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Abstract

Solid-state atomic defects–known as quantum emitters–in diamond are a valuable
technology for quantum networking and computing due to their optically active tran-
sitions that interface on-chip systems with flying photons as well as their long-lived
spin transitions that function as quantum memories. These advantages motivate the
development of quantum emitter interfaces that can allow other technologies, such
as superconducting circuits, nanomechanical resonators, and telecom optical cavities
to interact with quantum emitters. Here, we propose two devices that allow these
systems to efficiently interact via spin-phonon interactions with Group IV Silicon va-
cancy (SiV−) centers in diamond. First, we design and simulate a spin-optomechanical
interface with ultrasmall mechanical and optical mode volumes (𝑉mech/Λ

3
p ∼ 10−5

and 𝑉opt/𝜆
3 ∼ 10−3, respectively) to interface SiV− centers with a telecom optical

mode for quantum networking. Next, we design and simulate an electromechanical
transducer that generates tripartite strong coupling from a superconducting circuit
and SiV− electron spin to an intermediary phonon mode (with ultra-high coopera-
tivities (∼103 and ∼102, respectively). Finally, we discuss the deployment of these
two devices in quantum information protocols: heralded entanglement using our spin-
optomechanical interface; and superconducting circuit-to-spin quantum transduction,
information storage, and networking using our spin-electromechanical transducer.

Thesis Supervisor: Dirk Robert Englund
Title: Associate Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

Quantum information systems are evolving at an incredible pace. Today, several

different modalities hold promise for quantum computing and networking, including

superconducting systems, trapped ions and neutral atoms, atomic defects and quan-

tum dots in solid state, and flying photons. It is becoming increasingly clear that

each "quantum modality" holds its own set of advantages and disadvantages in areas

such as computing speeds, gate fidelities, coherence times, and networking capabili-

ties. As such, there is great interest in the quantum information science community

in interfacing different quantum modalities in hybrid quantum systems.

In this introduction, we will motivate the use of one bosonic carrier of quantum

information–the acoustic phonon–as a method of transducing information from one

quantum modality to another. In 1.1, we will explain the fundamentals of acoustic

phonons including a direct analog to the math that describes photonic modes. In

1.2, we will then preface the methods by which phonons interact with various qubit

modalities. Finally, in 1.3, we will outline the devices researched in this thesis,

including their physical anatomy and operational protocols as intended for use in

quantum systems.

21



1.1 Quantum information processing with acoustics

Acoustic phonons have been coined the "universal transducers" of quantum informa-

tion for their ability to interact with a multitude of disparate quantum systems [135].

Phonons are the mechanical excitations of a system, analogous to photons which are

the electromagnetic excitations of a medium. The word "phonon" may refer to the

vibrational modes of an atomic or atom-like system, or it may refer to the resonant

vibrations of a mechanical resonator or waveguide. In this paper, we will focus on the

GHz-frequency phonons of mechanical resonators, which can interact with microwave

superconducting circuits, atomic spin defects, and photonic crystals, among other

systems.

Acoustic phonons can be understood by analogy to photons. The photonic modes

of a system are determined by solving Maxwell’s equations in a medium. By com-

bining Faraday’s law and Ampere’s law, one can write an eigenmode equation for the

electric field in a closed system as

𝜔2H = ∇×
(︂

1

𝜇𝜖
∇× H

)︂
, (1.1)

where H is the eigenmode magnetic field and 𝜖 is the permittivity tensor of the

system. Similarly, one can write an eigenmode equation for phonons in an elastic

medium using the stress-strain relation and Newton’s second law for a point in an

elastic medium, respectively:

𝑇𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙𝑆𝑘𝑙 =
𝑐𝑖𝑗𝑘𝑙
2

(𝜕𝑘𝑄𝑙 + 𝜕𝑙𝑄𝑘) , (1.2)

𝜌𝜕2𝑡𝑄𝑖 = 𝜕𝑗𝑇𝑗𝑖. (1.3)

Combining these equations gives an eigenvalue problem for the displacement eigen-

mode Q of an elastic medium,

𝜌𝜕2𝑡𝑄𝑖 = 𝜕𝑗

[︁𝑐𝑖𝑗𝑘𝑙
2

(𝜕𝑘𝑄𝑙 + 𝜕𝑙𝑄𝑘)
]︁
. (1.4)
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A few features characterize the usefulness of phonons in quantum information

processing. Firstly, phonons feature a dispersion ratio like photons, and can therefore

be stationary or flying bosonic carriers of quantum signals. Secondly, phonons do not

radiate into vacuum unlike photons, instead only dissipating into the bulk of a medium

in which they are housed via coupling to an environmental phonon bath. Hence,

at cryogenic temperatures where the occupancy of GHz phonons is low, and with

appropriate bandstructure engineering, phonons are a long-lived carrier of quantum

information on chip. Finally, as we will explain in the next section, phonons can

nearly-universally interact with other qubits.

1.2 Interaction of phonons with other qubits

Because vibrations are essentially universally present in physical systems, the quan-

tized vibrations of phonons can be used to interact with qubit modalities across the

range of current quantum computing hardware. For instructive purposes, we delin-

eate these interactions below for systems such as trapped ions, neutral atoms, flying

photons, superconducting circuits, and atom-like emitters in solid state. In this thesis,

we will proceed to focus on phonon interactions with optical cavities, superconducting

circuits, and quantum emitters in dielectric and semiconducting media.

1.2.1 Trapped Ion- and Neutral Atom-Phonon Interactions

In trapped ion and neutral atom quantum systems, single ions or atoms are held

at specified locations in vacuum using oscillating electric potentials [32] or optical

tweezers [11, 65, 154]. As such, these individual atoms are relatively well-isolated from

their surroundings, leading to long lifetime quantum bits. However, this isolation also

makes it difficult to communicate between qubits through multi-qubit gates, which

are essential for quantum information processing.

Phonons–in this case, the vibrational states of each ion ensemble–resolve this issue

by allowing communication between these ions or atoms, as depicted in Fig. 1-1. The

multi-qubit gates that result by coupling phonons across multiple ions or atoms to
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Figure 1-1: Molmer-Sorensen gate between two atoms [141]. (a) Illustration of laser
addressing of two atoms at laser frequencies 𝜔1 and 𝜔2. (b) Energy level diagram
of the atom’s internal excitation states as well as the phonon number occupying
the ensemble vibrational state. (c) Intefering transition paths utilizing the ensemble
vibrational state.

their internal excitation states are known as Molmer-Sorensen gates [141]. These are

described by the Hamiltonian

𝐻 = ℏ𝜔𝑣𝑖𝑏
(︂
�̂�†�̂�+

1

2

)︂
+ ℏ𝜔𝑒𝑔

∑︁
𝑖

�̂�𝑧𝑖
2

+
∑︁
𝑖

ℏΩ𝑖

2

(︁
�̂�+𝑒

𝑖(𝜂𝑖(�̂�+�̂�†)+𝜔𝑖𝑡) + H.c.
)︁
, (1.5)

where 𝜔𝑣𝑖𝑏 is the vibrational frequency of the phonon, 𝜔𝑒𝑔 is the internal excitation

frequency of each atom or ion, 𝜔𝑖 and Ω𝑖 are the frequency and Rabi frequency of

the laser addressing the 𝑖th atom or ion, and 𝜂𝑖 is the 𝑖th atom or ion’s excitational-

vibrational state interaction strength. This phonon-atom interaction has been used to

develop a variety of multi-qubit operations in trapped ion [84, 54, 1, 137] and neutral

atom [107, 98] quantum systems. The use of phonons as an information carrier in

trapped ion and atom quantum gates is instructive as phononic architectures and

algorithms for other systems develop.

1.2.2 Quantum Optomechanical Interactions

The interaction of light with solid matter via radiation pressure forces is a remarkable

phenomenon whose discovery dates back to the 17th century [68, 12]. In recent years,
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Figure 1-2: Canonical optomechanical interaction picture. An optical cavity formed
by two mirrors is coupled to a spring via one moving mirror. The pressure of photons
impinging on the cavity induces vibrations in the spring, causing the resonant optical
cavity frequency to change.

these interactions have been pushed to the single quantum limit of cavity optome-

chanics. In this regime, single phonons perturb optical modes of micro- or nano-scale

devices, resulting in a coupling between mechanical and optical displacement fields.

The Hamiltonian describing this interaction, the canonical example of which is an

optical cavity coupled to a spring (Fig. 1-2), can generally be written as

�̂� = ℏ𝜔𝑎�̂�†�̂�+ ℏ𝜔𝑏�̂�†�̂�+ ℏ𝑔𝛼
(︀
�̂�† + �̂�

)︀ (︁
�̂�† + �̂�

)︁
, (1.6)

where �̂� and �̂� are the creation and annihilation operators of the photonic and phononic

modes of a closed system, respectively, and 𝜔𝑎 and 𝜔𝑏 are the respective resonant

frequencies of these modes. The coefficient 𝑔 represents the single-photon coupling

between modes, governed by the refractive index change in a material due to phonon-

induced strain (photoelastic effect) and the change in boundary conditions of an

optical structure due to phonon-induced displacement (moving boundary effect) [42].

Finally, 𝛼 reprsents the average photon number in the optical cavity. This descrip-

tion generalizes the canonical example to optomechanical structures with arbitrary

geometry.

Cavity optomechanics has been proposed and implemented in a variety of appli-

cations in quantum information science, including cat state generation [4], sensing

[57, 86], and energy transduction between microwave photons and optical photons

[105, 161, 22]. We will describe the use of cavity optomechanics–a particular im-

plementation of photon-phonon interactions in resonant structures–for quantum net-
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working in Chapter 2 of this work.

1.2.3 Superconducting Circuit-Phonon Interactions

The coupling between microwave electronic circuits and mechanical waves is an old

phenomenon dating back to the development of surface acoustic waves [126] in piezo-

electric materials [25, 164]. With the development of superconducting microwave

circuits, including nonlinear circuits used in superconducting qubits, this coupling

between electric fields and acoustic modes has been pushed to the limit of a single

superconducting circuit excitation driving or hybridizing with mechanical modes of

on-chip systems [112, 96]. In the example of microwave electromagnetic resonators

coupled to mechanical oscillators, the circuit-phonon interaction picture is described

by the same Hamiltonian as the cavity optomechanical picture. In the case of a super-

conducting two-level system coupled to a mechanical oscillator, the Jaynes-Cummings

Hamiltonian,

�̂�𝐽𝐶 = 𝑔
(︁
𝜎+�̂�+ 𝜎−�̂�

†
)︁
, (1.7)

more accurately describes the interaction picture. Here, 𝜎± are the ladder operators

of a two-level system, and 𝑔 describes the coupling between electric and mechanical

modes.

Superconducting qubit-phonon interactions have been utilized in a multitude of

demonstrations, including ground state cooling and single quantum control of a

phonon mode [112], mechanical resonator tomography and entanglement [158], and

quantum computing with mechanical memories [114]. They have found applica-

tions in bosonic quantum information schemes and proposals [55, 163] as well as

the microwave-to-optical transduction efforts cited above. In this work, we will focus

on the use of superconducting qubit-phonon transduction as an intermediary step

towards spin-phonon coupling.
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1.2.4 Phonon-Spin Interactions in Quantum Emitters

Typically, phonon interactions with solid-state quantum emitters are an unavoidable

dephasing mechanism that decreases the lifetime of solid-state quantum bits [35, 46,

118]. Phonon excitations result in fluctuations and strains in the crystal environment

surrounding emitters such as nitrogen vacancy (NV−) centers, Group IV color centers,

and other emitters in diamond, silicon, etc. These fluctuations change the inter-

atomic distances between the atoms defining emitters, coupling emitters to the phonon

bath and leading to decoherence.

However, if a particular mechanical mode is engineered to strongly interact with

the spin degree of freedom of a quantum emitter, then undesirable phonon coupling

can become an advantage that can be leveraged in quantum information protocols.

Quantum emitters interact with mechanical modes via spin-strain coupling, in which

the strain generated by mechanical displacement strongly interacts with the spin

energy levels of quantum emitters via their spin-strain susceptibilities. The interaction

Hamiltonian that describes this picture is the Jaynes-Cummings Hamiltonian between

a true two-level system and a bosonic mode, shown above [111].

Mechanical interfaces with spins have been used for quantum control of diamond

emitters [49, 50, 95, 94] and probing the physical properties of quantum emitters in

probing experiments [102], but the general area of research is still rapidly growing. In

this work, we will describe one possible implementation of a spin-mechanical interface

in the form of a nanoscale mechanical resonator embedded with a quantum emitter.

1.3 Devices Discussed in this Work

In this work, we focus on implementing three of the above phenomena in two dif-

ferent devices and protocols. In Chapter 2, we discuss the implementation of spin-

mechanical coupling in and optomechanical coupling in a spin-optomechanical inter-

face. We will describe the concept, design, and simulation of this device and outline

its use in quantum networking protocols.

In Chapter 3, we describe a spin-electromechanical transducer that implements
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spin-phonon and superconducting circuit-phonon coupling in a direct quantum trans-

duction protocol. We propose the use of this device and protocol in a quantum

memory register and in an optical interface with integrated node memory for super-

conducting quantum processors.
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Chapter 2

Spin-Optomechanical Interfaces

We propose a coherent mechanical interface between defect centers in diamond and

telecom optical modes. Combining recent developments in spin-mechanical devices

and optomechanical crystals, we introduce a 1D diamond nanobeam with embedded

mechanical and electric field concentrator with mechanical and optical mode volumes

𝑉mech/Λ
3
p ∼ 10−5 and 𝑉opt/𝜆

3 ∼ 10−3, respectively. By placing a Group IV vacancy

in the concentrator we demonstrate exquisitely high spin-mechanical coupling rates

approaching 40 MHz, while retaining high acousto-optical couplings. We theoretically

show that such a device, used in an entanglement heralding scheme, can provide high-

fidelity Bell pairs between quantum repeaters. Using the mechanical interface as an

intermediary between the optical and spin subsystems, we are able to directly use

telecom optics, bypassing the native wavelength requirements of the spin. As the

spin is never optically excited or addressed, we do not suffer from spectral diffusion

and can operate at higher temperatures (up to 40 K), limited only by thermal losses.

We estimate that based on these metrics, optomechanical devices with high spin-

mechanical coupling will be a useful architecture for near-term quantum repeaters.

2.1 Background and Motivation

The interaction of light with solid matter via radiation pressure forces is a remark-

able phenomenon whose discovery dates back to the 17th century [68, 12]. In re-
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cent decades, progress on understanding and engineering this light-matter interac-

tion has produced groundbreaking experiments in cavity optomechanics, including

laser feedback cooling [10], parametric light-matter processes in kg-scale [34] and

picogram-scale [42, 41, 29] optomechanical systems, and laser cooling of mechani-

cal modes to their ground state [156, 29]. These quantum optics-like experiments

have paved the way for optomechanical devices to be used in quantum transduc-

tion [150, 105, 45, 60, 161] and entanglement [129, 165].

Solid-state vacancy-defect complexes are a developing technology that is com-

plementary to cavity optomechanics. These complexes are atomic defects in dielec-

tric media, such as diamond, can be intentionally implanted into a dielectric lat-

tice [30, 56]. The free electron spin or nuclear spin of the resulting vacancy centers

in the lattice can be coherently controlled as solid state quantum bits [30]. Addi-

tionally, research efforts demonstrating acoustic control of spin centers has opened

the door to multi-modality quantum systems, such as spin-optomechanical interfaces

[131, 95, 136]. These complex coupled systems can potentially allow for dark-state op-

eration of spin centers, optical-to-spin quantum transduction, and new architectures

for quantum repeaters in a quantum network.

