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SUMMARY

Recently, quantum networks have emerged as a focal point of research and discussion
due to their promise in overcoming the limitations of classical networks, offering unpar-
alleled capabilities in secure communication, quantum computation, and distributed
quantum information processing. Simply speaking, a quantum network is a network in
which the nodes are capable of storing and processing quantum information and com-
municate via quantum channels. Unlike classical computers and networks, in which
components at nodes and the interconnections between them are mostly made of elec-
tronics circuits, there is not a homogeneous system for all the applications in a quantum
network. This in particular, increases the need for implementation of heterogeneous
quantum systems. An important milestone in the development of hybrid quantum net-
works are the interconnections between different components at the nodes, which serve
as quantum channels. A quantum channel is an interconnection between two quantum
systems that can route carriers of quantum information, while preserving their coher-
ence over the routing process. Finding such a channel, with carriers having the ability
to couple to different quantum systems is not trivial. Although quanta of mechanical
vibrations - known as "phonons" - have shown great potential for this task, as they can
couple to many different types of quantum systems.

The aim of this thesis is to design an integrated platform using highly confined GHz
phonons, with scalability as a primary consideration. This platform serves as an on-
chip phononic quantum channel, enabling the ability to perform on-chip operations
directly on single phonons on a chip. Moreover, the designed structures in this thesis are
advantageous for advanced quantum acoustics experiments and pave the way towards
having full coherent control on phonons on a chip.

In order to provide a foundation for our work, chapter 1 serves as an introduction. We
give more details about quantum networks and the systems that are used in it, as quan-
tum memories, processors, etc. We then give a quick overview over different phononic
systems in a hybrid quantum network architecture, and the benefits of highly confined
phonons. In chapter 2 we demonstrate a phononic quantum channel for routing single
phonons, as the fundamental building block of our platform. The phononic waveguide
is coupled to a single mode optomechanical cavity, which we use as a source and de-
tector for exciting and detecting single phonons optomechanically. We study this plat-
form experimentally both in the classical and in the quantum regime and we show its
capability to excite, route and retrieve single phonons. However, the dispersion of the
phononic waveguide limits the performance of our device. We further improve our de-
sign of the phononic waveguide in chapter 3, and show the ability to route a quantum
state (a time-bin encoded superposition state) in our phononic channel. Routing quan-
tum states without loss of coherence, is an essential requirement for every quantum
channel. We further perform an optomechanical Bell-test to confirm the non-classical
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viii SUMMARY

nature of our system and to demonstrate its potential as a multimode optomechanical
quantum memory. Moreover, we take one step further towards having more on-chip
coherent control on phonons, by realizing a directional coupler for single phonons in
chapter 4. This provides more ability to perform operations on single phonons on a chip
directly, such as creating entanglement and superposition. At last, in chapter 5 we sum-
marize the results discussed throughout this thesis and provide an outlook on how these
findings may contribute to the future technologies and developments.



SAMENVATTING

Kwantumnetwerken zijn recent naar voren gekomen als een centraal onderzoeksonder-
werp en discussieonderwerp vanwege hun belofte om de beperkingen van klassieke net-
werken te overwinnen. Zij beloven ongeévenaarde mogelijkheden op het gebied van
veilige communicatie, kwantumrekenen en gedistribueerde kwantuminformatieverwer-
king. Simpel gezegd is een kwantumnetwerk een netwerk waarin de knooppunten in
staat zijn kwantuminformatie op te slaan en te verwerken, en waarin de knooppun-
ten communiceren via kwantumkanalen. In tegenstelling tot klassieke computers en
netwerken, waarbij de componenten bij knooppunten en de verbindingen tussen hen
voornamelijk bestaan uit elektronische circuits, is er geen homogeen systeem voor alle
toepassingen in een kwantumnetwerk. Dit verhoogt met name de behoefte aan de im-
plementatie van heterogene kwantumsystemen. Een belangrijke mijlpaal in de ontwik-
keling van hybride kwantumnetwerken is de verbinding tussen verschillende compo-
nenten bij de knooppunten, die dienen als kwantumkanalen. Een kwantumkanaal is
een verbinding tussen twee kwantumsystemen die dragers van kwantuminformatie kan
routen, terwijl deze dragers hun coherentie behouden tijdens het routingsproces. Het
vinden van zo een kanaal, waarbij de dragers het vermogen hebben om te koppelen aan
verschillende kwantumsystemen, is niet triviaal. Kwanta van mechanische trillingen -
bekend als "fononen"- bieden een groot potentieel voor deze taak, omdat ze kunnen
koppelen aan veel verschillende soorten kwantumsystemen.

Het doel van dit proefschrift is het ontwerpen van een geintegreerd platform dat ge-
bruik maakt van sterk geconfineerde GHz-fononen, waarbij schaalbaarheid van groot
belang is. Dit platform dient als een on-chip fononisch kwantumkanaal, waardoor de
mogelijkheid ontstaat om on-chip bewerkingen rechtstreeks op enkele fononen op een
chip uit te voeren. Bovendien zijn de ontworpen structuren in dit proefschrift voorde-
lig voor geavanceerde kwantumakoestische experimenten. Ze maken de weg vrij voor
volledige coherente controle over fononen op een chip.

In hoofdstuk 1 van dit proefschrift geven we een inleiding en beschrijven we de basis
van ons werk. We geven meer details over kwantumnetwerken en de systemen die daar-
bij worden gebruikt, zoals kwantumgeheugens, processors, enzovoort. Daarna geven
we een kort overzicht van verschillende fononische systemen in een hybride kwantum-
netwerkarchitectuur, en de voordelen van sterk geconfineerde fononen. In hoofdstuk 2
demonstreren we de fundamentele bouwsteen van ons platform, een fononisch kwan-
tumkanaal voor het routen van enkele fononen. De fononische golfgeleider is gekoppeld
aan een optomechanische single-mode trilholte, die we gebruiken als bron en detector
voor het optomechanisch opwekken en detecteren van enkele fononen. We bestuderen
dit platform experimenteel zowel in het klassieke regime als in het kwantumregime en
tonen zijn vermogen om enkele fononen op te wekken, te routen en terug te halen. De
dispersie van de fononische golfgeleider beperkt echter de prestaties van ons platform.
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We verbeteren ons ontwerp van de fononische golfgeleider in hoofdstuk 3 en tonen zijn
vermogen om een kwantumtoestand (een time-bin encoded superpositietoestand) in
het fononische kanaal te routen. Het routen van kwantumtoestanden zonder verlies van
coherentie is een essentiéle vereiste voor elk kwantumkanaal. We voeren verder een op-
tomechanische Bell-test uit om de niet-klassieke aard van ons systeem te bevestigen en
om het potentieel ervan als multimode optomechanisch kwantumgeheugen te demon-
streren. Bovendien zetten we een stap naar meer on-chip coherente controle over fon-
onen door een directionele koppelaar voor enkele fononen te realiseren in hoofdstuk 4.
Dit biedt meer mogelijkheden om bewerkingen op enkele fononen op een chip recht-
streeks uit te voeren, zoals het creéren van verstrengeling en superpositie. Ten slotte,
in hoofdstuk 5, vatten we de in dit proefschrift besproken resultaten samen en geven we
een vooruitblik op hoe deze resultaten kunnen bijdragen aan toekomstige technologieén
en ontwikkelingen.



INTRODUCTION

"And no one showed us to the land

And no one knows the where’s or why’s
But something stirs and something tries
And starts to climb toward the light"

- [Pink Floyd - Echoes]

In the past few years, the field of quantum information and computation has come into
the spotlight in the commupnity, especially after achieving quantum advantage for quan-
tum computation. Therefore, the need for realizing quantum networks and quantum
communication channels has increased significantly. In this manner, heterogeneous quan-
tum networks can be designed to leverage the strengths of different quantum systems for
various tasks and applications, such as quantum communication, distributed quantum
computing, or quantum memories. Gigahertz (GHz) phonons - quanta of mechanical vi-
brations - have proven to be promising intermediaries for interconnecting different quan-
tum systems and realizing hybrid quantum networks. Their long coherence time and
lifetime are particularly advantageous for quantum memory applications. Due to their
slow propagation speed, coherent control of propagating mechanical modes is a relatively
straightforward task, if compared to photons. This is beneficial for the realization of quan-
tum delay lines. In this thesis, we develop a platform for the realization of hybrid quantum
technologies on a chip. In particular, we develop a platform where different quantum re-
sources can potentially communicate and exchange quantum information via phononic
channels in form of travelling phononic wavepackets. At the same time, our platform
can also serve as a testbed for fundamental studies in quantum acoustics, aiming at the
investigation of the quantum properties of phonons. In this chapter, we first give a gen-
eral overview of quantum networks and hybrid quantum systems and discuss about how
phonons are used in this field of research, the recent developments and potential future
studies. We try to answer the question of "what" type of mechanical systems we use and
"why" we use them in simple words, and also give a clear idea about where our approach
stands in this novel and interesting field of research and technology.
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1.1. QUANTUM NETWORKS

Quantum networks represent a paradigm shift in the world of communication, promis-
ing to redefine the way we exchange information by leveraging the powerful phenom-
ena of quantum mechanics [1], such as superposition and entanglement that are not
available in classical networks. Quantum networks hold the potential to revolutionize
secure communication, computation, and thus serving as a fundamental component
in the establishment of a quantum internet. Consequently, in the past few decades the
field has gained significant interest and attention in from both the scientific and indus-
trial communities. This is driven by advancements in quantum technologies, increasing
awareness of quantum’s potential applications, and the need for efficient communica-
tion systems. The potential mainly stem from ability of a quantum internet to transmit
quantum bits (qubits) - fundamentally different from classical bits - between nodes of a
quantum network. Moreover, entanglement between nodes in a quantum network leads
to large distance correlations and information transfer [1] via techniques such as quan-
tum teleportation [2]. A fundamental configuration of a quantum network is to con-
sider nodes as physical systems which are communicating with each other via quantum
channels [3]. The main challenge in realizing such a network is to distribute quantum
information across the network, for which coherent quantum channels are needed. A
quantum channel, indeed, must be able to preserve quantum coherence over the prop-
agation distance and to mediate interactions between interconnected systems at the
quantum mechanical level. For any practical implementation of long-distance quantum
networks, quantum repeaters and memories are also crucial components in this scheme
in order to entangle (i.e. link) distant nodes. In order to explain the basic working prin-
ciple, in Fig. 1.1, we present a simple form of a quantum network based on Duan-Lukin-
Cirac-Zoller (DLCZ) proposal [4]. In this scheme the quantum network consists of two
nodes, at which a quantum memory (or/and a processor) is entangled to a "flying qubit"
- a qubit that can travel long distances in a quantum channel - such as photons. By per-
forming an entanglement swapping on the flying qubits at a different station (the dashed
box in Fig.1.1), the quantum memories at the nodes that are placed at a long distance
become entangled with each other. The entanglement swapping is based on entangling
the flying qubits and a following measurement in the Bell axis. This is a simple form of a
quantum repeater and entanglement distribution over long distances.

Nowadays in the quantum networks, the quantum memories and repeaters in anode
are mainly systems such as atomic ensembles [4-6], color centers and other solid-state
systems [7-10]. These systems together with superconducting qubits can also be used as
quantum processors for quantum computing applications in each node [11, 12].

