anti-Stokes control
pulses. The entire 4-mode optical state of write and read scattered photons can be ex-
pressed as:

[wap) o< [(1+ e Peror2Poyal ol —al ,al )+

i(1— e/ Pwror2bay gl a6+ al | al,)]10000) (4.3)
where d]:v,l (ézjvlz) and &il (Zzl ,) are the creation operators of the photon coming from
the write pulse and read pulse, on detector 1 (2). An additional phase ¢, is applied only
on the “Late" read pulse, which is used to rotate the readout basis. Here the read pulses
map the mechanical state onto the optical mode and hence this state is a direct result of
the entanglement between the photonic and the traveling phononic qubit. For verifying
the mechanical entanglement of Eq. 4.2 we use ¢, = 0.

In order for our protocol to work, we need to fulfill several basic requirements. For
both the phononic and photonic qubits, for example, we have to create orthogonal states
(the basis), and thus for the time-bin encoding we have to be able to unambiguously
distinguish the “Early" and “Late" states. Experimentally we implement this by realizing
a ~100 um long phononic waveguide and by choosing the control pulse length as 30 ns,
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given a simulated group velocity in the waveguide of approx. 2000m/s. Moreover the
thermal occupation of the mechanical mode, mainly given by a small absorption of the
control pulses in the optomechanical cavity, has to be « 1 in order to realize a high-
fidelity entangled state. This limits the maximum scattering probability of the write and
read control pulses (see SI section 3).

4.3. RESULTS

0 characterize the device we first measure its optical properties at 10 mK and observe
T a resonance at A = 1556.06 nm with FWHM of x/2n = 1.05GHz (intrinsic loss rate
ki/2m = 250MHz, see Fig. 4.2a). We use the optomechanically induced transparency
(OMIT) technique to measure the mechanical spectrum of the device [33, 38]. As can
be seen in Fig. 4.2b, the hybridized modes exhibit a clean, evenly spaced spectrum with
FSR = 8 MHz. We choose the most prominent mechanical resonance in Fig. 4.2b (around
5.154 GHz) as the frequency to which we detune the lasers with respect to the optical
resonance in order to address Stokes and anti-Stokes interactions. We further use the
rate of Stokes-scattered photons from a 30ns long pulse to determine the equivalent
single photon optomechanical coupling rate [39] of the ensemble of optomechanically
coupled modes at go/2m = 380 kHz.

In order to measure the round-trip time and coupling between the cavity and waveg-
uide we pump our device with a continuous red-detuned laser. Due to the non-zero op-
tical absorption in the device, the continuous laser creates a thermal mechanical pop-
ulation inside the optomechanical device that leaks into the phononic waveguide and
reflects from the free standing end before returning back into the optomechanical cav-
ity. The same red-detuned laser then maps the mechanical state onto a photonic state
and we measure the two-photon detection coincidence with varying delays between two
events. This measurement allows us to obtain the intensity correlation g'? of the me-
chanical thermal state in the optomechanical cavity, as can be seen in Fig. 4.2c. The
coincidence rate is normalized to the single photon click rates. For zero time delay we
find a ggo ~ 2, as expected for a thermal state. The correlation drops down to 1, as the
thermal state leaves the optomechanical cavity into the waveguide resulting in uncorre-
lated clicks, and then periodically increases again when the thermal population returns
back to the cavity [33]. We use this measurement to determine the round-trip time for
an excitation in the waveguide, T = 126 ns.

Note that the decay in the peak values is mainly due to the small difference in FSR
between the mechanical modes [33], as well as the short mechanical lifetime 77 = 2.2 s
(see section 7 in the SI for more details). From the FWHM of the peak centered around
zero time delay in Fig. 4.2c we can extract the packet time duration of = 30ns. To match
the packet time length, we then choose to use 30 ns-long Gaussian write and read pulses
in all experiments.

As anext step we verify our ability to distinguish between multiple phonon wavepack-
ets. To do this, we measure the photon cross-correlations in a double write / read pulse
sequence, in which we create and measure the second wavepacket after half of the round
trip time 7/2 = 63 ns. In this experiment, the delay arm of the interferometer is discon-
nected, such that the pulses do not interfere. Two write and two read pulses are sent to
the device with a relative delay between them of 7/2, as shown in Fig. 4.3a. In all the
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Figure 4.3: Time-bin phononic entanglement. a) Pulse scheme for a double write / read pulse cross-
correlation measurement. In this experiment the delayed arm of the interferometer is open. The two write
and two read pulses are called “Early" (E) and “Late" (L) and are delayed by 7/2. The shaded areas are the
regions from which the coincidences are gathered (time length of 30 ns). b) Extracted values of the cross-
correlation g(()zn[)1 measured for the four combinations of write / read pulses. The correlations for EE and LL are
significantly exceeding the classical threshold of 2 (dashed line), while the other two combinations of EL and
LE only exhibit classical correlations. ¢) Control pulse scheme to create and detect time-bin phononic entan-
glement at the interferometer. The “Early" pulse passing through the delay arm of the interferometer and the
“late" pulse passing through the direct arm of the interferometer overlap in time. d) Second-order correlations
of the Stokes and anti-Stokes photons as a function of the relative phase difference ¢ between the “Early"
and “Late" write pulses. The events for same detector coincidences are shown in green, while different detec-
tors coincidences are orange. Two additional measurements, red and dark green points, are performed at two
phase settings to obtain more statistics for verifying the phononic entanglement. The maximum violation is
R =0.72 +0.06, almost 5 SDs below the classical threshold of 1. All error bars are one SD. The solid curves are
the joint fit of the data and serve as guide to the eye.

pulsed measurement we set a waiting time between trials of ~7 T; (15 us) to let the me-
chanical modes thermalize to the ground state (see SI section 3). The energy of each
pulse is 26 fJ (112 {]) for the write (read), probabilistically scattering photons through the
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Figure 4.4: Bell test. The values of the correlation coefficients E grouped for the four ideal phase settings of
the CHSH inequality, which are (%, $0) = (o — /4, 0), (@Y, %) = (o +7/4, 0), @, P)) = (pg —7/4, 7/2) and
(¢},\,,¢>r1) = (¢po + /4, m/2). The total number of events for each phase setting is ~400. The dashed lines are the
threshold for each correlation coefficient to violate the inequality. From these values we obtain S =2.32+£0.08,
which violates the inequality by 4 SD. All errors are one SD.

Stokes (anti-Stokes) process, with a probability of py, = 0.2% (p; = 0.7%). The measured
thermal phonon number of the mechanical resonator after applying the four pulses are
0.022 + 0.002, 0.040 + 0.003, 0.066 + 0.003 and 0.095 + 0.004 (cf. SI section 3). We mea-
sure the second order cross-correlation between the four combinations of “Early" and
“Late" write and read pulses, g2 as shown in Fig. 4.3b. We observe strong non-classical
correlations of g(2) 9.4+1.3 between “Early"-“Early" and gm 5.0+0.8 between “Late"-
“Late" combinations, while the other two combinations show only classical correlations
of gé? =1.5+0.5 [40]. Note that the lower value for the “Late"-“Late" combination, with
respect to “Early"-“Early", is caused by the small accumulated thermal population in-
duced by the pulses (see SI section 3 for more information).

We now proceed to verify that we have created a traveling mechanical qubit encoded
in a superposition of “Early" and “Late" time bins, by sending the same pulse sequence
to the device, with the delay arm of the interferometer connected. This way the part of
the “Early" scattered photons that pass through the delay line and the part of the “Late”
scattered photons that pass though the direct arm are overlapped in time, such that a
single photon detection event after BS2 projects the mechanical state in Eq. 4.2. The
pulse sequence at the detectors is shown in Fig. 4.3c, where the highlighted peaks are
the overlapped and interfered “Early" and “Late" pulses, from which we detect the pho-
tons. We sweep the excitation phase ¢,, and measure the second order correlation g(?)
between the write and read photon detection events occurring at the same (green) or
different (orange) output of BS2, displayed in Fig. 4.3d. The periodic dependence on the
phase demonstrates the coherence of the generated entangled state. To show that the
state shown in Eq. 4.2 is indeed entangled, we use an entanglement witness, denoted by
R, designed for optomechanical systems [41], as previously used in [42]. After sufficient
integration we gather more than 500 coincidence events and we obtain R = 0.72 +0.06,
violating the classical threshold of 1 by almost 5 standard deviations.
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To unambiguously demonstrate the non-classical character of the traveling phononic
qubit and the photon state in Eq. 4.3, we perform a Bell-type test using the CHSH in-
equality [34]. We define the correlation coefficients

ny1+nz2—ni2— Ny

E(pw, Pr) = (4.4)

N+ Mg+ Nig+ N1’
where ny; are the events where detector k clicked after a write pulse (station A in Fig. 4.1d)
and detector [ after a read pulse (station B in Fig. 4.1d). The inequality then states that

S=IE@Y, ¢)) — E(py, ¢)) + E(PY, 1) + E(pyy, p1)| < 2. (4.5)

The maximum violation is expected to occur for (¢, = o + (~1)*in/4, ¢} = (/2)]),
with 7, j = {0, 1}, and where ¢pg = 2¢pofr + /2 = 1.07 is the phase for which the correlation
coefficient is zero (with negative slope). We choose phase settings with a small offset
compared to these values to have the highest possible value of S for our setup (see SI
section 6 for more details). To violate the CHSH inequality we lower the energy of the
write pulses slightly, such that we use 151] (112 {]) for the write (read) pulse, with a scat-
tering probability of py, = 0.13%, (pr = 0.7%). The measured thermal populations for the
four pulses are then 0.027 +0.003, 0.038 + 0.004, 0.055 + 0.002 and 0.090 + 0.004 (see SI
section 3).