Here, we propose an ultra-small mode volume spin-optomechanical interface in

diamond for strong coupling between the mechanical mode of an optomechanical res-

onator and an embedded group IV defect-vacancy complex. Our device introduces an

optical resonance to previous ultra-small mechanical cavities for spin interfacing [134],

while also improving previous mechanical mode volumes. We show that this device

can be used to interact with a vacancy without optically exciting the spin at its native

wavelength, operating at the cavity wavelength instead through a optomechanically

mediated interaction. Hence, we explore the use of this spin-optomechanical interface

in entanglement protocols in a quantum network.
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Figure 2-1: Diamond 1D nanobeam OMC with embedded concentrator, drawing from
previous examples in silicon [42, 29] and diamond [23, 24, 95] as well as ultrasmall
mode volume photonic and phononic crystals [31, 134]. (a) Diagram of the nanobeam
photonic crystal. Free parameters include taper width 𝑏; unit cell period as a function
of cell number 𝑛, 𝑎(𝑛); unit ellipse width ℎ𝑥(𝑛) and height ℎ𝑦(𝑛); and beam width 𝑤
alongside beam thickness 𝑡. (b) Plot of quadratically varying 𝑎(𝑛), ℎ𝑥(𝑛), and ℎ𝑦(𝑛)
on either side of the beam center. This characterizes the cavity with parameters
(𝑎, 𝑎𝑑, ℎ𝑥, ℎ𝑥𝑑 , ℎ𝑦, ℎ𝑦𝑑 , 𝑤, 𝑡, 𝑏) = (577.5, 456.75, 200, 341.25, 700, 220.5, 913.5, 250, 60)
[nm]. (c) optical and (d) mechanical bandstructure for the mirror unit cell of the
cavity, providing a 28.7 THz bandgap around and a 2.41 GHz mechanical bandgap.
(e) mechanical displacement and (f) electric field norm profiles of the 5.34 GHz me-
chanical mode and 197.5 THz optical mode of the cavity.

2.2 Theory of Spin-Optomechanical Coupling

A spin-optomechanical interface accomplishes two effects. First, it couples the pho-

tonic mode of a photonic crystal cavity to the phononic modes of the crystal in a

pump-driven interaction. Next, it couples the spin transition of a solid-state color

center to the same phononic modes. Let us denote the operating frequency of the

photonic mode as 𝜔a, the spin transition frequency as 𝜔𝜎, and the pump beam fre-

quency as 𝜔p. Without loss of generality, we assume only a single phononic mode Ω

is nearly resonant with the pump detuning, such that ∆ = 𝜔p − 𝜔a ≈ Ω. Then we

can simplify the system Hamiltonian by considering only a single phononic mode. In

this picture, the unperturbed Hamiltonian �̂�0 can be written as

�̂�0 = ℏ𝜔a�̂�
†�̂�+ ℏΩ�̂�†�̂�+

ℏ𝜔𝜎
2
�̂�z. (2.1)
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Here, �̂�†, �̂� and �̂�†, �̂� are the ladder operators of the photonic and phononic modes,

respectively, and �̂�𝑗 is the spin qubit’s 𝑗-Pauli operator.

Additionally, the parametric coupling between the mechanical and optical res-

onators takes the form �̂�om = ℏ𝑔om�̂�†�̂�
(︁
�̂�† + �̂�

)︁
, i.e., an optical resonance shift de-

pendent on the position of the mechanical resonator. To linearize this interaction, we

drive the optical cavity with a pump 𝜔p = 𝜔a + ∆. By applying the rotating wave

approximation and rewriting the photon ladder operators around a mean population

𝑎 as �̂� → 𝑎 + �̂�, we arrive at the typical optomechanical interaction Hamiltonian in

the blue-detuned regime,

�̂�om = ℏ𝑔om𝑎
(︁
�̂�†�̂�† + �̂��̂�

)︁
. (2.2)

Next we consider the spin-mechanical interaction. In a spin-strain interaction picture,

this is generated by deformation-induced strain causing a level shift in the spin qubit

transition energy. This level shift is described by the spin-mechanical interaction

Hamiltonian

�̂�sm = ℏ𝑔sm
(︁
�̂�+�̂�+ �̂�−�̂�

†
)︁
. (2.3)

Here, 𝑔sm is the strain-induced coupling by the zero-point fluctuation of the me-

chanical resonator and 𝜎± = 1√
2
(𝜎x ± 𝑖𝜎y). As such, any phonon excitation will

induce zero-point coupling between the spin qubit and resonator phonon and vice

versa. Then the full system Hamiltonian is

�̂� = �̂�0 + �̂�om + �̂�sm. (2.4)

To devise an efficient spin-optomechanical interface, we maximize 𝑔sm and me-

chanical quality factor 𝑄mech while maintaining high 𝑔om. We review a device design

that achieves parameters below.
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2.3 Device Design and Simulations

2.3.1 Design Summary

At the core of our proposal is a strain concentrator embedded in a one-dimensional

optomechanical crystal (1D OMC) (Fig.2-1a). The 1D OMC consists of a nanobeam

with periodically etched ellipses that are adiabatically morphed into a defect cell. We

then modify the central unit cells by tapering to a width 𝑏 using a hyperbolic curve.

By COMSOL finite element method (FEM) simulation, we predict an optical mode

of frequency 𝜔a/(2𝜋) ≈ 197.5 THz and 𝑄opt ≈ 3.6×104 (Fig. 2-1(f)), which lies in the

mirror cells’ 28.7 THz optical bandgap from 175.28 THz to 203.98 THz (Fig. 2-1(b)).

We predict an acoustic resonance around Ω = 5.34 GHz (Fig. 2-1(e)) between the 2.41

GHz acoustic bandgap from 4.96 GHz to 7.37 GHz (Fig. 2-1(d)). In optomechanical

crystals, single photon-to-single phonon coupling between a photonic cavity mode

and a mechanical resonant mode arises due to the cavity frequency shift induced by

the acoustic displacement profile, normalized to the zero-point fluctuation [62, 132]

𝑔om =
𝜕𝜔

𝜕q
𝑥zpf . (2.5)

Note here that the cavity zero-point fluctuation can be approximated using the res-

onator’s effective mass 𝑚eff as

𝑥zpf =

√︂
ℏ

2𝑚effΩ
,𝑚eff =

∫︀
𝑉
𝑑rQ*(r)𝜌(r)Q(r)

max(|Q(r)|2)
. (2.6)

Here, Q(r) is the mechanical displacement profile and 𝜌(r) is the density profile (either

𝜌diamond or 0).

This consists of two explored effects: the moving boundary effect (shift due to

moving vacuum-dielectric boundary conditions resulting from mechanical displace-

ment) and the photoelastic effect (frequency shift due to the sum of strain-induced

local refractive index changes in the crystal). The vacuum moving boundary coupling

𝑔𝑚𝑏 can be written as [42, 62]
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Figure 2-2: Spin-mechanical coupling profile in the nanobeam. (a) xy slice of spin-
mechanical coupling. (b) 𝑔𝑠𝑚 as a function of Euler angle 𝛼 where the preferred
crystal orientation is starred. (c) 𝑔𝑜𝑚 as a function of 𝛼 where the preferred crystal
orientation is starred.

𝑔mb

𝑥zpf
= −𝜔a

2

∫︀
𝑆
(Q(r) · n)

(︂
∆𝜀
⃒⃒
𝑒‖
⃒⃒2 −∆(𝜖−1)

⃒⃒⃒
𝑑
⊥
⃒⃒⃒2)︂

𝑑𝐴

max(|Q|)
∫︀
𝜀(r)|e(r)|2𝑑3r

. (2.7)

The photoelastic coupling 𝑔pe can be expressed as [132]

𝑔pe
𝑥zpf

= −𝜔a

2

∫︀
𝑉
e · 𝛿𝜖 · e𝑑3r

max(|Q|)
∫︀
𝑉
𝜖(r)|e(r)|2𝑑3r

. (2.8)

Here, e(r) is the cavity electric field profile. Expanding the integrand in the
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numerator of (2.8), we can write that as [28]

e · 𝛿𝜖 · e = e ·
(︂
𝜀2
pS

𝜀0

)︂
· 𝑒 (2.9)

= e ·
(︀
𝜖0𝑛

4𝑝𝑖𝑗𝑘𝑙(𝛼)𝑆𝑘𝑙
)︀
· e. (2.10)

Here, we note that 𝑝𝑖𝑗𝑘𝑙 is a function of the diamond crystallographic orientation

relative to the device geometry, which runs along �̂� in the 𝑥𝑦-plane. Parametrized by

𝛼 (the angle between the [100] crystal axis and the longitudinal axis of the nanobeam),

the rotated 𝑝𝑖𝑗𝑘𝑙 is given by [28]

𝑝𝑖𝑗𝑘𝑙(𝛼) = 𝑅(0, 𝛼)𝑖𝑞𝑅(0, 𝛼)𝑗𝑟𝑅(0, 𝛼)𝑘𝑠𝑅(0, 𝛼)𝑙𝑡𝑝𝑞𝑟𝑠𝑡, (2.11)

where

𝑅(𝜃, 𝜑) =

⎡⎢⎢⎢⎣
cos𝜑 sin𝜑 0

− cos 𝜃 sin𝜑 cos 𝜃 cos𝜑 − sin 𝜃

− sin 𝜃 sin𝜑 sin 𝜃 cos𝜑 cos𝜑

⎤⎥⎥⎥⎦ . (2.12)

In our simulations, we used (𝑝11, 𝑝12, 𝑝44) = (−0.25, 0.043,−0.172) [83]. As shown

in Fig. 2-2(c), we find that the anisotropic nature of the photoelastic tensor yields

a variation in 𝑔𝑃𝐸 of about 7% with 𝛼, maxing out at 𝑔pe/(2𝜋) = 316 kHz for

𝛼 = 𝜋/4, 3𝜋/4 rad. Summing with 𝑔mb/(2𝜋) ≈ −116 kHz, we find a total vacuum

coupling rate 𝑔om/(2𝜋) = 200 kHz.

The ultimate spin-phonon coupling is a function of the strain-induced 𝑔sm profile

(Fig. 2-2(a)). We use 𝑔sm to indicate the effective spin-orbital coupling resulting

from a change in SiV− transition frequency as a function of displacement-induced

strain [111],

𝑔sm(r) = 𝑑
(𝜖𝑥𝑥(r)− 𝜖𝑦𝑦(r))

𝑚𝑎𝑥(|Q|)
𝑥zpf . (2.13)

Here, 𝑑 ≈ 1 PHz/strain is the strain-susceptibility parameter describing the mixing of

SiV− orbitals, and 𝜖𝑥𝑥 and 𝜖𝑦𝑦 describe the strain tensor components of the SiV−. [56,

102, 111]. The SiV− {𝑥, 𝑦, 𝑧}-axis is offset from the diamond {𝑥0, 𝑦0, 𝑧0} axis by polar

angle 𝜃 = arcsin
√︀

2/3 rad and azimuthal angle 𝜑 = 𝜋/4 rad [56]. So, to get 𝜖𝑥𝑥 and
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𝜖𝑦𝑦 of the SiV− from crystal tensor components, we apply the rotation operation

𝜖𝑖𝑗𝑘𝑙 = 𝑅(𝜃, 𝜑)𝑖𝑞𝑅(𝜃, 𝜑)𝑗𝑟𝑅(𝜃, 𝜑)𝑘𝑠𝑅(𝜃, 𝜑)𝑙𝑡𝜖0𝑞𝑟𝑠𝑡(𝛼). (2.14)

2.3.2 FEM Simulations of Optomechanical Crystal

The diamond optomechanical crystal was designed and simulated using the finite

element method (FEM) in COMSOL Multiphysics 5.4. Simulations began with the

analysis of a nanobeam unit cell. Mechanically, we simulate the eigenmodes of the

unit cell with Floquet boundary condition defined by

Q(𝑥) = Q(𝑥)𝑒𝑖𝑘𝑥𝑥, (2.15)

where Q(𝑥) is the mechanical displacement profile at a given 𝑥 and 𝑘𝑥 ∈ {0, 𝜋
𝑎
}.

Similarly, the simulate the electromagnetic eigenmodes using the Floquet boundary

equation

e(𝑥) = e(𝑥)𝑒𝑖𝑘𝑥𝑥, (2.16)

where e(𝑥) is the electric field at a given 𝑥. Bandstructures for these simulations

are shown in Fig. 2-1c-d in the main text. After locating optical and mechanical

bandgaps, the unit cells were varied by changing unit cell parameters {𝑎, ℎ𝑥, ℎ𝑦} to

their "defect unit cell" values of {𝑎𝑑, ℎ𝑥𝑑 , ℎ𝑦𝑑} to re-simulate mechanical and optical

bandstructures at the Γ point (for the mechanical breathing mode) and the X point

(for the electromagnetic confined mode). Finally, the central two unit cells were mod-

ified to add the concentrating taper. A rectangular section of length 2𝑎𝑑 and height

2ℎ𝑦𝑑 was subtracted from the center of the crystal, connecting the two central ellipses.

Next, the central taper was filled according to the intersection of the rectangular top

and bottom lines with two hyperbolic curves following the (right hand side) equation

(mirrored on the left-hand side)

𝑥(𝑦) =
𝑐1
𝑐2

√︁
𝑐22 + 𝑦2, 𝑐1 =

𝑏

2
, 𝑐2 =

𝑏ℎ𝑦𝑑
2𝑎𝑑

. (2.17)
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This resulted in the geometry shown in Fig. 2-1a. The completed nanostructure

was then simulated using the Solid Mechanics and Electromagnetic Waves, Frequency

Domain (ewfd) physics modules and Eigenmode solver in COMSOL. The introduction

of a central taper necessitated further modifying of the defect unit cell parameters,

so {𝑎𝑑, ℎ𝑥𝑑 .ℎ𝑦𝑑} were varied slightly to induce optical and acoustic modes that were

near the center of the optical and acoustic band gaps, respectively, of the mirror unit

cells.

The mechanical (clamping) and optical 𝑄s (Fig. 2-4) were calculated as a function

of central bridge width 𝑏 for the high-𝑔𝑜𝑚-and-𝑔𝑠𝑚 breathing mode (Fig. 2-1).

From these simulations, we find that 𝑄𝑚𝑒𝑐ℎ will likely not limit the overall me-

chanical quality factor. 𝑄𝑜𝑝𝑡 can likely be tuned for each 𝑏 according to radiation

cancellation [31], but for our heralded entanglement protocol, 𝑄𝑜𝑝𝑡 primarily dictates

the detection rate of a photon-phonon pair generation event. This leakage rate should

be greater than the rate of phonon decay (i.e. 𝜅𝑜𝑝𝑡 ≡ 𝜔𝑎

𝑄𝑜𝑝𝑡
> Ω

𝑄𝑚𝑒𝑐ℎ
≡ 𝜅𝑚𝑒𝑐ℎ) to ensure

the acoustic phonon is not lost by the time the accompanying photon is detected.

Hence, it is not important (nor necessarily favorable) for us to optimize 𝑄𝑜𝑝𝑡 in this

paper.