From a very general point of view, quantum networks can be classified as homoge-
neous and heterogeneous. Homogeneous quantum networks consist of components
that are of the same type or technology. For example, a network that uses only op-
tical photons within each node and to interconnect different nodes would be consid-
ered a homogeneous quantum network. These networks are often designed for specific
applications or research purposes where a uniform platform is advantageous. On the
contrary, Heterogeneous quantum networks involve the integration of different types of
quantum systems or technologies. This could mean combining various qubit technolo-
gies, such as superconducting qubits, trapped ions, or solid-state qubits, within the same
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Figure 1.1: A simple schematic of a quantum network based on DLCZ protocol. A quantum memory/processor
is entangled to a flying qubit (namely photons) at each node. The flying qubits can travel to long distances via
quantum channels to a different station where a Bell-State measurement is performed. After the measurement
in the Bell basis, the two distant nodes entangle and the information distributes over long distances.

network and interconnect them using quantum channels such as optical fibers. Hetero-
geneous quantum networks can be engineered to take advantage of the unique capabili-
ties of various quantum systems, enabling a range of functions and applications, such as
quantum communication, distributed quantum computing, and quantum information
storage using state-of-the art systems for each task.

1.2. HYBRID QUANTUM DEVICES

In the past decade, a lot of research has been done on realizing quantum networks and
processors using different platforms, as mentioned previously. Each of these platforms
has its own advantages and disadvantages over the others, which make it unique for cer-
tain types of applications in a quantum network. For instance, superconducting qubits
have been shown to be strong candidates for quantum computing and processing, how-
ever they usually suffer from short lifetime and coherence time, which make them less
suitable as quantum memories and repeaters. On the other hand, color centers, solid
state qubits and trapped ions are proven to have up to minutes-long coherence time,
which is ideal for memories and repeaters [7, 13]. Another important factor for imple-
menting a quantum network is the ability to transfer quantum information over long dis-
tances. Most of the aforementioned platforms are not straightforward for long distance
communications - e.g. for the case of NV centers, down conversion of the wavelength
to telecom wavelength is needed [14] - while telecom-band photons can be used for this
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specific task [15, 16].

Since all these different platforms benefit from different potentials, making them
unique for different applications, the need for implementing heterogeneous quantum
systems has been increasing significantly over the past years. Combining these plat-
forms together would remarkably enhance the capabilities of a quantum network, by
using the state-of-the-art system for each particular task in the network.

Transfering a quantum state between two different systems with high fidelity, is a
necessary requirement in realizing a hybrid quantum system. In general terms, the exci-
tation transfer is typically described by an interaction Hamiltonian of a state-swap type
of Hipr = hg(a*b +ab"), in which a and b represent the annihilation operators for the
coupled systems A and B [17], and g the coupling rate between them. Achieving large
interactions for efficient state swap is usually difficult when dealing with different quan-
tum systems. One potential challenge is usually poor matching (e.g. spatial, impedance,
etc.) between two systems. For instance, while the spin-spin or the spin-orbit coupling
can be relatively large in atomic scales, when a single atom or electron, is placed close to
a superconducting circuit, the coupling achieved from the qubit field is orders of magni-
tude smaller, due to the spatial mismatch of the mm-size qubit circuit and the nm-size
atom.

Up to this date, there are many different hybrid platforms developed [17], such as
single atoms interacting with light in an optical cavity [18-20], superconducting qubits
coupled to a spin ensemble in diamond [21, 22], single spins coupled to microwave pho-
tons [23, 24], single electronic spin coupled to mechanical vibrations [25], supercon-
ducting qubits coupled to mechanical vibrations [26-31], and optomechanical systems
in which mechanical vibrations are coupled to an optical field [32-38]. In Fig. 1.2, we plot
the coupling rate in some of the developed hybrid quantum systems, versus the coher-
ence time of the two systems. An important criteria to consider is to have the coupling
strength larger than the typical decay rate of a system in order to fully swap its quantum
state onto another system (g2, , > 1).

Each of these hybrid systems have their own unique advantages (and disadvantages).
For instance, atomic-molecular-optical (AMO) systems are almost ideal realization of an
isolated quantum system and can be controlled at single quantum levels. On the other
hand, solid state systems and in general chip-based-technologies promise scalability,
benefiting from developments in nanotechnology.

1.2.1. PHONONS AS INTERMEDIARIES

In the past decade, phonons - quanta of mechanical vibrations - have been actively used
in hybrid quantum systems and have shown to be great intermediaries for interconnect-
ing various quantum hybrid systems, as they can couple to many different quantum sys-
tems, such as telecom photons, superconducting qubits and electronic spins, as shown
in Fig. 1.2. Moreover, their long coherence time, specifically in the case of highly con-
fined phonons [34, 37] makes them good candidates for quantum memory usage. In
addition to these, the strain and stress field in the material caused by the mechanical
vibration, can propagate in the material. As a result, phonons can also travel as sound
(mechanical) waves in a material, a property that can be exploited for short distance
quantum computation between two nodes on a chip, paving the way towards realizing
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Figure 1.2: The approximate coupling rate in different hybrid quantum systems that can be realistically
achieved, versus the decay time of the two systems. 7 4 p represent the typical decay time of system A,B with
system A having a longer coherence time.

quantum-lab-on-a-chip architectures. In the early days of classical computers, mechan-
ical delay line memories (now obsolete) were used [39, 40], owing to their slow propa-
gation speed (compared to photons of the same frequency) and long lifetime. A similar
idea can be used in quantum networks and computers in order to realize hybrid devices
and processors, as well as quantum delay lines for short distance (on-chip) information
transfer and quantum multimode memories, using traveling acoustic waves.

1.2.2. PHONONS IN QUANTUM TECHNOLOGY

As mentioned earlier, recently, there has been several studies on the quantum proper-
ties of mechanical vibrations, using different platforms such as surface acoustic waves
(SAWSs), bulk acoustic waves (BAWSs) or using confined mechanical modes. A simple
sketch is shown in Fig. 1.3 to give an overview over different types of mechanical sys-
tems used in quantum technologies. These systems differ from each other in coherence
time and lifetime, as well as coupling to the second quantum system (in hybrid archi-
tecture). Here we try to introduce some of the abovementioned phononic platform that
have been studied so far as hybrid quantum devices, in more details.

BULK ACOUSTIC WAVES (BAWS) [41-43]

These systems consist of mechanical vibrations that propagate inside a bulk medium of
a material. These modes are excited, for example, electromechanically, by applying an
AC voltage, using metallic electrodes, to a piezoelectric material placed at the surface of
the bulk medium 1.3a, that induces bulk vibrations. The electromechanical coupling can
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Figure 1.3: Mechanical excitations in different hybrid quantum systems. a) BAWSs, that are propagating
phononic modes inside a bulk of a piezoelectric material, electromechanically excited by metallic electrodes.
b) SAWs, confined on a surface of a piezoelectric material, propagating in a direction transverse to the surface.
These waves are usually exited (and detected) electromechanically using IDTs. c¢) Highly confined phonons
coupled to optical photons, in a phononic crystal architecture that is mainly used in optomechanical systems.
d) Confined phonons as an oscillating plate of a capacitor in a GHz microwave circuit. Phonons are optome-
chanically coupled to microwave photons.

be made as large as a few hundred kHz enabling strong coupling between the microwave
circuit and the mechanical resonator. The phononic lifetime in these systems is usually
limited by the bulk dissipation and phononic scattering inside the bulk medium. These
systems lack phononic confinement in lateral direction and, for this reason, they are
difficult to scale up and integrate with other systems.

SURFACE ACOUSTIC WAVES (SAWS) (26, 28, 30, 44]

This term corresponds to the mechanical vibrations that is confined on a surface of a
material. In most cases, the material is a piezoelectric, and is connected to inter-digital-
transducers (IDTs) and microwave-frequency circuits, that is used to excite and mea-
sure the acoustic waves. An IDT consists of series of metallic fingers that are deposited
directly on the surface of the piezoelectric material. These fingers are spaced by half a
wavelength of the mechanical wave and therefore by applying AC voltage on these metal-
lic fingers, with the certain frequency matching the frequency of the acoustic wave, the
propagating phonons are excited on the surface of the piezoelectric material. An inverse
method is used for detecting the acoustic waves, i.e. when the acoustic wave hits the
IDTs, it induces an AC voltage that can be measured. The coupling in these systems is
usually electro-mechanical and it can be made as large as a few MHz. Matching the fre-
quency of the microwave circuit (e.g. the superconducting qubit circuit) to that of the
phonons, allows full state swap between the microwave photons and phononic excita-
tions in the strong coupling regime (g > TZ}B). The design of the IDTs are usually quite
straightforward and can be engineered to impedance match the microwave circuit to
the phononic impedance, and achieve large electromechanical coupling rates. More-
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over, the bandwidth of the coupling is controllable by design. However, these systems
usually suffer from short phononic lifetime (in the order of 1-2 us) due to the lack of lat-
eral confinement of the phononic field combined with the mechanical dissipation in the
piezoelectric material. Besides, because of the lateral extension of the phononic wave,
these systems are not scalable and are not suitable for integrated architectures.

HIGHLY CONFINED PHONONS IN ELECTROMECHANICAL SYSTEMS [31, 45, 46]

In addition to the aforementioned electromechanical systems, recently there has been
some research, using highly confined GHz phonons, electromechanically coupled to su-
perconducting qubits or microwave circuits, mediated via piezoelectric effects. This sys-
tems have a phononic crystal design that allows bandgap engineering of phononic struc-
tures and confining GHz phonons to a small mode volume. A strong coupling rate of
about ~ 10MHz can be achieved in these systems.

HIGHLY CONFINED PHONONS IN NANOMECHANICAL RESONATORS

There are many recent studies on highly confined phonons (in the form of mechani-
cal nanoresonators). These systems utilize physics of optomechanics (phonons coupled
to photons), and are used in two different frequency regime by using either microwave
photons or optical/telecom photons.

Optomechanical systems using optical photons: The mechanical frequency in these
systems vary between tens of kHz to MHz range using silicon-nitride membranes or
strings as the mechanical resonator [47-49], to a few GHz, using photonic/phononic
crystal structures [31, 35, 37]. In the case of low-frequency mechanics, active cooling
methods (such as feedback cooling or laser cooling) is needed in order to reach the me-
chanical ground state. On the contrary, GHz phonons can be passively cooled down to
the ground state in a dilution refrigerator at milli-Kelvin temperatures. Photo-elastic ef-
fect is often the dominant effect for phonon-photon coupling in these systems.

Optomechanical systems using microwave photons: [50-53] In these systems the
mechanical frequency is usually in the order of ~ 10 MHz and it is by a moving plate of a
capacitor in a GHz microwave LC circuit. Because of the low frequency of the mechani-
cal mode, active cooldowns are needed, which is usually done by the sideband-cooling
using the microwave circuit. The optomechanical coupling rate in the order of hundreds
of hertz can be achieved with these architectures.