From the correlation coefficient we define the visibility as V = max(|E|). We first
perform an additional measurement at the phase of maximum visibility obtaining V =
0.82 + 0.04, which is considerably higher than the threshold of V > 1/v/2 = 0.7 required
for violating the CHSH inequality. We then measure at the four optimal phase settings
for the Bell test (see Fig. 4.4) obtaining a value of S = 2.32 + 0.08, which corresponds to
a violation of the CHSH inequality by 4 standard deviations. The rate of events for this
measurements is around 30 per hour of integration, allowing us to measure the full data
set for the violation within 56 hours.

4.4, DISCUSSION

E have unambiguously demonstrated a traveling phononic qubit in the form of a

time-bin entangled state, which can be used to distribute quantum information
on a chip. The routing process is shown to be fully coherent, which is of fundamen-
tal importance for routing quantum information and interconnecting quantum devices.
While we limit ourselves to show two-mode entanglement, the same device can be used
with up to four modes, given the round-trip time and mechanical packet length, or more
by using a longer waveguide. Additionally, the quantum state can be retrieved at arbi-
trary multiples of the round trip time, allowing for long storage and controlled emission
of the state. Moreover, as the phononic entangled state travels down the waveguide, a
straightforward extension using our device will allow to distribute quantum entangle-
ment to different points on a chip. We have chosen to use a waveguide design with a
lifetime of only T; = 2.2 ps, limiting the maximal phonon traveling length for this devices
to around 3 mm. By adding additional phononic shielding, this can however easily be
extended to meter scales as the device’s lifetime increases to several milliseconds [31].

The demonstrated time-bin entanglement between a photonic and a traveling phononic

qubit, verifying their non-classical correlations by violating a CHSH inequality, under-
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lines the suitability of the phononic system as a DLCZ unit cell [43]. In this work, the
fidelity of the entangled state is limited by residual optical absorption, which can be fur-
ther reduced by up to an order of magnitude through optimized fabrication, allowing for
state retrieval efficiencies of up to 30 % [40].

The ability to excite, guide, and detect traveling phonons is the basic toolbox for
phonon manipulation on-chip, enabling a completely new field using traveling mechan-
ical modes in the quantum regime. Together with a phononic phase modulator [44] and
beamsplitter, this work will lead to full coherent control of guided phonons and paves
the way to novel quantum acoustic experiments. Moreover, our measurements high-
light the potential of phonons as ideal candidates for realizing quantum networks and
repeaters, as well as for on-chip distribution of quantum information in hybrid quan-
tum devices, for example for interfacing microwave superconducting circuits with spin
quantum memories [24] or to couple on-chip qubits using electron-phonon interaction
in solids [22].
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Figure 4.5: a) Optical (top) and mechanical (bottom) eigenmode simulations of the full structure. The mechan-
ical mode shown is a cavity-waveguide supermode. Note how the optical mode is confined in the cavity, while
the mechanical mode is extended into the waveguide. b) Lead waveguide unit cell, with its optical (left) and
mechanical (right) band diagram shown below. The gray area for the optical part depicts the light cone, delim-
ited by the blue dashed line. c) Shield unit cell, used in the clamps to connect the waveguide to the substrate
and its mechanical band diagram below. d) Unit cell of the shield-clamped waveguide, with its band struc-
ture shown underneath. In all plots the horizontal black dashed lines are the working optical and mechanical
frequencies, while the highlighted area are the single mode regions of the waveguides.

4.5, SUPPLEMENTARY INFORMATION

DESIGN

Our device, which is shown in Fig. 4.1a, is composed of three distinct parts: a mirror, a
cavity and a waveguide. To design the device we use finite element simulations (COM-
SOL) and engineer a suspended silicon nanobeam (width 529 nm and thickness of 250 nm)
with elliptical holes patterned into it. The hole dimensions are varied along the beam in
order to realize the different parts of our device. The finite element simulation of the full
structure is shown in Fig. 4.5a. The left part (blue) is a phononic and photonic mirror,
with the respective bandgaps at the resonance frequencies of the cavity. The optome-
chanical cavity, acting as the source and detector for phonons, has a co-localized single
optical mode in the telecom band and a single mechanical mode around 5 GHz, similar
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Figure 4.6: Normalized clickrates from the probe pulse that gives an uncalibrated measure of the thermal pop-
ulation in time. The delay between pump and probe pulse is Atyo. We extract 71 = 2.2ys, by fitting the data
(solid curve).

to [37, 45]. The phononic waveguide (green) is a single mode phononic waveguide for
the symmetric mechanical breathing mode in the frequency range of interest (around
5GHz). Only this mode is considered, as it matches the mechanical mode shape of the
cavity, enabling large mechanical coupling between the cavity and the waveguide. The
first part of the waveguide, referred to as the “lead waveguide" in the figure, acts as a pho-
tonic mirror having a bandgap in the telecom range. The unit cell of this part, together
with its optical and mechanical band structure, are shown in Fig. 4.5b and c, respectively.
As a result of our design, the optical mode stays confined inside the optomechanical
cavity, while the mechanical mode is guided with very little loss through the waveguide,
as shown in Fig. 4.5a. The second part of the waveguide is connected to the substrate
via phononic shield clamps for structural support. The band diagram of the phononic
shield together with the unit cell are shown in Fig. 4.5d and e. The shield minimizes
the mechanical loss from the waveguide to the substrate, fully confining the mechani-
cal mode in the waveguide. The design of the waveguide with clamping differs from the
lead waveguide to avoid perturbations of its band structure. The unit cell shape of this
waveguide and the band structure are shown in Fig. 4.5f and g. Note how the mode in
the waveguide has an approximately linear dispersion in the range of interest.

MECHANICAL LIFETIME

To measure the mechanical lifetime of the device (T7) we send a series of red-detuned
double pulses with the interferometer delay arm open. The strong first pulse creates,
via optical absorption, a relatively large thermal population that is probed by the second
pulse, and which is delayed by time Af,,. With this pump-probe experiment we can
access the uncalibrated thermal population of the device in time [40] (see Fig. 4.6). From
the exponential decay we measure T; = 2.2us, much longer than the 126 ns delay used in
the experiments. We set the time between trials in all experiments equal to 15us, to let
the population fully decay. Note that while the device is intentionally designed to have a
short lifetime in order to allow for a high repetition rate of the experiment, previous work
with similar structures has reported lifetime up to 5.5 ms [33]. We would also like to note
that an additional phononic shield period at the mirror side (blue part in Fig. 4.1a) does
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Figure 4.7: a) Pulse scheme for the thermal occupation measurement. We send trains of pulses alternating
between write and read to measure the asymmetry in their scattering probabilities. The opaque pulses repre-
sents the sweep in energy of the pulse, while the shaded area is the integration region. b) Thermal occupation
as a function of the measured scattering probability for a single pulse (equivalent to the read “Early" situation
in the experiments). The solid line is a linear fit to the data. c¢) Same as a) for the two pulse calibration of the
thermal occupation. Note how the read pre-pulse is only for heating the mechanical mode and its energy is
swept. The alternating pulses used to measure the ny, are in the black dashed box and have fixed energy. d)
Thermal occupation of the second pulse (read “Early” in the experiment) as a function of the measured scat-
tering probability of the first pulse (write “Early" in the experiment). Note how the offset in this measurement
strongly depends on the energy of the second pulse, which in this case is 225 {] (twice the energy of the single
read pulses used in the phononic entanglement experiment of Fig. 4.3 in the main text). The solid line is a lin-
ear fit to the data. e) Same as a) but for multiple pre-pulses. We send N pre-pulses (with N = (0, 1,2, 3) for write
E, write L, read E and read L, respectively) and use the alternating pulses in the dashed black box to measure
the thermal population. Each pulse has the energy used in the experiments. f) Measured thermal occupation
for the four pulses used in the experiments. In blue for the scattering probabilities used in the measurements
for the additional phononic entanglement data and Bell test (Fig. 4.4 in the main text), in orange for the double
pulse cross correlation and the phononic entanglement with the sweep in ¢y (Fig. 4.3 in the main text) and in
green for the phase calibration (section 4.5). All error bars are one standard deviation.

not increase the lifetime any further. The increase in thermal population for short delays
(At < 1ps) is given by the delayed absorption [37].