2.3.3 Calculation of Spin-Phonon Coupling

Spin-phonon coupling was calculated using FEM simulations in COMSOL. The Euler

angle 𝛼 representing the in-plane rotation of the diamond crystal orientation relative

to the 𝑥-axis of the nanobeam was swept as 0∘ ≤ 𝛼 ≤ 180∘. For the subsequent

calculations of 𝑔𝑠𝑚, we assume that the diamond crystal 𝑧-axis is oriented along the

high-symmetry axis of the defect [111], 𝑥 along [1̄1̄2], and 𝑦 along [1̄10], such that the

SiV− experiences [111]

𝜖𝑥𝑥 − 𝜖𝑦𝑦 =
1

3

(︁
− 𝜖11 − 𝜖22 + 2𝜖33 + 2(𝜖12 + 𝜖21)− (𝜖13 − 𝜖31)− (𝜖23 + 𝜖32)

)︁
. (2.18)

The 𝑔𝑠𝑚 for each 𝑏 was calculated by taking the coupling at the middle of the

right-edge of the central taper at ten slices from 𝑧 = 𝑡𝑑 to 𝑧 = 0. This was done
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to reduce numerical noise in the FEM simulation that resulted from extremely small

elements experiencing dramatic deformation without increasing the mesh density to

untenable levels.

We note here that there is a distinction between the strain-orbital coupling 𝑑 =

𝜖𝑥𝑥 − 𝜖𝑦𝑦 and the spin-strain coupling 𝑔𝑠𝑚 dependent on the applied magnetic field.

However, based on Appendix A in [123], the spin-strain coupling can become compa-

rable to the strain-orbit coupling when the vector magnetic fields reach values of ∼ 2

T. This is achievable with commercially available vector magnets that can be added

to cryostats. The plot of increasing magnetic field–including the required longitudinal

and transverse components to maintain a spin transition frequency of 5.34 GHz, are

shown in Fig. 2-11.

2.3.4 Spin-Phonon and Optomechanical Coupling Trends

Note that 𝑔sm varies by location in the cavity; as such, we have plotted the location

of maximum 𝑔sm in our cavity for each mechanical mode in Fig. 2-2(b). We find that

𝑔sm is maximized at an angle 𝛼 = 3𝜋/4 rad, with a maximum value 𝑔sm/(2𝜋) ≈ 41

MHz, owing to phase matching between 𝜖0𝑦𝑦 and (𝜖0𝑥𝑦 + 𝜖0𝑦𝑥) terms (see Appendix

B).

We note here the impact of changing 𝑏: as 𝑏 is decreased, the optical and acoustic

mode profiles become more strongly influenced by the concentrator, whereas for larger

𝑏 the modes are spread across the neighboring defect cells. Mechanically, a smaller

𝑏 (Fig. 2-3(a) left) can be interpreted as a weakening spring constant in the central

bridge between the masses of the walls surrounding the bridge. Hence, as 𝑏 decreases,

Ω decreases and 𝑥zpf increases (Fig. 2-3(b)-(c)). For a decreasing "spring constant"

and increasing 𝑥zpf , we expect the strain in the central cavity to increase, boosting

𝑔sm. Indeed, we observe this effect in simulation (Fig. 2-3(d)).

Another interpretation of the increase in 𝑔sm with decreasing 𝑏 is that of mechan-

ical mode volume [134]: as 𝑏 decreases, the strain energy density of the mechanical

mode becomes more highly concentrated in the taper, thereby decreasing the me-

chanical mode volume 𝑉mech dramatically. We estimate through FEM that 𝑉mech/Λ
3
p
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and 𝑉mech/Λ
3
s drop from ∼ 10−4 and ∼ 10−3, respectively, to ∼ 10−6 and ∼ 10−5,

respectively, as 𝑏 decreases from 100 nm to 20 nm (Fig. 2-3d). Here, Λp and Λs are

the longitudinal and shear wave velocities in bulk diamond [134]. As 𝑉mech decreases,

𝑔sm increases, which also increases the "mechanical Purcell enhancement." 𝑉opt/𝜆
3

or 𝑉opt/(𝜆/𝑛)3 similarly decrease from ∼ 10−2 and ∼ 10−1, respectively, to ∼ 10−4

and ∼ 10−3, respectively, with decreasing 𝑏 (Fig. 2-3e)–a beneficial effect for simul-

taneously concentrating the cavity mechanical and optical modes. Here, 𝜆 is the free

space cavity wavelength, and 𝑛 is the refractive index of diamond.

With decreasing optical mode volume, we expect the cavity optical energy density

to be more confined in the concentrator for decreasing 𝑏 [31], which leads to two

potentially competing effects. The first is that any photoelastic- or moving boundary-

based contributions to 𝑔om within the concentrator will be magnified; but the second

is that the effective volume of dielectric over which these magnified effects manifest

decreases. We see that, based on these competing effects, a bridge width of 𝑏 = 60 nm

optimizes 𝑔om for our design (Fig. 2-3(g)). Making 𝑏 as small as possible optimizes

𝑔sm (Fig. 2-3f), but we assume a lower bound of 𝑏 = 60 nm for ease of fabrication.

We observe here that placing the emitters as close to the edge of the taper as possible

will maximize 𝑔sm. This proximity to dielectric walls normally imposes a limitation

on the optical coherence of an emitter, but because our scheme interacts with the

emitter non-optically, we can circumvent this obstacle.

In Fig. 2-7, we test the idea that the coupling mode of interest is sufficiently spaced

from other mechanical modes in frequency. By plotting the profiles of all modes of

𝑔sm > 10 MHz within 2 GHz of Ω = 5.34 GHz, we find that these "high 𝑔sm" modes

are at least 400 MHz apart from the mode of interest and feature at most half as

high max(𝑔sm) over the mode profile. Parasitic spin-mechanical coupling to these

modes can be modeled as a loss channel of the primary mechanical mode alongside

the intrinsic mechanical loss 𝜅, with loss to mode 𝑖 given by

𝜅𝑖 ≈ 𝑔sm𝑖

(︂
𝑔2sm𝑖

𝑔2sm𝑖
+∆2

𝑖

)︂2

(2.19)
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From the closest mode at 4.91 GHz, which has a similar profile to the mode of

interest, we find that max𝑖{𝜅𝑖(2𝜋)} ≈ 50 kHz. This corresponds to an effective quality

factor 𝑄𝑖 ≈ 3× 106. From FEM simulations, we find that mechanical quality factors

are higher than this parasitic coupling-induced 𝑄 (see Appendix A), indicating that

external resonances will limit the cavity phonon lifetime. However, this is only true

when our quantum emitter is implanted precisely in the concentrated coupling region

of the parasitic mode, which from Fig. 2-7 is visually more compact than the mode

of interest. If our emitters are implanted at a distance from the dielectric boundary,

then these parasitic loss channels become weaker. We also note that, in the event

that multiple emitters are implanted in the cavity, one can tune a single emitter into

resonance by modifying the external magnetic field to vary the Zeeman splitting of

each emitter. This can also allow for addressing multiple emitters individually via

the same optomechanical cavity.

Another limiting loss channel is thermal losses, which can be characterized as

phonon-phonon interactions using the Akhiezer or Landau-Rumer loss models [2, 82,

159, 146]. At higher temperatures, these losses will dominate due to the greater

presence of thermal phonons in the cavity. At lower temperatures, other losses–

including clamping losses, parasitic coupling, and material losses–will likely dominate.

2.4 Remote Entangling Protocols

The controlled opto-mechanical two-mode squeezing represented by Eq. 2.2 enables us

to herald the creation of single phonons in the mechanical resonator. Such excitations

can then be deterministically transferred to the spin for long term storage. Crucially,

if we employ the Duan, Lukin, Cirac, and Zoller’s [39, 76] entangling protocol, we can

herald an entangled |01⟩ ± |10⟩ state in two remote mechanical resonators. Each of

the two mechanical resonators can then deterministically swap its content with their

embedded spins, leading to two remote entangled long-lived spins for use in quantum

networking.

The DLCZ protocol is, at its core, two single-phonon heralding experiments run-
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ning in parallel as seen in Fig. 2-8. However, the detector triggering the heralding is

placed after a "path erasure apparatus", e.g. a simple 50-50 beamsplitter. Therefore,

when a phonon is heralded by the detection of a photon, the phonon is in an equal

superposition of being in the left or in the right node. This results in the two me-

chanical resonators being in the state |01⟩± |10⟩, with the phase depending on which

detector clicked. For details on this path erasure consult [39, 77].

Below we study the fidelity and success probability of the single-phonon heralding

protocol, as its performance directly affects the performance of the overall entangle-

ment protocol. In this process, when writing down kets, we will use the Fock basis of

the optical and mechanical modes, written down in that order, e.g., |01⟩ is zero pho-

tons and one phonon. Two processes are involved in the single-phonon heralding: the

two-mode squeezing in Eq. 2.2 which leads to the mapping |00⟩ → |00⟩+𝜀|11⟩+𝒪(𝜀2);

and the leakage into a waveguide and subsequent detection of the photon, which

projects on the 𝜀|11⟩+𝒪(𝜀2) branches. To properly derive the dynamics we will use a

stochastic master equation and we will track the most-probable quantum trajectories

manually. The dynamics is governed by the equation

�̂�stoch = �̂�0 + �̂�om + �̂�sm − 𝑖

2

∑︁
𝑐∈{𝑎,𝑏,𝑏†}

𝛾𝑐𝑐
†𝑐, (2.20)

where the the sum over jump operators 𝑐 provides a way to track the chance for

discontinuous jumps. If |𝜓(𝑡)⟩ is the state obtained after evolving |00⟩ under �̂�stoch,

then the probability density for a jump 𝑐 is pdf𝑐(𝑡) = 𝛾𝑐
⟨𝜓(𝑡)|𝑐†𝑐|𝜓(𝑡)⟩
⟨𝜓(𝑡)|𝜓(𝑡)⟩ . The operator �̂�

represents the chance of photon leakage at rate 𝛾𝑎 = 𝜔𝑎

𝑄opt
with 𝑄opt the optical quality

factor; �̂� corresponds to a phonon leaking to the heat bath at rate 𝛾𝑏 = 𝛾𝑚(𝑛th+1)
2

,

where 𝛾𝑚 = 2Ω
𝑄mech

with 𝑄mech the quality factor of the mechanical resonator (notice

the different convention leading to a factor of 2 difference); lastly �̂�† corresponds to

receiving a phonon from the bath at rate 𝛾𝑏† =
𝛾𝑚𝑛th

2
, where 𝑛th = 𝑘𝑏𝜏

Ω
is the average

number of phonons in the bath, 𝑘𝑏 is the Boltzman constant, and 𝜏 is the temperature

of the bath. Solving for the dynamics and the probability densities of various jumps,

as done in details in the interactive supplementary materials [75] leads to:
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1. To zeroth order, no jump occurs.

2. To first order, a photon-phonon pair is heralded. The probability of that event

is 𝑃𝑎 =
∫︀ 𝑇
0
d𝑡 pdf𝑎(𝑡).

3. To second order, a photon-phonon pair is heralded and then followed by any

other event, for an overall of probability 𝑃𝑎* = 1− ⟨𝜓(𝑇 )|𝜓(𝑇 )⟩.

4. Also to second order, a 𝑏 event at time 𝜏 is followed by an 𝑎 event, happening

with 𝑃𝑏𝑎 =
∫︀ 𝑇
0

d𝜏 pdf𝑏(𝜏)
∫︀ 𝑇
𝜏

d𝑡 pdf𝑏𝑎(𝑡).

5. Similarly for 𝑏† followed by 𝑎 we have probability 𝑃𝑏†𝑎.

Above, 𝑇 is the duration of the pump pulse. These are all the branches of the

dynamics that have a chance of triggering a heralding event (to leading order). The

total chance for heralding is 𝑃 = 𝑃𝑎 + 𝑃𝑏𝑎 + 𝑃𝑏†𝑎, while the fidelity of the heralded

single phonon is 𝐹 = 𝑃𝑎−𝑃𝑎*
𝑃𝑎+𝑃𝑏𝑎+𝑃𝑏†𝑎

𝑓0, where 𝑓0 = ⟨1|𝜌𝑎|1⟩ is the fidelity of "good

heralding" branch of the dynamics. 𝜌𝑎 is the density matrix for the state conditioned

on only one 𝑎 event having happened during the pump pulse of duration 𝑇 .

After simplifying and taking into account that the decay of the optical cavity is

much faster than the optomechanical interaction (𝑇𝑎 = 𝛾−1
𝑎 ≪ (𝛼𝑔𝑂𝑀)−1), we obtain:

𝑃 = 4𝛼2𝑔2om𝑇𝑎𝑇, (2.21)

1− 𝐹 = 8𝛼2𝑔2om𝑇𝑎𝑇 +
3

4
𝛾𝑚𝑇𝑎𝑇 (3𝑛th + 1) . (2.22)

Notice the term in the infidelity that scales exactly as the heralding probability:

This is due to the (𝑂)(𝜀2) next-to-leading-order effect in the two-mode squeezing,

leading to a proportionally larger chance of more-than-one excitations being heralded.

There is also a second term, purely related to the detrimental effects of the thermal

bath on the mechanical resonator. As long as 𝑘𝑏𝜏 ≪ 𝑄mech𝛼
2𝑔2om we can neglect the

bath heating term, however this can be difficult to quantify as 𝑄mech strongly depends

on 𝜏 . This transition between leading sources of infidelity can be seen in Fig. 2-9.
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These are the heralding probability and fidelity of a single phononic excitation.

The heralding probability and fidelity for the complete entangling protocol, in which

two nodes are pumped in parallel and the photon is looked for only after "path-

information erasure" differ. To leading order, the probability 𝑃𝑒 = 2𝑃 is twice as

high as either node can produce a photon, and the infidelity scales the same.

For long term storage, we coherently swap the phononic excitation into the spin.

The swap gate contributes an additional infidelity of 𝑛th𝛾𝑚/𝑔sm which is much lower

than other sources of infidelity.

These results, given the design parameters of the previous section, are detailed

in Fig. 2-9. Of note is that 𝑄mech is very strongly dependent on the bath tempera-

ture due to scattering processes among the thermal phonons. At low temperatures,

only clamping losses due to the design of the resonator are of importance, but as the

temperature increases, Akhieser and then Landau-Rumer processes become impor-

tant [47, 40, 79, 97]. The typical dependence for our design and material parameters

can be seen in Fig. 2-10. The Akhieser limited quality factor is 𝑄𝐴 = 1
Ω𝜏

𝜌𝑐4

2𝜋𝛾2𝜅
, where

𝜌 is density, 𝑐 is speed of light, 𝛾 is the Grüneisen coefficient, and 𝜅 is the thermal

conductivity. Only 𝜅 depends strongly on temperature, and we use the values re-

ported in [147, 119, 17, 113, 14, 52]. At even higher temperature the Landau-Rumer

processes dominate with 𝑄𝐿𝑅 = 2𝜌𝑐2

𝜋𝛾2𝐶𝑣𝜏
, where 𝐶𝑣 is the diamond heat capacity as

reported in [127, 33].

Thus, with our design we can theoretically achieve single-phonon generation at

tens of kHz and infidelity lower than 10% at temperature 𝜏 = 40𝐾, number of photons

in the pump mode 𝛼2 = 1000, pump pulse duration 𝑇 = 𝑇𝑎. At lower temperatures

the performance significantly improves, giving limiting infidelities far below 1%.