In this thesis, we design hybrid quantum devices for quantum acoustics applications
aswell as other potential quantum protocols, using confined phonons and telecom light,
in a cavity optomechanics architecture. This configuration is particularly interesting for
integrated chip designs and is straightforward to scale up. In the following part of this
chapter, we provide an overview about integrated systems, advancements in nanotech-
nology and its importance in nowadays technologies.

1.3. INTEGRATED SYSTEMS

As a start, let’s try to find an answer to the question of "why integrated circuits are im-
portant?" As individual technologies continue to evolve, integrating them into unified
and scalable systems enables the development of innovative products, services, and so-
lutions. Importantly, the capacity to miniaturize components has played a pivotal role in
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the development of innovative technologies. This capacity allows for the fabrication of
integrated circuits containing thousands of elements, all within a compact millimeter-
scale footprint [54-56]. In more details, reducing the footprint of a device has numerous
advantages such as:

 Space Efficiency: Smaller devices occupy less physical space, which can be crucial
in environments where space is limited or expensive. It allows for more efficient
use of available space.

* Cost Reduction: Smaller devices typically require fewer materials and compo-
nents, which can lead to lower manufacturing and maintenance costs. However,
they usually require higher level technologies and manufacturing machines that
can be significantly more expensive. Although this is a perpetual trade-off for any
technological improvement.

* Environmental Impact: Having a smaller environmental footprint, leads to re-
duced material usage and lower energy consumption during manufacturing and
operation contribute to a decrease in the device’s overall environmental impact.
This is particularly relevant in terms of sustainability and reducing electronic waste.

* Scalability: Scalability is one of the most important aspects of integrated tech-
nologies, that makes them useful for nowadays usage. A scalable system can ac-
commodate a growing number of information and devices without a significant
degradation in performance or/and taking too much space. This ensures a sensi-
ble resource consumption even as usage expands. This has become an important
factor in developing any kind of technologies in the modern world.

Therefore, making integrated and scalable hybrid quantum devices is of great impor-
tance in order to properly substitute the nowadays classical technologies, and handle
the large amount of users, data and information. In the past century, integrated Com-
plementary Metal-Oxide-Semiconductor (CMOS) electronic circuits have been revolu-
tionary for many technologies. In Fig. 1.4, the typical feature size of integrated circuits
on a chip is plotted over years. It's important to note that this size reduction, or scaling,
has been a cornerstone of Moore’s Law, which posits that the number of transistors on
a microchip doubles approximately every two years. Similarly there has been numerous
amount of research for miniaturizing photonic components, enabling photonic circuits
with thousands of components on a mm-scale chip. Therefore, in analogy to photon-
ics, achieving integrated phononic circuitry is a prerequisite for the usage of phonon in
quantum networks in future technologies.

1.3.1. INTEGRATED PHONONIC TECHNOLOGY

Having integrated phononic circuits, would help developing a scalable hybrid quantum
system, that would satisfy the demand caused by large number of users (and nodes) in a
quantum network. This would pave the way towards commercializing hybrid quantum
networks using phonons as intermediaries in the future. High contrast refractive index
medium are necessary for realizing integrated photonic circuits. Similarly, high contrast
acoustic index is needed in order to implement integrated phononic circuitry. Recently,
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Figure 1.4: The approximate feature size in integrated circuit fabrication over the years [57]

there has been multiple studies in different research groups in order to realize such a
concept for phononic waves. Some of these research include using high-index phononic
materials such as gallium-nitride (GaN) on a low-index substrate such as sapphire, to
study spin-orbit coupling of phonons and different phononic polarizations [58, 59], 2D
suspended structures and phononic edge modes [60, 61], as well as nanowires with con-
trollable electronic and phononic properties [62].

In this thesis, we focus on quasi 1D structures of suspended silicon as a platform to
route and coherently manipulate phononic excitations [63, 64], and use a similar design
of optomechanical cavity for source and detectors of single phonons. Such a system is
particularly interesting since can be used not only in optomechanics, but in principle
can be integrated with other types of single phonon sources [46].

1.4. QUICK SUMMERY OF CHAPTERS

This thesis is devoted to design, fabrication and characterization of devices which serve
as building blocks for both quantum acoustic experiments and generally quantum hy-
brid systems. In particular, the focus of the work here presented is to develop quantum
channels for highly confined phonons in 1D structures. We want to build a platform for
having more coherent control over traveling phonons on a chip, which essentially pro-
vides more degree of freedom to manipulate different quantum systems on a chip. This
platform can be used later on for interconnecting different heterogeneous quantum sys-
tems in a quantum network, as well as for performing fundamental studies on single
quantum of mechanical vibrations.

In order to achieve this, we design a quasi-1D phononic waveguide, using phononic
bandgap engineering, which can be used to route single phonons between different
quantum systems on a chip that communicate via traveling phonons. Furthermore, we
investigate the capability of this structure for routing quantum states, using a travel-
ing entagled phononic state. As a next step, we demonstrate a phononic beam splitter,
which provides more opportunities for distributing and manipulating quantum infor-
mation on a chip using traveling phonons. The designs provided in this thesis are build-
ing blocks for implementing more advanced hybrid quantum systems on a chip. We use




10 1. INTRODUCTION

optomechanical techniques to excite and detects single phonons, however our designs
can potentially be integrated with other types of single phonon sources and detectors
such as superconducting qubits.

In the following, we briefly summarise the work that is carried out in each chapter of
this thesis and how it paves the way towards our goal.

* Chapter 2: In this chapter we design a phononic waveguide, based on phononic
crystal design. With this device we route highly confined phonons in quasi 1D
structures and introduce basic characterization techniques and parameters in or-
der to investigate the performance of the device in the quantum regime. Further-
more, we investigate the routing of single phonons and show that it can be, in
principle, used to time-multiplex information at single quantum level.

* Chapter 3: In this chapter we first show an improved version of our phononic
waveguides, and we use a different fabrication recipe that further improves the
quantum performance. The advanced design of the device, allows us to route
quantum information - i.e. time-bin entangled phonons - on our chip. In order
to do that, we introduce and investigate the basis of a work frame for creating,
routing and detecting time-bin entangled phonons. Moreover, we perform an op-
tomechanical Bell-test using our time-bin entangled phonons as one qubit and
optical photons as the flying qubit. This will complete the most basic tool for rout-
ing quantum information on chip and realize hybrid quantum networks.

* Chapter 4: Here we move one step closer towards a platform for full coherent
control over single phonons on a chip. After realizing a phononic waveguide, the
next tool in order to perform more complicated quantum acoustics experiments
on chip is a phononic directional coupler. We design and fabricate an integrated
phononic directional coupler and show its performance for different splitting ra-
tios in the classical regime. We further use a device with 50:50 splitting ratio, as
a 50:50 beam splitter and investigate the performance of the device in quantum
regime. The design is based on two adjacent phononic waveguides, mechanically
coupled to each other.
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NON-CLASSICAL MECHANICAL
STATES GUIDED IN A PHONONIC
WAVEGUIDE

"Life’s biggest battles often are fought alone”

[Dream Theater - Breaking all illusions]

Amirparsa Z1VARI, Robert STOCKILL, Niccolo FIASCHI,
Simon GROBLACHER

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 100 us demon-
strates the possibility of nearly lossless transmission of single phonons over, in principle,

This work is published in Nature Physics: Amirparsa Zivari, Robert Stockill, Niccold Fiaschi and Simon
Groblacher, Non-classical mechanical states guided in a phononic waveguide, Nat. Phys. 18, 789-793 (2022).
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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.
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2.1. 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.

2.2. METHODS

Here we demonstrate a single-mode phononic waveguide directly coupled to an on-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 op-
tical read-out field. In particular, we use the optomechanical interaction to herald the
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Figure 2.1: 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 2.5 for a more details.

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 excita-
tions bounce, i.e. reflect, back and forth with a certain characteristic time that is de-
termined 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 5GHz 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. 2.1a and 2.1b, 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. 2.1c. 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 40ns), and the time of the mechanical excitation
to leak from the cavity to the waveguide, we determine a minimum length of about 40um
for the waveguide for the excitation to completely leave the cavity before it comes back
again, which is why we choose a length of 92 um. 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. 2.1e. 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 2.1d-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.

2.3. RESULTS

2.3.1. BASIC AND CLASSICAL CHARACTERIZATIONS

For 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. 2.2a, the funda-
mental optical resonance has a central wavelength around 1541 nm and a linewidth of
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Figure 2.2: 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) g,(rz) of
a waveguide-coupled thermal state for different delays between two detection events (1). 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.

K¢ = 1021 MHz (with extrinsic and intrinsic loss rates of x, = 364 MHz and x; = 656 MHz).
We measure the mechanical spectrum using the optomechanical induced transparency
(OMIT) technique [30] (see SI for details). The resulting renormalized amplitude of
the reflected probe field (|S,; ) is plotted in Fig 2.2b, 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



2.3. RESULTS 23

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
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 g(TZ) 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 2.2c, 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.

2.3.2. ROUTING NON-CLASSICAL MECHANICAL STATES

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 photon 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 119{] 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 op-
tomechanical cavity, a red-detuned laser pulse with the same energy, duration and scat-
tering probability of pread = 1.4%, is sent to the device addressing the anti-Stokes pro-
cess. 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. 2.3a and the delay between the red-
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Figure 2.3: 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 2.2c. 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 gt(,zrzl of each

point with an adjustable moving window. b) Cross correlation between the optical and the mechanical state
for the pulsed experiment ggﬂ,(t). The correlation is higher than the classical threshold of 2, with a maxima

of gl(ﬁzl = 4.41’6:9, clearly demonstrating the non-classical character of the traveling phonons. For more details
on the error calculation see the SI 2.5. The highlighted area in the figure has the same position as the one in
Fig2.2c.

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-
els back and forth between the defect part and the end of the waveguide. In Figure 2.2¢
the highlighted area shows the chosen peak, that has a delay of T = 170ns, which is
much smaller than the measured lifetime T, = 78ps 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
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whole area of pulses in a post processing step (see Fig. 2.3a). Note that we also use the
measurement shown in Fig. 2.2¢ 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
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(()zn)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. 2.3b. 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 g((,zrzl = 4.4J_r(1):2 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. 2.2c, 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 pgread = 1.5% and with the same time delay. The first blue- and red-
detuned pulses are spaced by 7 = 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. 2.3. We choose 40-ns-long non-overlapping time win-
dows to separate "early" write and read pulses from "late" ones, as depicted in Fig. 2.4a.
As shown in Fig. 2.4b, 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".

2.4. CONCLUSION AND DISCUSSION

Our results clearly demonstrate the potential for creating, guiding, and detecting 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
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Figure 2.4: 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.

