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ABSTRACT

The investigation of mechanical oscillators in the quantum regime is of great interest
for quantum science and technology. Particularly, mechanical oscillators can be
utilized in quantum sensing, frequency conversion, quantum information processing,
and fundamental tests of quantum gravity. For these applications, preparation and
control of non-classical states of motion is crucial. However, since mechanical
motion is extremely linear, coupling to an external nonlinear system or engineering

nonlinear interactions is necessary for this purpose.

Superconducting qubits are an attractive platform for quantum control of motion,
due to their strong single-photon nonlinearity and high coherence. Coupling them to
mechanical oscillators through piezoelectricity has enabled the deterministic prepa-
ration and characterization of non-classical motional states. However, piezoelectric
materials require complex heterogeneous integration, which often limits mechani-
cal coherence. Piezoelectric oscillators coupled to superconducting qubits exhibit
relatively low quality factors (Q ~ 10* — 10°), restricting the ultimate utility of these
systems. These limitations motivate the development of alternative methods that

can combine high mechanical coherence with quantum control.

In this thesis, we employ the nonlinearity of electrostatic forces to engineer in-
teractions between mechanical oscillators and superconducting microwave circuits.
This material agnostic approach allows us to form our mechanical oscillators out of
single-crystal silicon, a non-piezoelectric material with extremely low acoustic loss.
First, we demonstrate the feasibility of this approach by achieving strong coupling
to a microwave resonator while remaining in the ground state. Next, we couple
our mechanical oscillator to a transmon superconducting qubit, enabling determin-
istic quantum control of motion and the investigation of mechanical coherence at
the single quanta level. We observe an extraordinarily large mechanical quality
factor (Q ~ 10°), highlighting the effectiveness of our method in achieving long

mechanical lifetimes.

We then systematically investigate the origins of acoustic decoherence in our devices,
observing that microscopic two-level-system defects play a major role. We obtain
clear signatures of their presence and interaction with our mechanical oscillator,
extending the understanding of acoustic decoherence at millikelvin temperatures.

Leveraging this knowledge, we demonstrate that frequency noise from these defects
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can be mitigated using dynamical decoupling sequences implemented with our

qubit.

Our mechanical lifetimes, which exceed those of the best superconducting qubits by
an order of magnitude, open new possibilities for storing microwave quantum in-
formation in motional states. In addition, our material-agnostic approach is broadly
applicable and can enable electromechanical interfaces across a wide range of non-

piezoelectric materials relevant to quantum science.
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Chapter 1

INTRODUCTION

The elastic deformation of solids near equilibrium is fundamentally described within
the framework of harmonic oscillators. In the last 50 years, advances in our ability
to tailor the geometry of solids at the microscale have opened new frontiers in
science and technology utilizing these mechanical oscillators [1]. Within the realm
of classical technologies, these micro-electro-mechanical systems (MEMS) have
become ubiquitous and serve crucial functionalities [2]. For instance, the high
sensitivity of these mechanical oscillators to external forces has been harnessed to
make mass, inertial, and pressure sensors [3—5]. Alongside their functionality as
sensors, the small velocity of acoustic waves in solids has motivated the development
of compact mechanical components for processing microwave signals [6]. The

applications are vast and their impact has been transformative.

The exploration of mechanical oscillators in the quantum regime promises to have a
similarly transformative impact on quantum science and technology. For example,
the limits for the sensitivity of a mechanical oscillator are inherently set by quantum
mechanics [7]. By preparing non-classical states of motion, it becomes possible to
harness uniquely quantum resources that yield metrological performance unattain-
able with classical means [8—10]. Beyond their enhanced sensing capabilities, these
quantum mechanical oscillators can provide unique functionalities in hybrid quan-
tum architectures, where they interface with diverse physical systems. For instance,
analogous to the use of mechanical filters in classical signal processing, mechanical
oscillators could be utilized in processing quantum signals in computing architec-
tures [11, 12]. They can also be used in the conversion of quantum signals between
microwave and optical frequency bands, a crucial task for establishing quantum

network with superconducting qubits [13, 14].

However, operating mechanical oscillators in the quantum regimes presents chal-

lenges:

1. Ground state operation: Mechanical oscillators are inevitably coupled to
their environment, which leads to them being driven by random forces as a

consequence of the dissipation-fluctuation theorem [15]. At ambient temper-
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atures, the thermal fluctuations greatly exceeds the energy scale associated
with quantum fluctuations (kT > hwy,, where T is the temperature of the
mechanical oscillator and wy, is its frequency). As a result, thermal noise
dominates the oscillator’s dynamics, making the observation of quantum phe-

nomena extremely challenging under these conditions.

This challenge has motivated significant efforts towards cooling mechanical
oscillators to their ground state of motion, where the thermal motion is re-
duced below the level of quantum fluctuations [15]. Such cooling can be
achieved through two general strategies: passive and active cooling. In the
passive approach, mechanical oscillators are engineered to oscillate at high
frequencies (w,,/2mr ~ 5 GHz) such that they reside at their ground state
when cooled down to the base temperature of a dilution refrigerator [16]
(kp x 50 mK <« h x5 GHz). Alternatively, in the active approach, cooling
is achieved by engineering coupling between a mechanical oscillator and an-
other entity that functions as a cold bath [17, 18] or by employing feedback
control [19].

. Non-classical state preparation: The dynamics of a harmonic oscillator
subject to a classical drive is confined to Gaussian states (i.e, coherent, ther-
mal). Consequently, the more general class of non-Gaussian quantum states
(such as Fock states or bosonic code states) that are of interest for various
applications are not accessible to such systems [20]. The presence of a non-
linearity, in principle, allows this challenge to be overcome [21]. However,
intrinsic mechanical nonlinearities are extremely weak compared to their dis-
sipation rates, which hinders the preparation of non-classical states in purely

mechanical systems [22].

Therefore, one needs to form a hybrid quantum system, where the mechanical
oscillator is coupled to an ancillary nonlinear system or where a nonlinear
interaction is engineered [23]. In cavity optomechanics, the radiation pres-
sure interaction between mechanical oscillators and electromagnetic cavities
has been been extensively investigated for this purpose [15]. However, the
standard linearization of the optomechanical interaction restricts the system
to Gaussian states, and non-Gaussian states can only be generated probabilis-

tically through single-photon detection [24].

Alternatively, the strong single-photon nonlinearity, fast control, and the high

coherence of superconducting qubits can be exploited to control mechanical
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oscillators [23]. One approach to generate coupling between qubits and me-
chanical oscillators has been the enhancement of radiation pressure forces by
an electrostatic biasing field [25, 26], an approach known as electrostatic cou-
pling. However, challenges associated with engineering coupling strengths
that exceed the decoherence rates and excess thermal population of the me-
chanical oscillator have been prohibitive for the preparation of non-Gaussian
mechanical states via this approach [27-32].

On the other hand, the use of piezoelectric materials has enabled access to
the strong coupling regime, where the interaction strength between oscillator
and qubit exceeds the decoherence rates [16, 33]. The combination of strong
coupling with passive ground state cooling has enabled the deterministic
preparation and characterization of non-classical states of motion via this
approach [34-36].

As noted above, piezoelectric coupling of passively cooled mechanical oscillators
to superconducting qubits has been very successful in exploring the fundamental
quantum behavior of mechanical objects [37, 38]. However, for practical applica-
tions, the fidelity with which a state can be prepared, manipulated, and stored is
essential. This in turn relates to the interplay between the coupling strength and the

decoherence rates of the individual components of the system [39, 40].

A factor that restricts the ultimate potential of previously demonstrated systems is
their limited mechanical lifetimes. The best observed quality factors (Q ~ 3 X 106)
[41] remain well below those attainable with alternative materials that are not
constrained to be strongly piezoelectric (Q 2 10°) [42—44]. Importantly, the ex-
cess acoustic dissipation has not been attributed to any fundamental limitation of
piezoelectricity itself, but rather to the material quality and surface properties of
piezoelectric devices [45, 46]. Qubits can lose energy to the substrate via acoustic
channels if fabricated on a piezoelectric substrate [47]. This necessitates hetero-
geneous integration of piezoelectric materials, a process that presents substantial

challenges in achieving high material quality and thus contributes to higher losses.

In this thesis, we explore electrostatic coupling as an alternative pathway to couple
mechanical oscillators to superconducting qubits. By harnessing the material ag-
nostic nature of this mechanism, we aim to utilize materials that have been shown
to exhibit extremely low acoustic dissipation, such as single-crystal silicon [48]. By

solving the technical challenges that has previously hindered the performance of
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electrostatically coupled qubit-oscillator systems [27-31], the lifetime of mechan-
ical oscillators that has been brought under quantum control can be significantly
extended. Such an achievement would have strong implications for the applications
of mechanical oscillators in quantum information processing, frequency conversion,

and sensing.

The next two chapters introduce the core principles underlying our approach. Chap-
ter 2 presents the basic physics of electrostatic coupling between photons and
phonons, including a quantum mechanical description of the interaction. In Chapter
3, we introduce the specific geometry we employ to engineer electrostatic coupling

and outline the associated design principles.