Possible improvements to the protocol include (1) spectral and spatial multiplexing

(2) use of a Dicke state of multiple nearby color centers to enhance 𝑔sm (3) use the nu-

clear registers for even longer storage times (4) entanglement purification with the nu-

clear registers which greatly increase the entanglement fidelity while only marginally

decreasing the entanglement rate.
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2.5 Discussion

In this paper, we bring the idea of a self-similar concentrator from photonic crystal

devices [31] to a 1D optomechanical crystal and explore the usage of the resulting

cavity in spin-optomechanical interfacing. This system poses the advantages afforded

by highly concentrated optical and mechanical modes: high strain in a central region

while retaining optomechanical coupling in diamond relative to previously proposed

and demonstrated devices [23], and thus strong spin-phonon interactions. From FEM

simulations, we demonstrate that this spin-optomechanical interface can achieve 200

kHz single photon-phonon coupling alongside 40 MHz spin-phonon coupling to a

Group IV spin. The strength of this spin-phonon interaction is such that we can

effectively ignore losses incurred when swapping a quantum between a cavity phonon

and the spin state.

We explore implementation of our interface in an optically heralded entangle-

ment protocol [39, 77]. In this scheme, identical cavities are entangled via herald-

ing, and the resulting entangled phonons are swapped into their respective coupled

spins. This entanglement procedure completely circumvents standard issues related

to spin-addressing, including the need to operate at the emitter’s optical transition

wavelength (we define the optical wavelength with a telecom photonic mode) and con-

cerns related to spectral diffusion of emitters (we never optically excite the emitter).

Additionally, this scheme places no strong requirements on the optical quality factors

required by other works to accomplish spin-mechanical addressing [59, 48]–instead

operating with low optical 𝑄s to increase the rate of heralding–and requires on-chip

devices that are well within fabricable parameters.

Our spin-optomechanical architecture applies to other material platforms besides

diamond. For example, silicon (Si) and silicon carbide (SiC) have been used for

optomechanics [42, 29, 128, 91, 93, 92] and have quantum emitters including carbon-

based T-centers, phosphorus vacancies, and boron impurities [16, 131]. In particular,

Si with B:Si acceptor impurities has been considered for operating spin-phonon cou-

pled systems as an acoustic alternative to circuit-cavity QED [131]. Here, we have
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Defect Mat. 𝑔𝑠𝑚𝑝𝑟𝑜𝑗
∼ 𝑇1 (@T) ∼ 𝑇2(@T)

SiV− Dmd 40MHz 0.1ms@40mK[15] 0.2ms@40mK[15]
SnV− Dmd ∼3.5MHz 10ms@3K[148] 0.3ms@1.7K[36]
NV− Dmd ∼30Hz 100s@20K[58] 0.6s@77K[13]
B:Si Si ∼20MHz 5ms@25mK[72] 0.9ms@25mK[72]
P:Si Si ∼ 45MHz 0.3s@7K[149] 60ms@7K[149]
V:Si SiC ∼ 20Hz 10s@17K[140] 20ms @17K[140]

Table 2.1: Spin defect candidates for optomechanical interfacing. The defects and
their host materials, projected couplings 𝑔𝑠𝑚𝑝𝑟𝑜𝑗

, and measured 𝑇1 and 𝑇2 at different
operating temperatures are listed. The 𝑔𝑠𝑚𝑝𝑟𝑜𝑗

of the SnV−, NV−, and V:Si were
estimated by modifying parameters in the SiV− coupling formula [148, 155]. The
B:Si and P:Si 𝑔𝑠𝑚𝑝𝑟𝑜𝑗

were estimated by substituting our 𝑏 = 60 nm mode volume into
the formulae in [131] and [142], respectively.

shown that with an intentionally designed optomechanical cavity, one can achieve

𝑔𝑠𝑚 much larger than previously proposed–which should be the case irrespective of

the material, whether diamond, silicon, or another alternative–alongside respectable

𝑔𝑜𝑚, such that the full spin-optomechanical interface’s performance can be evalu-

ated (see Table 2.1). We have analyzed this interface assuming a SiV− spin, which

has well-documented spin-strain parameters [56, 102]; however this spin is indistin-

guishable above single-Kelvin temperatures [148]. As such, future works may use

this spin-optomechanical framework while selecting a suitable combination of mate-

rial platform and temperature-robust, highly strain-tunable spin defect. The ability

to separately engineer quantum memories and spin-photon interfaces, while retain-

ing efficient interfacing between them even at moderate temperatures up to 40 K,

will provide much-needed design freedom in applications from quantum networks to

computing to sensing.
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Figure 2-3: Effect of bridge width on device performance. (a) Depiction of bridge
width change from 20 nm to 100 nm, followed by plots of bridge width versus (b) me-
chanical resonant frequency, (c) zero-point fluctuation, (d) mechanical mode volume
(𝑉mech/Λ

3
p in blue, 𝑉mech/Λ

3
s in orange) (f) maximum 𝑔sm, (e) optical mode volume

(𝑉opt/𝜆3 in black, 𝑉opt/(𝜆/𝑛)3 in red), and (g) optomechanical coupling (𝑔pe in yellow,
𝑔mb in gray, 𝑔om in orange).
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Figure 2-4: Plot of (left) mechanical and (right) optical quality factors as a function
of 𝑏.

Figure 2-5: Sweep of the diamond crystal orientation strain tensor elements 𝜖𝑗𝑘 with
respect to 𝛼. These tensor components were calculated at the middle of the top-right
edge of the central taper for the 5.34 GHz acoustic mode (𝑏 = 60 nm).
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Figure 2-6: Plot of 𝑔𝑠𝑚 against increasing 𝑏.

Figure 2-7: Locations of high 𝑔sm coupling for various mechanical modes. For a given
mechanical mode we give its frequency, quality factor, and maximal spin-mechanical
coupling 𝑔sm. On the left we pictorially represent the locations of maximized 𝑔sm. We
see that we can select the preferred mode to interact with by its spectral or spatial
properties. The thin lines in the plots represent the diamond walls.
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Figure 2-8: Pictorial depiction of the entangling setup. Each node contains an optical
resonator (orange cavity) coupled to a mechanical resonator (blue), with an embedded
color center (green). A pump (red) is used to induce a two-mode squeezing in the
opto-mechanical system. The leakage of an optical photon (orange waveguide) and
its detection (gray detector) herald the creation of a single mechanical phonon. A
beamsplitter (in gray) can be used to "erase" the knowledge of which is the original
source of the photon, leading to the heralding of an entangled state |10⟩±|01⟩ between
two neighboring nodes. The phase depends on which of the two detectors clicked.
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Figure 2-9: Heralding probability and single-phonon infidelities as a function of tem-
perature (facet) and pump power (color), parameterized by pump pulse duration
(each line spans 𝑇 = 𝑇𝑎 to 𝑇 = 103𝑇𝑎). Shorter pulses have lower probability and
infidelity. However, the rate of heralding is independent of 𝑇 as the shorter the pulse
(the higher the repetition rate), the lower the heralding probability for that attempt
is. Therefore short pump pulses are preferable as that leads to lower infidelity. In this
particular setup, at 𝜏 = 40𝐾, 𝛼 =

√
1000, and 𝑇 = 𝑇𝑎, we can theoretically achieve

rates of successful single-phonon heralding in the tens of kHz at infidelity lower than
10%. The performance is even better at lower temperatures. At around 4𝐾 we see
that the detrimental effects from the bath of the mechanical resonator become negli-
gible compared to the infidelity due to multi-phonon excitations.
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Figure 2-10: The processes limiting the quality factor of a mechanical resonator. At
low temperature only clamping losses matter (green), but past a certain temperature
Akhieser (blue) and Landau-Rumer (orange) processes dominate. These estimates
depend on thermal properties of bulk diamond as reported in the literature. Thin-
sheet diamond, as used in our devices, can have slightly differing properties.
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Figure 2-11: Effect of changing magnetic field on the spin-phonon coupling 𝑔𝑝,𝑒.
Change in the necessary magnetic field components to bring the spin transition in
resonance with the phonon mode as a function of total magnetic field magnitude
(left), and resulting change in 𝑔𝑝,𝑒 as a function of changing magnetic field magnitude
(right). The dotted red line indicates 𝑔𝑜𝑟𝑏 for the spin-optomechanical interface.
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Chapter 3

Spin-Electromechanical Transduction

We introduce a hybrid tripartite quantum system for strong coupling between a semi-

conductor spin, a mechanical phonon, and a microwave excitation of a supercon-

ducting circuit. Consisting of a piezoelectric resonator with an integrated diamond

strain concentrator, this system achieves microwave-acoustic and spin-acoustic cou-

pling rates ∼MHz or greater, allowing for simultaneous ultra-high cooperativities

(∼ 103 and ∼ 102, respectively). From finite-element modeling and master equa-

tion simulations, we estimate superconducting circuit-to-spin quantum state transfer

fidelities exceeding 0.97 based on separately demonstrated device parameters. We

anticipate that this device will enable hybrid quantum architectures that leverage

the advantages of both superconducting circuits and solid-state spins for information

processing, memory, and networking.

3.1 Background and Motivation

Solid-state quantum systems based on superconductors and spins are leading plat-

forms that offer complementary advantages in quantum computing and networking.

Superconducting quantum processors enable fast and high-fidelity entangling gates

[63, 9], but challenges remain in quantum memory time and long-distance networking.

Conversely, atom-like emitters in solid-state have demonstrated long spin coherence

time, efficient spin-photon interfaces for long-distance entanglement, and high read-
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out fidelity [143, 130, 148, 19, 117, 110]. Coupling these modalities is therefore an

exciting direction in quantum information science.

Previous studies using magnetic coupling between microwave (MW) photons and

spins have been limited to multi-spin ensemble interactions [124, 162, 78, 166, 138,

53, 38] due to low spin-magnetic susceptibility and the low magnetic energy density of

MW resonators [26, 121, 5]. Alternate experiments and proposals rely on coupling via

intermediate acoustic modes [135, 111, 95], which have experimentally demonstrated

large coupling to superconducting circuits [112, 6, 8, 7, 115] and are predicted to have

large coupling to diamond quantum emitters [81, 87, 153, 122, 85, 61, 123]. However,

designing a device that strongly couples one phonon to both one MW photon and to

one spin – enabling an efficient MW photon-to-spin interface – remains an outstanding

challenge.

Here we address this problem through the co-design of a scandium-doped alu-

minum nitride (ScAlN) Lamb wave resonator with a heterogeneously-integrated dia-

mond thin film. This structure piezoelectrically couples a MW photon and acoustic

phonon while concentrating strain at the location of a diamond quantum emitter.

Through finite-element modeling, we predict photon-phonon coupling ∼ 10 MHz con-

current with phonon-spin coupling ∼ 3 MHz. These rates yield photon-phonon and

phonon-spin cooperativities of order 104 assuming demonstrated lifetimes of spins,

mechanical resonators, and superconducting circuits [71, 37]. We explore state trans-

fer protocols via quantum master equation (QME) simulations and show that this

device can achieve photon-to-spin transduction fidelity 𝐹 > 0.97 with conservative

hardware parameters. We find that performance of these schemes is likely limited by

two-level system (TLS) loss in current piezoelectrics. An improvement in piezoelectric

TLS loss rates to that of silicon will pave the way towards SC-spin state transduction

with 𝐹 > 0.99.
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3.2 Theory of Superconducting Circuit-Phonon-Spin

Coupling

We consider a coupled tripartite system consisting of a superconducting circuit (SC)

transmon, acoustic phonon, and Group-IV electron spin. First, we must consider each

individual modality in the system (i.e. the transmon, the phononic mode, and the

electron spin). Then, we treat the electromechanical and spin-mechanical interaction

terms in the system. Finally, we describe the necessary conditions to simplify the

system to a transmon and spin coupled to a single phononic mode.

3.2.1 Defining Modalities

We begin by considering a transmon architecture, which consists of a SQUID loop

with combined Josephson energy 𝐸𝐽 and capacitance 𝐶𝐽 in parallel with a shunt

capacitor 𝐶𝑆. For the sake of constructing only the coupled system, we omit the

transmon readout resonator, which typically consists of a quarter wave resonator

coupled in parallel to the transmon. The transmon’s Josephson and charging energies

are 𝐸𝐽(𝜑) = 𝐼𝐶Φ0

𝜋
cos(𝜑𝑒𝑥𝑡) = 𝐸𝐽 cos(𝜑𝑒𝑥𝑡) and 𝐸𝐶 = 𝑒2

2(𝐶𝑆+𝐶𝐽 )
(𝐼𝐶 is the Josephson

junction critical current). Note here that the total charging energy for �̂� Cooper pairs

will be 4𝐸𝐶 �̂�, where 𝜑 is the conjugate variable of �̂�. Then the transmon Hamiltonian

is given by

�̂�𝑡𝑟𝑎𝑛𝑠𝑚𝑜𝑛 = 4𝐸𝐶 �̂�+ 𝐸𝐽(𝜑) (3.1)

= 4𝐸𝐶 �̂�+ 𝐸𝐽

(︂
𝜑+

1

2
𝜑2 +

1

6
𝜑3 +

1

12
𝜑4 + ...

)︂
(3.2)

≈
(︁√︀

8𝐸𝐽𝐸𝐶 − 𝐸𝐶

)︁
�̂�†�̂�− 𝐸𝐶(�̂�

†�̂�†�̂��̂�). (3.3)

In the last step, we have rewritten in terms of the ladder operators. If we ap-

proximate the transmon as a two-level system, then we can simply write �̂�𝑡𝑟𝑎𝑛𝑠𝑚𝑜𝑛 as

�̂�𝑡𝑟𝑎𝑛𝑠𝑚𝑜𝑛/ℏ =
𝜔𝑠𝑐
2
�̂�𝑧𝑠𝑐. (3.4)
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Here, the SC frequency 𝜔𝑠𝑐 is defined by the transmon Josephson and shunt ca-

pacitances as 𝜔𝑠𝑐 ≈ 1
ℏ

(︀√
8𝐸𝐽𝐸𝐶 − 𝐸𝐶

)︀
.