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
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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2.5. 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 SFg/0> 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. 2.5. 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. 2.3, 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. 2.2c 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 2.5: 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. 2.6a. 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. 2.6b. 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. 2.6a.
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
(I'r, T'p) on the SNSPDs and by measuring the detection efficiency of the experimental
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Figure 2.6: 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 T = 85ns for the shorter waveguide, which is fully consistent with the difference in waveguide
length.

setup (1det)

I’y = Psread * Mth * Tdet (2.1)
I'y = ps,write * (1 + Neh) - Ndet 2.2)

where the pgreaq and psurite are the scattering probabilities from the red detuned
(anti-Stokes) and blue detuned (Stokes) laser pulses, respectively, and ny, is the mechan-
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 7, the SNSPDs detection efficiency nsnspp, as well as all other
losses in the optical path nj.ss. Hence, the overall detection efficiency can be written as
Ndet = Nc *Ndev ' NE  SNSPD * Moss- BY shining a continuous off-resonance laser to the de-
vice and measuring the power at each point of the setup, we obtain 1. = 37%, nr = 38%,
NsnspD = 90% and 1jgs = 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
efficiency (ngev = ’;—f) and the incident laser pulse energy Ep, [27]:
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_4ndevg§Ep
=1-ex 2.3
Ps,read p (hwc (w?n i (Kt/2)2) (2.3)
4ndevg§Ep
ite = €X -1 2.4
Ps,write p (hwc (w%n + (/2)2) (2.4)

where w. is the optical resonance frequency and w,, the mechanical frequency.

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. 2.7 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 7 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. 2.8. Note that, as previously seen [7], the clickrates have a double exponential
trend, with a rise time T}jse 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 < 107° 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. 2.9a.
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'y). Using Eq. 2.1 and 2.2,
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. 2.3a), 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. 2.9b, where the x-axis
is the inferred scattering probability of the heating pulse.
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Figure 2.7: 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 = 6298 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 = 1946 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 2.8: 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.
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Figure 2.9: a) Thermal occupation of the mode of interest as a function of the scattering probability of the
Stokes and anti-Stokes process pswrite = Ps;read = Ps- Nth is measured from the asymmetry of Stokes/anti-
Stokes scattering rates. The fit follows 7, = (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 ny, = (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 g((f\)l

As discussed in the main text, we record the coincidences from the same trial (Naz,—g,
where n is an indicator for each experimental round), and the average number of coin-
cidences from different trials (INa,x0), which is expected to be uncorrelated. In order to

calculate the g((,i)j we divide these two quantities, such that gc(,%l)j(t) = Nan=0(8)/ Nanzo(t).




34 2. NON-CLASSICAL MECHANICAL STATES GUIDED IN A PHONONIC WAVEGUIDE

Using An > 1, one can gather enough statistics to estimate N, with a negligible error.
For the estimation of the error on Na,-9, 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
delay. In Fig. 2.3 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. 2.10, where we increase the filtering window
from 3 ns 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.

9

8 4 I

' s mﬁ%*w"#
s 6 STV ianaar ti1iaas
VB?S _4_{.6}.11____}_'_!____

4 + 160 170 180

3 Time t (ns)

) ®® o 0000

5 10 15 20 25 30

filtering window (ns)

Figure 2.10: Maximum cross correlations obtained with varying filtering window width, using similar time
delays as in Fig. 2.3. Inset: full cross correlations as a function of time for 3 selected data points.
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Figure 2.11: 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").

DOUBLE PULSE gff\)l(t)

In this experiment we use two write and two read pulses. In Fig. 2.11a, 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. 2.3, with filtering the coincidences in a 6ns time
window with varying delays, in order to obtain finer time resolution. In Fig. 2.11b, 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. 2.4b. 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.

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 (7 = 1) as

H=w;a'a+w,b'b+ Zwlc;cl + Zye,lc;b+ h.c.
1 7

+goa'ab’ +b) (2.5)
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Figure 2.12: Numerically calculated Sp; signal, using the parameters given in the main text.

where a and b are the annihilation operators for the optical and mechanical modes
of the optomechanical cavity and gy 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+wmbTb+goa(aT +a)(b'+b)
+ZQlc}cl+Zye,lc;rb+ h.c. (2.6)
I ]

where A = w; — 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 @. The equivalent optomechanical coupling to the field
fluctuation is defined by g = go.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<ea,-n 2.7
, . r .

% =—zwmb—zga—7mb—zzltye,lcl (2.8)
. . r

% :—zwlcl—zye,lb—%b (2.9)

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;y are the cavity input field fluctuations.
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Figure 2.13: 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.

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 Eg + Ere ! + 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” it 4 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. 2.7 and assuming

a=a,e ™! b=b,e " and ¢; = c, €7 *!, we have
b, = g ——a, (2.10)
a)—wm+ir7'"—z Ye'l,rl
w-w+i-4
IKe E (2.11)
ay = " 1 .
" w—-A+i% - x(w)
2
X (w) = § > (2.12)
T Y2,
w-—wpt+it -} T
w-w+i—
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Figure 2.14: 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.

with y (w) being the mechanical susceptibility to the optical field. After that, by using
the input-output relation of a,,; = a;, — /Kea, we can extract the reflection coefficient
as
ry=1 e 2.13)
’ w-A+i5 - y( ‘

A fast photodiode detects the power of the output field as

P=|Epl* +|E1* +|r+ E1* + EgEre” ™'+

riEgEre 4 1y | By Pe 2t coc. (2.14)

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 Sp; 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. 2.12 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. 2.2b. 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. 2.13.
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MECHANICAL RESPONSE OF THE CAVITY-WAVEGUIDE STRUCTURE

In order to develop a simple theoretical model describing the measurements in Fig. 2.2¢
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. 2.8 and Eq. 2.9, 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(t) to further obtain the cavity population and the first order correlation function g

bl (Ob(t+7))dt
gV = J{b" @b _ 7)) 2.15)
J{b®12)dt

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

relation g\ of a thermal chaotic field

g? =1+gMP? (2.16)

T

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. 2.13.
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 géz) 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. 2.14). This
simple model allows us to qualitatively model our measured data from Fig. 2.2¢c very

well.

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.

e Since a cooldown and a warm up of a dilution refrigerator takes 3 days, having a
reliable metric to characterize the devices at room temperature was a fundamen-
tal part of this work. As shown in SI section 2.5, we found that the mechanical
spectrum is a reliable metric to determine the bouncing pattern of the phononic
packet. The band structure engineering is a very crucial part in order to design
a linear and single mode phononic waveguide that is also robust enough against
fabrication disorders and imperfections.
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* Having low thermal occupancy is a crucial part for creating and detecting non-
classical mechanical states with high purity. Optical absorption of the material is
the main factor that creates thermal occupation in our optomechanical devices. In
this regard, the silicon etching step in the fabrication recipe has a great importance
in order to have devices with high surface qualities, which eventually reduces the
optical heating. Additionally, surface treatment techniques can be used in order
to further improve the surface quality and prevent oxidation of silicon devices.

* Having a constant FSR in the mechanical spectrum - i.e. linear dispersion in the
phononic waveguide - is fundamental to have high g(()%r)l on the bounced phonons,
which is of great importance for on-chip quantum information transfer. 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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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.

This work is published in Science Advances: Amirparsa Zivari*, Niccold Fiaschi*, Roel Burgwal, Ewold Ver-
hagen, Robert Stockill, and Simon Groblacher, On-chip distribution of quantum information using traveling
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3.1. 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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ously show the non-classical correlations between an optical and the traveling phononic
qubit, by violating a Bell-type inequality [34-36].

3.2. METHODS

3.2.1. DEVICE DESIGN

Our device consists of a single mode optomechanical cavity connected to a phononic
waveguide (cf. Fig. 3.1a), 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 mode ex-
tends 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 cavity 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. 3.1b).

3.2.2, THEORETICAL STUDIES OF TIME-BIN ENTANGLEMENT PROTOCOL

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. 3.1c 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
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. 3.1d, 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 P10101) g, 1, 5,1, ) + O (Pw), 3.1)

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
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Figure 3.1: 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 ), 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.

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) o 110)g,, 1, + P00 |01y, 1, (3.2)

with the plus (minus) sign resulting from a detection event in either detector. The phase
bofr is a fixed phase difference between the two arms of the unbalanced interferometer
(ST sections 5 and 6). Note how the state is maximally entangled in the Fock-basis, which
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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:

|‘VAB> X [(1 + dwwwrﬂ%ﬁ))(d&,ﬁ; - aj/-v,Z a;r,z)Jr

i(1— ! Pwrort20a0ygT o +al | al,)]10000) (3.3)

w,1 71,2

where Ez:fv,l (&3\7,2) and Ezj}l (d; ,) 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. 3.2 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,
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).

3.3. RESULTS

3.3.1. BASIC AND CLASSICAL CHARACTERIZATIONS

To characterize the device we first measure its optical properties at 10 mK and observe a
resonance at 1 =~ 1556.06 nm with FWHM of x /27 = 1.05GHz (intrinsic loss rate x;/2x =
250MHz, see Fig. 3.2a). We use the optomechanically induced transparency (OMIT)
technique to measure the mechanical spectrum of the device [33, 38]. As can be seen
in Fig. 3.2b, the hybridized modes exhibit a clean, evenly spaced spectrum with FSR =

8MHz. We choose the most prominent mechanical resonance in Fig. 3.2b (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



50 3. ON-CHIP DISTRIBUTION OF QUANTUM INFORMATION USING TRAVELING PHONONS

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. 3.2c. 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.
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Figure 3.2: Initial characterization. a) Optical spectrum of the device measured in reflection. b) Mechanical
spectrum measured using optomechanically induced transparency (OMIT). ¢) 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).

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 7} = 2.2 us
(see section 7 in the SI for more details). From the FWHM of the peak centered around
zero time delay in Fig. 3.2c we can extract the packet time duration of = 30ns. To match
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the packet time length, we then choose to use 30 ns-long Gaussian write and read pulses
in all experiments.

3.3.2. TIME-BIN PHONONIC ENTANGLEMENT

As a next step we verify our ability to distinguish between multiple phonon wavepackets.
To do this, we measure the photon cross-correlations in a double write / read pulse se-
quence, 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. 3.3a. In all the
pulsed measurement we set a waiting time between trials of ~7 T; (15 ps) to let the me-
chanical modes thermalize to the ground state (see SI section 3). The energy of each
pulse is 26 ] (112 1)) for the write (read), probabilistically scattering photons through the
Stokes (anti-Stokes) process, with a probability of py = 0.2% (pr = 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. 3.3b. We observe strong non-classical
correlations of gé%) =9.4+1.3 between “Early"-“Early" and gé%) =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. 3.2. The
pulse sequence at the detectors is shown in Fig. 3.3c, 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. 3.3d. The periodic dependence on the
phase demonstrates the coherence of the generated entangled state. To show that the
state shown in Eq. 3.2 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.

3.3.3. OPTOMECHANICAL BELL TEST WITH TIME-BIN ENTANGLED PHONONS

To unambiguously demonstrate the non-classical character of the traveling phononic
qubit and the photon state in Eq. 3.3, we perform a Bell-type test using the CHSH in-
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Figure 3.3: 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 30ns). b) Extracted values of the cross-
correlation g(()zrf] 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.
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equality [34]. We define the correlation coefficients

ny1+nz2—ni2— N2y

E(pw, ¢r) = (3.4)

)
ni +nz2 + N2 + N2y

where ny; are the events where detector k clicked after a write pulse (station A in Fig. 3.1d)
and detector [ after a read pulse (station B in Fig. 3.1d). The inequality then states that

S=IE@%, ¢Y) — E(py, ¢Y) + E(d%, 1) + E(yy, p1)| < 2. (3.5)

The maximum violation is expected to occur for ((pév =¢o+ (-1)itim/4, </>{ = (/2)%),
with 7, j = {0,1}, and where ¢p¢ = 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. 3.4) 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.
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Figure 3.4: 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), (¢, ¢0) = (o + /4, 0), @O, ¢1) = (po — /4, 7/2) and
(gb‘l,\,,(,bﬁ) = (¢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.
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3.4. CONCLUSION AND DISCUSSION

We 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 fundamental 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 arbitrary mul-
tiples 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 straight-
forward extension using our device will allow to distribute quantum entanglement to
different points on a chip. We have chosen to use a waveguide design with a lifetime of
only Ty = 2.2 s, 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-
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 3.5: 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.