Our main experimental results are presented in Chapters 4-5. In Chapter 4, we
realize electrostatic coupling between a mechanical oscillator and a microwave res-
onator. Our measurements demonstrate the fundamental principles of electrostatic
coupling and show that this interaction can be sufficiently enhanced to reach strong-
coupling while while maintaining ground-state operation. We also observe the first
indications that our approach can provide improvements in mechanical lifetimes.
In Chapter 5, the mechanical oscillators are directly coupled to a superconducting
qubit. This system facilitates the quantum control of mechanical motion, allowing
for the generation and characterization of non-classical motional states. We further
investigate the mechanical coherence in the single phonon regime and demonstrate

mechanical quality factors approaching one billion.

Chapters 6 and 7 focus on the mechanisms underlying acoustic decoherence. Specif-
ically, Chapter 6 focuses on how two-level-system defects (TLS) contribute to acous-
tic decoherence. Here, we provide the theory of this process, starting from the basics
of TLS-mechanics interactions. Furthermore, we present additional measurements
supporting the major role played by TLS in limiting mechanical coherence. Chap-
ter 7 investigates the contribution of metallic moving parts to acoustic decoherence,
through an experiment aimed at isolating the acoustic decoherence from metals. Our
results show that metals can indeed introduce excess acoustic loss and frequency

noise.

Finally, Chapter 8 provides an outlook of for our research, focusing on potential
future research directions with our system and specific pathways for further im-

provements.



Chapter 2

ELECTROSTATIC COUPLING

This chapter discusses the physics of electrostatic coupling. Starting with the clas-
sical dynamics, we describe the interaction between electromagnetic and acoustic
fields in the presence of an electrostatic voltage bias. Then we proceed with the quan-
tization of this system, providing a quantum mechanical description of the system.
We then provide the equivalent electrical circuit model for the moving capacitor.
Finally, we present a perturbative approach for calculating the electromechanical

interaction rate.

2.1 Classical Description

Electrostatic transducers, which utilize Coulomb forces between charged capaci-
tors to drive and readout mechanical motion are ubiquitous in MEMS technology.
They are employed in various applications due to their relative ease of fabrication,

excellent miniaturization, and low power consumption [49].

The basic physics of electrostatic actuation can be described by considering the
canonical example of a charged capacitor with mechanically compliant plates, which

is driven by an external voltage source (see Fig. 2.1).

In this picture, the moving capacitor is assumed to oscillate around its equilibrium
position with displacement x. Therefore, total capacitance of the moving capacitor
(Cim(x)) is a function of the mechanical displacement. For simplicity, in the follow-
ing analysis we omit the explicit dependence on x when denoting the capacitance

value of the moving capacitor.

An external voltage supply with a voltage of Vg, generates static charge on the

mechanical oscillator, which can be expressed as

Qdc = Cm V. (2-1)

This static lies at the origin of the the resonant interaction between the mechanical

and electromagnetic fields as will be shown later.

Similarly, we have a radio-frequency (RF) voltage source with voltage Vi, whose

purpose in this setting is to drive and readout mechanical motion. Associated with



rf

dc

Figure 2.1: Electrostatic transduction. Diagram of an electrostatic transducer
connected to external voltage sources. The DC source generates the static charge
and the RF source drives mechanical motion. The static charge is visualized on the
moving capacitor by the + and - signs. In this diagram only one of the planes of the
moving capacitor is mechanically compliant while the other one remains fixed.

this voltage source, there exists RF charge of magnitude

Qrf = CmVrf- (22)

Since we have a conservative system here, we can calculate the electrical force on
the mechanical oscillator based on the total electrical energy stored on the capacitor,

which is given as [1]

Q2 — (Qrf + Qdc)z.

V=3¢ 2C (&3)
The electrical Coulomb force can then be expressed as
ou 1C
o= oo = 2 (Vi + 2VacVie+ V). 2.4)

where we have substituted the expression for the DC and RF charges into Eq. (2.3).

For the common scenario of a RF drive near resonance with mechanical motion, only
the term proportional to V4.Vt will be resonantly driving the mechanical oscillator.
Therefore, we can neglect the other terms and express the resonant electrical force
on the mechanical oscillator as

C

Fe~ a_mvdcvrﬂ (2.5
X

Beyond using the electrical force to drive mechanical motion, as discussed above, we

also seek to electrically measure mechanical displacements. This can be achieved
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by monitoring the current passing through the moving voltage source, which can be

expressed as [50]

. 00+ 0 oV, oCp Ox . .
1= % =Ch 6trf + (Ve + Vrf)a_me = ldrive * !motional - (2.6)
—_———
drive motional

Here there are two components: (i) the current associated with the RF drive on
the capacitor (igrive), Where the charges oscillate with the external voltage supply,
and (ii) the motional current (imotiona1) Which is proportional to the velocity of
the mechanical oscillator. This motional component provides information about
mechanical motion, allowing its electrical readout. For resonant detection, only the
component that oscillates with the mechanical frequency is relevant. Therefore, we

can express the motional current as

0Cy, 0x
motional X Vde———. 2.7
Imotional dc dx O (2.7)
Thus, the nonlinearity of the Coulomb interaction in the presence of a static charge
can give rise to electrical forces that drive mechanical motion (see Eq. (2.5) and
allow its readout (see Eq. (2.7)). Both of these equations have terms proportional to

Vac0Crn/0x, which one generally wishes to maximize in practical applications.

The sensitivity of the capacitor to mechanical displacements (0Cy,/dx) is dependent
of the geometry of the capacitor and the mechanical displacement profile. For
complex geometries, numerical methods are required for the analysis. However, for
the special case of a parallel plate vacuum capacitor of area A and gap d, where one
plate undergoes translational motion along the axis separating the two plates, the

mechanical capacitance can be expressed as

E()A
Cn = . 2.8
m= (2.8)

For small displacements (x < d), the sensitivity is

oC €A
x=0

Hence the sensitivity can be significantly increased by scaling down the gaps of the

actuator.

The other relevant parameter is the maximum bias voltage (V4.), which is limited

due to Coulomb attraction between the plates. Specifically, the moving plate gets



subjected to an electrostatic force, which is the static component in Eq. (2.4),
2 0x

This Coulomb force in turn competes with the spring force of the moving capacitor,

Fe V3. (2.10)

which is given by Hooke’s law as
Fs = —kx, (2.11)

where k is the spring constant of the mechanically compliant plate. Therefore the

net force is LaC
my,2
Free = 5 755 Ve

This net force can be utilized to solve the equilibrium position (xeq) of the moving

— kx. (2.12)

capacitor, by finding the displacement value that satisfies Fye = O.

The stability of the equilibrium position is set by how the net force varies in the
presence of perturbations. Based on the conventions we have used, where positive
force indicates attraction towards the other plate, if a positive perturbation ox leads
to an increase in the force this is an unstable equilibrium point and it is stable
otherwise. Therefore, stable operation requires that

OF, net
ox X=Xeq

<0. (2.13)

The maximum bias voltage value that satisfies the above equation is called the pull-in
voltage (V};), which sets the limits for the maximum voltage that can be applied to
an electrostatic actuator. Above this voltage, the dynamics of the system is unstable

and the mechanically compliant plate snaps to other plate due to Coulomb attraction.

In general, Eq. (2.13) is a complex nonlinear equation that is challenging to solve,
as one must first determine the equilibrium point and then evaluate its stability for
each applied Vy. value. This procedure can, however, be readily carried out using
numerical methods. For the special case of a parallel plate capacitor, there exists an

analytical solution where the pull-in voltage is [1]

/ 8kd3
= . 2.14
Vo 27€)A 2.14)

Similarly, the capacitor gap value at the equilibrium position, when this voltage is

applied can be found to be

= —d. (2.15)

d - Xe
q Vae=Vpi 3



2.2 System Quantization

The classical description of the dynamics of electrostatic actuators provided in the
previous section, while useful for understanding the system’s physics, is insufficient
to fully capture its behavior in the quantum regime. To describe the system at this

level, it is necessary to quantize both the acoustic and electromagnetic fields.

The full Hamiltonian of our system (Flsys) will have terms that relate to the dynam-
ics of the mechanical oscillator, the dynamics of electromagnetic fields, and the

interaction between the two.

The acoustic field can be simply quantized by noting that the motion of a mechanical
oscillator near equilibrium can be described as a quantum harmonic oscillator, whose

Hamiltonian is

L1 52
2 2meﬂ:

In this Hamiltonian, m.g is the effective mass of the mechanical oscillator (for a

(2.16)

discussion of effective mass, see [15]), wy, its resonance frequency, and X (p) is the
position (momentum) operator which satisfy the commutation relation [£, p]| = i%.
The Hamiltonian can be recast by utilizing the creation and annihilation operators,

where the annihilation operator b is defined as

A MeffWm . 1
b:1/ X+1 7, 2.17)
2n \/2hmeffwmp

satisfying the commutation relation [b, 5] = 1. With these operators, the mechan-

ical Hamiltonian can be written as

b. (2.18)

With the acoustic field quantized, we can move on to the electromagnetic fields. In
our experiments, which will be later on described in the thesis, the moving capacitors
will be connected to quantum microwave circuitry. In particular, it will be attached
to microwave resonators and superconducting qubits. These circuits can be analyzed

by following the framework of circuit quantization [51].