Next, we make note of the Hamiltonian of the electromechanical resonator. Sans

coupling, the resonator modes can each be approximated as harmonic oscillators with

energy ℏ𝜔𝑝,𝑘, where 𝜔𝑝,𝑘 is the resonant frequency of the 𝑘th resonator mode, plus

vacuum energy terms. Ignoring these terms, the Hamiltonian 𝐻𝑟𝑒𝑠 is

�̂�𝑟𝑒𝑠/ℏ =
∑︁
𝑘

𝜔𝑝,𝑘�̂�
†
𝑝,𝑘�̂�𝑝,𝑘. (3.5)

Finally, we consider the Hamiltonian of the Group IV electron spin. The full

Hamiltonian of Group IV color centers has been discussed at length in [56], but for

the purposes of this paper we consider the system under an off-axis (transverse and

longitudinal) magnetic field (discussed in [111]). In these conditions, the Group IV

Hamiltonian can be written as a sum of the spin-orbit Hamiltonian �̂�SO and a Zeeman

perturbation �̂�Z (in the {|𝑒𝑥 ↑⟩ , |𝑒𝑦 ↑⟩ , |𝑒𝑥 ↓⟩ , |𝑒𝑦 ↓⟩} basis),

�̂�spin = �̂�SO + �̂�Z (3.6)

=

⎡⎢⎢⎢⎢⎢⎢⎣
0 0 −𝑖𝜆𝑔 0

0 0 0 𝑖𝜆𝑔

𝑖𝜆𝑔 0 0 0

0 −𝑖𝜆𝑔 0 0

⎤⎥⎥⎥⎥⎥⎥⎦+

⎡⎢⎢⎢⎢⎢⎢⎣
𝛾𝑠𝐵𝑧 𝛾𝑠𝐵𝑥 𝑖𝑞𝛾𝐿𝐵𝑧 0

𝛾𝑠𝐵𝑥 −𝛾𝑠𝐵𝑧 0 −𝑖𝑞𝛾𝐿𝐵𝑧

−𝑖𝑞𝛾𝐿𝐵𝑧 0 𝛾𝑠𝐵𝑧 𝛾𝑠𝐵𝑥

0 𝑖𝑞𝛾𝐿𝐵𝑧 𝛾𝑠𝐵𝑥 𝛾𝑠𝐵𝑧

⎤⎥⎥⎥⎥⎥⎥⎦ (3.7)

=

⎡⎢⎢⎢⎢⎢⎢⎣
𝛾𝑠𝐵𝑧 𝛾𝑠𝐵𝑥 −𝑖𝜆 0

𝛾𝑠𝐵𝑥 −𝛾𝑠𝐵𝑧 0 𝑖𝜆

𝑖𝜆 0 𝛾𝑠𝐵𝑧 𝛾𝑠𝐵𝑥

0 −𝑖𝜆 𝛾𝑠𝐵𝑥 𝛾𝑠𝐵𝑧

⎤⎥⎥⎥⎥⎥⎥⎦ . (3.8)

(3.9)

Here, we use 𝜆 ≡ 𝜆𝑔 − 𝑞𝛾𝐿𝐵𝑧 [56]. Solving the eigensystem of this Hamiltonian gives
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us the eigenvectors

|𝜓1⟩ = 𝐶−

[︃(︁
−𝑖
(︁
𝜆− +

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

)︁)︁
|𝑒𝑥 ↑⟩+ 𝑖 |𝑒𝑥 ↓⟩

−
(︁
𝜆− +

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

)︁
|𝑒𝑦 ↑⟩+ |𝑒𝑦 ↓⟩

]︃
, (3.10)

|𝜓2⟩ = 𝐶−

[︃
− 𝑖

(︃
𝜆− −

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

𝜆− +
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

)︃
|𝑒𝑥 ↑⟩+ 𝑖 |𝑒𝑥 ↓⟩

−

(︃
𝜆− −

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

𝜆− +
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

)︃
|𝑒𝑦 ↑⟩+ |𝑒𝑦 ↓⟩

]︃
, (3.11)

|𝜓3⟩ = 𝐶+

[︃
− 𝑖

(︃
𝜆+ −

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

𝜆+ +
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

)︃
|𝑒𝑥 ↑⟩+ 𝑖 |𝑒𝑥 ↓⟩

−

(︃
𝜆+ −

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

𝜆+ +
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

)︃
|𝑒𝑦 ↑⟩+ |𝑒𝑦 ↓⟩

]︃
, (3.12)

|𝜓4⟩ = 𝐶+

[︃(︁
−𝑖
(︁
𝜆+ +

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

)︁)︁
|𝑒𝑥 ↑⟩ − 𝑖 |𝑒𝑥 ↓⟩

+
(︁
𝜆+ +

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

)︁
|𝑒𝑦 ↑⟩+ |𝑒𝑦 ↓⟩

]︃
. (3.13)

These eigenvectors are associated with the eigenvalues

𝜈1 = −
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2, (3.14)

𝜈2 =
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2, (3.15)

𝜈3 = −
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2, (3.16)

𝜈4 =
√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2. (3.17)
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Here, we use

𝜆− = 𝜆𝑔 − 𝑞𝛾𝐿𝐵𝑧 − 𝛾𝑠𝐵𝑧, (3.18)

𝜆+ = 𝜆𝑔 − 𝑞𝛾𝐿𝐵𝑧 + 𝛾𝑠𝐵𝑧 (3.19)

𝐶− =

⎛⎜⎜⎝ 1

2

√︂
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)

(︁
𝜆− +

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆−)2

)︁
⎞⎟⎟⎠ , (3.20)

𝐶+ =

⎛⎜⎜⎝ 1

2

√︂
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)

(︁
𝜆+ +

√︀
𝛾2𝑠𝐵

2
𝑥 + (𝜆+)2

)︁
⎞⎟⎟⎠ . (3.21)

Note that, in the limit where 𝐵𝑥 → 0, these eigenvectors and eigenvalues simplify

as {|𝜓1⟩ , |𝜓2⟩ , |𝜓3⟩ , |𝜓4⟩} → {|𝑒+ ↑⟩ , |𝑒+ ↓⟩ , |𝑒− ↓⟩ , |𝑒− ↑⟩} from [56].

The spin frequency 𝜔𝑒 is given by the Zeeman splitting of the electron spin states

𝑘𝑒𝑡𝜓1 and |𝜓3⟩, and the acoustic frequencies 𝜔𝑝,𝑘 are defined by the acoustic resonator

geometry. Generally, SCs feature 𝜔𝑠𝑐 ∼ 4− 6 GHz [74]. Electron spin resonance fre-

quencies can be arbitrarily set by an external magnetic field; to match this frequency

range, fields ∼ 0.1 T are required [56].

3.2.2 Physical Motivation of Coupling terms

The coupling coefficient 𝑔𝑠𝑐,𝑝 is physically governed by the piezoelectric effect, whereby

a strain field produces an electric response and vice versa (Fig. 3-2(d)). This interac-

tion is described by the strain-charge equations

𝑆𝑖𝑗 = 𝑠𝑖𝑗𝑘𝑙𝑇𝑘𝑙 + 𝑑𝑘𝑖𝑗𝐸𝑘, (3.22)

𝐷𝑖 = 𝑑𝑖𝑗𝑘𝑇𝑖𝑗 + 𝜖𝑖𝑘𝐸𝑘, (3.23)

where 𝑠𝑖𝑗𝑘𝑙 and 𝑑𝑖𝑗𝑘 are the elastic and piezoelectric coefficient tensors of the res-

onator’s piezoelectric material, 𝑆𝑖𝑗 and 𝑇𝑖𝑗 are the stress and strain fields, and 𝐸𝑖

and 𝐷𝑖 are the electric and displacement fields. Given a spatial electric field profile
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E𝐼𝐷𝑇 (r) produced by some arbitrary voltage 𝑉𝑎𝑝𝑝 across the IDT, the normalized

single quantum electric field is [106]

e𝑠𝑐(r) =

√︃(︂
ℏ𝜔𝑠𝑐

(𝐶𝑆 + 𝐶𝐽 + 𝐶𝐼𝐷𝑇 )𝑉 2
𝑎𝑝𝑝/2

)︂
E𝐼𝐷𝑇 (r)𝑒−𝑖𝜔𝑠𝑐𝑡, (3.24)

where the capacitances are indicated in Fig. 3-2. Since 𝐶𝑆 is typically much larger

than 𝐶𝐼𝐷𝑇 and 𝐶𝐽 for transmon qubits, the MW photon energy is largely contained

in 𝐶𝑆. Similarly, for a strain profile T𝑝(r) produced by an arbitrary mechanical

displacement, the normalized single phonon strain field is [106]

t𝑝(r) =

⎯⎸⎸⎷(︃ ℏ𝜔𝑝∫︀
𝑉
𝑑𝑉 s(r)|T𝑝(r)|2/2

)︃
T𝑝(r)𝑒−𝑖𝜔𝑝𝑡, (3.25)

where s(r) is the elastic tensor at position r. Following (3.23), t𝑝(r) will produce an

electric displacement field given by d · t𝑝(r), where d is the piezoelectric coefficient

tensor. Then the coupling 𝑔𝑠𝑐,𝑝 will be determined by the overlap integral between

e𝑠𝑐(r) and d · t𝑝(r) [167],

𝑔𝑠𝑐,𝑝 =
1

2ℏ

∫︁
𝑉

𝑑𝑉
(︀
t*𝑝(r) · d𝑇 · e𝑠𝑐(r) + e*

𝑠𝑐(r) · d · t𝑝(r)
)︀
. (3.26)

The coupling rate 𝑔𝑝,𝑒 between the lowest lying states |𝜓1⟩ and |𝜓3⟩ can be calcu-

lated as
𝑔𝑝,𝑒
2𝜋

=
⃒⃒
⟨𝜓3|𝑀−1𝐻𝑠𝑡𝑟𝑎𝑖𝑛𝑀 |𝜓1⟩

⃒⃒
, (3.27)

where

𝐻𝑠𝑡𝑟𝑎𝑖𝑛 =

⎡⎢⎢⎢⎢⎢⎢⎣
𝛼 0 𝛽 0

0 𝛼 0 𝛽

𝛽 0 −𝛼 0

0 𝛽 0 −𝛼

⎤⎥⎥⎥⎥⎥⎥⎦ (3.28)

and 𝑀 is the matrix that transforms the eigenvectors 𝜓𝑖 to the strain basis, such that
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𝑀�̂�spin =𝑀

⎡⎢⎢⎢⎢⎢⎢⎣
𝜈1 0 0 0

0 𝜈2 0 0

0 0 𝜈3 0

0 0 0 𝜈4

⎤⎥⎥⎥⎥⎥⎥⎦ . (3.29)

In SiV− centers in diamond, 𝛽 is more than ten times smaller than 𝛼 [102], so we can

simplify 𝐻𝑠𝑡𝑟𝑎𝑖𝑛 to the case where 𝛽 → 0 and 𝛼 → 𝜒𝑒𝑓𝑓 (𝜖𝑥𝑥 − 𝜖𝑦𝑦). Then for a known

𝑔𝑜𝑟𝑏 and a maximum magnetic field magnitude |𝐵|, we can plot out the required 𝐵𝑧

and 𝐵𝑥 alongside the projected 𝑔𝑝,𝑒 (Fig. 3-1).

It is clear from Eq. 3.27 how the spin-phonon coupling 𝑔𝑝,𝑒 results from the spin-

strain susceptibility 𝜒𝑠𝑝𝑖𝑛 of quantum emitters in a strain field [56, 101, 102]. Then

for a single-phonon strain profile t𝑝, the resulting coupling is 𝑔𝑠𝑝𝑖𝑛(r) = 𝜒𝑠𝑝𝑖𝑛 · t𝑝(r).

In Group IV emitters in diamond, 𝜒𝑠𝑝𝑖𝑛 depends on the spin-orbit mixing, which

increases monotonically with an off-axis magnetic field and primarily interacts with

transverse strain in the emitter frame [56]. Therefore, for the rest of this analysis, we

set this expression to be

𝑔𝑝,𝑒(r) = 𝜒𝑒𝑓𝑓 (𝑡
′
𝑥𝑥(r)− 𝑡′𝑦𝑦(r)), (3.30)

where t′(r) is the single-phonon strain profile in the coordinate system of the emitter

and 𝜒𝑒𝑓𝑓 ≈ 0.28 PHz/strain [102].

3.2.3 Conditions for Mode Isolation

Now, we must consider the coupling between the superconducting circuit and the

electron spin to all acoustic modes supported by the piezoelectric resonator. The

Hamiltonian of describing this interaction can be written as

�̂�

ℏ
=
𝜔𝑠𝑐
2
�̂�𝑧𝑠𝑐 +

∑︁
𝑘

𝜔𝑝,𝑘�̂�
†
𝑝,𝑘�̂�𝑝,𝑘 +

𝜔𝑒
2
�̂�𝑧𝑒

+
∑︁
𝑘

𝑔𝑠𝑐,𝑝;𝑘
(︀
�̂�+
𝑠𝑐 + �̂�−

𝑠𝑐

)︀ (︁
�̂�𝑝,𝑘 + �̂�†𝑝,𝑘

)︁
+
∑︁
𝑘

𝑔𝑝,𝑒;𝑘
(︀
�̂�+
𝑒 + �̂�−

𝑒

)︀ (︁
�̂�𝑝,𝑘 + �̂�†𝑝,𝑘

)︁
.

(3.31)
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Figure 3-1: Effect of the maximum applicable magnetic field on various parameters
of the system. (a) Evolution of the 𝐵𝑥 and 𝐵𝑧 required to maintain 4.31 GHz spin
splitting as a function of |𝐵|. (b) Change in eigenfrequencies as a function of |𝐵|,
where 𝜈1 and 𝜈3 are the eigenfrequencies of |𝜓1⟩ and |𝜓3⟩ are the ground state qubit
levels of interest. (c) Change in the components of |𝜓1⟩ and |𝜓3⟩ with |𝐵|, indicating
greater spin-orbit mixing as the maximum applicable magnetic field increases. (d)
projected 𝑔𝑝,𝑒 vs |𝐵| as determined by Eq. (3.27).
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where the index 𝑘 labels each acoustic mode and 𝜔𝑝,0 is the frequency of the res-

onator mode of interest. We can shift into a interaction picture by applying the trans-

formation �̂� ′ = �̂��̂��̂� †+𝑖
˙̂
𝑈�̂� †, where �̂� = exp

[︁
𝑖
(︁
𝜔𝑠𝑐

2
�̂�𝑧𝑠𝑐 +

∑︀
𝑘 𝜔𝑝,𝑘�̂�

†
𝑝,𝑘�̂�𝑝,𝑘 +

𝜔𝑒

2
�̂�𝑧𝑒

)︁
𝑡
]︁
.

This transformation gives

�̂� ′

ℏ
=
∑︁
𝑘

𝑔𝑠𝑐,𝑝;𝑘

(︁
𝑒𝑖(𝜔𝑠𝑐−𝜔𝑝,𝑘)𝑡�̂�+

𝑠𝑐�̂�𝑝,𝑘 + 𝑒−𝑖(𝜔𝑠𝑐−𝜔𝑝,𝑘)𝑡�̂�−
𝑠𝑐�̂�

†
𝑝,𝑘

)︁
+
∑︁
𝑘

𝑔𝑝,𝑒;𝑘

(︁
𝑒𝑖(𝜔𝑒−𝜔𝑝,𝑘)𝑡�̂�+

𝑒 �̂�𝑝,𝑘 + 𝑒−𝑖(𝜔𝑒−𝜔𝑝,𝑘)𝑡�̂�−
𝑒 �̂�

†
𝑝,𝑘

)︁
,

(3.32)

We would like to determine the conditions in which we can neglect all resonator

modes except the mode of interest, which we will call 𝑘0 with frequency 𝜔𝑝,𝑘0 . Let

us first ignore the spin-phonon coupling and focus on the superconducting circuit-

phonon coupling. In the interaction Hamiltonian in Eq. 3.32, we can see that when

𝜔𝑠𝑐 = 𝜔𝑝,𝑘0 (the frequency of the acoustic resonator mode of interest), Rabi oscillations

will be induced between the two modes. We would also, however, like to consider

the oscillations induced between the superconducting circuit and the other resonator

modes. Let us select a different transformation �̂� ′
2 = �̂�2�̂��̂�

†
2 + 𝑖

˙̂
𝑈2�̂�

†
2 , where �̂�2 =

exp
[︁
𝑖
(︁
𝜔𝑠𝑐

2
�̂�𝑧𝑠𝑐 +

∑︀
𝑘 (𝜔𝑝,𝑘 +∆𝑝,𝑘) �̂�

†
𝑝,𝑘�̂�𝑝,𝑘

)︁
𝑡
]︁
, where ∆𝑝,𝑘 ≡ 𝜔𝑠𝑐 − 𝜔𝑝,𝑘, and ignore the

electron spin-related terms. The resulting interaction Hamiltonian is

�̂� ′
2

ℏ
= −

∑︁
𝑘

∆𝑝,𝑘�̂�
†
𝑝,𝑘�̂�𝑝,𝑘 +

∑︁
𝑘

𝑔𝑠𝑐,𝑝;𝑘

(︁
�̂�+
𝑠𝑐�̂�𝑝,𝑘 + �̂�−

𝑠𝑐�̂�
†
𝑝,𝑘

)︁
. (3.33)

The Heisenberg equations of motion for �̂�𝑠𝑐 and �̂�𝑝,𝑘 are

˙̂𝜎−
𝑠𝑐 = − 𝑖

ℏ

[︁
�̂� ′

2, �̂�
−
𝑠𝑐

]︁
(3.34)

= −𝜅𝑠𝑐
2
�̂�−
𝑠𝑐 − 𝑖𝑔𝑠𝑐,𝑝;𝑘0 �̂�𝑝,𝑘0 − 𝑖

∑︁
𝑘 ̸=𝑘0

𝑔𝑠𝑐,𝑝;𝑘�̂�𝑝,𝑘, (3.35)

˙̂𝑎𝑝,𝑘 = − 𝑖

ℏ

[︁
�̂� ′

2, �̂�𝑝,𝑘

]︁
(3.36)

=
(︁
−𝑖∆𝑝,𝑘 −

𝜅𝑝,𝑘
2

)︁
�̂�𝑝,𝑘 + 𝑖𝑔𝑠𝑐,𝑝;𝑘�̂�

−
𝑠𝑐 (3.37)

where 𝑔𝑠𝑐,𝑝;𝑘0 is the desired acoustic mode’s electromechanical coupling. In matrix
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form, this becomes

˙⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝜎𝑠𝑐

ˆ𝑎𝑝,1

ˆ𝑎𝑝,2
...