3.5. SUPPLEMENTARY INFORMATION

DESIGN

Our device, which is shown in Fig. 3.1a, 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. 3.5a. 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 3.6: 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 T = 2.2ps, 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. 3.5b 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. 3.5a. 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. 3.5d 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. 3.5f 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 (77) 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 At,,. With this pump-probe experiment we can
access the uncalibrated thermal population of the device in time [40] (see Fig. 3.6). 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. 3.1a) does
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Figure 3.7: 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. 3.3 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. 3.4 in the main text), in orange for the double
pulse cross correlation and the phononic entanglement with the sweep in ¢y (Fig. 3.3 in the main text) and in
green for the phase calibration (section 3.5). All error bars are one standard deviation.

not increase the lifetime any further. The increase in thermal population for short delays
(Atro < 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. 3.7a. From the asymme-
try in clickrates of these pulses we can calculate the thermal mechanical population ny,.
We adjust the scattering probability by sweeping the energy of the pulses and measure
the resulting thermal occupation, see Fig. 3.7b. 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. 3.7 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 3.8: 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. QO 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. 3.7b 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. 3.7e. 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. 3.7f 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. 3.4 in the main text), in orange for the double pulse cross cor-
relation and the phononic entanglement with the sweep in ¢, (Fig. 3.3 in the main text)
and in green for the phase calibration (section 3.5). Note how the thermal population
increases non-linearly with increasing number of pulses due to delayed heating, as is
clearly visible in Fig. 3.7.

EXPERIMENTAL SETUP

A sketch of the experimental setup is shown in Fig. 3.8. 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 ¢b,). 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 3.9: 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 = 7/20. c) Occurrence
histogram of the frequency difference of the write and read lasers as from the beatlock. Here the FWHM is
=~ 0.5MH?z. 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 3.5 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 3.8) 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 3.10: a) Correlation coefficients E, sweeping ¢w and for ¢y = 0 (in orange) and ¢ = /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), ¢) Same as a) for the calibration of the phases for the Bell test. The chosen points
differ from the optimal theoretical points of ¢pg + 7/4 by no more than = 7/20. The black markers are square,
triangle, diamond and circle for the CHSH point (¢9V,¢E), ((M,,(,b?), (([)QV,(p%) and (¢\1,V,¢}) respectively. d) As
reported in a) for the additional measurement of R with ¢, = /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 3.5).

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. 3.9a (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. 3.9¢c, 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. 3.9d. 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 ¢;. 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] (225{])) 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. 3.10 shows several such calibration measurements
for:

¢ the additional measurement of the R value (Fig. 3.10a),
¢ the two runs of integration for the Bell test (Fig. 3.10b, c)

¢ 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. 3.10d).

The values in orange are for ¢, = 0, while ¢, = 7/2 is shown in green. A small devia-
tion from the desired 7/2 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. 3.10a,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. 3.10a 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 ((b?v, ([)9), (</)‘1N,</)9),
(@2, ¢} and (4L, p}) respectively). In doing so, the experimentally obtained values differ
slightly from the theoretical optimal point of ¢pg — 7/4 and ¢y + /4 by a small margin &.
The value for € for the data in Fig. 3.10b (c) is = n/30 and = 7/20 (= —n/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 ¢ in the entangled state (see section 3.5). 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 ¢,¢. However, in our case, the relative change in ¢
(equivalently for ¢pf) 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. 3.2b). In Fig. 3.11a 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 3.11: a) Normalized histogram of the FSR between the mechanical peaks shown in Fig. 3.2¢ 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. 3.2c.

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. 3.11b (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.

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.

* Inorder to have a clean mechanical spectrum with a constant FSR it is very impor-
tant to not have abrupt changes in the structure. Abrupt changes may cause reflec-
tion from the boundaries and create additional unwanted mechanical modes in
the structure. Therefore, phononic crystal architectures are suitable for this man-
ner, since the changes can be made to be adiabatic.

 Even in simulation the FSR is not perfectly constant. This is caused by some resid-
ual (little) dispersion of the waveguide and some disturbance mechanical mode
as a result of strong coupling of 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 relative shifts in the cavity
and the center of the single mode band of the waveguide have less effect on the
FSR distribution).

 In order to have a good bouncing pattern it is important to not have many me-
chanical modes involved. By adding more modes, the deviation of each mode
(caused by dispersion and fabrication disorders) from the "perfectly even" FSR
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would count more, resulting into less efficiency of retrieving the phononic wavepacket.
This can be understood in the limit of 2 modes, where the FSR is always "perfect".
In this regard, reducing the coupling between the cavity and waveguide would
help to have fewer mechanical modes involved in the time dynamics. We use
the code of Fig. 3.11 to simulate this effect and we report the result in Fig. 3.12.
It is clear that for longer waveguides - so larger number of modes for a certain
coupling bandwidth - the bouncing efficiency (the ratio between the height of the
first round-trip to the height of the excitation peak at ¢ = 0) decreases. Too short
waveguides (normalized lenght<0.75) are not possible since the traveling time is
too short compared to the packet width. Decreasing the coupling from cavity to
waveguide is not trivial since also the cavity parameters need to be changed to
keep the mechanical and optical mode at the desired frequencies.
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Figure 3.12: a) Bouncing pattern as calculated in Fig. 3.11, 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 characterize 58 devices measuring the one-way coupling from the lensed fiber
to the optical waveguide, the optical and mechanical resonances, the lifetime, the
thermal occupancy as a function of the scattering rates and the géz) behavior of
thermal phononic wavepackets. We then select devices with one-way coupling
higher than 55% (20 devices), lifetime longer than 1ps (12 devices with both con-
dition) 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 maxi-
mum 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.
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* Here we report another version of Fig. 3.1d, which, despite the less intuitive repre-
sentation, is closer to the standard figure of a Bell test.
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Figure 3.13: Different version of Fig. 3.1d. The vertical dashed line represent a "mirroring" of the device and
setup. despite being less accurate and intuitive, it gives a very clear and immediate idea of the EPR pair (Stokes
scattered photons and the phonons that traveled in the waveguide once converted in anti-Stokes scattered
photons) and of the station A and B.
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A SINGLE-PHONON DIRECTIONAL
COUPLER

"And if I were a drone

Patrolling foreign skies

With my electronic eyes for guidance
And the element of surprise

I'would be afraid

To find someone home"

[Roger Waters - Deja Vul]

Amirparsa Z1VART*, Niccolo FIASCHI*, Lorenzo SCARPELLI¥,

Menno JANSEN, Roel BURGWAL, Ewold VERHAGEN, Simon
GROBLACHER

Integrated photonics has enabled countless technologies in telecommunications, spectroscopy,
metrology, quantum optics, and quantum information processing. Using highly confined
guided optical modes is the key that has made integrated circuits possible and has lead
to scaling of complex designs, benefiting from their small footprint. At the same time, the
field of quantum acoustics has recently gained significant attention due to its various po-
tential advantages over its photonic counterparts, including smaller mode volume, lower

This work is under revision and is available on arXiv: Amirparsa Zivari*, Niccolo Fiaschi*, Lorenzo Scarpelli*,
Menno Jansen, Roel Burgwal, Ewold Verhagen, and Simon Gréblacher, A single-phonon directional coupler,
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energy, and orders of magnitude slower propagation speeds, as well as the potential for
interconnecting distinct quantum systems. Developing analogous integrated phononic
technology is critical for realizing the full potential of phonons and could lead to ground-
breaking new applications, such as scalable quantum computing and hybrid quantum
devices. In this work, we demonstrate for the first time a 4-port directional coupler for
quantum mechanical excitations — a crucial component for integrated phononic circuits.
Adjusting the length of the coupling region allows to realize phononic beam splitters with
varying splitting ratios. By sending a single-phonon Fock state onto one of these phononic
splitters, we demonstrate the capability of using the directional coupler directly in the
quantum regime. Our work provides an essential step towards an integrated phononic
platform for both classical and quantum technologies applications.
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4.1. INTRODUCTION

Quantum technologies have seen rapid progress in the past few years, with great promise
for testing fundamental science, as well as for commercial applications. The remark-
able demonstrations of quantum computational advantage [1, 2] over classical proces-
sors and long-distance quantum teleportation using a satellite [3] have highlighted the
fundamental need to create heterogeneous quantum systems [4] in order to realize ad-
vanced quantum technologies [5], such as quantum networks [6]. Phonons — quantized
mechanical vibrations — are regarded as a critical resource to connect different quan-
tum devices [7, 8], with applications in, for example, quantum transduction [9-11] and
sensing [12]. Accordingly, routing and manipulating single mechanical vibrations on a
chip is crucial to transfer quantum information between different quantum systems and
unlock the potential of hybrid quantum systems.

To date, two main platforms have been developed for this purpose: surface acous-
tic waves (SAWs) [13-15] and highly confined one-dimensional phononic waveguides
based on phononic crystals [16]. In particular, SAWs have been used to couple two
qubits to one another over a distance of around 2 mm [13]. The propagation distance
of these acoustic waves is however limited by the relatively short phononic lifetime T; in
the range of tens of microseconds. At the same time, due to the two-dimensional, inher-
ently open nature of SAWs, devices are characterized by a relatively large footprint, mak-
ing scaling to more complex circuits challenging. Nevertheless, significant progress has
recently culminated in a remarkable proof-of-principle demonstration of a phononic
beam splitter for SAWs [17]. Highly confined GHz phonons in single-mode waveguides
on the other hand are characterized by milliseconds-long lifetimes [18] and feature a rel-
atively small footprint compared to SAWs, making them an ideal platform for on-chip
quantum applications [19] and for integrated phononic circuits in general. In these
structures, an opto-mechanical resonator is typically used for the generation, manip-
ulation, and detection of highly confined phonons: from realizing single Fock states of
phonons [20, 21], remote phonon-phonon quantum entanglement [22], and optome-
chanical Bell tests [23] to quantum teleportation [24]. More recently, single-phonon
waveguides were successfully connected to such opto-mechanical resonators to route
single phonon wavepackets on a chip [19].