THERMAL OCCUPANCY OF THE MECHANICAL MODE

In order to determine the thermal occupation of the mode of interest we send trains of
alternating write and read pulses to the device, as shown in Fig. 4.7a. From the asymme-
try in clickrates of these pulses we can calculate the thermal mechanical population 7y, .
We adjust the scattering probability by sweeping the energy of the pulses and measure
the resulting thermal occupation, see Fig. 4.7b. To further mimic the same heating con-
ditions as in the experiment, without the optomechanically excited coherent population
created from the write pulses, we use heating pre-pulses from the read laser. The alter-
nating pulses, used to measure ny,, are sent at a delay given by the round-trip time 7 and
have a fixed energy, while the energy of the pre-pulse is swept. In Fig. 4.7 we show the
pulse scheme for these measurements, as well as the thermal occupation at the second
pulse (in the experiment the read pulse) as a function of the scattering probability of the
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Figure 4.8: Detailed scheme of the setup (see text for more details). AOM are the acousto-optic modulators,
AWG the arbitrary waveform generators, EOM the electro-optic modulator, VOA the variable optical atten-
uator, BS the beamsplitters, and PBS the polarizing BS, FPC the fiber polarization controller and SNSPD the
superconducting nanowire single-photon detectors. Qp, the mechanical frequency. All the components (apart
from the free-space filters F 1 and F 2) are fiber based.

first pulse (in the experiment the write pulse). We use the two asymmetry measurements
(Fig. 4.7b and d) to choose the single write/read scattering probabilities that will give a
total thermal population below 0.1, with a third of this thermal occupation given by the
first pulse and the rest by the second (to minimize the effects of delayed heating).

We then measure the values of ny, for the pulses used in the experiments. We send
heating pre-pulses and use the alternating pulses to measure the thermal population, as
drawn in Fig. 4.7e. Each of these pulses has the corresponding energy used in the exper-
iments and all are delayed by 7/2 with respect to each other. In Fig. 4.7f we report the
measured thermal occupation for the four pulses of the experiments, for the three sets of
scattering probabilities used: in blue the one for the additional phononic entanglement
data and the Bell test (Fig. 4.4 in the main text), in orange for the double pulse cross cor-
relation and the phononic entanglement with the sweep in ¢, (Fig. 4.3 in the main text)
and in green for the phase calibration (section 4.5). Note how the thermal population
increases non-linearly with increasing number of pulses due to delayed heating, as is
clearly visible in Fig. 4.7.

EXPERIMENTAL SETUP

A sketch of the experimental setup is shown in Fig. 4.8. Two continuous-wave (CW)
lasers (write and read) are frequency-locked to one another by detecting the interfer-
ence between their light on a fast detector (in particular: the light from the write laser
and the second order sideband of the read laser generated by EOM 2, which have a fre-
quency difference of 2x110 MHz). The laser light from the CW lasers is filtered to remove
GHz noise using fiber filters. The pulses are created by gating the CW light with 110 MHz
AOMs, which are driven by an arbitrary waveform generator and the laser pulses are
combined on a beam splitter. A phase EOM, driven by another AWG, is used to add a
phase offset to the "Late" pulses (to set ¢, and ¢,). The pulses are then routed to a circu-
lator and to the cryostat, where a lensed fiber allows the coupling to the device’s optical
waveguide, with efficiency of . = 50%. The light from the device is fed to an unbalanced
Mach-Zehnder interferometer, defined by BS 1 and BS 2, where the time delay between
the arms is 7/2 = 63ns. These two BSs have a relative difference in the splitting ratio
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Figure 4.9: a) Occurrence histogram of the phase difference acquired by the write pulses when the interferom-
eter is locked (in blue) and unlocked (in green). The FWHM is = n/7. b) Same as a) for the read pulses, for
the case of a locked interferometer (in red) and unlocked (in green). The FWHM here is = 71/20. c) Occurrence
histogram of the frequency difference of the write and read lasers as from the beatlock. Here the FWHM is
=~ 0.5MHz. This relative frequency jitter causes a bigger phase difference spread for the write pulses compared
to the read ones. d) Normalized count rates of SNSPD1 (red) and SNSPD2 (green) for weak coherent pulses
on resonance with the filter cavities. Sweeping the EOM voltage results in the observed interference pattern,
which we use to calibrate the phase given by the EOM. In this case the interferometer visibility is Vit = 94 %.
Error bars are one standard deviation and are too small to be seen.

of the two output ports smaller than 0.5%, while the losses in both lines are negligible.
The interferometer is actively stabilized using a home-built fiber stretcher controlled by
a PID loop that uses the signal from pulses coming from the INT LOCK LINE (see sec-
tion 4.5 for more details). The polarization of the two arms are matched at BS 3 using
the fiber polarization controller 1 (FPC 1). The light from the interferometer is filtered by
two sets of free space optical Fabry-Pérot cavities (F 1 and F 2) with suppression ratios
of the strong control pulses of about 115 dB (F 1) and 112 dB (F 2). This gives a pump
pulse leakage rate of 2 x 10~/ and 4 x 10~/ photons per repetition from the write pulse
and 1.4 x 107% and 2.6 x 10—6 from the read pulse, for F 1 and F 2, respectively. Note that
the two sets of filters have a CW efficiency of transmission at resonance of ~65%. Due to
the different total bandwidth of 40 MHz (80 MHz) for F 1 (F 2), the relative transmission
efficiency of the pulses is about 40% lower for F 1 using 30 ns long pulses. The experi-
ment is paused and the filters are locked on resonance with the cavity every 8s, flipping
the switches to use the CW signal from the FILTER LOCK LINE (detectors not shown).
The average time needed to lock the two filter setups is about 1s. The signal photons are
detected using superconducting nanowire single photon detectors (SNSPD).

PHASE STABILITY

A fundamental part of the experiment is the phase difference acquired by the pulses in
the unbalanced Mach-Zehnder interferometer, which has to be actively locked. In order
to do so, the two strong control pulses from the read laser line are routed via a 90:10
BS to a long delay line (=1 ps of delay) to have them temporally spaced from the signal.
A PBS is inserted in the line to minimize polarization drifts. After passing through the
unbalanced interferometer, the pulses are reflected by the first cavity of both filter setups
and are routed by circulators to a balanced detector. A sample&hold board (not shown in
Fig 4.8) is used to select the correct pulse and feed it as the input voltage to a Red Pitaya
board. The output of the board is amplified (not shown) and sent to the fiber stretcher.
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Figure 4.10: a) Correlation coefficients E, sweeping ¢ and for ¢y = 0 (in orange) and ¢, = 7/2 (in green), for
higher pulse energies with respect to the main text. The black markers (tri) are at the chosen phases for the
additional measure of R. b), ¢c) Same as a) for the calibration of the phases for the Bell test. The chosen points
differ from the optimal theoretical points of ¢g + 71/4 by no more than = 7/20. The black markers are square,
triangle, diamond and circle for the CHSH point (</>3v,¢9), (¢}N,¢?), (¢9v,¢;) and (</>‘1N,¢}) respectively. d) As
reported in a) for the additional measurement of R with ¢y = /2. All errors are one standard deviation and are
too small to be seen. The small asymmetry in the value of E around zero is a result of the different filter setup
efficiencies (see section 4.5).

The Red Pitaya runs a PID program [46] and the feedback loop is ultimately limited by
the bandwidth of the fiber stretcher (approx. 20 kHz).

The phase stability can be measured by tracking the voltage of the locking pulse on
the balanced detector. In Fig. 4.9a (b) we plot the occurrence histogram of the phase
difference acquired passing the interferometer for the write (read) pulses, in the case the
interferometer is locked (in blue (red)), or unlocked (in green). The FWHM are = /7 for
the write and = /20 for the read pulses. This phase spread is the same for the Stokes
(anti-Stokes) scattered photons. Note that the FWHM of phase difference for write and
read pulses are different, since the phase acquired by the write laser pulse also depends
on the relative frequency jitter of the two lasers. This will only affect the pulses from the
write laser since the lock pulses are generated from the read laser. This frequency jitter is
reported in Fig. 4.9c, where the occurrence histogram of the frequency difference from
the beatlock is shown. Here the FWHM is around 0.5 MHz.