ˆ𝑎𝑝,𝑁

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−𝜅𝑠𝑐
2

−𝑖𝑔𝑠𝑐,𝑝;1 −𝑖𝑔𝑠𝑐,𝑝;2 . . . −𝑖𝑔𝑠𝑐,𝑝;𝑁
𝑖𝑔𝑠𝑐,𝑝;1 (−𝑖∆𝑝,1 − 𝜅𝑝,1

2
) 0

. . . 0

𝑖𝑔𝑠𝑐,𝑝;2 0 (−𝑖∆𝑝,1 − 𝜅𝑝,1
2
)

. . . 0
... . . . . . . . . . ...

𝑖𝑔𝑠𝑐,𝑝;𝑁 . . . . . . . . . (−𝑖∆𝑝,𝑁 − 𝜅𝑝,𝑁
2

)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

𝜎𝑠𝑐

ˆ𝑎𝑝,1

ˆ𝑎𝑝,2
...

ˆ𝑎𝑝,𝑁

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(3.38)

This is equivalent to inducing Rabi oscillations of various frequencies and sup-

pressions between the SC qubit and acoustic modes. The probability amplitude of

population transfer to each acoustic mode from an excited SC state becomes

⟨𝜎𝑠𝑐,𝑘⟩ =
4(𝑔𝑠𝑐,𝑝;𝑘)

2

4(𝑔2𝑠𝑐,𝑝;𝑘) +
⃒⃒⃒
∆𝑝,𝑘 + 𝑖

(︁
𝜅𝑠𝑐+𝜅𝑝,𝑘

2

)︁⃒⃒⃒2 sin2

⎛⎜⎜⎝
√︂
4 (𝑔𝑠𝑐,𝑝;𝑘)

2 +
⃒⃒⃒
∆𝑝,𝑘 + 𝑖

(︁
𝜅𝑠𝑐+𝜅𝑝,𝑘

2

)︁⃒⃒⃒2
2

𝑡

⎞⎟⎟⎠ .

(3.39)

This gives us a SC qubit probability of being in the excited state as a function of

time is then

�̂�𝑠𝑐 =
∑︁
𝑘

⟨𝜎𝑠𝑐,𝑘⟩ =

∑︁
𝑘

4(𝑔𝑠𝑐,𝑝;𝑘)
2

4 (𝑔𝑠𝑐,𝑝;𝑘)
2 +

(︁
∆𝑝,𝑘 + 𝑖

(︁
𝜅𝑠𝑐+𝜅𝑝,𝑘

2

)︁)︁2 sin2

⎛⎜⎜⎝
√︂

4 (𝑔𝑠𝑐,𝑝;𝑘)
2 +

⃒⃒⃒
∆𝑝,𝑘 + 𝑖

(︁
𝜅𝑠𝑐+𝜅𝑝,𝑘

2

)︁⃒⃒⃒2
2

𝑡

⎞⎟⎟⎠ .

(3.40)

The sum over all ⟨𝜎𝑠𝑐,𝑘⟩ with 𝑘 ̸= 𝑘0 is a worst-case bound on the probability

amplitude that could escape the computational basis into undesired acoustic modes,

limiting state fidelity. If the ratio of ⟨𝜎𝑠𝑐,𝑘0⟩/
∑︀

𝑘 ̸=𝑘0⟨𝜎𝑠𝑐,𝑘⟩ ≫ 1, then we can effectively

treat our system as having only one acoustic mode coupled to a SC qubit. The same

physics governs the spin-phonon dynamics, replacing the appropriate couplings in

equation (3.39) and (3.40).

Assuming that the conditions for mode isolation laid out above are met, the
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tripartite coupled system can be simplified to the Hamiltonian

�̂�

ℏ
=
𝜔𝑠𝑐
2
�̂�𝑧𝑠𝑐 + 𝜔𝑝�̂�

†
𝑝�̂�𝑝 +

𝜔𝑒
2
�̂�𝑧𝑒

+ 𝑔𝑠𝑐,𝑝
(︀
�̂�+
𝑠𝑐�̂�𝑝 + �̂�−

𝑠𝑐�̂�
†
𝑝

)︀
+ 𝑔𝑝,𝑒

(︀
�̂�+
𝑒 �̂�𝑝 + �̂�−

𝑒 �̂�
†
𝑝

)︀
.

(3.41)

As explained in the previous subsections, the first three terms of this equation

describe the energies of the uncoupled modes of the devices (Fig. 3-2(a-c)) while the

fourth and fifth terms describe the interaction dynamics.

3.3 Transducer Design

To implement the device in Fig.3-2, we require a platform with (i) superconductivity,

(ii) piezoelectricity, (iii) acoustic cavities, and (iv) strain transfer to diamond emitters.

To address (i-ii), we propose a silicon-on-insulator (SOI) platform with a thin-film

deposition of scandium-doped aluminum nitride (ScAlN). This material system allows

for superconducting qubits and piezoelectrics to co-inhabit one chip [66, 67]. To

answer (iii-iv), we co-design a Nb-on-Sc0.32Al0.68N-on-SOI piezoelectric resonator with

a heterogeneously integrated diamond thin membrane. We propose Niobium (Nb) as a

well-characterized superconductor with high𝐻𝑐1 = 0.18 T and𝐻𝑐2 = 2 T [133, 69, 44],

as required for operation with the spin. We are mostly interested in the regime

0 < |𝐵| ≤ 0.18 T, as this regime lies below the 𝐻𝑐1 of Nb. Above the critical field of

0.18 T, we would incur additional losses in the coupled system due to the presence

of normal currents in the superconducting circuit. As higher 𝐻𝑐1 superconductors

are explored as SC qubit materials, higher |𝐵| regimes will become accessible to this

scheme. Since 𝑔𝑝,𝑒 monotonically increases with magnetic field (Fig. 3-1), we will

assume a static magnetic field of 0.18 T for the purposes of this work. SOI platforms

have previously been used for piezoelectric resonators [89, 90], and diamond-AlN

interfaces have been used to acoustically drive emitters in diamond [51, 49, 50]. ScAlN

further boosts the piezoelectric coefficient of AlN, allowing us to achieve a stronger
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Figure 3-2: Coupled SC-phonon-spin quantum system. (a-c) depict the uncoupled
modes of the (a) superconducting qubit with Josephson capacitance 𝐶𝐽 , shunt capaci-
tance 𝐶𝑆, and external flux bias 𝜑𝑒𝑥𝑡; (b) acoustic mode capacitively coupled by 𝐶𝐼𝐷𝑇 ;
and (c) diamond quantum emitter. (d) Piezoelectric interaction, where the color indi-
cates the electric field profile under mechanical displacement. (e) Spin-strain coupling
resulting from modulating the interatomic distance of the quantum emitter via me-
chanical strain under an external 𝐵 field B = 𝐵𝑥x̂ + 𝐵𝑧ẑ with spin-gyromagnetic
ratio 𝛾.
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Figure 3-3: Electromechanical transducer design. (a) Lamb wave resonator and rel-
evant design parameters. In this Letter, the resonator geometry is parametrized
by (𝜆,𝑤, 𝑡𝑑, 𝑡𝐴𝑙, 𝑡𝑆𝑐𝐴𝑙𝑁 , 𝑡𝑆𝑖) = (1370, 465, 100, 100, 300, 250)[nm] (𝑡𝑖 is the thickness of
layer 𝑖), with the diamond taper defined by (𝑏, 𝑟, 𝜃) = (40 nm, 25 nm, 50∘). The sup-
port tethers are defined by (𝑊𝑠, 𝐿𝑠, 𝑤𝑠, 𝑙𝑠) = (705, 565, 110, 150)[nm] and electrode
tethers by (𝑊𝑒, 𝐿𝑒, 𝑤𝑒, 𝑙𝑒) = (685, 565, 110, 150)[nm]. (b,c) Phononic band structure
of the support (c: electrode) tethers, with a 500 MHz band gap indicated in gray
shading and the resonant frequency indicated by the red line. (d) Normalized me-
chanical displacement of the resonator. (e) Induced piezoelectric displacement field
at the central slice of the ScAlN layer. (f) Spatial profile of 𝑔𝑝,𝑒 at the center slice of
the diamond layer, assuming a magnetic field of 0.18 T.

interaction [3, 80].

We present the resonator design in Fig. 3-3. Our device is based on Lamb wave

resonators, which produce standing acoustic waves dependent on interdigital trans-

ducer (IDT) electrode periodicity 𝜆 and material thickness [20, 88, 73]. We localize

the strain in the diamond thin film using a fabrication-limited central taper (Fig.

3-3a inset) [134]. To maintain high quality factors, we tether the Lamb wave res-

onator via phononic crystal tethers placed at displacement nodes of the box. [106].

We further propose an angled ScAlN sidewall in the transducer (15∘ from normal)
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that allows the electrodes to "climb" on top of the ScAlN film, rather than requiring

a continuous piezoelectric layer over the phononic tethers. The selected ScAlN and

phononic tether parameters outlined in Fig. 3-3, facilitate the design of wide-bandgap

phononic tethers and are compatible with current fabrication techniques and toler-

ances [42, 29, 23, 128, 106].

3.4 Numerical Simulations

We simulate device performance using the finite element method (FEM) in COMSOL

Multiphysics, utilizing the Electrostatics and Structural Mechanics modules. We used

Stationary electrostatic simulations to determine the electrostatic field applied to the

piezoelectric transducer from a microwave source and Eigenfrequency simulations to

determine the transducer’s resonant acoustic modes. Phononic tether band structures

and mode profiles were also found using Eigenfrequency simulations of phononic tether

unit cells (Fig. 3-3b-e). The tether band structure exhibits a 500 MHz bandgap

around the device’s ≈ 4.11 GHz resonant mode. This frequency is desirable as it falls

near the central operating range of most superconducting qubits [74].

The coupling parameters 𝑔𝑠𝑐,𝑝 and 𝑔𝑝,𝑒 were then calculated using the combination

of these two simulations (see Eqs. (3.26) and (3.30)). The parameter set with the

best mode isolation (see Fig. 3-5 featured 𝜆 = 1370 nm and 𝑤𝑟𝑒𝑠 = 465 nm. This

device was then tethered using the phononic tethers shown in Fig. 3-3 and the number

of tethers were varied to calculate mechanical clamping quality factor 𝑄𝑐 as a function

of number of tether periods, shown in Fig. 3-4(b).

Importantly, we demonstrated that the 4.11 GHz resonant mode is itself isolated

from other acoustic modes of the system by ∼56 MHz, which is enough to neglect

parasitic couplings and treat the transducer in the single-mode approximation (Fig. 3-

5). Fig. 3-3(d-e) shows the mechanical and electrical displacement fields of this mode,

from which we derive e𝑠𝑐(r) and t𝑝(r), respectively. We calculate a 𝑔𝑠𝑐,𝑝 ≈ 7.0− 20.5

MHz (for a shunt capacitance of 65-190 fF, corresponding to 100 MHz < 𝐸𝐶/ℎ <

300 MHz[74]) and a maximum 𝑔𝑝,𝑒 ≈ 3.2 MHz according to Equations (3.26) and
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Figure 3-4: FEM simulation of the piezoelectric transducer with phononic tethers and
surrounding bulk treated as perfectly matched layers (PML) to simulate clamping
quality factor 𝑄𝑐. (a) Simulated mechanical mode profile with log (|Q|2/max(|Q|2))
plotted to show energy concentration in the resonator, since energy goes with the
square of mechanical displacement. In this simulation, the free parameter 𝑁𝑡𝑒𝑡ℎ𝑒𝑟𝑠,𝑦 =
𝑁𝑡𝑒𝑡ℎ𝑒𝑟𝑠,𝑥, where 𝑁𝑡𝑒𝑡ℎ𝑒𝑟𝑠,𝑦 and 𝑁𝑡𝑒𝑡ℎ𝑒𝑟𝑠,𝑥 indicate the number of phononic mode tether
periods normal and parallel to the resonator edge from the resonator to the bulk Si
layer, respectively. (b) plot of 𝑄𝑐 vs 𝑁𝑡𝑒𝑡ℎ𝑒𝑟𝑠,𝑦 for the 4.11 GHz resonator mode of
interest.

Figure 3-5: Electromechanical and spin-mechanical couplings and population transfer
to each acoustic mode. (a) demonstrates a ∼ 56 MHz frequency window (grey shaded
region) in which our mode of interest (∼ 4.115 GHz) lies. The couplings 𝑔𝑠𝑐,𝑝𝑖 and
𝑔𝑝,𝑒𝑖 are plotted for each mode, assuming a shunt capacitance 𝐶𝑆 ∼ 130 fF and a
magnetic field of 0.18 T. (b) displays the Rabi population transfer probability from
the superconducting circuit and electron spin to each acoustic mode (see Eq. (3.39)),
showing a combined mode suppression (diamond markers) of at least three orders of
magnitude
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(3.30). The strain maximum occurs at the edges of the central diamond taper, which

maximizes 𝑔𝑝,𝑒 (Fig. 3-3f).

Figure 3-6: Analysis of the coupled SC-phonon-spin system under different protocols:
(a-c) uncontrolled time evolution, when all modes are on resonance and coupling
rates are maximized; (d-f) time evolution detuned from the acoustic resonance, which
allows for state transfer through virtual phonon excitation; and (g-h) time evolution
under detuning control, which allows for controlled Rabi flops across the modes.
Plots (b,e,h) depict the population dynamics of each mode for the above protocols.
Plots (c,f,i) show the spin population over time for the variable parameter of the
procedure, with operational points for plots (b,e,h) indicated with orange lines. (c)
shows population for a given ∆𝑔, (f) shows population for achievable phonon detuning
∆𝑝, and (i) shows performance for unused mode detuning ∆𝑖 during each Rabi swap.