In photonics, beam splitters form the fundamental cornerstone for a myriad of ap-
plications — they provide a classical platform to investigate the wave nature of light, are
used as combiners and power distributors, are critical for quantum optics experiments,
and are an essential resource for linear optical quantum computing and processing [25],
to name a few examples. Importantly, the ability to miniaturize photonic components
has been paramount for realizing novel technologies, as it enables photonic integrated
circuits with thousands of components while still preserving a millimeter-scale foot-
print [26-28]. In close analogy, here we experimentally realize the phononic equivalent
of this crucial component — an integrated phononic beam splitter — arguably the most
critical element to perform advanced on-chip manipulation of mechanical excitations.
Drawing inspiration from photonics, we design our beam splitter using a 4-port direc-
tional coupler architecture, where two identical single-mode waveguides are coupled
together in an interaction region, creating symmetric and anti-symmetric supermodes
which are delocalized in both waveguides. The splitting ratio can be adjusted by chang-
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ing the length of this interaction region. We demonstrate the beam splitter behavior for
both coherent and single-phonon Fock states. With a footprint of only about 200 x 5 pm,
our device is easily scalable and represents a critical step towards the realization of inte-
grated phononic circuits [29-31].

4.2. DEVICE DESIGN AND CHARACTERIZATION

A conceptual sketch of our device is shown in Fig. 4.1a. The device is formed by two
single-phonon sources (the optomechanical cavities), two single-mode waveguides, a
beam splitter, and two single-phonon detectors. To realize the phononic beam split-
ter, we design an integrated directional coupler using a phononic crystal architecture.
The corresponding unit cell of length a is shown in the inset of Fig. 4.1b. It consists
of two single-mode waveguides [16], connected together via a phononic bridge. This
interaction region allows mechanical energy to be exchanged between the waveguides,
resembling the evanescent coupling typically used in photonic directional couplers. In
contrast to a conventional directional coupler, the two waveguides host both the two
incoming, as well as the two outgoing ports, as detailed below.

To verify the analogy to a photonic directional coupler, we perform finite element
simulations of the unit cell using COMSOL and calculate the corresponding band struc-
ture. The results are shown in Fig. 4.1b, for the breathing mode in the in-plane direction.
Within a frequency range of 4.5 — 5.3 GHz, the band structure is dominated by the sym-
metric and anti-symmetric supermodes, which are the even and odd linear combina-
tions of the uncoupled modes, respectively. A zoom-in around 4.9 GHz shown in Fig. 4.1¢
reveals that the two supermodes have different propagation constants g4, which re-
late to the coupling coefficient § per unit length as 8 = (Bs — Ba)/2, with the subscripts
i = {s,a} indicating the symmetric and anti-symmetric supermodes, respectively. As a
result of the coupling, for each wave vector, the supermodes are frequency split by the
normal mode splitting Avnms, as expected from two coupled degenerate harmonic os-
cillators. We use the extracted value of f to estimate the coupling length (i.e. number
of beam splitter unit cells) needed for different splitting ratio. To reduce the experimen-
tal complexity, we engineer a device with a (phononic) mirror at the center of Fig. 4.1a
(represented by the dashed line, and realized by a free-standing end) [16, 19]. In this
way the same two cavities can be used as transmitters and receivers. The output arms of
the directional coupler are connected to two, uncoupled single-mode, waveguides, each
terminated with a (nominally identical) optomechanical cavity. The cavities are used to
generate and detect single phonons via the optomechanical interaction. Through finite
element simulation of the full structure we can calculate the optomechanical coupling
rates for different modes, plotted in Fig. 4.1d. The optomechanical response is domi-
nated by a series of Fabry-Pérot modes, equally spaced by Avggs, which arise from the
hybridization of the mechanical cavity mode with the series of modes supported by the
free-ending waveguide. Furthermore, each Fabry-Pérot mode is split by Avnums into a
doublet due to the mechanical coupling between the two devices (see SI 4.6 for more
details). Scanning electron microscope (SEM) pictures of one of the fabricated devices,
made from 250 nm silicon [16, 19], are shown in Fig. 4.1e. For space reasons the waveg-
uides are not fully shown and the total length of the device is about 200 ym.

To minimize the thermal noise background, we cool our device to 20 mK using a di-
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Figure 4.1: a) Sketch of the working principle of the phononic directional coupler device. Beside the central
beam splitter (purple), the device also includes two phononic waveguides (green). b) Band structure simula-
tion of the in-plane breathing mode of the unit cell structure (inset) of the directional coupler, showing normal
mode splitting of the symmetric (red) and anti-symmetric supermodes due to the coupling. c) The splitting
between the two modes is clearly visible in the zoom-in around 4.9 GHz. The oscillating anti-symmetric and
symmetric supermodes are shown on the top and bottom, respectively. d) Simulated optomchanical single
photon coupling rate of the full structure. The mechanical mode of the optomechanical cavity is hybridized
by a series of Fabry-Pérot modes of the waveguide and each mode is split into a doublet of symmetric (green)
and anti-symmetric normal modes (more details are given in SI 4.6). e) Scanning electron microscope (SEM)
images of the fabricated device with false color highlighting of the different parts — the phononic and photonic
mirrors (blue), the optomechanical cavities (red), the phononic waveguide (green), the phononic beam splitter
(purple). Note that due to space constraints, only a short section of the waveguides is shown.

lution refrigerator, initializing all mechanical modes of interest in their quantum ground
states. We measure the optical characteristics of the two optomechanical cavities by
scanning a continuous-wave laser through their resonances and measure the reflected
signal on a photodiode. The reflection spectra are shown in Fig. 4.2a and b (for cav-
ity A and B, respectively). Fitting the line shape with a Lorentzian, we determine the
optical cavity resonance at A = 1546.81nm (A = 1547.98nm), and a full-width at half-
maximum (FWHM) of x/27n = 1.23GHz (x/2n = 1.34 GHz), with an intrinsic loss rate of
x;/2m = 430MHz (x; /27 = 600 MHz), for device A (B), respectively. The cavities are nom-
inally identical, apart from fabrication imperfections. Since the difference between the
optical resonances is much bigger than the linewidths and mechanical frequencies, we
can address each cavity individually. This allows us to measure the mechanical spectrum
of the structure using optomechanically induced transparency (OMIT) [32]. The results
are plotted in Fig. 4.2c and d (for cavity A and B, respectively). Both devices, within a re-
gion of ~ 30 MHz (highlighted in green shaded area) show a series of doublets with a nor-
mal mode splitting of Avnums = 2.5MHz, spaced almost evenly by Avpgs = 10MHz. This
clearly shows that, due to the precision in nanofabrication, the mechanical modes of the
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Figure 4.2: a,b) Optical response of device A (left) and B (right). The devices have optical resonances in the C-
band at telecom wavelengths. c¢,d) Mechanical spectrum of device A (left) and B (right) measured using OMIT.
We observe a series of Fabry-Pérot modes spaced by Avpgrg and split by the normal-mode splitting Avyyg due
to the directional coupler. The green shaded area indicates the spectral region used to investigate the dynamics
of phononic wavepackets (see text for more details).

cavity-waveguide systems hybridize through the directional coupler. As will be shown
later, for this particular device this corresponds to a directional coupler with splitting ra-
tio of approximately 50:50. We further determine the equivalent single photon optome-
chanical coupling rate from the Stokes scattered photon rate by sending 30 ns optical
pulses to the devices. We measure values of gy 4 = 380kHz and gy 5 = 530kHz for device
A and B, respectively, in good agreement with simulations.

4.3. COHERENT DRIVE MEASUREMENT

In order to characterize the time-domain behavior of the beam splitter, we study the
propagation of coherent phononic wavepackets. We detune the laser by 6 GHz from the
optical cavity we aim to excite. By using this detuning the Stokes (and anti-Stokes) scat-
tering rate are strongly suppressed and can be neglected. We then modulate sidebands
at the mechanical frequency f;;, = 5.31 GHz onto the laser using an electro-optical mod-
ulator (EOM). The sidebands create a beating tone at the mechanical frequency, which
coherently drives the mechanical motion through radiation pressure. The optical pulses
are created using an acousto-optical modulator and are 30 ns long, such that we excite
modes only within the spectral region shown in the green shaded area in Fig. 4.2c and d,
for cavity A and B, respectively.
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of the global fit described in the main text, from which we extract a reflection coefficient R = 0.43. d) The
reflection coefficient of the phononic directional coupler as a function of the coupling length, measured on
different devices.
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To measure the phonon occupancy inside the cavities A and B, we again use a continuous-
wave laser, red-detuned by the mechanical frequency from the optical resonances. The
results of the calibrated phononic population in the cavities over time are shown in
Fig. 4.3b, for different combinations of exciting (first letter on the top right corner of
each panel) and reading (second letter on the top right corner of each panel) cavities, as
it is depicted in Fig. 4.3a — see SI 4.6 for more details. This device has a coupler length
of 50 beam splitter unit cells, which from simulations corresponds to an approx. 50:50
beam splitter. As a result of the directional coupler, the excitation is then split between
the two waveguides and reaches the cavities A and B after the first round trip, with a
/2 phase difference between the arms. Subsequently, at the second recombination on
the beam splitter (second round-trip), the excitation travels to the opposite port with
respect to the one excited initially. This is due to the fact that the phase difference be-
tween our phononic packets in the two arms remains constant while they travel through
the waveguides [19]. Due the slight mismatch of the two waveguide-cavity systems and
dispersions in the coupler region caused from the fabrication disorders, the amount of
energy populating the opposite cavities is slightly different.

To extract the splitting ratio of the directional coupler, we calculate the (normalized)
area under the mechanical wavepacket around the first, second, and third round-trip
time, corresponding to the light-blue shaded area in Fig. 4.3b, for the indicated excitation
and detection combinations (see SI 4.6 for more details). The corresponding integrated
counts are shown in blue, orange, green and red color bars in Fig. 4.3c. To model these
data, we use a transfer matrix approach, where the action of the directional coupler is
described by a lossless beam splitter matrix Ugs, written in terms of a reflection coeffi-
cient r and a transmission coefficient # = v'1 — r2. Phonon losses are negligible to first
order since the phononic lifetime is much longer than the round-trip time (see SI 4.6).
The phonon population after NV passes through the directional coupler is then propor-
tional to A;; (UBS)N , where the factor A; j»with 7, j = {A, B}, takes into account losses and
dispersion mismatch. A more accurate description of these terms would require model-
ing of the time dynamics with a multi-mode coupled-mode theory, which goes beyond
the scope of this work. We then perform a global fitting procedure, where we impose
App = Aga to satisfy the reciprocity condition. The result of the fit is shown in grey color
bars in Fig. 4.3c, from which we extract a reflection coefficient R = || = 0.43. We re-
peat the same measurements for two different lengths of the coupling region (see SI 4.9)
and extract the corresponding reflection coefficient. The results are shown in Fig. 4.3d,
which clearly shows an increase of the reflection as the coupling length is increased. Im-
portantly, these results show that our design allows to engineer phononic beam splitters
with arbitrary splitting ratios.

4.4. SINGLE PHONON SPLITTING

Testing the response of our directional coupler to quantized excitations with single phonon
wavepackets is a critical demonstration of its potential use for quantum applications.
In order to create a single phonon, we use 30ns “write" laser pulses, blue-detuned by
the central mechanical frequency (5.31 GHz) from the optical resonances. This process
can be described by a two-mode squeezed optomechanical interaction and detecting
the Stokes scattered photon with a superconducting nanowire single photon detector
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Figure 4.4: The second order cross-correlation g,(,z,),, between the Stokes and anti-Stokes scattered photons from
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3.5f8‘g — all values are above the classical threshold of 2 (dashed line) by more than two standard deviations.