In this framework, we will choose the node flux @ to be analogous to the position
variable, such that the capacitive terms will contribute to the kinetic energy of the

system and the inductive terms will contribute to the potential energy of the system.
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We consider the case of a moving capacitor with a quantized position (Cp, (%))
connected to microwave circuitry. Here the circuitry consists of a capacitor (C;) in
parallel with arbitrary inductive elements, whose potential energy is Uz (®). This

setup is visualized in Fig. 2.2a.

a C_(%) b g

— C—— UL(Ci)) C—

i

Figure 2.2: Moving capacitor and quantum electrical circuit. a, Diagram of a
moving capacitor connected to a quantum microwave circuit consisting of a capacitor
C; shunted by arbitrary inductive elements with inductive energy of Uy (®). The dc
voltage at the node above the capacitor represented by the variable V. The quantum
fluctuations at the same node are represented by the node flux &. b-c, Electrical
circuit diagrams of a linear microwave resonator (b) and a transmon qubit (c).

The Lagrangian of the quantum electrical circuit is written as

L. =79c—-UL. (2.19)

The total capacitive energy can be expressed as

1 A 1 A
Te = 5Cn(®) (Vae =V = )° + 2V + D)7, (2.20)

where V is the dc voltage at our chosen node and the dot above operators indicate

the time derivative.

For the common case where the displacement amplitude of the moving capacitor is
much smaller than the gap, we can Taylor expand the moving capacitor value around

the equilibrium position to the first order as

Cin(X) = Cin(xeq) + Cn X. (2.21)

8x X=Xeq
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In the following analysis, we will not explicitly denote that the derivative is always

evaluated at the equilibrium position for brevity.

Note that the equilibrium position can be calculated by solving the classical equations
for the system as discussed in the previous section. For brevity, we will denote the

moving capacitor value at the equilibrium position as

Cnm = m(xeq)- (2.22)

Next, we expand the capacitive energy, ignoring the static terms (i.e. terms that do
not include any of the operators £ or @), since they do not contribute to the dynamics

of the Hamiltonian and provide only energy offsets. We obtain

1 — A A 1 A A
Te = 5 (Cn+ 0.Cud) (z(vdc Vb + @2) + 3GV +$?). (2.23)

Based on the capacitive energy, the conjugate charge operator is defined as

S
S

0="—" (2.24)
9

o

and satisfies the commutation relation [®, Q] = i%i. For our specific system, it can
be found to be

O = (=CouVie + CoV) =8, CniVie + (Cs. + 8, C?) D, (2.25)

Qoff

where Q. is the static offset charge and Cs = C;+ Cp,. To simplify our notation, we

define Vg, = V4. —V, which corresponds to the voltage drop on the moving capacitor.

The circuit Hamiltonian can then be obtained via the Legendre transformation

Agre = 00 — L. (2.26)

Since expressions for the capacitive energy (Eq. (2.23)) and the canonical charge
operator (Eq. (2.25)) have already been derived, we can substitute them into this
expression to obtain the Hamiltonian. This procedure yields

(Q - Qof’f)2 + Ay 8xcm‘7chA)e _ 6meQA2)’e

UL (D)

Heire =
Cire 2CZ CZ 2C§

, (2.27)

He Hint
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where H, is the Hamiltonian of the electrical subsystem (defined by the capacitors
and inductive elements) and H,, is the interaction Hamiltonian. From the above
derivation, we see that the charge oscillating with mechanical motion interacts with
the charge fluctuations of the quantum electrical circuit, leading to the electrome-

chanical interaction.

For the electromechanical interaction, we only keep the term of the form Q)?, which
is relevant for resonant interactions that will be explored in the rest of the thesis.
We have thus ignored the term proportional to Q%%, which is weaker and becomes
relevant when the oscillator interacts with electrical signals at half the mechanical
frequency. Therefore, we can write

A _ ax Cm Vdc QA.i-

Hine = Cs (2.28)

We note that Vg, — V is simply the voltage drop on the mechanical oscillator.

The full system Hamiltonian can be then obtained as the combination of the me-

chanical, electrical, and interaction Hamiltonians

A A A

Hsys =fnt I:Ie + Hip. (2.29)

For simplicity, we have truncated the Taylor expansion of the moving capacitance
at first order in Eq. (2.21), since this approximation already captures the essential
physics of the electromechanical interaction, which is the main focus here. Including
higher order terms would give rise to weaker effects, such as electrostatic frequency
renormalization of the mechanical oscillator, an electrostatically induced mechanical
Kerr-type nonlinearity [52, 53] and higher order couplings between mechanical

motion and electrical charge.

To analyze the full system, we must specify the functional form of the inductive
energy, which defines the electrical circuit to which the mechanical oscillator is
coupled. From this, we can derive the electrical and interaction Hamiltonians,
providing a complete description of the system’s quantum dynamics under the
closed-system assumption. Here, we focus on two specific cases that will appear in

later chapters: (i) a linear microwave resonator and (ii) a transmon qubit.

Linear Microwave Resonator

A linear microwave resonator corresponds to a simple LC circuit. In our system,

this is realized an inductor L, shunting the capacitor C;, as shown in Fig. 2.2b. The
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inductive energy for this configuration is given by

&2
U, = , 2.30
L= 5L (2.30)
leading to the electrical Hamiltonian
. 0> ¢
H, = —=— , 2.31
© T3¢ T 2L 2.31)

where the charge offset has been removed by a gauge transformation. This Hamil-

tonian is that of a linear harmonic oscillator, which can be rewritten as

A

H. = hwéd"a, (2.32)

where w; = (Cer)_l/ 2 is the resonance frequency of the microwave resonator and

the annihilation operator is defined as

CZ(J);‘ A l N
a =4/ D+ . 2.33
2n \/2hCzwrQ (23

The charge operator can be expressed based on the creation and annihilation opera-

tors to be
0 = —iQup(d—a"), (2.34)

where Q¢ = VhwCs /2 is the zero-point fluctuations of charge. The displacement
operator can be similarly expressed as

% = xopt(b +b7), (2.35)

where x,pf = \li/2mefrwn is the zero-point fluctuations of displacement.

Substituting these expression into the interaction Hamiltonian, we obtain
I:Iint = incamexzprpr(& - &T)(b + bT)/Cz, (236)

where we due to the inductive shunt, the node will be grounded at dc, leading to

V = 0. This equation can be cast into the form
Hin = ihigem(a@ — a7 (b + b7), (2.37)
where gen, is the electromechanical interaction rate, which can be obtained to be
gem = VacOx CinXzptViopt /. (2.38)

Here, Vot = Qupt/Cs = vhw,/2Cs is the zero-point fluctuations of voltage.
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As will be discussed in the later sections of this chapter, Equation (2.38) will form the
basis of our electromechanical interaction rate analysis and simulations. Moreover,
its dependence on the system parameters will motivate our design, with the goal of

maximizing the interaction rate.

In the common scenario where the mechanical and electrical resonators are near
resonance, the interaction Hamiltonian can be further simplified by applying the

rotating-wave approximation
Hi = ihgem(ab® — a'b), (2.39)

leading to the familiar beamsplitter type interaction. This interaction enables elec-

trical driving and readout of mechanical motion [18, 54].

However, since we have linear coupling between two harmonic oscillators, the
dynamics of the system remains constrained to Gaussian states as discussed in the
previous chapter. Therefore, an external source of nonlinearity is needed for quantum
control of mechanical motion, which can be readily provided by Josephson junctions.
In the following, we will visit the special case of a nonlinear superconducting circuit

in the form of a transmon qubit interacting with the mechanical oscillator.

Transmon Qubit
A transmon qubit can be obtained by shunting a Josephson junction, which has a
Josephson energy of E;, with a capacitor, as illustrated in Fig. 2.2c. The inductive

energy of this circuit is

A

[}
Uy = —Ejcos (271—), (2.40)
D,

where ©) = h/2e is the magnetic flux quantum and e is the electron charge. By
defining the superconducting phase (¢ = 27®/®) and reduced charge (i = Q/2e),

the Hamiltonian of the transmon can be written as
H. = 4Ec(f — ng)? — Ejcos §, (2.41)

where n, = Qof/2e is the reduced offset charge and the charging energy is given as
Ec= 2 /2Cs.

We note that this Hamiltonian is identical to that of a Cooper pair box. The transmon
simply corresponds to a specific regime of this Hamiltonian (E;/E¢ > 30) where
the impact of the offset charge on the energy levels, called charge dispersion, is

greatly suppressed [55]. Specifically, this charge dispersion reduces exponentially
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with E;/E¢ ratio (< exp (—y/8E;/E¢) and can be made negligibly small. As a
result, the effect of the offset charge can be ignored in the transmon Hamiltonian. In
addition, the transmon regime leads to small quantum phase fluctuations, allowing
the Taylor expansion of the Josephson potential to be truncated at fourth order [56]
as

1

N 1
H. ~ 4E-h? + ~E;0° — —E ;4. 2.42
e ch ) JP 24 JP ( )

The fourth-order term introduces a nonlinearity in the transmon, such that the
Hamiltonian can be cast as

A. = Z (k 8E,Ec — @EC k) (k| . (2.43)
k=0

This corresponds to the energy structure of a Kerr nonlinear oscillator with resonance
frequency V8E;E¢ and Kerr nonlinearity of —E¢. Due to the Kerr nonlinearity, the
frequencies of neighboring transitions are different (i.e., W'~ — =171 = —E(),

which allows for independent addressing of individual levels.