We use FPC 2 to balance the lock signal from the INT LOCK LINE at the balanced
detector. We then lock the interferometer and use the first order interference from very
weak pulses from the write laser, on resonance with the filter cavities, to measure the
interferomenter visibility. We set the EOM voltage to the maximum visibility point and
maximize it using FPC 1 (i.e. we align the polarization of the signal) while compensating
with FPC 2 for the lock pulses. A typical interference pattern is shown in Fig. 4.9d. We
report an average interferometer visibility of Vi, = 94 % during the whole experiment.
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PHASE CALIBRATION

To perform the measurements in the main text we need to first accurately calibrate the
phase setting. This is done by performing a measurement of E while sweeping ¢, and
for two settings of ¢p;. Here we use higher pulse energies with respect to the actual mea-
surement reported in the main text, such that the scattering probability increases at the
expense of having a lower value of E. We use 901] (2251])) for the write (read) pulses,
which gives py = 0.6%, pr = 1.4%. With these settings we obtain more than 200 events
per point in about 30 minutes. Fig. 4.10 shows several such calibration measurements
for:

e the additional measurement of the R value (Fig. 4.10a),
* the two runs of integration for the Bell test (Fig. 4.10b, ¢)

* and for a final measure of R with ¢; = 7/2 (and to check that the phase difference
during the second run of integration for the Bell test is small, Fig. 4.10d).

The values in orange are for ¢ = 0, while ¢ = /2 is shown in green. A small devia-
tion from the desired /2 phase difference between the orange and green curves can be
seen and the exact values are ¢, = 7/1.8,7/1.9,7/1.7,7/1.8, for Fig. 4.10a,b,c,d respec-
tively. For the fits of the two datasets we use a sinusoidal function, which serves as a
guide to the eye and to numerically calculate the optimal phase points. For the addi-
tional measure of R we simply use the phases where E is maximum and minimum (tri
markers, Fig. 4.10a and d). For the Bell test, instead, we use the fit to numerically cal-
culate the expected S value and choose the phases where the expected S is maximum
(square, triangle, diamond and circle markers for the CHSH point ((/)Sv,<p?), (¢>3v, (b?),
(@2, pl) and (¢, p}) respectively). In doing so, the experimentally obtained values differ
slightly from the theoretical optimal point of ¢pg — /4 and ¢y + 7/4 by a small margin e.
The value for ¢ for the data in Fig. 4.10b (c¢) is = 7/30 and = 7/20 (= —7/40 and = 7/20),
respectively. The phase offset ¢ is calibrated using the maximum and minimum point
of E. We choose this particular calibration method to compensate for eventual drifts
in the phase offset (¢ff), as well as small inaccuracies of phase difference for two sets
of measurements with different ¢;. Using light to lock the interferometer at a different
frequency and from a different path from that of the signal, gives rise to a (fixed) phase
offset ¢bofr in the entangled state (see section 4.5). Note that without an external refer-
ence PBS arelative change in the polarization between lock pulses and signal pulses will
cause a change in the phase shift ¢o. However, in our case, the relative change in ¢
(equivalently for ¢bo) is less than /50 in all four measurements.

To further avoid that phase drifts affect only parts of the datasets, we integrate for
one hour at each phase point at a time. We then cycle the chosen phases 4 times for
phononic entanglement data (and 12 for the longer integration points), and 16 times for
the Bell test.

EFFECT OF NON-CONSTANT FSR

The small dispersion in the waveguide causes a non-constant FSR between the mechan-
ical peaks (see Fig. 4.2b). In Fig. 4.11a we report the histogram of the FSR between the
mechanical modes. By using the frequency and amplitude of each mechanical peak in
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Figure 4.11: a) Normalized histogram of the FSR between the mechanical peaks shown in Fig. 4.2¢ of the main
text with mean value of 8.3 MHz and standard deviation 0.8 MHz. b) The numerically calculated time-domain
mechanical population (normalized) for the device spectrum (blue) and ideal spectrum with constant FSR
(orange). The shaded area is the same as in Fig. 4.2c.

the spectrum, we numerically simulate the time-domain behavior of the mechanical sys-
tem and compare it with the simulation of the ideal case (i.e. with perfectly constant
FSR) [33]. As can be seen in Fig. 4.11b (blue graph), the mechanical packet is broadened
and dimmer after several round-trips due to dispersion of the waveguide compared to
the ideal case (orange graph). In this calculation the energy decay of the phonons has
not been considered, tracing out any mechanical dissipation, and thus only taking the
effect of the dispersion and non-constant FSR into account.

4.6. APPENDIX

In this appendix we report some facts and some a posteriori consideration on the experi-
ment reported in this chapter. The idea is to give insights on the challenges encountered
on the path to acquire the final dataset.

* To have a constant FSR in the mechanical spectrum it’s fundamental to have a
structure with as little as possible changes in every period in the direction of prop-
agation. So it is better to have holes of the same size for the lead waveguide and
waveguide, and clamps for each period of the waveguide.

* Even in simulation the FSR is not perfectly constant. This can be caused by some
residual (little) dispersion of the waveguide and some disturbance of the waveg-
uide band structure caused by strongly coupling the single mode cavity to the
waveguide. A longer waveguide with higher group velocity can help to minimize
the first contribution, and it will also have the advantage of a larger bandwidth of
linear group velocity to be more robust on fabrication imperfection (so that rela-
tive shifts in the cavity and the center of the single mode band of the waveguide
have less effect on the FSR distribution). However having more modes should be
detrimental to the bouncing pattern, since the number of modes with a large con-
tribution to the bouncing pattern is higher and so their non perfect FSR count
more. This can be understood in the limit of 2 modes, were the FSR is always "per-
fect". We use the code of Fig. 4.11 to simulate this effect and we report the result in
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Fig. 4.12. It is clear that for longer waveguides, so for higher number of modes, the
bouncing efficiency decreases. Too short waveguides (normalized lenght<0.75) are
not possible since the phononic packet needs to completely leave the cavity and
it does not to overlap with the second pulse sent at 7/2. Decreasing the coupling
from cavity to waveguide is non trivial since also the cavity parameters needs to be
changed to still have the mechanical and optical mode at the desired frequencies.
Also, having too long pulses is non desirable since the effect of the delayed heating
will increase.
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Figure 4.12: a) Bouncing pattern as calculated in Fig. 4.11, for a waveguide with 4 modes centerd at 5 GHz each
with amplitude from a gaussian distribution with sigma=20 MHz (that gives a nominal packet length of 50 ns).
We add to the nominal FSR=8 MHz (that gives a nominal bouncing time 7 = 120ns) a random small shift in
the frequency for each mode (gaussian, with sigma=FSR/10). This numbers are close to the one of the device
reported. b) Average of the maximum of the bouncing pattern in function of the normalized length of the
waveguide. Each average is 20 repetition of the random gaussian shift. Length of 1 is for 4 modes waveguide as
the device reported inthe main text. The length is changed in the simulation modifying the FSR.

* Despite the precision in the nanofabrication, the devices fabricated will most likely
have a bigger spread of the distribution of the FSR. We report that having the hole
and beam sizes exactly as the simulated ones (within the precision of measure-
ment of the SEM)) is fundamental to have more devices with good bouncing pat-
tern.

* We fabricated 35 chips before having one with devices with sufficiently constant
FSR. We characterize 58 devices measuring the one-way coupling from the lensed
fiber to the optical waveguide, the optical and mechanical resonances, the life-
time, the thermal occupancy in function of the scattering rates and the thermal
gf). We then select devices with one-way coupling higher than 55% (20 devices),
lifetime longer than 1us (12 devices with both condition) and thermal occupancy
lower than 0.1 for a fixed 5% scattering probability (5 devices with all 3 conditions).
The last selecting criteria was having the maximum of the bounced g higher
than 1.6 (2 devices with all four conditions). We then selected the one with lower
thermal occupancy for the experiment reported.