3.5 Transduction Protocols

In Fig. 3-6, we explore different protocols for quantum transduction from an initialized

SC to a spin. The time evolution of the system when initialized in the 𝜌0 = |100⟩ ⟨100|

state (where the indices consecutively refer to the state of the SC, the Fock state of

the phonon, and the z-projection of the spin) is calculated using the Lindblad master
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equation,
𝑑

𝑑𝑡
𝜌 = − 𝑖

ℏ
[𝜌, �̂�(𝑡)] + 𝜅𝑝

(︀
�̂�†𝑝𝜌�̂�𝑝 − �̂�†𝑝�̂�𝑝𝜌− 𝜌�̂�†𝑝�̂�𝑝

)︀
+ 𝜅𝑠𝑐

(︀
�̂�−
𝑠𝑐𝜌�̂�

+
𝑠𝑐 − �̂�+

𝑠𝑐�̂�
−
𝑠𝑐𝜌− 𝜌�̂�+

𝑠𝑐�̂�
−
𝑠𝑐

)︀
+ 𝜅𝑒

(︀
�̂�−
𝑒 𝜌�̂�

+
𝑒 − �̂�+

𝑒 �̂�
−
𝑒 𝜌− 𝜌�̂�+

𝑒 �̂�
−
𝑒

)︀
.

(3.42)

where the Hamiltonian in a frame rotating at rate 𝜔𝑝 is

�̂�(𝑡)

ℏ
=

∆𝑠𝑐(𝑡)

2
�̂�𝑧𝑠𝑐 +

∆𝑒(𝑡)

2
�̂�𝑧𝑒

+ 𝑔𝑠𝑐,𝑝
(︀
�̂�+
𝑠𝑐�̂�𝑝 + �̂�−

𝑠𝑐�̂�
†
𝑝

)︀
+ 𝑔𝑝,𝑒

(︀
�̂�+
𝑒 �̂�𝑝 + �̂�−

𝑒 �̂�
†
𝑝

)︀
.

(3.43)

Here, ∆𝑠𝑐(𝑡) ≡ 𝜔𝑠𝑐(𝑡) − 𝜔𝑝 is the superconducting qubit detuning and ∆𝑒(𝑡) ≡

𝜔𝑒(𝑡) − 𝜔𝑝 is the spin detuning at time 𝑡. The use of time-varying detuning can be

easily implemented, e.g. via on-chip flux bias lines [139, 144, 99], unlike time-varying

coupling rates explored in previous works [111]. We account for dephasing in each

mode with conservative estimates on decoherence rates 𝜅𝑠𝑐
2𝜋

= 100 kHz, 𝜅𝑝
2𝜋

= 𝜔𝑝

2𝜋𝑄
≈ 40

kHz, and 𝜅𝑒
2𝜋

= 1 MHz [37, 71, 120, 145, 116]. As cryogenic operation of ScAlN-on-

SOI acoustic resonators–as well as diamond hybrid integration on said devices–has

not been previously explored, we further discuss prospects for 𝑄𝑚𝑒𝑐ℎ below.

Fig. 3-6(b,e,h) plot the state transfer fidelity 𝐹𝑗 ≡ ⟨𝜓𝑗| 𝜌(𝑡) |𝜓𝑗⟩ to the target state

|𝜓𝑗⟩ = |1𝑗⟩ under different conditions. In Fig. 3-6a where the modes are all resonant

(𝜔𝑠𝑐 = 𝜔𝑝 = 𝜔𝑒 = 4.11 GHz), and 𝑔𝑠𝑐,𝑝/2𝜋 = 10 MHz, 𝐹𝑒 is poor due to the mismatch

∆𝑔(𝑔𝑝,𝑒) = 𝑔𝑠𝑐,𝑝 − 𝑔𝑝,𝑒 (Fig. 3-6c). Assuming one reduces 𝑔𝑠𝑐,𝑝 or 𝑔𝑝,𝑒, for example by

increase the qubit shunt capacitance 𝐶𝑆 or reducing the transverse magnetic field, 𝐹𝑒

may increase at the cost of maximum coupling rates.

In Fig. 3-6b we detune the phonon mode by ∆𝑝 ≡ 𝜔𝑝 − 𝜔𝑠𝑐 where 𝜔𝑠𝑐 = 𝜔𝑒 and

keep the coupling rates matched at 3.0 MHz. In this case, 𝐹𝑒 ∼ 0.95 via virtual

excitation of the phonon mode, if the phonon mode is detuned by 30 MHz. This

protocol generates a very low population in the phonon mode, primarily exchanging

states between the superconducting qubit and spin. If the phonon mode is lossy, this

transduction method is then preferred. However, while this protocol features wider

efficiency peaks in time, which may require less stringent pulse control (see Fig. 3-6e),
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it does not overcome the issue of coupling imbalance and additionally suffers from

decoherence of the superconducting qubit and spin modes over a longer protocol time

(Fig. 3-6f).

Fig. 3-6g shows the optimal solution, assuming control over ∆𝑠𝑐(𝑡) and ∆𝑒(𝑡), in a

double Rabi-flop protocol. During this protocol, it is assumed that 𝑔𝑠𝑐,𝑝/2𝜋 = 10 MHz

(which overcomes losses during the Rabi flop while still allowing mode isolation during

the next flop) and 𝑔𝑝,𝑒/2𝜋 = 3.0 MHz. We also assume ∆𝑠𝑐(𝑡) = 0 and 0 MHz ≤

∆𝑒(𝑡) ≤ 1 GHz for 𝑡 ∈ {0, 𝜋/(2𝑔𝑠𝑐,𝑝)}–the duration of a Rabi flop between the SC and

phonon. Then, ∆𝑠𝑐(𝑡) = ∆𝑒(𝑡 = 0) MHz and ∆𝑒(𝑡) = 0 for 𝑡 ∈ {𝜋/(2𝑔𝑠𝑐,𝑝), 𝜋/(2𝑔𝑠𝑐,𝑝)+

𝜋/(2𝑔𝑝,𝑒)}–the duration of a Rabi flop between the phonon and spin. This sequentially

transfers states between the modes (Fig. 3-6h), and for ∆𝑒(𝑡 = 0) > 500 MHz, can

achieve 𝐹𝑒 > 0.97 (Fig. 3-6i; for ∆𝑗 = 1.0 GHz, 𝐹𝑒 = 0.971). In this protocol, we have

neglected the losses that can occur when varying ∆𝑠𝑐 and ∆𝑒. In reality, one has to

select a pair of ∆𝑠𝑐 and ∆𝑒 that do not fall on resonance with another acoustic mode

of the system to prevent Rabi oscillations between the SC qubit or electron spin and

an undesired acoustic mode (see SI for more details).

Each of these scenarios achieves transduction to the spin with high fidelity. The

third scenario allows the quantum state to persist in the spin without continued

interaction with the acoustic or SC modes. While in this state, the electron spin can

access other degrees of freedom (e.g. 13C spins [104, 94]).

Since acoustic losses and therefore the total mechanical quality factor 𝑄𝑚𝑒𝑐ℎ are

difficult to predict from first principles, we evaluate the transduction fidelity 𝐹𝑒 of

each protocol in different regimes of 𝑄𝑚𝑒𝑐ℎ in Fig. 4. Here, protocol 1 is the resonant

protocol with 𝑔𝑠𝑐,𝑝 = 𝑔𝑝,𝑒 = 3 MHz; protocol 2 is the virtual excitation protocol with

identical 𝑔𝑠𝑐,𝑝 at a detuning of 30 MHz; and protocol 3 is the Rabi protocol with

𝑔𝑠𝑐,𝑝 = 10 MHz, 𝑔𝑝,𝑒 = 3 MHz, and ∆𝑒(𝑡 = 0) = 1 GHz. 𝑄𝑚𝑒𝑐ℎ is the inverse sum of

three components,

𝑄𝑚𝑒𝑐ℎ =

(︃
𝑄−1
𝑐 +

∑︁
𝑙

𝑝𝑖 (𝑄𝑇𝐿𝑆,𝑙)
−1 +𝑄−1

𝐴

)︃−1

. (3.44)
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We can engineer 𝑄𝑐 to be non-limiting (Fig. 3-4). Additionally, 𝑄𝐴–the Akhiezer

loss-related 𝑄–is negligible at millikelvin temperatures[27]. These two losses are well-

described for analogous systems; in contrast, 𝑄𝑇𝐿𝑆,𝑙–the 𝑙th material’s dielectric loss-

related 𝑄–is harder to predict. These 𝑄𝑠 depends on the number of quasi-particles

or TLSs trapped in each of the device’s material interfaces and are weighted by the

electric field participation 𝑝𝑖 in each interface. We note that 𝑄𝑇𝐿𝑆 likely limits 𝐹 far

more than fabrication imperfections (which fall under 𝑄𝑐) or errors due to heating at

milliKelvin temperatures. Given this uncertainty in 𝑄𝑇𝐿𝑆𝑖
, we lay out the protocol

hierarchy as a function of the overall 𝑄𝑚𝑒𝑐ℎ:

• If 𝑄𝑚𝑒𝑐ℎ ≲ 2× 103, protocol 2 is superior.

• If 2× 103 ≲ 𝑄𝑚𝑒𝑐ℎ ≲ 5× 105, protocol 1 is superior.

• If 5× 105 ≲ 𝑄𝑚𝑒𝑐ℎ, protocol 3 is superior.

In existing hardware, the largest challenge to reach the high-fidelity regime (𝐹 ≳ 0.99)

is reducing dielectric loss in the thin-film piezoelectric, as indicated by published in-

trinsic quality factors of, e.g., monolithic aluminum nitride or lithium niobate res-

onators [43, 157]. So, while current hardware may encourage us to utilize the vir-

tual coupling protocol for coupling through a lossy intermediary phononic mode,

future iterations of this scheme with improved materials and interfaces can expect to

break the 0.99 transduction fidelity barrier using a resonant protocol. At this fidelity,

SC-spin transduction would surpass the 1% error correction thresholds of common

codes and thus be compatible with scalable quantum information processing schemes

[70, 125, 152].

An open question remains in the bonding strength between the diamond thin

film and underlying resonator, which, if poor, can incur additional losses. However,

for single-phonon occupation, the Van der Waals static frictional force exceeds the

strain-generated force on the resonator.

Ultimately, we have proposed a resonator architecture capable of simultaneously

coupling a microwave photonic mode from a superconducting circuit and an electronic
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Figure 3-7: Sweep of protocol performance as a function of the total quality factor of
the mechanical resonator. TLS-limited 𝑄s–which are inherent to the materials used in
the pizeoelectric nanocavity–for Si [103, 160], AlN [43], Nb [100], and alternatives in
GaAs [100] and LN [157] are in cyan. The device’s clamping-limited 𝑄s as a function
of tether number–which determines the phononic mode isolation from the bulk chip–
are listed in blue. Akhiezer losses (gray) are non-dominant at 𝑇 = 0.015 K. Finally,
our assumed 𝑄 ≈ 105 for simulations in Fig. 3-6 is in red. The 𝐹 > 0.995 regime
(dark gray) requires better SCs and spins to achieve.
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spin from a solid state color center to a single phonon. For our calculated coupling

parameters and conservatively assumed 𝑄s across the three modes, we expect SC-

phonon cooperativity 𝐶𝑠𝑐,𝑝 =
4𝑔2𝑠𝑐,𝑝
𝜅𝑠𝑐𝜅𝑝

∼ 4×103 and similarly, spin-phonon cooperativity

𝐶𝑝,𝑒 =
4𝑔2𝑝,𝑒
𝜅𝑝𝜅𝑒

∼ 102. This doubly strongly-coupled architecture has a number of uses.

Firstly, it can provide superconducting circuit qubits access to a long-lived quantum

memory in the form of a nuclear spin register surrounding the electron spin. Secondly,

this resonator can grant superconducting circuit qubits a spin-photon interface for

efficient coupling to fiber optical quantum networks. Finally, by multiplexing each

SC with several acoustic resonators and each acoustic resonator with several spins,

this architecture can yield a memory bank of quantum memories for computational

superconducting circuits.

3.6 Analysis of Spin Register System

In Figure 3-8, we present a roadmap to scaling this architecture to form a memory

register for superconducting circuits. Since the shunt capacitance far exceeds the

capacitance of a single IDT, additional electromechanical resonators in parallel to a

single transmon qubit do not significantly change the coupling rates to each resonator.

Individual control over each resonator can be obtained with (i.e. cryo-MEMS) elec-

trical switching of contacts to each resonator [21]. If this is not possible, controls can

still be obtained in the frequency domain if each resonator frequency is sufficiently

detuned from all others and within the tunability range of the transmon. This gives

two constraints on the number of parallel resonators we can add: the maximum num-

ber of resonators before 𝑔𝑠𝑐,𝑝 for each resonator drops below a desired value, and the

maximum number of resonators before the frequency spectrum becomes overcrowded.

From electrostatic simulations in COMSOL, 𝐶𝑆 ≈ 70𝐶𝐼𝐷𝑇 , allowing us to add

around 10 resonators in parallel without decreasing the coupling to each resonator

by more than 15%. Additionally, each resonator can house several quantum emit-

ters, which themselves will be operating at different frequencies 𝜔𝑒,𝑖𝑗 due to differing

magnetic field and strain environments creating a unique Zeeman effect for each color
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center. Assuming one implants 𝑛 emitters in each resonator, this creates an easily

accessible 𝑚× 𝑛 register of ancillas for a single transmon.

We would like to evaluate overcrowding of the frequency spectrum in this picture.

In an ideal case, when we tune the superconducting circuit on resonance with a

mechanical mode 𝜔𝑚, we would like the circuit to be approximately coupled only to

that acoustic mode. This is the same condition as we presented in Appendix A to

assume that we can simplify the dynamics of the SC-phonon-spin system to that of

coupling via a single acoustic mode. Thus, when the condition for every mode 𝑗,

then we can suppose that we individually couple to one piezoelectric resonator out

of a number of resonators (see Fig. 3-8). Similarly, we would like to determine the

condition where we can assume each piezoelectric resonator can individually couple

to a single spin. This complicates the second stage of the system in Appendix A.

Assuming that the conditions in Appendix A already holds for each of 𝑚 resonators

coupled to the SC qubit, the full Hamiltonian describing the 𝑚 resonator, 𝑚×𝑛 spin

system is

𝐻∑︀ =
𝜔𝑠𝑐
2
�̂�𝑧𝑠𝑐+

𝑚∑︁
𝑖=1

𝑛∑︁
𝑗=1

[︃
𝜔𝑝,𝑖�̂�

†
𝑝,𝑖�̂�𝑝,𝑖 +

𝜔𝑒𝑖𝑗
2
�̂�𝑧𝑒𝑖𝑗 + 𝑔𝑠𝑐,𝑝𝑖

(︁
�̂�+
𝑠𝑐�̂�𝑝,𝑖 + �̂�−

𝑠𝑐�̂�
†
𝑝,𝑖

)︁
+ 𝑔𝑝,𝑒𝑖𝑗

(︁
�̂�+
𝑒𝑖𝑗
�̂�𝑝,𝑖 + �̂�−

𝑒𝑖𝑗
�̂�†𝑝,𝑖

)︁]︃
.