We then move on to the analysis of the interaction Hamiltonian. The dc voltage V

can be obtained based on capacitive voltage division to be

C
V = Vige—2. (2.44)
Cs
The interaction Hamiltonian can then be written as
N 2ef ~  aa
Hin = _axcmxzpfvdcﬁc_z(b +b"), (2.45)

where we have defined 8 = C;/Cs.

With this, we have access to the full system Hamiltonian of a moving capacitor
connected to a transmon. The system can be further simplified in common operating
regimes. We will encounter the case when the mechanical oscillator is near resonant
to the transition between the ground and first excited state of the qubit (W ~ wWge =
V8E Ec — E¢) and detuned significantly from other transitions. In this case, the
Hilbert space of the transmon can be restricted to ground and first excited state,
where it is treated as a two-level-system (i.e. a qubit) with the Hamiltonian
Wee

H. = hTO'Z, (2.46)

where o is the Pauli-z operator. Following the truncation, the interaction Hamilto-

nian with the qubit can be written as

N 2eneg . _ .~ A
Hin = _0mexzprdcﬁC—Z(o- +07)(b+Db"), (2.47)
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where ne, = (e| i |g) is the qubit charge transition matrix element and 6% = |e) (g|

(0~ = |g) (e]) is the qubit raising (lowering) operator.

With the rotating-wave-approximation, the interaction Hamiltonian takes the form

n 2enge | n s PP
b
where the electromechanical interaction rate is given as
2enge
8em = _axcmxzpfvdc,g—- (2.49)
hCs,

The interaction rate can also be written in terms of the phase transition matrix

element ¢ = (e| § |g),

WgePge
2e

where we have used the identity nge = @gefige/8Ec.

8em = _6xcmxzpfvdcﬁ (2.50)

Generally numerical tools are required to evaluate the transition matrix elements for
superconducting qubits. For the special case of a transmon, the matrix elements of
linear circuits constitute a very good approximation for nearest neighbor transitions
[55]

2enge hiwge

~ . 2.51
Cs 2Cs @D
Similarly, one can express the phase transition matrix element as
1/4
2Ec
(’Dge ~ (E—J) . (2.52)

Having derived the Hamiltonians for the individual subsystems and their interaction,

the full system Hamiltonian is given by
_ i Ya Atf ARt

which is the famous Jaynes-Cummings Hamiltonian [57]. By controlling the time
evolution of the system, it is possible to construct arbitrary quantum states of the
oscillator [58]. Hence, we clearly see how the qubit nonlinearity enables the quantum

control of the mechanical oscillator in this setup.

We note that the above analysis is generally applicable to any nonlinear quantum
electrical circuit that can be effectively treated as a two-level system and follows
the form in Fig. 2.2a. For each circuit the voltage V can be found by analyzing the
circuit at dc and the matrix element can be evaluated via numerical means. These

quantities would then allow the calculation of the electromechanical interaction rate.
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2.3 Equivalent Electrical Circuit Model

In the previous section, we showed that the full system Hamiltonian can be obtained
through the circuit quantization formalism when a moving capacitor is connected
to a node of a quantum electrical circuit. Nevertheless, this method, which relies
on analyzing the dynamics of a displacement dependent capacitor, quickly becomes

unwieldy for more complex circuits.

The electrical response of a mechanical oscillator can be modeled to be identical
to that of a microwave resonator through Foster synthesis [59]. Such an equivalent
circuit representation for the mechanical oscillator would enable us to use powerful
tools developed for the analysis of complex electrical quantum circuits, such as black

box quantization [60] and specialized software packages [61, 62].

In principle, one can obtain multiple equivalent models for a mechanical oscillator
[45]. Here, we will utilize the formalism of a capacitively coupled LC resonator (see
Fig. 2.3). We prefer this model since the analysis of capacitively coupled circuits is

ubiquitous within the field of circuit quantum electrodynamics.
/\ —
Cm(X) C

A\

R ‘
X —

dc_ | 1V ) !

Figure 2.3: Equivalent electrical circuit model. Electrical circuit model of the
voltage biased moving capacitor, connected to an arbitrary node of a quantum circuit
with dc voltage V and node flux ®. C,, denotes the value of the motional capacitor at
equilibrium (x = xeq). ®,, is the node flux associated with the equivalent electrical
LC circuit.

A

¢

This circuit consists of an equivalent capacitor (Cx) and inductor (L) capacitively
coupled to the remaining circuitry through the motional capacitor (Cp,). In order to
obtain the equivalent circuit model, one must first analyze the circuit at dc and find

the voltage drop on the moving capacitor (Vyc).

The value of the equivalent capacitor Cy can then be obtained based on our analysis
in the previous section. Specifically we have found the interaction Hamiltonian for

a general scenario (see Eq. (2.28)). The magnitude of this interaction would have
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to be identical for the equivalent circuit as well. The interaction Hamiltonian due to

the capacitive coupling of the equivalent circuit can be written as [51]

Hint = —iCny (b-b"). (2.54)

- |hon(G+Cn) O .~ &
2 Cs

Therefore, by setting the magnitude of the interaction term to be identical to

Eq. (2.28), we can obtain the value of the capacitor Ci to be

hC> -
. P . (2.55)
2((9meVdcxzpf)

Cx

The value of the equivalent inductor can be obtained based on the condition that
the resonance frequency of the equivalent electrical resonator matches that of the
mechanical oscillator

Ly = w2 (Ci + Cp) L. (2.56)

With this we have obtained the expression for the components of the equivalent

electrical circuit for the mechanical oscillator.

The utility of this model can be demonstrated through the ease it provides for the
analysis of a voltage biased mechanical oscillator connected to a transmission line
of impedance Zy. Based on black box quantization, the decay rate of the electrical

circuit to the transmission line can be calculated to be

2 A2
CLZ
= om0 (2.57)
Ck +Chy
By substituting the value of Cy into this equation, we obtain
_ 2ZO(Um(ameVdcxzpf)2 _ Zo(ameVdC)z’ (2.58)

" h Meft

where we note that in this scenario Vg. = Vg. This is a simple circuit theory
derivation for a result that can only be obtained from first principles through a more

involved analysis [50].

2.4 Electromechanical Interaction Rate

We have obtained the expression for the interaction rate between a mechanical
oscillator and superconducting circuits (see Section 2.2). In general, analytically
evaluating this expression for an arbitrary structure is not possible, instead one must

utilize numerical methods. In this section we will describe how we specifically
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perform this evaluation based on simulations of the electromagnetic and acoustic

fields in a device.

For simplicity, we will treat the special case where a mechanical oscillator is cou-
pled to a microwave resonator. This analysis can be easily modified for different
microwave circuits. For completeness, we reproduce the expression we have derived
for the interaction rate (Eq. (2.38))

gem = VacOx CinXzptVopt /. (2.59)

As the voltage bias is an external parameter that can be adjusted by changing the
applied voltage, we are specifically interested in calculating interaction rate per Volt

which is defined as
80 = gem/Vdc = axcmxzpfvzpf/h- (2.60)

Since the interaction is relatively weak (we are far from the ultrastrong coupling

regime), one can follow a perturbative approach for analyzing the system [63].

First, the microwave resonator can be simulated to obtain zero-point fluctuations of
voltage (Vpr). Specifically, for the microwave simulations, the moving capacitor
can be modeled to be fixed at its equilibrium position with a capacitance of Cp,,. The
microwave resonance frequency (w;) and the total capacitance (Cs) can be obtained

via electromagnetic simulations. The zero-point fluctuations of voltage can then be

hiw,
=4 / ) 2.61
Vzpf 2CZ ( 6 )

Second, the mechanical motion of the moving capacitor can be simulated. We

calculated to be

specifically use finite-element model solvers to find the eigenmodes of the moving
capacitor. The eigenmode of interest has frequency wy, and a displacement profile
Q(r) (where r is the space coordinate). Generally, the displacement profile one
obtains from numerical simulations is not normalized since the mode profile scaled

with a c-number still is an eigenmode for the system.

With the displacement profile at hand, the effective mass can be defined to be

 [drlQPo(r)

el = T max[[QMP]

where the integral is calculated over the volume of the solid and p(r) is the density

(2.62)

of the solid material at position r. We note that there exists a freedom in defining the
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effective mass [15]. The specific convention we use is chosen to be consistent with
some of the previous literature on optomechanical and electromechanical crystals
following [64].

The zero-point fluctuations of displacement can then be calculated to be

/ h
=) 2.
Xzpf egiom (2.63)

We can then define a normalized displacement profile as

)
Q) = 2ot IR

such that its maximum displacement magnitude is set by x,pf.