* Here we report another version of Fig. 4.1d, which, despite the less intuitive repre-
sentation, is closer to the standard figure of a Bell test.
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TIME-RESOLVED SPECTRAL
DIFFUSION OF AMULTIMODE
MECHANICAL MEMORY

Niccolo FIASCHI, Amirparsa ZIVARI, Lorenzo SCARPELLI,
Alexander Rolf KORSCH, Simon GROBLACHER

Phonons hold great promises as carriers of quantum information on-chip. Thanks to the
coherent interaction with several systems, they compact mode volume and slow group ve-
locity, they have been recently used for the coherent transport of information on chip, in-
terconnecting quantum devices. The strong confined phonons in waveguide-like systems,
are especially interesting because of their long lifetime. However, it is well known that
this type of mechanical system suffers from spectral diffusion (mechanical frequency jit-
ter), which ultimately limits the coherence time in multi-mode mechanical devices [1-3].
Here we perform a time-domain study on two adjacent mechanical modes (separated by
~ 5MHz) and show that the frequency positions of the two modes are not correlated in
time. This result can help in understanding the mechanism of dephasing, and so pave the
path towards long coherence mechanical quantum memory.
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5.1. INTRODUCTION

VER the past years several groundbreaking experiments have proven that high fre-
O quency phonons (~ 5GHz) can be efficiently used as carriers of information on-
chip. In particular, using Surface Acoustic Waves (SAWs) as mediators, it has been re-
cently shown quantum state transfer and remote entanglement between two supercon-
ducting qubits [4]. SAWs are particularly interesting since over the years they have been
proven as a mature platform for coherent control of quantum information on-chip, hav-
ing also demonstrated a beam-splitter [5] and a phase shifter [6]. However, SAWs have
limited coherence time because the short lifetime (in the order of us). Due to lifetime
exceeding ms, more strongly confined phonons in waveguide-like systems are a promis-
ing platform for on-chip distribution of quantum information [7, 8]. In this type of sys-
tem, the coherence of the information that travels in the waveguide is ultimately limited
by the spectral diffusion (frequency jitter of the mechanical mode). This phenomenon
was initially observed and studied in single mode optomechanical cavities [1], where
the coherence time of the single mechanical mode is in the order of 100us [2, 3]. In this
work, we study the spectral diffusion of two spectrally close mechanical modes (centred
at ~5GHz and spaced by ~ 5 MHz) of the same optomechanical device. We find that the
time traces of the frequency positions of the two mechanical modes are non correlated.

5.2. METHODS

HE device used is identical to the one of [7]. This type of device has a optomechan-
T ical cavity connected to a single-mode mechanical waveguide (ended with a free
standing end, that acts as a mechanical mirror). The hybridized mechanical mode of the
structure forms a comb of closely spaced mechanical modes, with similar mode shapes,
separated by ~ 5MHz around a central frequency of 5 GHz. On the other side, the cavity
is still single mode for the optical field with the resonance in the telecom band around
1550nm. We report in Fig. 5.1a the SEM of a device identical to the one used in this
work. We highlight the optomechanical cavity in red, the photonic and phononic mirror
in blue and the phononic waveguide (that still acts as a mirror for photons) in green.

To resolve in time the mechanical frequency of the device we use a frequency de-
modulation setup, which is schematically shown in Fig. 5.1b. The orange curve is the
measured (averaged) Power Spectral Density of the mechanical mode. Two Real-time
Spectrum Analizers (RSAs) are used in zero-span mode to acquire the total power fil-
tered from the Resolution BanWidth (RBW) filter in the function of time. One RSA (RSA1,
green line in the figure), has the filter detuned by -RBW/2 = -100 kHz from the mechan-
ical mode. In this way, the frequency jitter is mapped into an amplitude modulation of
the signal measured by RSA1. A cartoon image of the time trace of the frequency jit-
ter is depicted with the dark orange line, while the dark green line is the corresponding
amplitude variation of the signal measured (the dashed lines are the time axis). How-
ever, a change in the amplitude of the mechanical peak will also cause a change in the
amplitude of the signal measured. For this reason, the other RSA (RSA2, dark grey line)
have the filter on resonance with the mechanical mode. In this way, we can measure the
amplitude fluctuations of the signal with RSA2 and the (amplitude) and frequency fluc-
tuations with RSA1. Normalizing the signal from RSA1 with the one from RSA2 allows
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Figure 5.1: Setup and initial characterization. a) SEM of a device identical to the one used in the measure-
ments. The optomechanical cavity is highlighted in red, the photonic and phononic mirror in blue and the
single mode mechanical waveguide (and photonic mirror) in green. b) Cartoon picture of the measurement
of the jitter in time of a single mode broadened by frequency diffusion (orange line). One RSA has the filter at
the mechanical frequency (RSA2, dark grey line), to capture in time the amplitude fluctuations of the signal,
while the other RSA has the filter detuned by -RBW/2 = -100 kHz, to be also sensitive to the frequency jitter of
the mechanical mode (RSA1, green line). A Cartoon picture of a time trace of the jittering (dark orange line)
shows how the frequency fluctuations are mapped into amplitude fluctuations (dark green line). The dashed
lines are the time axis. ¢) Scheme of the experimental setup. The laser is routed to the device in the mk stage of
the dilution refrigerator via a fiber circulator and a lensed fiber. The light coming out of the device is amplified
with an Erbium Doped Fiber Amplifier (EDFA) and sent to a fast photodiode. The signal from the photodiode
is split with RF splitters and analysed with four synchronized Real Time Spectrum Analyzers (RSA1, 2, 3 and
4). All RSAs are triggered externally via a TTL signal from a DAC card, which allows sub-mus synchronization.
b) Mechanical spectrum of the device with several visible modes. The modes used in the measurements are
called mode A (shaded in orange), and mode B (shaded in blue).

us to extract the frequency position of the mechanical mode in time, even if the signal is
modulated in amplitude and frequency. We will use two RSAs in this configuration for
each mechanical mode in all the measurements.

The setup used in this work for the frequency demodulation is schematically shown
in Fig. 5.1c. A Continuous Wave (CW) laser, red detuned from the optical resonance by
the average mechanical frequency of the modes of interest (= 5GHz), is routed to the
device inside the bottom stage of a dilution refrigerator (temperature of 50 mK) via a
circulator and a lensed fiber (coupling efficiency of 10%). The CW light is partially ab-
sorbed by the device, creating a thermal population in the mechanical modes of interest.
This population is read via the beam-splitter interaction with the same CW laser, which
creates sidebands detuned from the laser carrier by the mechanical frequencies [7]. In
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all the measurements the instantaneous photon number in the optomechanical cavity
is =3000 (see 5.5 for more). The output of the circulator is amplified with an Erbium
Doped fiber Amplifier (EDFA) to have a high enough signal on the fast detector. The
output of the detector is split with 3 power splitters and sent to 4 Real time Spectrum
Analyzer (RSA], 2, 3 and 4). RSA1 and 3 are detuned by -RBW/2 = -100 kHz from the me-
chanical mode measured, while RSA2 and 4 are always in resonance with it. The RSAs
are synchronized in the data acquisition via a TTL signal that triggers all the RSAs simul-
taneously, with a relative delay of sub-us. The data is then saved on the computer for the
post-process.

After we scan the optical resonance (see section 5.5 for more), we measure the Power
Spectral Density (PSD) of the device with a broad range of frequencies to identify the two
mechanical modes of interest, and we report this in Fig. 5.1b. We see that the device has
a comb of mechanical modes, due to the hybridization of the single mode mechanical
cavity with the Fabry-Pérot cavity formed by the long waveguide with the free standing
edge [7]. We highlight with a shaded region in the plot the two modes used in this work:
mode A in orange and mode B in blue. With the power used in this work, the peaks have
a FWHM = 20 kHz (see section 5.5 for more). We measure with Optomechanical Induced
Transparency (OMIT) the optomechanical coupling of each mode, finding 0.3 MHz for A
and 0.2 MHz for B.

To initially characterize the jitter we can use RSA1 and RSA3 to take frequency scans
of the peaks (PSD), as previously done in [2]. We report that to have sensible information
of the peak, the fastest scan possible takes 200us (RBW = 10 kHz). Even in this configu-
ration, approximately half of the scans have more than one prominent peak (see sec-
tion 5.5 for more). This indicates that the time scale of the jitter is much faster than the
scan time. We can overcome this limit by using the frequency demodulation technique,
which allows us to use a larger RBW and so have a finer time resolution.