Error bars indicate one standard deviation.

(SNSPD), allows us to project the mechanical state of the optomechanical cavity onto a
single phonon state [20]. This single phonon travels through the waveguide and either
returns to the same cavity upon reflection, or goes to the opposite cavity after trans-
mission in the coupling region. We then convert the mechanical state of each cavity to
an optical photon, by sending 30ns “read" laser pulses red-detuned by the same me-
chanical frequency from the optical cavities. This addresses a state swap optomechan-
ical interaction resulting into anti-Stokes scattered photons. The time delay between
the write and read pulses is set around the first round trip of the phononic wavepacket.
We calculate the second order cross-correlation gf,%; between the Stokes and anti-Stokes
scattered photons for different combinations of exciting and reading cavities A and B,
similarly to [20].

We use pulse energies of 220 f] for write (Stokes) and 280 ] for read (anti-Stokes) pro-
cess, corresponding to a Stokes scattering probability of 1% (1.6 %) and an anti-Stokes
scattering probability of 1.2 % (2 %) for cavity A (B). At these low pulse energies, the ther-
mal occupation of the cavities caused by heating of the lasers is negligible (r;;, < 0.18
for all measurements configuration, see SI 4.6). We measure values of g((f,L A4S 3.8f8:g,

gszr)n ap = 31708, gl()zr)n 54 =3270"% and g((fr)n sp = 35702 (first index indicating the write
cavity and second index the read cavity), which is plotted in Fig. 4.4. For each config-
uration the value is more than two standard deviations above the classical threshold of
2, unambiguously showing the non-classical behavior of the single phonon states mea-
sured in the different cavities after the excitations passed through the phononic beam
splitter and either return back to the same cavity or travel to the opposite one. For more

details on the experimental setup we refer to SI 4.6 and SI 4.6.
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4.5. CONCLUSION

In conclusion, we have demonstrated an integrated directional coupler for GHz phonons
—a crucial component for phononic integrated circuits [33]. Our demonstration is based
on the development of the first integrated circuit involving single-phonon sources, de-
tectors and single-mode waveguides, and we use it to demonstrate a beam splitter for
both classical and quantum mechanical states. Due to the millisecond-long lifetime of
phonons in these structures, as well as the ease of scalability, our device can be read-
ily extended to build multi-mode interferometers of large dimensions, suitable for me-
chanical boson sampling and, more generally, for linear mechanical quantum comput-
ing [2, 17].

Through further development, piezo-electric materials can be included in our me-
chanical structure [11, 34], enabling electro-mechanical integrated devices such as, for
example, phononic phase shifters [35]. With this powerful new tool at hand, a new
paradigm of phononic devices can be realized, including mechanical Mach-Zender in-
terferometers for sensing, switches for routing, and power multiplexers, to name a few,
in addition to other more versatile mechanical counterparts of existing photonic tech-
nologies [36].

Additionally, using piezo-electric resonators, strong interactions between highly-confined
GHz phonons and superconducting qubits can be engineered [9]. Moreover, the small
mode-volume of highly confined phonons achieved with our design, allows engineer-
ing interactions with nanometer-scale quantum system, such as quantum dots [37] and
color centers. Therefore, our directional coupler opens up exciting perspectives for hy-
brid quantum networks, enabling direct entanglement generation between distinct quan-
tum systems without requiring entanglement swapping. We envision a platform with
several quantum resources linked and combined together through mechanical quan-
tum channels, taking advantage of the best performances of each individual technology.
The strong lateral confinement of the propagating modes, allows our devices to establish
a direct analogy with photonic integrated circuits, and therefore paves the way towards
the new field of integrated quantum phononics.
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4.6. SUPPLEMENTARY INFORMATION

SIMULATION

In Fig. 4.5, we show the mechanical simulation of the whole structure and the calcu-
lated optomechanical single photon coupling rate gy for different symmetric and anti-
symmetric supermodes. The mechanical spectrum is a series of Fabry-Pérot modes,
equally spaced by Avpgs, given by the hybridization of the single mode of the cavity with
the series of modes supported by the free-ending waveguide. Each Fabry-Pérot mode is
split by Avnums into a doublet due to the mechanical coupling between the two waveg-
uides. The mode profiles corresponding to one of the doublets are shown in green and
red boxes in Fig. 4.5. Note that these simulations use a shorter device length compared
to the measured device, for faster computational run-times, which results in different
Avnms and AVegs.
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Figure 4.5: Simulation of the whole structure for a device with 50 unit cell of directional coupler and about
80 um total length (shorter than the measured device in the main text, for a faster simulation time). Left: calcu-
lated single photon optomechanical coupling rate for symmetric (green) and anti-symmetric (red) modes - for
each Fabry-Pérot mode, the symmetric and anti-symmetric modes form a doublet split by Avpyg due to the
phononic coupling between the top and bottom waveguides. Right: mechanical mode profiles corresponding
to one of the doublets. The whole structure is reported in segments for space reason.

FABRICATION
The device is fabricated from a silicon-on-insulator (SOI) wafer with a 250 nm thick sili-
con device layer on top of 3 um of buried oxide. We use electron beam lithography to pat-
tern the structure and transfer the mask with a dry HBr/Ar plasma etch. After processing,
the chip is diced in order to access the device’s optical waveguide with a lensed fiber in
the dilution refrigerator. We then remove any remaining resist using 80° Dimethylfor-
mamide. Finally, the device is cleaned with a piranha solution and released using a 40%
hydrofluoric acid (HF) wet etch to remove the buried oxide layer [20]. In order to mini-
mize oxidation, the device is immediately transferred into the dilution refrigerator.
Since we use a wet etch process to undercut the samples, we need to have very ro-
bust nanostructure. To achieve this, we use a thin (<50 nm wide) tether to connect the
central optical waveguide (shared between the two cavities) and the optomechanical
resonators. We report that using two sets of clamps on the optical waveguide (spaced by
~ 10pum) without the tether gives a yield of ~70%. We report no significant changes in
the mechanical spectrum with or without the thin tether.
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LIFETIME

In order to measure the mechanical lifetime T; of our devices, we send a sequence of two
red-detuned pulses with varying delays A¢,,. The first one is a strong pulse, used to heat
our device through residual optical absorption, creating a large thermal population in
the mechanical mode. The second pulse is weaker, allowing us to read the mechanical
population after a variable delay from the first pulse. The results are shown in Fig. 4.6
for both devices (A in blue and B in orange). As previously studied, the curves follow a
double exponential decay [18]. We measure values of T} = 3.0 us and 1.2 us for cavity A
and B, respectively. These values are much longer than the typical round-trip time of
the phononic wavepackets. They can be increased to several ms by adding additional
phononic shield periods both at the waveguides’ support part and the left end of the
mirror side (blue part in Fig. 4.1e), and values up to 5.5 ms have been reported previ-
ously [16, 19, 38]. We intentionally design and choose a device with short mechanical
lifetime to increase the repetition rate of the experiment. The rise in the thermal popu-
lation for short delays (At,, < 100ns) is given by the delayed absorption [20].
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Figure 4.6: Normalized clickrates measured by the second probe pulse given by the thermally excited mechan-
ical mode as a function of delay time A¢, between pulses, for device A (blue) and B (orange). The population
exhibits a double exponential behavior, given by the delayed absorption heating and the population decay.
The measured lifetimes of the two cavities are T} = 3.0 us and 1.2 us for cavity A and B, respectively.

THERMAL OCCUPATION OF MECHANICAL STATE

The GHz mechanical excitations have in principle a thermal occupation of < 107 at mK
temperatures. However, due to optical absorption of the pump laser in the device, a
thermal mechanical population inside the cavity is created, and thus the thermal occu-
pation of the mechanical mode is typically significantly higher. We measure the equiva-
lent thermal occupation of the mechanical mode using the sideband thermometry tech-
nique [16, 19, 20]. In particular, we send alternating blue-detuned and red-detuned
pulses with equal energies (equal scattering probability), and use the click rates mea-
sured from both pulses to obtain the thermal occupation at the mode of interest [20].
We repeat this measurement with different pulse energies (varying the scattering proba-
bility). In this way we measure the amount of heating and thermal occupation induced
by one single pulse in different cavities. The results are shown in Fig. 4.7a for device A
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and Fig. 4.7b for device B. Furthermore, we measure the thermal occupation in a two
pulse sequence scheme, as it is used in our final experiment (see Fig. 4.4), using the
same technique with an additional red-detuned pre-pulse, 115 ns before the pulses used
to measure the thermal occupation. This red-detuned pre-pulse is used to mimic the
heating of the blue pulse in the experiment. In this measurement we keep the energy
of the sideband asymmetry pulses constant and equal to the value that we use in the
actual experiment (280 f], scattering probabilities 1.2 % (2 %) for cavity A (B)), and only
vary the energy of the pre-pulse. We repeat this measurement in different combinations
of sending the pre-pulse to a cavity (A or B) and measure the thermal occupation of one
of the cavities (A or B). The results for different combinations are shown in Fig. 4.7c-f.
These measurements show that by sending a pulse to one cavity, not only do we heat
that cavity, but some of the thermal energy also heats the other cavity through the beam
splitter. This is clearly visible from the linear increase of the thermal population with
the scattering probability of the pre-pulse and by the higher thermal population com-
pared to the single pulse case (as in Fig. 4.7a and b). Note that, since the cavities have
optical resonances spaced by much more than the optical linewidth and the mechanical
frequencies of interested, the optical pulses that address one cavity does not interact at
all with the other, causing no direct heating. For the pulse energies used in the actual
experiment, we measure 7, 44 = 0.18, s, ap = 0.17, ntp,pa = 0.14 and nyp, pp = 0.17.