(2.64)

The electromechanical interaction rate corresponds to the change in the stored elec-
trical energy induced by mechanical motion. The dominant mechanism by which
this occurs is the moving boundary effect [65]. In this picture, mechanical defor-
mation modifies the geometry of the electromagnetic domain boundaries, leading
to a perturbation of the electrical energy. The magnitude of this perturbation can be
expressed through surface integrals [66]. For our specific case, this surface integral

18
Ngem = j{ dA ((Q(r) - A) (AEN (1) L E (1) ¢ —As—lnl(r)dcnl(r)rf), (2.65)

where 7 is the surface normal and Ae = | — &, and Ae™! = 1/e1 — 1/&y are the
electrical permittivity contrast between the two materials that are on the boundary
covered by the surface integral. In the special case of metallic electrodes, one can
take € — oo and eliminate the contribution from the tangential field components,

leaving only the normal-field term.

El(r) (D*(r)) is the electric (displacement) field component parallel (normal) to
the surface. These components are evaluated for the dc and rf field configurations,
as indicated by the subscripts. The required field distributions can be obtained
from electrostatic simulations, where Vyc (Vpr) is applied to the capacitor electrodes
for the dc (rf) simulation. Treating the rf field electrostatically is valid when the
capacitor behaves as a lumped element, which is generally satisfied in practical
circuits where the moving capacitor is placed at a voltage antinode and its parasitic
inductance is much smaller than the total inductance of the resonator. We also note

that setting V4. = 1 V here provides the interaction rate per volt (go).
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We explicitly treat the dc and rf fields separately, since materials can respond to
them in fundamentally different ways. As an illustrative example, consider lightly
doped silicon, which we employ in our experiments (as discussed in later chapters).
At microwave frequencies, silicon simply behaves as a dielectric with a permittivity
of gs; = 11.7gp, where g¢ is the vacuum permittivity. In contrast, for sufficiently
large voltages (¢Vyc = E., where E./q ~ 1.1V is the bandgap of silicon) a space
charge region is formed on the material surface through bending of the Fermi level
to the dopant level, even at cryogenic temperatures [67]. Under these conditions,

silicon screens static electric fields and exhibits a metal-like response [68].

Consequently, for our moving capacitors made exclusively out of silicon and metals,

the electromechanical interaction rate can be approximated as
Higem ~ — f dA (Q(r) - 2) (Ae™ D (1) gD (1) ) (2.66)

since Ell (r)4. = 0 for all boundaries, when silicon exhibits a metallic response at dc.
This modeling approach has been successful in estimating the electromechanical

interaction rates for our structures [50, 69].
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Chapter 3

PHONONIC CRYSTAL ELECTROSTATIC TRANSDUCERS

In the previous chapter we have provided a theoretical description of electrostatic
coupling between acoustic and electromagnetic waves. Owing to the perturbative
nature of the electromechanical interaction, the moving capacitor can be designed
independently of the microwave resonator, as previously discussed. This chapter
we focus exclusively on the design of our moving capacitors, which we refer to as

phononic crystal electrostatic transducers [69].

3.1 Phononic Crystals
Our moving capacitor design, which will be detailed in the later sections, incorpo-
rates phononic crystal structures. Prior to expanding on our design, we provide a

brief introduction to phononic crystals here.

Phononic crystals are structures where acoustic wave propagation is modified
through periodicity [70, 71]. The periodicity of a structure is characterized through
the set of lattice vectors R, for which the system exhibits translational symmetry (i.e.
o(r) = p(r+R) for all lattice vectors). Within such periodic media, the eigenmodes
of the system are Bloch waves with a displacement profile of the form [64]

Qk(r) =u(r)exp (ik - r), (3.1)

where Kk is the crystal momentum and the envelope function u(r) inherits the peri-
odicity of the lattice, u(r) = u(r + R).

The physical lattice has an associated reciprocal lattice, defined as the Fourier
transform of the real-space lattice. A direct consequence of discrete translational
symmetry in the system is the conservation of crystal momentum, modulo reciprocal
lattice vectors. As a result, crystal momentum is uniquely defined only within a
single unit cell of reciprocal space, conventionally chosen to be the one containing

the origin, known as the first Brillouin zone [72].

Within the first Brillouin zone, the acoustic modes form a set of discrete bands in
which the mode frequency varies continuously with the crystal momentum. The

dispersion of these bands govern the behavior of phononic crystals and can be
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engineered to produce a variety of phenomena, including bandgaps, flat bands with

vanishing group velocity, and bound states in the continuum, among others [71, 73].

We are specifically interested in phononic crystals for two main reasons:

1. Phononic crystals can be engineered to exhibit phononic bandgaps, frequency
ranges within which acoustic waves cannot propagate through the structure
[74=77]. Such structures, often referred to as phononic or radiation shields,
can therefore function as mirrors for acoustic cavities whose resonance fre-
quency resides within the bandgap. They are extremely effective in sup-
pressing acoustic radiation to the environment, allowing the demonstration of
mechanical oscillators that exhibit extremely high quality factors (Q 2 10%)
[42, 44, 78]. In our work, we employ phononic shields to anchor mechanical

oscillators and minimize radiation losses to the environment.

2. Phononic crystals can be engineered to support extended modes, where the
acoustic mode profile corresponds to the collective oscillation of multiple
unit cells. Designing structures with such spatially extended modes enables
larger electromechanical interaction rates than those achievable with a single
unit cell (i.e., a non-periodic structure). This enhancement arises primarily
because extended structures can exhibit larger motional capacitance values,

which improves the electromechanical interaction rate.

3.2 Design Principles

Basic Geometry

The fundamental components of our moving capacitors are illustrated in Fig. 3.1. In
designing this structure, we draw upon techniques developed for electromechanical
and optomechanical crystals [75, 79]. Our moving capacitor is a planar structure,
where a nanobeam patterned as a 1D phononic crystal oscillator is suspended be-
tween two outer electrodes, with a vacuum gap separating them. The phononic
crystal is composed of multiple unit cells, where elliptical holes are patterned to
generate a periodic structure. The collective motion of the phononic crystal oscilla-
tor modulates the vacuum gap and leads to a dependence of the motional capacitance
on the displacement (Cy, (x)), giving rise to the electromechanical interaction. The
phononic crystal oscillator is clamped with periodic cross shaped phononic shields,

which minimize acoustic radiation.

For the specific geometry we are illustrating, the two outer electrodes serve as the
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Figure 3.1: Moving capacitor diagram. Top view of a phononic crystal electrostatic
transducer. The components of the device are indicated and labeled with dashed
lines. In this diagram only the outer electrodes are metalized. In the full device, the
red (blue) electrode is galvanically connected to the microwave circuit (waveguide).

two electrodes of the capacitor. One of them is attached to the waveguide for voltage
biasing the capacitor and the other one is connected to the microwave circuitry.
We note that there exists another variant of this geometry where the nanobeam is
metalized and serves as the first electrode of the moving capacitor, while the two
outer electrodes are connected and function as the second electrode (such a design
will be illustrated in Chapter 4). These two variants share a lot of the same design
principles and differ mainly in terms of the interaction rate and the mechanical
coherence. In this chapter, for simplicity, we will only focus on the geometry with a
metal free central beam (shown from a different perspective in Fig. 3.2), which we

have utilized in our recent experiments (see Chapter 5).

Materials

The specific dielectric we use to form our devices is single-crystal silicon. We
choose silicon as it possesses extremely low acoustic loss at cryogenic temperatures
[48] and a low density of defects [80]. High quality silicon-on-insulator (SOI) films
are commercially available and can be patterned into phononic crystals, which are
subsequently suspended by etching the underlying oxide layer [81]. These properties
have enabled the demonstration of phononic crystal oscillators with extremely high
quality factors [42, 78]. Additionally, established fabrication techniques allow
integration of superconducting qubits with mechanical oscillators on SOI substrates

[82]. Together, these advantages make silicon a highly attractive platform for
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combining mechanical oscillators with low dissipation and superconducting circuits.

Dielectric

Figure 3.2: Transducer diagram isometric perspective. In this device, the outer
electrodes are covered with a thin layer of metal, shown with a brown color. Rest of
the device is not metalized and is made exclusively out of a dielectric material.

Phononic Crystal Design

Next we move on to the design of our phononic crystal oscillator, which begins at the
unit cell level. A representative unit cell, consisting of a rectangular prism with an
elliptical hole, is shown in Fig. 3.3a. These unit cells are periodically arranged along
the x-axis, forming a 1D phononic crystal. Because of this periodicity, the acoustic
modes of the unit cell take the form of Bloch waves, which can be represented
through a band diagram. The crystal momentum (k,) values are uniquely defined
within the irreducible Brillouin zone, spanning from the I'-point (k, = 0) to the

X-point (k, = m/a), where a is the lattice constant.

Because the moving capacitor possesses a symmetry plane parallel to the x—z plane,
the acoustic modes can be classified according to their parity under reflections
across this plane [64]. Only modes that possess even reflection symmetry couple to
the electrical fields, as can be seen from the expression for the electromechanical
interaction rate (Eq. (2.65)). Therefore, in the band diagram shown in Fig. 3.3b, we

restrict our attention to the even modes.