5.3. RESULTS
WE use the four RSAs to measure time traces of the two mechanical modes in four
configurations: AA, AB, BA and BB. RSA1 (3) is detuned by -RBW/2 = -100kHz
from the mode A (A), A (B), B (A) and B (B), respectively, while RSA2 and 4 are always
on resonance with the mode measured by RSA1 and 3, respectively. Each time trace is
10 ms long, with 30000 points. For this measurement the choice of the RBW is crucial.
We choose a 200 kHZ RBW filter as a trade-off for having a high enough time resolution
(~ 1/RBW = 5ps) and still high enough signal to noise ratio, high dynamical range and
still a high sensitivity. With this bandwidth, the frequency jitter is in the linear part of
the filter (in the detuned case) and on the flat part (in the resonance case). For the cho-
sen filter, a frequency fluctuation of HWHM = 10 kHz gives a 0.7% change in amplitude
for the filter at resonance with the mechanical mode, and a 7% change for the filter de-
tuned by -RBW/2. With the amplitude of the signal from RSA2 and 4, we normalize the
trace measured from RSA1 and 3. We then use the filter shape to convert the ampli-
tude fluctuations into frequency fluctuations (see section 5.5 for more). The result of the
measurements is reported in Fig. 5.2a, where we plot the frequency shift in time, from
top to bottom, for the four configurations AA, AB, BA and BB, in orange (blue) and light
orange (light blue) for mode A (B) measured from RSA1 and RSA3. In this plot, we show
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Figure 5.2: Frequency jitter in time. a) Time traces of the frequency jitter for mode A (orange as measured from
RSA1 and light orange as measured from RSA3) and B (blue as measured from RSA1 and light blue as measured
from RSA3). From top to bottom: the synchronized measurements are for the configurations AA, AB, BA and
BB measured from RSA1 and RSA3 respectively (using RSA2 and RSA4 for the amplitude normalization). It’s
visible that AA and BB have (almost) identical time traces, while AB and BA show uncorrelated time traces.
b) and c) Histogram of the frequency shift as measured from RSA1 and RSA3 for the modes AA, AB, BA, BB
(from top to bottom) for a trace with 10 ms length. The dashed black line is the averaged mechanical spectrum
measured with the corresponding RSA.

a 200ps long segment of the full trace. We report a average signal to noise ratio of 10 for
mode A (with a maximum value of 80) and 5 for B (with a maximum value of 30). It is
visible that the AA and BB configuration have highly correlated signals, while the AB and
BA configurations have uncorrelated time traces of the two modes. We report that the
amplitude variation measured from RSA2 and 4 have uncorrelated traces, with changes
of an order of magnitude in a scale as fast as 10pus (see section 5.5 for more). We also
report that the (common mode) frequency jitter that can be caused by laser frequency
shifts and changes of laser power is much smaller than the one reported here (see sec-
tion 5.5 for more). We show in Fig. 5.2b and c, the histogram of the frequency shift for
the complete trace. The dashed black line is the mechanical PSD as measured from the
RSAs (averaging for = 30s for each measurement). Note that the two (independent) mea-
surements have a very good agreement, confirming the validity of the method used. The
(little) discrepancy in FHWM of the distribution should arise mainly from the noise in
the measurement of the amplitude from RSA2 and 4.
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Figure 5.3: Correlation of the frequency jitter. From top to bottom: correlation function (as defined in the
main text) for the configuration AA (orange line), AB (dark grey line), BA (green line), and BB (blue line) for
the full traces of Fig. 5.2 with 10ms length. The AA and BB case shows a strong correlation at zero delays
and exponential decay to zero (uncorrelated), while the AB and BA case only shows uncorrelated values for all
delays.

To assess quantitatively if the traces are correlated or not, and to extract the correla-
tion time of the frequency shift, we calculate the correlation function in the four config-
urations. We use the full time trace, with a total length of 10 ms, divided into segments.
Each segment is defined as consequent points of the trace that have only physical values
of the frequency jitter (non physical values can arise from the calibration of the y-axis, or
because of the noise floor). We use 2/3 of the total data points. The correlation function
for each segment is define as:

Nj _ _
Ci(m) =) (Sj(t) = S)(Sjti +1)-S) (5.1)
i=0

were S; is the segment j, with N; points, of the frequency shift in time and S the average
value [9]. We average between the calculated correlation of all segments (each with a
weight given by the number of points of the segment) and we show the results in Fig. 5.3,
from top to bottom for AA (in orange), AB (in dark grey), BA (in green) and BB (in blue). It
is visible from the graph that AA and BB have a strong correlation at zero delay, while AB
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and BA have only non correlated values. Fitting the exponential decay of the correlation
we measure a decay constant of 3.5us for both AA and BB. This decay time should be
limited by the RBW used which sets a 5us integration time. A more detailed study with
different RBWs could determine more accurately this number. We stress that this decay
time is not the coherence time.

We also report in section 5.5 the Fast Fourier Transform (FFT) of the complete time
trace. Since we find that the spectra of the frequency jitter of the two modes are identical,
the decoherence mechanism should be the same. We perform the same experiment at
a temperature of 800 mK and we report that the results are identical. This indicates that
the effective temperature of the device, caused by the optical absorption, is much higher
than the base temperature of the dilution refrigerator (see section 5.5 for more).

5.4. DISCUSSION

UR experiment shows that two mechanical modes even if spectrally close and with
O extremely similar mode shapes have an uncorrelated spectral diffusion. For this
reason, using two devices in a dual rail scheme [10, 11] or a single device with multiple
mechanical modes [8] will have (at best) the same coherence time. However, a single
device scheme will allow for an easier experimental setup and less stringent require-
ments in the fabrication process. We expect that the two modes have the same dephas-
ing mechanism since they have the same FFT of the frequency jitter. This could mean
that the two modes are coupled very differently to the same surface defects which, most
likely, are the cause of this jittering [3]. Our result shreds some light on the cause of the
frequency diffusion in mechanical oscillators and can open the way to long coherence
time mechanical quantum memories. In particular, it shows that a detailed analysis via
surface treatments of the silicon (or even using other materials, like Silicon Nitride) is
necessary. It also shows that, if the surface defects are the cause of the dephasing, they
can be saturated to have long coherence time in the mechanical quantum memory.
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Figure 5.4: a) Optical resonance of the optomechanical cavity. The resoance is centered at = 1535nm and has
a linewidth of 1.1GHz. b) and c) Averaged mechanical PSD of mode A (in orange) and B (in blue), each mea-
surement is integrated for = 30s. The several spectra are for different intracavity photon numbers (increasing
intracavity photon numbers for lighter colours, see d for the actual values), that are proportional to the power
sent to the device. Optomechanical spring effect and phonon lasing, shift the resonances and decrease the
linewidth with increased intracavity photon number. d) Linewidth of the mechanical peaks (A in orange and B
in blue), as a function of the intracavity photon number. In the measurement in the main text, the intracavity
photon number is = 3000.

To measure the optical resonance we scan the laser in frequency and we measure
the power coming from the device on a photodiode. We report the data in Fig. 5.4a,
in dark grey, and the Lorentzian fit, in green. From the fit, we can extract a resonance
frequency of = 1535nm and a linewidth of 1.1GHz. We then measure the (averaged)
PSD of the two mechanical modes, Fig. 5.4b and c for mode A (orange) and mode B
(blue), as a function of the intracavity photon number (proportional to the power sent to
the device, see Fig. 5.4d for the actual values). As expected, the optomechanical spring
effect and phonon lasing shift the mechanical resonances and decrease the linewidth
with increased intracavity photon number [1, 12, 13]. In Fig. 5.4d we report the measure
linewidths for mode A (in orange) and mode B (in blue), in the function of the intracavity
photon number. In the measurement in the main text, the intracavity photon number is
=~ 3000, which is the lower value we could use to still have a high enough signal to noise
ratio for the time traces of mode B.

LIFETIME

To measure the lifetime of the phonons in the device we send series of pairs of red-
detuned pulses: pump and probe [11]. The pump pulse (the first one to arrive at the
device), creates a thermal population in the cavity, while the probe pulse (that arrives at
the device after a certain delay) measures the not-normalized thermal occupation of the
cavity. We repeat the pair of pulses every 50 ms. Sweeping the delay between the pulses,
allows us to measure the decay of the thermal population created from the first pulse and
extract the lifetime of the phonons. The data points (orange dots) and the exponential
fit (orange line) are shown in Fig. 5.5. We measure a lifetime of 77 = 1 ms.
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Figure 5.6: a) Fast scans of the mechanical modes A (in orange) and b (in blue) around their central frequencies
using a RBW of 1 kHz, 3kHz, 5 kHz and 10 kHz from top to bottom. The bottom scans are the fastest and have a
sweep time of =200us. It is visible that, most of the scans with finer RBW (and so slower sweep time) measure
the mechanical peak several times in a single sweep. For the 10kHz case, most of the scans show a single
prominent peak. The dashed lines are the mechanical spectrum with 3000 averages. b) Correlation distance
matrix between the modes A and B. The AA and BB correlations are very close to zero, showing a very strong
autocorrelation, while the AB and BA are very close to unity, showing that are uncorrelated.