(3.45)

Following exactly from Eqs. 3.39 and 3.40, the required condition for assuming

electromechanical coupling to just the 𝑖0th of 𝑚 resonators is that

𝑚∑︁
𝑖 ̸=𝑖0

⟨𝜎𝑠𝑐,𝑖⟩ =

𝑚∑︁
𝑖 ̸=𝑖0

4(𝑔𝑠𝑐,𝑝;𝑖)
2

4(𝑔2𝑠𝑐,𝑝;𝑖) +
⃒⃒
∆𝑝,𝑖 + 𝑖

(︀𝜅𝑠𝑐+𝜅𝑝,𝑖
2

)︀⃒⃒2 sin2

⎛⎝
√︁
4 (𝑔𝑠𝑐,𝑝;𝑖)

2 +
⃒⃒
∆𝑝,𝑖 + 𝑖

(︀𝜅𝑠𝑐+𝜅𝑝,𝑖
2

)︀⃒⃒2
2

𝑡

⎞⎠
≪ ⟨𝜎𝑠𝑐,𝑖0⟩.

(3.46)

Similarly, after swapping population into one of the resonator modes, the condition
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Figure 3-8: Scaling the schematic to a quantum memory register. By implanting 𝑛
emitters in each of 𝑚 detuned mechanical resonators in parallel with the supercon-
ducting qubit of interest, one can create an efficient interface to an 𝑚 × 𝑛 optically
addressable ancilla register.

for assuming spin-mechanical coupling to just the 𝑗0th of 𝑛 electron spins is that

𝑛∑︁
𝑗 ̸=𝑗0

⟨𝜎𝑒,𝑗⟩ =

𝑛∑︁
𝑗 ̸=𝑗0

4(𝑔𝑝,𝑒;𝑗)
2

4(𝑔2𝑝,𝑒;𝑗) +
⃒⃒
∆𝑝,𝑗 + 𝑖

(︀𝜅𝑒+𝜅𝑝,𝑗
2

)︀⃒⃒2 sin2

⎛⎝
√︁

4 (𝑔𝑝,𝑒;𝑗)
2 +

⃒⃒
∆𝑝,𝑗 + 𝑖

(︀𝜅𝑒+𝜅𝑝,𝑗
2

)︀⃒⃒2
2

𝑡

⎞⎠
≪ ⟨𝜎𝑒,𝑗0⟩.

(3.47)

We can see from the spin-phonon coupling points in Fig. 3-5 that frequency crowd-

ing can begin to promote Rabi oscillations with populations on the order of 10−3 of the

desired mode when within a 100 MHz frequency window. So parallelization of spins

in one resonator would require changing the local magnetic field for each resonator

and intelligent spacing of the emitters to promote a wide distribution of resonant

frequencies, or sacrificing state transfer fidelity to a single spin by overcrowding the

simulated frequency window of operation. This is not as much of a problem given the

order-of-magnitude superior mode suppression on the electromechanical side of the

system. Thus, we can comfortably parallelize around 10 piezoelectric resonators to a

single SC qubit and 1-3 emitters per resonator. When accounting for the surrounding
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13𝐶 nuclear spins, we envision that this scaling method can provide a SC qubit with

a 10+ nuclear spin memory register.

3.7 Implementing Quantum Protocols on a Tripar-

tite System

In Fig. 3-9, we describe the SWAP gate between a superconducting transmon and

SiV− electron spin implemented by our transduction protocols (specifically Protocol

3 in the main text). This consists of two SWAP gates between first the transmon

and transducer’s phonon mode and next between the phonon mode and electron spin.

We propose that the first SWAP is initiated by tuning the flux bias of the transmon

SQUID loop to tune the transmon in and out of resonance with the phononic mode

(Eq. (3.1)) [74]. Similarly, an external magnetic field can be varied to tune the

electron spin transition in and out of resonance with the phonon to initiate the second

SWAP gate ( Eq. (3.10)-(3.13)). Once an excitation is transferred to the electron spin,

then optical readout can be carried out using a free space laser tuned to the electron

spin transition frequency. Note that the diffraction limited spot size of a 𝜆 = 620

nm laser entering a high numerical aperture (NA) microscope–for example, an NA

of 0.9–is around 𝑑 = 𝜆
2𝑁𝐴

= 344 nm, which is smaller than the distance between two

electrodes in our device. Therefore, we expect that a free space laser shouldn’t cause

excessive scattering.

Fig. 3-10 shows how to use the transducer in a quantum computation scheme that

combines distilled entanglement with computation and memory storage. First, one

can initialize two systems in different dilution fridges featuring our transducer to the

ground state and carry out a distilled entanglement scheme using the SiV− electron

spins and coupled 13C nuclear spins in each transducer (Fig. 3-10a) [64]. Next, one

can implement a SWAP gate between the nuclear and electron spin qubits in each

fridge via laser addressing, followed by a SWAP to each coupled transmon to transfer

entanglement to the superconducting circuit. Computation can be carried out on an
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Figure 3-9: Transduction protocol for optical readout of the coupled system. (a)
Diagram of the active control elements at each step, (b) energy level diagram charting
the physical movement of an excitation through the tripartite-coupled system, and
(c) equivalent quantum gates on the three qubits. (i) indicates an initialized state
with the superconducting qubit in the excited state |1⟩ and the phonon and electron
spin initialized to the ground state |0⟩. (ii) First SWAP operation initiated by tuning
the superconducting circuit flux to be on resonance with the phonon mode for half a
Rabi oscillation cycle. (iii) Second SWAP operation initiated by tuning the electron
spin on resonance with the phonon mode via changing the external DC magnetic
field. (iv) Laser addressing of the electron spin, which can be accomplished using a
free space microscope or other means, allowing for optical readout of the system [18].

arbitrarily sized superconducting circuit to which each transmon is coupled (Fig. 3-

10b). Finally, a SWAP gate can be implemented between the coupled transmons and

each nuclear spin to store the excited state in each fridge (Fig. 3-10c). This proposal,

when combined with that in Appendix C, provides a network interface and memory

bank to superconducting quantum circuits.
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Figure 3-10: Implementing the transducer in a quantum entanglement and com-
putation protocol. (a) Entanglement distillation using a coupled 13C nuclear spin
[64]. Here, "BSM" indicates a Bell-state measurement, the cross symbol represents a
SWAP gate, the arrow represents a measurement operation, and the white-and-black
dot symbol represents a CNOT operation. (b) Use of SWAP gates to conduct compu-
tational operations using the superconducting qubit and any other superconducting
qubits interacting with the one in the schematic (not shown). Here, our transducer
would be used to implement the otherwise missing SWAP gates, shown in red. The 𝑈
operation represents an arbitrary computation carried out with the superconducting
qubit. (c) Information storage in a coupled 13C coupled nuclear spin, where our trans-
ducer would again be used to implement the otherwise missing SWAP gates (shown
in red).
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Chapter 4

Outlook

In this work, we have outlined the design and implementation of two acoustic inter-

faces with quantum emitters in diamond. First, we discussed the use of optomechanics

to couple flying photons from a quantum network to Group IV vacancies in diamond

independent of their optical transitions. This spin-optomechanical interface leverages

a central taper to feature ultrasmall optical and mechanical mode volumes, driving

up the spin-phonon coupling to levels where single emitter-phonon interactions are

viable. We discuss the deployment of this spin-optomechanical interface in heralded

entanglement protocols for quantum networking.

Next, we discuss the design, simulation, and applications of an spin-embedded elec-

tromechanical transducer that generates strong superconducting circuit-to-phonon

and phonon-to-spin coupling. We motivate our transducer design with FEM simu-

lations and discuss its use in single quantum transduction from a superconducting

transmon to a SiV− electron spin. Finally, we propose a physical architecture for par-

allelizing spin memories to a single transmon using an array of spin-electromechanical

transducers as well as computing protocols that leverage our transducer for entangle-

ment distillation and computing with spin memories.

Several steps are required before ultimately achieving spin-phonon coupling in

our proposed spin-optomechanical cavities or spin-electromechanical transducers. We

delineate these steps below.
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1. Cryogenic operation of Group IV centers.

2. Fabrication and ambient characterization of optomechanical (electromechanical)

resonators.

3. Heterogeneous integration of diamond optomechanical (thin film patterned)

structures with embedded spins in on-chip architectures.

4. Cryogenic characterization of optomechanical (electromechanical) resonators.

5. Implementation of transduction protocols in cryogenic environments.

We report our experimental progress on these steps in the following sections.

4.1 Cryogenic Operation of Quantum Emitters

Silicon vacancy centers in diamond must be operated at millikelvin temperatures in

order to have sufficiently narrow bandwidth spin transitions for quantum spin control

[145]. As such, spin-mechanical devices must also operate in this regime. However,

tin vacancy (SnV−) centers, which have an analogous structure to the SiV− center,

can operate at temperatures as high as 1 Kelvin. This is due to the fact that the

spin-orbit splitting between ground and excited spin manifolds is around 850 GHz

as opposed to the 46 GHz splitting of strain-free SiV− centers [56, 148]. Because

the Boltzmann phonon occupancy of 850 GHz modes in bulk diamond are around

2 × 10−17 times lower than that of 46 GHz phonons at a 1 K, SnV− spin transition

linewidths are sufficiently narrow at 1 K for quantum information protocols.

We demonstrate the initial detection and characterization of SnV− centers in di-

amond microchiplets below. Diamond microchiplets, which have also been used in

other heterogeneous integration studies involving NV− and SiV− centers [151, 108],

were fabricated in electronic grade diamond procured from Element Six using a quasi-

isotropic etch [109]. Microchiplets were placed in a Montana CryoCore cryostation

operating with a base stage temperature of 4.2 K. A 515 nm Cobolt green laser was
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used to excite SnV− centers via free-space addressing, and a M Squared laser operat-

ing at approximately 619 nm with a spectral range of 30 GHz was used to resonantly

excite the SnV− optical transition. This allowed for photoluminescence excitation

(PLE) of SnV− centers at 4 K. A wide-field lens was used to simultaneously conduct

PLE on all emitters within a ∼30 GHz range from 484.118 THz to 484.147 THz

(Fig. 4-1).

PLE of SnV− at 4 K represents the first step of characterizing Group IV emitters

for heterogeneous integration at cryogenic temperatures. An ICE Oxford AttoDry

cryostat will be used to operate the spin transition of SnV− centers in these pre-

characterized microchiplets at a sample temperature of 1.3 K, at which the spin

energy levels of SnV− centers become distinguishable.

4.2 Towards Fabrication of Spin-Optomechanical In-

terfaces

Nanoscale photonic crystals have been demonstrated in diamond using a quasi-isotropic

etch [109]. However, this fabrication is limited for one-dimensional nanobeams and

long membranes that approach widths of 1 𝜇m since the underside of the resonator is

not flat, limiting the achievable quality factors of fabricated cavities and preventing

the flat placement of heterogeneously integrated nanobeams on-chip. The main limi-

tation preventing a longer etch to achieve a flat membrane is the selectivity of ZEP

520A hard masks used in the anisotropic etch step (Fig. 4-2a.ii); for longer etches,

the hard mask protecting the nanobeam surface degrades.

To compensate for this limitation, we have pursued a quasi-isotropic etch with

a 220 nm silicon hard mask fabricated by Applied Nanotools, Inc (ANT). The dia-

mond:Si selectivity is expected to be higher than that of Si:ZEP 520A, allowing us to

etch quasi-isotropically for longer and smooth the nanobeam underside. This concept

is illustrated in Fig. 4-2b.i-vii.

Fig. 4-3 displays the ANT hard masks for 1D diamond spin-optomechanical in-
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Figure 4-1: Interactive interface for microchiplet wide field PLE analysis, written with
collaborators in MATLAB (see Acknowledgments). (a) Depicts the PLE spectrum
around a single emitter in the microchiplet depicted in (b) and (c). (b) depicts the
PLE scan at the emitter’s resonant frequency. (c) HSV plot of all emitters in the
microchiplet, where H is the frequency of the maximum value in the wide field scan
(in this case, 484.147 THz), S is saturated at 1, and V is the maximum emitter
intensity in arbitrary units.
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Figure 4-2: Conceptual comparison of diamond etch using (a) ZEP 520A and (b)
Si hard masks. (i) Deposition of the hard mask (or in the case of Si, float-down
placement). (ii) Anisotropic etching of the diamond. Conceptually, the Si hard mask
degrades less due to higher selectivity, allowing for a deeper etch. (iii) Deposition of
Al2O3. (iv) Selective removal of Al2O3 top layer. (v) Anisotropic etch of diamond.
(vi) Quasi-isotropic plasma etch of nanobeam (in the case of a deeper anisotropic
etch in (b), this quasi-isotropic etch can continue for a longer time, allowing for a
smoother underside). (vi) Removal of hard mask.
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Figure 4-3: Silicon hard mask for diamond spin-optomechanical crystal interfaces
from ANT. (a) image of the full mask including spin-optomechanical interfaces in a
microchiplet frame (bottom left), individual nanobeams coupled to grating couplers
(bottom right), and test structures for taper fabrication (top). (b) Close-up image
of microchiplet and grating-coupled optomechanical crystals. (c) Hard mask image
of a single nanobeam coupled to a grating coupler. Images were taken courtesy of
collaborators (see Acknowledgements).

terfaces. We will proceed with diamond etching using these hard masks by floating

down hard masks onto diamond substrates, followed by the etch recipe laid out in

[109].

4.3 Towards Fabrication of Spin-Electromechanical

Transducers

Our proposed spin-electromechanical transducer requires the deposition of thin film

ScAlN as well as heterogeneous integration of diamond. We show the proposed device

fabrication in Fig. 4-4. The bulk of the fabrication proposal follows that of a simi-

lar microwave photon-to-optical photon transducer [106] but features a modification

accommodating the heterogeneous integration of a diamond thin film (Fig. 4-4e).

Currently, test structures for fabrication are being prepared at Sandia National

Laboratories. Since the deposition of Nb electrodes requires further fabrication de-

86



Figure 4-4: Proposed fabrication of spin-elecromechanical transducer with hetero-
geneously integrated diamond. (a) Deposition of thin film ScAlN on a silicon-on-
insulator (SOI) substrate. (b) Dry anisotropic etching of the ScAlN layer to define
the resonator box. (c) Plasma etching of the Si layer to pattern the resonator box
Si layer and phononic tethers. (d) Evaporation of resonator electrodes. (e) Hetero-
geneous integration of diamond thin film on resonator box. (f) HF vapor etch of
underlying oxide layer to release the resonator from the substrate. In these schemat-
ics, the light blue layer is ScAlN, the grey layers are Si, the yellow layer is SiO2, the
black layer defines the electrodes, and the turquoise layer is diamond.

velopment, early test samples are being prepared with Al for room temperature char-

acterization and driving of Group IV spins.

4.4 Next Steps

As described above, we are pursuing the fabrication of spin-phonon interfaces (namely,

spin-embedded optomechanical crystals and spin-embedded electromechanical trans-

ducers) and are operating Group IV vacancies in 4 K environments. Following these

demonstrations, we aim to proceed with spectral characterization of our optomechan-

ical crystals in an ambient environment; SiV− implantation and recharacterization in

a 10-50 mK dilution fridge; and demonstration of an optomechanically driven her-

alded entanglement protocol. We also aim to demonstrate coherent control and then

quantum transduction using our electromechanical transducers at 10-50 mK.

We anticipate that the spin-phonon interfaces described in this work will find a

myriad of applications in quantum networking and computing. We hope that these

devices drive forward and motivate similar works in hybrid quantum information

platforms that leverage the best of many quantum modalities to realize fully deployed

quantum computers.
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