Our focus is on modes at the I'-point, since these modes carry no net momentum.
For modes with finite momentum (k, # 0), the electromechanical interaction rate is
suppressed. This suppression arises because the mode envelope oscillates across the
device, leading to cancellation when the surface integral for the interaction rate is
evaluated. The specific mode we choose (indicated by the red dot in Fig. 3.3b) has a
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mode profile of a breathing mode. This breathing motion leads to the modulation of
the capacitor gap as the beam breaths inwards and outwards with time, as illustrated
in Fig. 3.3c. The parameters of the unit cell is chosen such that the unit cell has
a resonance frequency of wy /27 ~ 5 GHz, which is convenient for coupling to

superconducting circuitry.
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Figure 3.3: Phononic crystal unit cell. a, Diagram of a unit cell with length a,
width w, thickness ¢, and an elliptical hole with axes dimensions of /x and hy. b,
Band diagram showing modes with even symmetry with respect to reflections along
the x-z plane. The chosen mode, which resides at the I" point, is indicated with the
red dot. The specific band that hosts our mode of interest is indicated with a solid
line. Rest of the bands are shown as dashed lines. ¢, Exaggerated displacement
profile of the chosen mechanical mode. The colormap indicates the displacement
magnitude. The two images are separated by half an oscillation period in time,
illustrating the breathing motion which modulates the vacuum gap.

A phononic crystal oscillator can be formed by stacking multiple unit cells and
clamping them with phononic shields. For our design we utilize cross type phononic
shields [42, 75]. These shields are periodic in two dimensions and are arranged in
a square lattice (see Fig. 3.4a). The first Brillouin zone for such a square lattice is
another square in the momentum space as shown in Fig. 3.4b. The phononic shields
can be designed to possess a wide 2D bandgap centered around the frequency of

interest (see Fig. 3.4¢).

Now that we have our unit cell and the phononic shields, we can design a phononic
crystal oscillator. An important design parameter is the number of unit cells that
compose the nanobeam. To decide on this parameter, we first look at how the
electromechanical interaction rate scales with the number of unit cells for a uniform
displacement profile (i.e. all unit cells oscillating together with identical displace-

ment amplitudes).
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Figure 3.4: Phononic shields. a, Diagram of a two-dimensional array of phononic
shields, with each shield having a unit cell constant of ag. The unit cell is indicated
with the dashed purple rectangle. b, First Brillouin zone in momentum space for
a square lattice. The blue shaded region indicates the irreducible Brillouin zone c,
Band diagram of our phononic shield, traversing the boundary of the irreducible
Brillouin zone. The modes of the shields are indicated by the dashed blue lines. The
red shaded region is the bandgap of the structure. The frequency of the mechanical
oscillator to be clamped with the shields is indicated by the red dashed line.

For our planar structures, the motional capacitance scales with a linear proportion
to the number of cells (0,C, < Ncei1). However, the effective mass scales linearly
with the number of cells as well (meg o< N¢ep), leading to a reduction in the zero-
point fluctuations of displacement (x,pf oc Nc_eln/ 2). Assuming that the change in the
motional capacitance is not large enough to significantly change the total capacitance
of the microwave circuit (i.e. C,, < Cs), the electromechanical interaction rate
scales with the number of unit cells as gey, o Ncle/ﬁ.
maximizing the interaction rate, we would like to have as many unit cells as possible.

Therefore, with a view to

However, there exist challenges associated with realizing a uniform displacement
profile for a large number of unit cells:

1. In contrast to the idealized infinite phononic crystal, a finite chain supports
modes whose spatial profiles and frequencies are modified by boundary ef-

fects. The broken translational symmetry at the clamping points leads to
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modification of the acoustic field near the boundaries, resulting in deviations

from the uniform amplitude distribution of infinite Bloch modes.

2. Fabrication disorder, which is always present for a realistic device, leads to
distortion of the acoustic mode profile. From a tight-binding picture, this can
be understood as the competition between inter-cell coupling and disorder
induced detuning, which alters the mode structure. In extreme cases, disorder

can even break up an extended mode, leading to Anderson localization.

These two limitations and how we combat them is the focus of the next section.

3.3 Designing Extended Acoustic Modes

Numerical Optimization

The impact of boundary effects on the acoustic profile, which leads to deviations
from uniform amplitude across the cells, is shown in Fig. 3.5a. Such effects are
inherent to any finite structure composed of identical unit cells. A potential way
to overcome this challenge is to utilize unit cells that are not identical. For a
certain choice of parameters, the variation of the cavity parameters can compensate

boundary effects, resulting in more extended and uniform modes.

However, designing such a structure is challenging due to the large parameter space
that must be explored. A practical solution is to numerically optimize the phononic
crystal oscillator. For this purpose, we follow methods previously developed for

optimizing optomechanical crystals [75, 83].

In this optimization, we must define a cost function that would lead us to our design
targets. Achieving a more uniform mode profile across the structure directly con-
tributes to enhancing the interaction rate, making it a natural target for maximization
by the optimization procedure. Therefore, the cost function that will be minimized

during the optimization is defined as

F(p) = —go,

where gg is the electromechanical interaction rate per Volt and p is a vector that

corresponds to the parameters of the system, which will be defined below.

The unit cells of our phononic crystal are parametrized as shown in Fig. 3.3a. For a



29

cavity with 2N+1 cells, the parameters of the j-th cell from the center are

aj=an — (ay —ao) f(x;), (3.2)
hyj = (a; —26) n; +6, (3.3)
hyj = (w=36)y;+6 (3.4)

nj =nn— (mnv —no) f (xj), (3.5)

vji=yn = (yn =70 f (%), (3.6)

where f(x;) is the quadratic tapering function, which is defined as
f(xj)=1-x3, x;=j/N. 3.7)

The parameters 17 and y (constrained to be between 0 and 1) enable us to parametrize
the elliptical hole dimensions (A, h,), while ensuring that we have features larger
than the minimal feature size that can be fabricated of ¢, which we set to be 60 nm.
Due to the quadratic tapering, the dimensions of the central (0-th) and final (N-th)
unit cell is sufficient to describe the entire structure. The thickness of the beam (¢)
is set to be 220 nm based on the device layer thickness of our films. The vacuum
gap is fixed at 70 nm. We also assume that the moving capacitor is connected to a
microwave oscillator with impedance of Z = 350 Q, which roughly matches that of

transmon superconducting qubits.

Another important requirement is that the target frequency of the mechanical oscil-
lator be ~ 5 GHz. This can be satisfied by ensuring that the center unit cell gives
us a 5 GHz resonance. Specifically, before each iteration in the optimization pro-
cess, we determine the parameter ag that yields a 5 GHz resonance for the current
combination of 7g,yo and w. This value of ag is then used for the simulation of
the moving capacitor and the subsequent calculation of gy, for a given structure,
making it a dependent parameter for the optimization procedure. If there is no value
of ag that satisfies our resonance frequency requirement, then we set F' = oo and

move on to the next sampled set of parameters.

As can be inferred from the discussion above, the parameters to be optimized are
as follows: p = (ay,no, M, Y0, YN, w). To minimize our cost function we use the
Nelder-Mead algorithm, which is a global optimization method [84]. In our case,
we see that the algorithm can converge in relatively few iterations. The result of
an example optimization run is visualized in Fig. 3.5b, showing a roughly 50%
improvement in the interaction rate compared to the initial uniform structure that

was provided to the algorithm. One can further see in Fig. 3.5c, how the parameters
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of the structure vary until convergence occurs. The resultant optimized phononic
crystal oscillator is shown in Fig. 3.5d. The optimized structure has a significantly
more uniform displacement profile, where each unit cell has comparable displace-
ment amplitude, in line with our understanding of how the interaction rate scales.
Therefore, the optimization algorithm successfully increases the electromechanical
interaction rate by enabling the design of structures in which boundary effects are

minimized.
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Figure 3.5: Phononic crystal optimization. a, Exaggerated displacement profile
of a phononic crystal oscillator made out of 15 identical unit cells. The colormap
indicates the displacement amplitude. b, An example optimization run, which
demonstrates the improvement in the interaction rate over the initial point (go init)
and convergence of the algorithm. ¢, Variation in the hole parameters of the
central unit cell throughout the optimization routine. d, Displacement profile of the
optimized structure.

Fabrication Disorder
The optimization procedure above is conducted under the assumption that the fab-
ricated devices can exactly match the designs. However, even with state-of-the-art

electron beam lithography techniques, there exist nanometer scale fluctuations in
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patterned structures, commonly termed fabrication disorder. For structures that have
patterned holes like our phononic crystal oscillators, the disorder manifests itself
as random fluctuations in the position and the size of the holes [85]. This disorder
in turn leads to a change in the frequency of each unit cell, altering the profile of
the extended mode. In the limit of very large disorder, this effect can even lead to
mode breakup and Anderson localization [86]. As disorder effects become more
pronounced for extended structures, it can limit the number of unit cells of our

phononic crystal oscillator.

Fabrication disorder is known to play a significant role in limiting the quality
factor of photonic crystals [87], and its modeling has been extensively studied. In
particular, the impact of disorder has been explored numerically using Monte-Carlo
simulations, in which the positions and dimensions of holes are varied randomly
[88, 89]. This approach has also proven effective for investigating disorder effects

in phononic crystals [42].