FAST SCANS ON THE RSA

To measure the correlations of the frequency positions of the two mechanical modes we
can perform synchronized fast scans on the RSAs. Ideally, if the jitter is slower than the
sweep time of the scan, only one peak should be visible. From this measurement, the
positions of the peak can be measured and the spatial correlation can be calculated. As
visible from Fig. 5.6a, we saw that for small Radio BandWidth (RBW, 1kHz, 3kHz and
5kHz, from top to bottom, respectively), most of the times the spectrum shows multiple
peaks, indicating that the scan sweeps are too long. For RBW of 10 kHz (bottom plot) we
have a fast enough scan (with a sweep time of = 200us) and enough resolution to dis-
tinguish single peaks inside the average envelope. With this last bandwidth we take 300
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scans for each combination of peaks (AA, AB, BA and BB) and we post-select only the
ones with a clear single peak. We obtain between 100 and 150 single peaks for each com-
bination. We use the maximum values of the peaks for each pair of scans as positions of
the mechanical frequencies, creating two vectors of positions. We then use the correla-
tion distance between the vectors to asses if the mechanical frequencies are correlated.
For two vectors ii and ¥ the correlation distance is defined as:

(ii— @) (D - D)
|1&— @ll2l15 = Dl
With this definition, two perfectly correlated (anti-correlated) vectors have a corre-
lation distance of 0 (2), while two uncorrelated vectors have a correlation distance of 1.
We report the results of the measure in Fig. 5.6b, where we show that the combination
AA and BB are correlated while AB and BA are uncorrelated.
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Figure 5.7: a) Normalized histogram of the normalized power of the laser. The standard deviation of the distri-
bution is = 2e — 4. The measure is taken with an integration time of 100 ms and lasted a minute, much longer
than the time of a single measurement reported in the paper. b) Frequency shift of the mechanical peaks in
function of the intracavity photon number (that scale linearly with the power of the laser), for mode A (in or-
ange) and mode B (in blue). From the linear fit (solid line, same color as the datapoints) and the distribution
of laser power reported in a), we can extract a maximum (common mode) frequency jitter given by the power
fluctuation of the laser of =~ 20Hz, much smaller than the frequency jitter of the mechanical modes. c) Nor-
malized histogram of the frequency jitter of the laser, The standard deviation of the distribution is = 0.42 MHz.
The measurement is taken 5 times per second and lasted 3 minutes, much longer than the time of the single
measurements reported in the paper. d) Frequency shift of the mechanical frequencies of mode A (in orange)
and B (in blue) as a function of the laser detuning from the optical resonance. From the linear fit (solid line,
same color as the datapoints) and the distribution of laser frequencies reported in c), we can extract a maxi-
mum (common mode) frequency jitter given by the frequency fluctuations of = 30Hz, much smaller than the
frequency jitter of the mechanical modes. In both b) and d) the differences in angular coefficient are given by
the different gg of the two modes.

Both the laser power and detuning from the optical resonance cause a (common
mode) frequency shift of the mechanical modes. We estimate this jitter using the distri-
bution of laser power and frequencies. To do so we measure laser power and frequency
in time and we report the normalized histogram of these two quantities in Fig. 5.7a and
c. The standard deviations of the distributions are = 2 * 10 — 4 and = 0.42 MHz, respec-
tively. We also measure the mechanical frequencies as a function of the intracavity pho-
ton number (that scale linearly with the laser power) and as a function of the detuning
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of the laser from the optical resonance. We report the data in Fig. 5.7b and d, in orange
for mode A and in blue for mode B. From the linear fit (solid line) we can extract a maxi-
mum (common mode) frequency jitter of the mechanical modes of = 20 Hz given by the
laser power fluctuations, and of = 30 Hz given by the laser frequency fluctuations. These
jitters are much smaller than the ones reported in the main text.

CALIBRATION OF RSA FILTER
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Figure 5.8: Average value of 1 ms traces with different detunings of the filter center with respect to a microwave
source, for a RBW of 200 kHz. From the Gaussian fit, we measure a FWHM of =200 kHz for all the RSAs used.

To calibrate from amplitude to frequency to y-axis we need to know precisely the fil-
ter shape of the RSA. We use an external microwave source at a (fixed) frequency around
5GHz. We then take time traces of 1 ms at several detunings from the microwave fre-
quency. We average the traces and we plot them in the function of the detuning in
Fig. 5.8. From the Gaussian fit, we find a FW H M;jer of =200 kHz for all the RSAs used,
for the RBW of 200 kHz.

AMPLITUDE FLUCTUATIONS

We found that the amplitude of the signals fluctuates in time, even in the case of the fil-
ter of the RSA at resonance with the mechanical modes. We report a time trace (for the
same time as Fig. 5.2) in Fig. 5.9a, for the four configurations (AA, AB, BA, and BB) as
measured from RSA2 and RSA4 with the filter at resonance. In this configuration, from
the frequency jitter, we can expect a 0.7% change in amplitude for a frequency fluctu-
ation of HWHM. We see that the amplitude variations are as big as an order of magni-
tude. Moreover, we note that these amplitude variations are not correlated between the
two modes. This excludes common mode amplitude fluctuations which can come from
changes in laser power or frequency, amplification of the EDFA, or losses in the opti-
cal path (from the vibration of the lensed fiber given by the pulse tube of the dilution
refrigerator). Since the amplitude of the signal is directly proportional to the (thermal)
population of the mode we see that in this regime there are considerable changes in the
population in a time scale as short as ps. This could come from exchanges in population
with the thermal bath and/or with the Two Level Systems (TLSs) hosted in the material.
In Fig. 5.9b and c we report the histogram of the amplitude of the signal for the full 10 ms
trace for the four cases: AA (in orange and light orange for RSA2 and RSA4, respectively),
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Figure 5.9: a) Time traces of the amplitude fluctuations of the signal for mode A (orange as measured from RSA2
and light orange as measured from RSA4) and B (blue as measured from RSA2 and light blue as measured from
RSA4) with the filters on resonance with the mechanical modes. From top to bottom: the synchronized mea-
surements are for the configurations AA, AB, BA, and BB measured from RSA2 and RSA4 respectively, and are
for the same time as of Fig. 5.2. It’s visible that AA and BB have (almost) identical time traces, while AB and BA
show uncorrelated time traces even for the amplitude of the modes. The small difference in signal comes from
different losses and splitting ratios of the RF power splitters and it's compensated in post-analysis to convert
the y-axis in frequency in Fig. 5.2. The partially transparent traces are the background measurements taken
200 MHz from the mechanical modes of interest (at a frequency with no visible peaks). b) and c) Histogram
of the amplitude fluctuations as measured from RSA2 and RSA4 for the modes AA, AB, BA, BB (from top to
bottom) for a trace with 10 ms length.

AB (in orange and light blue for RSA2 and RSA4, respectively), BA (in blue and light or-
ange for RSA2 and RSA4, respectively) and BB (in blue and light blue for RSA2 and RSA4,
respectively). The histogram clearly shows that the amplitude is not peaked around one
value (higher than the noise floor), instead is an exponential distribution in frequencies.
We find that more than 98% of the time the amplitude is smaller than half of the max-
imum amplitude of the full trace. A study for lower intracavity photon numbers could
give more information on the nature of these amplitude fluctuations.

FREQUENCY FLUCTUATIONS AT 800 mK

To understand better the behavior of the frequency jitter we perform the same mea-
surement reported in Fig.5.2 with a temperature of the mixing chamber plate (where the
sample holder is located) of 800 mK. We report the measurement of the frequency shift
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Figure 5.10: a) Time traces of the frequency jitter for mode A (orange as measured from RSA1 and light orange
as measured from RSA3) and B (blue as measured from RSA1 and light blue as measured from RSA3) with
the temperature of the mixing chamber plate of the dilution refrigerator at 800 mK. From top to bottom: the
synchronized measurements are for the configurations AA, AB, BA, and BB measured from RSA1 and RSA3
respectively (using RSA2 and RSA4 for the amplitude normalization). The qualitative behavior does not change
compared to the measure at 50 mK reported in Fig.5.2. b) Correlation function for the configuration AA (orange
line), AB (dark grey line), BA (green line), and BB (blue line) as measured with RSA1 and RSAS3 for the full traces
of Fig. 5.10a with 10 ms length. As reported in Fig. 5.3, the AA and BB case shows a strong correlation at zero
delays and exponential decay to zero (uncorrelated), with a decay constant identical to the data of Fig. 5.3,
while the AB and BA case only shows uncorrelated values for all delays.

in time in Fig.5.10a for mode A (in orange and light orange for RSA1 and RSA3, respec-
tively) and mode B (in blue and light blue for RSA1 and RSA3, respectively). We report
an identical trend between the measure at 50 mK and the one presented here performed
at 800 mK. This is because the high power of the CW laser used cause high heating of
the device, and makes its effective temperature on the order of 1 K. For completeness we
also show in Fig. 5.10b the correlation in time of the full trace of length 10 ms, calculated
as done in Fig. 5.3. We saw that even in this case only the AA and BB configuration shows
a strong correlation at zero delays, while AB and BA have always uncorrelated (value al-
ways close to zero).