SETUP

A sketch of the experimental setup is depicted in Fig. 4.8. We use two continuous-wave
lasers for write and read operations, whose frequencies are locked using feedback from
a wavelength meter. We then filter the GHz noise of the lasers using fiber filters. Both
lasers are pulsed by gating 110 MHz acousto-optic modulators (AOMs) with a digital
pulse generator (P400). The two lines are combined on a polarized beam splitter (PBS1),
and we use fiber polarization controllers (FPCs) on each line to maximize transmission
through PBS1. After combination, the pulses are sent into a lensed fiber at the mixing
chamber of the dilution refrigerator, coupling the optical fields into the device. The cou-
pling efficiency from the fiber to the central optical waveguide (yellow part in Fig. 4.1e)
is 7. = 40%. The reflected light from the device is routed to free-space filter cavities (F1
and F2) using a circulator, in order to filter the write and read pump pulses with suppres-
sion ratio of 94 dB for F1 and 96 dB for F2. The efficiency of the filter setup for the Stokes
and anti-Stokes scattered photons is 77 =~ 30% . When we write on one device and read
the same (AA or BB combinations), using one filter cavity (F1) suffices for our detection.
However, when we write on one device and read the opposite device (AB or BA combina-
tions), we need to use both filter setups (F1 and F2), since the devices have resonances
at different wavelengths. In this scheme, F1 is locked on resonance of one device (A or
B) while F2 is locked to the other resonance (B or A). The anti-Stokes optomechanically
scattered photon from the read pulse passes through F1, while all the pumps and the
Stokes photon are reflected back into fiber. The light is routed to F2 using a circula-
tor which suppresses all pump fields and only allows the Stokes photon to pass. Every
8s the measurement is paused and locking lasers are sent to the cavities to lock them
simultaneously. We use two EOMs to create sidebands at the resonances wavelengths
using light from the read laser and from the write laser to lock F1 and F2, respectively.
We merge both signals from F1 and F2 on a polarizing beam splitter (PBS), and use FPCs
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Figure 4.7: a,b) Thermal occupation of device A and B using a single pulse scheme versus the scattering prob-
ability of the pulse. c-f) Thermal occupation of device A and B in a two pulse sequence scheme, mimicking
the realistic case of the experiment, versus the scattering probability of the pre-pulse. The pre-pulse is sent to
one of the cavities, and the thermal occupation of either the same cavity or the opposite cavity is measured.
Different combinations are specified with the two letters at the top left corner of each plot, with the first letter
indicating the cavity that the pre-pulse is sent to, and the second letter the cavity that is measured.

to maximize transmission of each signal through the PBS. We send the output of PBS
to a SNSPD installed on the quasi 1K stage of our dilution refrigerator. Since the filters
are being locked to two different wavelengths, we observe relatively high leakage from
the pump lasers of opposite wavelength — the write laser pump leaks through F1 and the
read laser pump leaks through F2. This is because the suppression of the filter setup de-
pends heavily on the detuning between the filter resonances and the laser wavelength.
Given the (fixed) free spectral range of the filter cavities, the opposite laser can have a
smaller detuning and so smaller suppression compared to the laser used to lock the cav-
ity. We found that, for the cavities and wavelengths used in the experiments, the leakage
through F1 of the write laser is ~ 10™# clicks on repetition (approximately 3 times higher
than the clickrate from the write pulse passing through F2), and the ones from F2 of the
read laser are ~ 107 clicks on repetition (approximately 1/3 of the clickrate from the read
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Figure 4.8: Detailed sketch of the experimental setup. P400 is the digital pulse generator to create pulses on the
acousto-optic modulators (AOMs). EOMs are electro-optic modulators, BS the beam splitter, PBS the polarized
beam splitter, FPC the fiber polarization controller and SNSPD the superconducting nanowire single photon
detector. Qy, is the mechanical central frequency (5.31 GHz). We have two sets of free-space detection filters
F1 and F2, in order to distinguish the light from different devices A and B, when we excite and read different
cavities (see the text for more details).

pulse passing through F1). In order to temporally distinguish between the leakage of the
pump lasers and the actual Stokes and anti-Stokes scattered photons coming out of the
filter setup outputs, we delay the signal of F1 (the one we use for reading) by 320 ns. In
this way, the leakages are spaced in time from the Stokes and anti-Stokes photons more
than the recovery time of the SNSPDs, and they do not affect the measurement results.

COHERENT DRIVE MEASUREMENT

For the coherent drive measurement, we first gather the click rates given by our quasi-
continuous red-detuned read laser. Because of the optical absorption of the device, the
reading laser creates some thermal occupation in the cavity as well. To independently
calibrate this background and measure only the coherent population of our cavities, we
run a measurement with the same reading power on both cavities, without the coherent
excitation pulse. This gives us the thermal background induced by the reading laser,
which we then subtract from the original data. In order to calculate the normalized
phononic population, we first normalize the click rates by the maximum click rates we
get from the excitation pulse (the peak at zero time delay). We also normalize the click
rates with the optomechanical coupling rate gy, as well as the extrinsic optical couplings
Ke = K —k; of each cavity. In this way, we normalize the phononic population with the
phononic excitation and read-out efficiency.

The measurements for devices with 25 and 100 unit cells in the beam splitter are
shown in Fig. 4.9 for different exciting and reading combinations. As can be clearly
seen, the 25 unit cell device (green) shows behavior of a 80 % transmissive beam splitter,
whereas the 100 unit cell device (orange) of a beam splitter with almost 100 % reflectivity.
This behavior follows our simulations very closely. The decay in the overall population
is mainly caused by dispersion of the waveguides and beam splitters, coming from fab-
rication disorders, as well as residual phononic dissipation.

- 2) S
TWO PHOTON CROSS CORRELATION g\2), VERSUS TIME

In order to measure the two photon cross correlation of the phononic wavepackets, we
use a technique similar to [16] to filter out coincidences in time with finer resolution.
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Figure 4.9: Normalized coherent phononic population of each cavity when either the same cavity (a and d)
or opposite cavities (b and c) are excited. The green (orange) plot on top (bottom) corresponds to a device
consisting of 25 (100) unit cells in the phononic coupler region.

This allows us to obtain the time domain behavior of the phononic packet. The results
for different combinations of the excite and read cavities are shown in Fig. 4.10. The cor-
relation value increases from uncorrelated (1) or classical correlation (2) to non-classical
(>2) value as the phononic wavepacket returns back to the optomechanical cavity, and
again drops down to classical correlation (2) and eventually uncorrelated values as the
packet leave the cavity to the phononic waveguide again.

4.7. 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.

* Inthe design of photonic/phononic crystal structures, consisting regions with dif-
ferent parameters, having an adiabatic change between the parameters is an im-
portant consideration in order to not have reflections and impedance mismatch
at the interfaces. As an example, in the studied device architecture, having similar
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hole size in the phononic waveguide part and the directional coupler is crucial, to
minimize the reflection at the interface of the two and obtain a clean mechanical
spectrum with constant FSR and NMS.

* Having a broad bandwidth on the unit cell simulations, is important in order to in-
crease the yield of the fabricated devices and overcome the perturbations caused
fabrication disorders. We statistically find that the mechanical frequency and fea-
tures may deviate by +150MHz from the simulations after fabricating devices.
This deviation comes from both fabrication uncertainties, as well as other devi-
ations (such as thickness) in the silicon wafers that we use.

» Simulating a device more than 100 um requires a strong hardware in order to not
have too long simulation time. For all the simulations, we simulate devices shorter
than 90 um in order to have a sensible simulation time. However, the simulated
device should be long enough to have the waveguide length much longer than the
optomechanical cavity part and the lead waveguide part (for more details see 3.5).

e Before the ccoldown, we first perform simple characterization of our fabricated
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devices in room temperature and ambient pressure, so check the optical and me-
chanical spectrum. However, because of the broad features of mechanical peaks
in room temperature and ambient conditions, the mechanical peaks that are less
than 5 MHz distant are not resolvable in the spectrum of the devices. Therefore,
for the basic characterization of the chip in these conditions, we always fabricate
shorter devices (with larger FSR and NMS), matching our simulated version of the
device, in order to be able to visualize the NMS and FSR. After this checks, we
cooldown and measure the longer devices in mK temperatures.
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CONCLUSION

"Knowledge is a deadly friend, if no one sets the rules”

[King Crimson - Epitaph]

In this thesis, we presented a platform based on routing highly confined GHz phonons
for hybrid quantum networks and processors. This platform is scalable and can be used
to integrate with different types of quantum systems such as photons (optomechanics)
and superconducting qubits potentially. The use of GHz phonons, makes it possible to
reach quantum ground state by passively cooling down the fabricated chip in a dilu-
tion refrigerator. Moreover, high frequency phonons have proven to be perfect interme-
diaries to couple different quantum systems, as they can efficiently couple to various
quantum systems such as photons, superconducting and solid state qubits. The milli-
second long lifetime of highly confined phonons in these structures, makes them robust
against decoherence and is promising for quantum memory applications. Furthermore,
highly confined phonons are perfect candidates for making scalable quantum devices
with small foot-print. Our devices are suspended silicon structures with thickness of
250 nm with lateral extension of about only a few um. The lateral extension includes the
phononic structures that we use to support our phononic waveguides and simultane-
ously protect the 5 GHz phonons from dissipating into the silicon thin film. The actual
size of our phononic waveguide is only 530 nm.

We started with the first step of routing confined single phonons in quasi 1D struc-
ture of phononic crystal waveguides in 2. The platform consists of an optomechanical
cavity, which we use as a source and detector for phonons, coupled to a phononic waveg-
uide. We showed that we can efficiently excite, route, and capture single mechanical ex-
citations with our device. We also showed that this device can, in principle, be used for
time-multiplexing quantum information and be used as a multimode optomechanical
quantum memory.

Afterwards, in chapter 3 we improved the design of our phononic waveguide, as well
as our fabrication recipe, leading to a significantly better quantum performance and re-
producibility. We used this platform, to entangle two traveling phonons in time using
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optomechanical heralding, and then showed the quantum nature of the system by vi-
olating Bell inequality. The findings of this chapter, strongly proves that this platform
can be employed to route quantum information - i.e. a traveling entangled state - on
chip, useful for realizing hybrid quantum devices on a chip at a node of a quantum net-
work. The optomechanical Bell-test further promises that this platform can be used as a
multimode quantum memory as well.

In chapter 4, we move one step closer towards having a complete on-chip platform
for having full coherent control over single phonons. In this work, we realized a phononic
directional coupler, measured and characterized it in both classical and quantum regime.
Directional couplers are useful for creating entanglement on a chip between different
spots. They can also be employed for classical applications such as information and
power multiplexing. We showed that the splitting ratio can be varied by changing the
coupler length and measured splitting of a coherent state of phonons for devices with
different coupler length. We further proved single phonon splitting using a 50:50 beam
splitter device.

With all these building blocks together, in this thesis we developed parts of a tool-
box for having a full coherent control over highly confined mechanical vibrations on a
chip. That would include phononic waveguides for routing, and phononic directional
couplers for multiplexing. These platforms together with a phononic phase shifter, com-
plete the toolbox for any on-chip quantum acoustic experiments and linear mechanical
quantum operations. Our designs can also be integrated with other types of quantum
systems, such as superconducting qubits without any major modification.

We use optomechanical interaction as a technique to excite and detect mechani-
cal excitation in our devices. This process is highly probabilistic because of the weak
phonon-photon interaction at low laser powers. While the excitation laser is kept low
in order to avoid multi-phonon excitations, the reading laser power can be increased
(which essentially increases the optomechanical coupling strength) to have a determin-
istic reading. However, due to the optical absorption in silicon devices, higher laser
power leads to larger thermal heating of the device and eventually larger thermal phonon
occupation, deviating from the ground state condition. This heating process is domi-
nated by the defects on the surface of the silicon, created by dangling free bonds after
fabrication that causes oxidation of the silicon surface [1, 2]. Therefore, this issue can
be overcome, by doing further surface treatment and passivation of silicon devices [3].
Another alternative to improve the optical absorption and quantum performance is us-
ing 2D silicon structures, that are designed to dissipate thermal energy into the substrate
of the material [4]. These structures tolerate more laser power, without deviating much
from the mechanical ground state. While all these systems still rely on optomechan-
ical interactions, one could replace the optomechanical cavity with a piezo resonator
connected to a superconducting qubit [5]. In this way, strong coupling between the su-
perconducting qubit and the phonons can be achieved. By utilizing the nonlinearity
of superconducting qubits, deterministic excitation and detection processes can be ob-
tained [6, 7].
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