We adopt this approach to investigate how disorder modifies our acoustic mode
profile. In each realization, the center position of every unit cell is randomly per-
turbed (x;,y;) — (x;+0x;,y;+0dy;) along with the hole dimensions (A, h,;) —
(hyj + Ohyj, hyj + 0hy;) (see Fig. 3.6a). Here ox;,0y; (0hyj,0h,;) are indepen-
dent Gaussian random variables with zero-mean and standard deviation of o (20°),
where o quantifies the magnitude of the fabrication disorder in the system. For
each realization, the system is simulated to extract the electromechanical interaction
rate, providing a measure of how disorder effects the mechanical mode. Multiple

realizations are simulated to extract statistics of the system.

First, we investigate how the electromechanical interaction rate scales in the absence
of disorder (o = 0) as shown in Fig. 3.6b. For the optimized structures, the scaling
matches our theory (gem o Ncep) very well, indicating the benefit of increasing the

number of unit cells in an ideal situation.

However, we are mainly interested in what happens in the presence of disorder. It is
very challenging to characterize the precise degree of fabrication disorder in a system
[85]. We instead rely on results from literature that suggest that disorder can span a
range from 1 nm [85, 87] to around 4 nm [90] for devices similar to ours. Based on
these, we choose to investigate o = 2,4 nm. We perform Monte-Carlo simulations,
where we look at the statistics of 50 random realizations for each N.q and disorder
magnitude. As can be seen in Fig. 3.6c, the disorder leads to a reduction in the

electromechanical interaction rate, which becomes more pronounced for higher
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magnitudes of disorder. Based on the simulations, we choose the number of unit
cells for our devices to be N = 15, as the benefits of larger number of cells appear

to start diminishing at this point, especially for larger disorder.

a C
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Figure 3.6: Fabrication disorder simulations. a, Random displacements and
dimension variations for an elliptical hole. The dashed gray ellipse stands for the
original hole with ideal dimensions and solid lines indicate the modified hole. b,
Electromechanical interaction rate as a function of number of cells for optimized
structures without fabrication disorder. The gray line shows a fit of the form
go/2m = 1.7 kHz/V X V/N¢ep. ¢, Electromechanical interaction rate in the presence
of disorder with o = 2,4 nm. The data points indicate the median of 50 realizations
and the error bars show the interquartile range between 10-90% for the realizations.
The data for o = 4 nm is offset horizontally for greater visibility.

Following the fabrication of these devices, we have measured go = 4.2 kHz/V (see
Fig. 5.2), which is slightly smaller than the 4 nm disorder result of 6.0’:%"38 kHz/V.
This is potentially indicative of a relatively high level of disorder in our structures.
Methods to mitigate disorder in order to further boost interaction rates will be the

subject of future studies.

Beyond altering the mode profile, fabrication disorder sets the effectiveness of the
acoustic shields in suppressing acoustic radiation as well [42]. The impact of the
fabrication disorder on acoustic radiation can be estimated through Monte Carlo
simulations, similar to the ones described above. Based on these simulations, we
select a shielding structure comprising 8 unit cells, which is expected to exhibit an
extremely large radiation limited quality factor (Q > 10'2), for a disorder magnitude

of 4 nm.
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3.4 Vacuum Gap

In the optimization routine described in the previous section, we assumed a 70 nm
vacuum gap separating the phononic crystal oscillator from the outer electrodes.
This specific value because it is the smallest gap size we have been able to fabricate
with the fabrication techniques we employ (for fabrication details see Section 4.9
and Section 5.5). Since, for the small gaps of interest, the electric field lines remain
nearly unchanged while only the field magnitude varies, the optimized phononic

crystal parameters are effectively independent of the exact gap value selected.

Nevertheless, the gap dimension strongly affects the electric field magnitude and
therefore plays a critical role in determining the electromechanical interaction rate.
For example, for an ideal parallel plate capacitor, the electromechanical interaction
rate scales with the gap size (d) as gem o d~2. For our more complex geometry,
we can numerically investigate how the electromechanical interaction rate scales
with gap size. As shown in Fig. 3.7, the electromechanical interaction rate scales
as gem o d~'3 for our structure. We see clearly that reducing the vacuum gap can

provide a pathway to significantly boost the interaction rate.
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Figure 3.7: Electromechanical interaction rate vs vacuum gap. Blue data points
indicate simulation results of the electromechanical interaction rate for varying
vacuum gap dimensions. We utilize the optimized phononic crystal oscillator with
15 unit cells for these simulations. The red dashed line is a fit of the form gep, o d?,
where b = 1.3.

In the previous analysis, we considered only the electromechanical interaction rate
per Volt (go). However, in practical scenarios, the relevant quantity is the maximum
achievable electromechanical interaction rate, which depends on the maximum ap-

plied bias voltage. This maximum voltage is determined by the lesser of two limiting
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factors: (i) the pull-in instability, discussed in Section 2.1, which depends on the
device geometry, and (ii) the maximum voltage rating of the electrical components

used to wire the device, which in our experiments has been limited to around 50 V.

For the optimized design with 15 unit cells and a 70 nm gap, we measured a pull-in
voltage of V},; = 64V, which is sufficiently high that the limitation arises from the
wiring rather than the device itself. However, since the pull-in voltage decreases
with decreasing gap size, this effect must be considered when investigating smaller

gaps or less stiff structures.
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Chapter 4

ELECTROSTATIC COUPLING TO A MICROWAVE
RESONATOR

Reproduced with permission from Springer Nature.

A. Bozkurt, H. Zhao, C. Joshi, H. G. LeDuc, P. K. Day, and M. Mirhosseini, “A
quantum electromechanical interface for long-lived phonons”, Nature Physics 19,
1326-1332 (2023) 10.1038/s41567-023-02080-w,

4.1 Introduction

Phonons, the quanta of energy stored in vibrations in solids, promise unique oppor-
tunities for storing and communicating quantum information. The intrinsic mech-
anisms for phonon dissipation get suppressed at low temperatures [48], leading to
extremely low acoustic loss in single crystal materials [91, 92]. Additionally, the
inability of sound waves to propagate in vacuum makes it possible to trap phonons
in wavelength-scale dimensions via geometric structuring, leading to near-complete
suppression of environment-induced decay [42]. Finally, phonons interact with
solid-state qubits and electromagnetic waves across a broad spectrum, making them
near-universal intermediaries for cross-platform information transfer [93]. Moti-
vated by these properties, pioneering work in the past two decades has enabled
sensitive measurement and control of mechanical oscillators in the quantum regime
via optical and electrical interfaces, making them viable candidates for quantum

sensors, memories, and transducers [94, 95].

While optomechanical experiments have been successful in measuring phonons
with millisecond-to-second lifetimes [42, 96], accessing long-lived mechanical res-
onances with electrical circuits has been more challenging. In the gigahertz fre-
quency range, where the spectral proximity to superconducting qubits holds the most
promise for quantum technologies, piezoelectricity is the predominant mechanism
for converting microwave photons to phonons. Piezoelectric devices have been
used with remarkable success in coupling mechanical modes to superconducting
qubits [34-36]. However, their need for hybrid material integration, sophisticated
fabrication process and reliance on lossy poly-crystalline materials [45] has limited
the state-of-the-art experiments to mechanical lifetimes of around one microsecond

in devices with compact geometries [36, 97]. This evidently large gap between
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Figure 4.1: Electrostatic transduction. (a) The circuit diagram of an electrostatic
transducer coupled to a microwave cavity (shown as an LC resonator). The Purcell
filter delivers the static biasing voltage to the transducer without incurring radiative
loss to the microwave cavity. (b) Simulated displacement profile of the confined
mechanical resonance with the largest electromechanical coupling. (c) Schematics
of the unit cell and the band diagram of a phononic shield. (d) Left: The scanning
electron microscope (SEM) image of the fabricated transducer clamped by the
phononic shields. The inner and outer electrodes are shown in false color. Right:
The optical microscope image of the fabricated microwave resonator. Inset shows
the TiN nanowires.

the mechanical lifetimes accessible to optical and electrical interfaces motivates
the pursuit of less invasive forms of electromechanical interaction. Creating better
electrical interfaces for long-lived phonons can revolutionize our current quantum
toolbox by pairing the superior coherence of acoustics with the massive nonlinearity
of Josephson junction circuits [23].

Here, we realize electromechanical coupling between microwave photons in a su-
perconducting circuit and long-lived phonons in a 5-GHz crystalline silicon os-

cillator. To achieve this, we rely on electrostatic transduction, where we use a
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static electric field, as opposed to conventionally used radio-frequency drives, to
realize a parametrically-enhanced interaction in a microwave cavity with a motion-
dependent capacitor. The absence of alternating currents from the driving field in
this scheme eliminates conductive loss, allowing us to achieve large parametrically-
enhanced coupling rates without causing heating in the system. To further enhance
electromechanical interactions, we rely on frequency-tunable high-impedance mi-
crowave resonators made from TiN superinductors. Relying on these innovations,
we are able to demonstrate electromechanical interaction in the strong coupling
regime, enabling the coherent exchange of microwave photons and phonons at a
cooperativity of C ~ 1200. We measure mechanical lifetimes in the few-phonon
regime, demonstrating quality factors in excess of 8 million (at 5 GHz) in our best
devices. To the best of our knowledge, this is the highest value measured via elec-
trical interfaces in this frequency band for compact device geometries. Crucially,
we observe no parasitic heating for a large range of electrostatic biasing fields in our
system, allowing us to operate in the quantum ground state as verified by calibrated
thermometry measurements in a dilution refrigerator. The combination of long
lifetimes, strong interaction, and the compact geometry of our platform promises
future experiments in employing mechanical modes as microwave-frequency quan-
tum memories, improved microwave-optical transducers, and new measurement

capabilities for exploring the origins of acoustic loss in crystalline materials.