106 5. TIME-RESOLVED SPECTRAL DIFFUSION OF A MULTIMODE MECHANICAL MEMORY

AB

FFT normalized amplitude FFT normalized amplitude FFT normalized amplitude FFT normalized amplitude

10* 10° 10
Frequency [Hz]

Figure 5.11: From top to bottom: Fast Fourier Transform of the frequency shift in time for the configurations
AA, AB, BA, and BB measured from RSA1 and RSA3 respectively. In this figure, we used the full trace of Fig. 5.2
with 10 ms length. The spectra of the frequency jitter are white until a cutoff frequency of = 100kHz, at which
they decay exponentially. We report that for the measurement taken at 800 mk the spectra have the same trend
and cutoff frequencies.

FFT OF THE JITTER

To see if the jitter in time has some dominant frequency components, we perform the
Fast Fourier Transform (FFT) of the frequency shift in time. We use the full trace (length
10ms) of the dataset shown in Fig. 5.2 for the configurations AA, AB, BA, and BB. The
dataset has non-physical values given by the calibration of the y-axis (when the ampli-
tude signal measured from RSAs is comparable with the background noise). We divide
the traces into segments, each defined by consequent data points with physical values.
We use = 2/3 of the total data points. We calculate the FFT from each segment of the
traces, and we average the FFTs for each frequency value. We report the result in Fig. 5.11
for the configurations AA, AB, BA, and BB (orange and light orange for mode A and blue
and light blue for mode B, measured by RSA1 and RSA3, respectively). We note that
the spectra of the frequency jitter are white until a cutoff frequency of = 100kHz for all
modes. This is the trend also of each FFT of the segments, indicating that even in the
short timescale there are no preferred frequencies (up to the cutoff) of the jitter. We re-
port that also for the measurement at 800 mK the spectra have the same trend and cutoff
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frequencies.
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CONCLUSION

In this thesis, we presented the work done towards the realization of a quantum network
using high-frequency mechanical oscillators (v ~ 5 GHz).

These types of devices are attractive since they can be passively cooled down to the
ground state using a commercially available dilution refrigerator. Moreover, mechani-
cal modes can be coupled efficiently to several heterogeneous systems, like photons [1],
defect centers [2], quantum dots [3] and superconducting qubits [4, 5], making them
perfect candidates to connect quantum systems. The small mode volume (as small as
~ 1), and the possibility to be fabricated in a plethora of materials (from silicon [6]
and silicon nitride [7], to diamond [8]) makes them easy to be scaled and integrated into
several types of architectures. Their low group velocity compared to microwave or opti-
cal photons also allows for small footprint delay lines, that could be useful for quantum
computation [9]. Finally, the extremely long lifetimes (up to second [10, 11]), make them
perfect candidates for long-storage quantum memories.

In this thesis, we presented a optomechanical quantum teleportation in chapter 2. In
this chapter, we experimentally proved that we can teleport a polarization encoded fly-
ing qubit (telecom photon) onto a dual rail mechanical registry. The quantum memory is
made by two single mode optomechanical cavities, and it is used to violate the classical
bound on the fidelity by almost 5 standard deviations. This result is a fundamental first
step towards the realization of quantum repeaters (using a DLCZ scheme, for example)
that will allow for long-distance quantum communication [12].

In chapter 3, we showed that a non-classical phononic state can be generated, guided
and retrieved on-chip. We used a multi-mode optomechanical device formed by a single
mode optomechanical cavity coupled to a single-mode mechanical waveguide (ended
with a phononic mirror). This proof of principle opened the way to the entanglement
of two traveling phonons, reported in chapter 4. In this chapter, we showed that the
traveling phonons can be used to distribute quantum entanglement on-chip, which is a
first step towards connecting quantum devices on a short scale. Moreover, multimode
mechanical devices could be used in DLCZ scheme with a time-bin encoding for long
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distance communication. A first step to demonstrate this could be the teleportation of a
flying qubit (photon) into the multimode mechanical memory.

In chapter 5, we showed that the frequency jitter of two mechanical modes of the
same device is not correlated in time. This will ultimately limit the coherence time (and
so, length) of the information that travels in the mechanical waveguide. This result in-
dicates that a detailed study of the decoherence mechanisms (and of ways to minimize
them) is necessary to advance in this field.

While in these works we have been able to operate in the quantum regime (in chap-
ter 2, 3 and 4), it has always been possible at the expense of the creation and retrieval
rates (that set for example the teleportation or entanglement rates). In this thesis, the
generation and read-out of the phonons were performed optically, and these processes
are intrinsically probabilistic. The higher the pump power, the higher the scattering
probability and the thermal background population. This then limits the scattering rates
that can be achieved. A possible solution to this can be found in new types of optome-
chanical cavities (2D-like [13]), where the connection to the substrate should allow for
a better thermalization of the cavity. Another possibility is to use metal near the cav-
ity (distance of a few um) to compensate for the low thermal conductivity of silicon at
mK temperature. However, the choice of the metal is important to avoid catalytic ef-
fects [14]. A self-assembled superfluid helium thin film (~ nm) could also help the ther-
malization. However, these films support "third sound" mechanical modes, which can
shift the optical resonance and can limit the applications [15, 16]. If the thermal back-
ground is massively reduced and the scattering rates enhanced, we could perform single
photon optomechanical induced transparency [17], deterministic reset of the memory,
a (fully) mechanical Bell test [18] and long range entanglement swapping [12], to name a
few. The thermal background limitation could be entirely avoided using a (transduced)
excitation from a superconducting qubit [4]. In this way, the phonon that, for example,
travels in the mechanical waveguide would be deterministically generated and would
have a negligible thermal background. In this configuration, the waveguide can also be
used as a long-storage memory for the qubit.

Routing quantum information on-chip is the first step towards full coherent control
of traveling phonons. To complete the basic toolbox it’s also needed a beam-splitter [19]
and a phase shifter [20]. For the first one, we could envision two waveguides evanes-
cently coupled via an array of mechanical shields. The splitting ratio can be adjusted
deterministically (a priori) changing the number of shields connecting the waveguides.
The phase shifter, instead, can be realized by applying an electric field on a piezo mate-
rial. Using the shear stress of the piezo, a strain can be caused in the device membrane
that changes the phase of the phonons. With these tools, all the fundamental experi-
ments of quantum optics could in principle be done. For example, a (fully) phononic
Hanbury Brown and Twiss interferometry [21], a Hong Ou Mandel [19] or even boson
sampling [22, 23]. With these capabilities, the connections between heterogeneous and
homogeneous systems on chip via phononic quantum buses could be also done in a
reconfigurable way.
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APPENDIX

A.1. NOTES ON LABORATORIES

I N this section we want to report some (small) suggestion and best practices in setting
and working in a Lab.

Temperature in the lab should be controlled in a max range of 0.5 Celsius, and the
air conditioner should not give abrupt short pulses (each that last minutes) of air
but a constant flow.

Covering the optical tables with plastic sheets it is a, hopefully unnecessary, good
measure to prevent damages of the equipment from water.

Having two rooms is handy for having darkness is one, however makes the lab
work more annoying. Having labs far away in the building is to avoid.

Having the pumps in a separate room can be nice but it is often not necessary if
sound isolation is done.

A tap water switch for emergency supply of cooling water is a good practice. Also,
having a cooling fan as emergency backup is good.

Temperature and humidity sensors on the optical table are good for logging and
checking the lab status.

Voltage drops can damage equipment, a power surge protector can be very useful
in the labs.

Having on a proper rack a self maintained local LAN is very handy.

Investing in extremely good lab PC is a good practice. Laptops should be avoided
(especially with touch screens).
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Automatic checks of the logs file is important to get the status of equipment, both
while running and for long term checks.

Wide optical tables should be avoided to have a easier reach of the middle part.

Clouds build with frame around the optical table and with a double level are es-
sential.

Dilution fridges have to be mounted with sound isolation from day zero.

LAN ports and power supply should be in generous amount all over the lab. The
more, the merrier.

Having designed a proper space on the wall for tools and cable is handy.

Reasonably cheap equipment (cables, USB converters, basic tools, ...) should be
bought in large quantity.

DACs should be preferred to arduinos and there should be plenty in the lab (and
connected via LAN).

Having instruments connected only via the local LAN and accessible to all com-
puters is to be preferred to maximize flexibility.

Guides for cables on the roof should not have holes, so that can be eventually
moved easier.

Having multiple stairs to reach the top of the cloud is handy.
Using proper microscope and not home made ones is better.
Motorized stages are always useful.

Optical table with modular breadboard that can be used to make more levels are
nice.

Having design path (highway) for fibers in the optical table is good practice.
Putting the fiber polarization controller and optical switches vertically is handy.

Leaving empty spaces between blocks of the optical setup is handy for future ex-
pansions.

Spending energy and time to have remote control over tools is always a good in-
vestment.

In computers in the lab a common user is to be used for log in (in software, servers,

).
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