4.2 A phononic crystal electrostatic transducer

The operating principles of our experiment can be understood by considering a
capacitor with mechanically moving electrodes connected to an external DC voltage
source. In this setting, the mechanical vibrations of the capacitor electrodes create a
time-dependent dipole oscillating at the mechanical resonance frequency. Connect-
ing this charged moving capacitor (i.e. the transducer) to an electromagnetic cavity
(see Fig. 4.1a) leads to an interaction between the voltage operator of the photons in
the cavity (V/ Vit =i(a—a 7)) and the quantized mechanical displacement operator
(R/xzpf = (b + bT)). This interaction can be described by the Hamiltonian (see
Section 2.2)

Hint = i (xyp¢05C) ViV (4" — a'h) = ingem(ab® - a'bh). 4.1)

Here, x,pr and V,pr represent the zero-point motion and voltage of the phonon and
photon fields, respectively. The coupling rate is a function of the geometry (through

0,C) and the applied bias voltage Vpc, and arises as a result of the change in the
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stored electrical energy as a function of mechanical motion. The DC voltage in
this process thus functions similarly to a pump in a parametric process [18]. Unlike
conventional parametric electromechanics, however, electric fields at zero frequency
are not accompanied by alternating currents. As we will see, this distinction is crucial
in our experiment, since it increases the net coupling rate at large voltages without

being limited by the dissipation in the superconducting cavity [79, 98].

Despite its conceptual simplicity, electrostatic transduction is challenging to realize
at GHz frequencies [29, 68]. Getting substantial coupling requires increasing the
motion-dependent capacitance and the zero-point displacement. This combination
has been previously achieved in low-mass, narrow-gap suspended capacitors, which
support MHz-frequency mechanical resonances [99]. However, the frequency scal-
ing of acoustic loss in metals (speculated to be caused at grain boundaries [45, 100,
101]) makes these structures unsuitable for GHz frequencies. Additionally, the short
wavelength of GHz-frequency phonons leads to increased acoustic radiative loss to

the surrounding environment, making it challenging to localize high-Q resonances.

Our solution is to utilize planar nano-structured devices made from crystalline
silicon membranes. In our platform, we deposit a thin metallic layer (of titanium
nitride, TiN) on top of a patterned silicon membrane to form a transducer (see
Fig. 4.1b). The transducer consists of a one-dimensional phononic crystal formed
on the inner electrode of a vacuum-gap capacitor. The in-plane movement of
the ‘breathing’ mechanical mode in this structure leads to the modulation of the
capacitance. We have maximized the rate of change of this motion-dependent
capacitance by fabricating capacitors with narrow gaps in the range of 65-70 nm.
Additionally, we have maximized the capacitance by increasing the number of
phononic crystal unit cells to the limit set by the onset of disorder effects, which leads
to mode distortion as observed in finite-element simulations (see Appendix A.3). A
key benefit of this planar geometry is the possibility of creating phononic crystals
with a wide band gap for all phonon polarizations [42]. We use these ‘phononic

shields’ for clamping the transducer to its surrounding membrane (see Fig. 4.1c, d).

Size mismatch is a central challenge in coupling the presented phononic crystal
transducer to a microwave circuit. Set by the wavelength of phonons (~ 1 ym at
the target frequency of 5 GHz), the transducer’s small size results in a poor over-
lap between mechanical motion and the electric field from the microwave cavity,
and consequently in weak electromechanical interaction. To overcome this chal-

lenge, we maximize the electric energy density in the transducer by minimizing
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the microwave cavity’s total capacitance. Formally, this leads to an enhancement
of the zero-point voltage of the microwave photons in the cavity, which scales
with the resonator’s characteristic impedance as Vypp o VZ [102]. Recent work
on error-protected superconducting qubits has established techniques for creating
high-impedance microwave cavities made from disordered superconductors [103,
104]. The kinetic inductance of charge carriers in these materials leads to a high
impedance in wires with small cross sections [105]. In our experiment, we form a
microwave resonator (Fig. 4.1d) by patterning a nanowire from thin-film titanium
nitride (thickness ~ 15 nm). The microwave resonator is directly attached to two
electrodes in the transducer. Beyond magnifying the electromechanical interactions
by providing a large V¢, kinetic inductance is tunable via external magnetic fields
[95], which allows for in-situ control of the resonance frequency of the microwave

cavity in our experiment.

4.3 Characterization and measurements

We have characterized fabricated electromechanical resonators in a dilution refrig-
erator with a base temperature of 20 mK (see details at Methods). A coplanar
waveguide is connected to the device for simultaneously applying DC voltages to
our mechanical capacitor and probing our microwave resonator in reflection via its
coupling to the waveguide. In the absence of electromechanical coupling, we can
measure the bare microwave cavity response using a vector network analyzer (see
Fig. 4.2a). To locate the mechanical resonance, we apply a DC voltage and con-
tinuously tune the frequency of the microwave resonator via an external magnetic
field (see Section 4.9). The electromechanical interaction leads to a large reflection
at the point where the microwave and mechanical frequencies cross, giving rise to
a feature similar to electromechanically-induced transparency (Fig. 4.2b) [99]. We
extract the electromechanical coupling rate using a fit to the theory expressions for
the microwave response (see Fig. 4.2c), and plot it as a function of the applied
voltage in Fig. 4.2d. As evident, the coupling rate is found to be a linear function
of the voltage bias with a slope (gop/27n = 45.4 + 1.1 kHz/V) closely matching
the results from numerical modeling (see Appendix A.3). In addition, we present
measurement results from a second device with identical geometry but with a small
coupling goa/2m = 22.0 + 1.4 kHz/V, which is likely impacted by mode-breakup
due to fabrication disorder. An interesting feature in the data is the small non-zero
coupling at the zero-voltage bias, where zero coupling is achieved at a negative

offset voltage. This feature is persistent in a shorted capacitor geometry and in
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Figure 4.2: Microwave spectrum. (a) The reflection spectrum of a TiN microwave
cavity with the DC voltage set to zero and with the cavity detuned from the me-
chanical resonance. From the theoretical fit (red line) we find internal decay rate
k;/2m = 520 kHz and external decay rate ., /27 = 800 kHz. (b) The reflection spec-
trum of the cavity, biased at Vpc = 10 V, as a function of the external magnetic field
showing a signature of the mechanical mode at 5.087 GHz. (c) A cross-section of the
data at (b), showing the reflection spectrum of the resonant microwave-mechanics
system. The red lines depict theory fits to the microwave response. (d) The extracted
coupling rates from microwave spectrum traces at different voltages, plotted for two
devices. The zero-coupling voltage offset voltages for device A (B) is -0.36 V (-0.22
V). The 20 error bars around the mean are extracted from the fit uncertainty. The
data in parts (a-c) are taken with device A.

the absence of a voltage source, which may point to the work function difference
between TiN/Si and trapped charges at the interface as its origin [106, 107].

4.4 Coherence Properties

We next investigate the coherence properties of our devices by exciting the mechan-
ical resonator with a pulse and registering its free decay via electromechanical read-
out. In this measurement, the electromechanical readout rate is a function of the de-
tuning between the mechanical and microwave resonances, I'epy = g2k /(A% +(x/2)?).

At any given detuning, the total decay rate of the mechanics is givenby I' = I'; + ey,
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Figure 4.3: Mechanical lifetime measurements. (a) The total lifetime (74) ex-
tracted from ringdown measurements for different mechanics-microwave detunings
A/2m (blue points). The red line shows a theory fit, finding 74; = 265 + 25 pus. The
purple-shaded region indicates this range. The purple data points show 74; found at
each detuning by subtracting the contribution from the electromechanical readout.
The presented data is extracted from fits of exponential decay, with 20 errorbars
representing the confidence interval. (b) Free energy decay (ringdown) data for the
maximum detuning of 3.2 MHz. The fit finds a total lifetime of 220 + 6 us. Inset:
Mechanical spectrum measured at a probe power corresponding to a maximum of
4 phonons in the mechanical resonator. The theory fit gives a linewidth of 33 kHz,
corresponding to 7. & 10 us. (c) Log-scale plots of phonon population vs. time for
different initial phonon populations. All data is from device A with a DC voltage of
1.2 V.

where I is the intrinsic decay rate. In order to precisely measure I';, we perform
multiple measurements where we gradually increase A, leading to a gradual reduc-
tion in I'¢y, until the total decay becomes dominated by the intrinsic part. Fitting
the total decay rate expressed as a function of A, we extract an intrinsic lifetime
of 7q; = 265 + 25 us (Fig. 4.3a), corresponding to a Q factor of 8 x 10°. At the
largest detuning we achieve, we can reach the regime where the intrinsic decay
dominates the dynamics and obtain a total energy decay lifetime 74 of 220 + 6 s
(Fig. 4.3b), which strongly supports the large intrinsic lifetime inferred from the fits.
We note that the measured mechanical lifetime is remarkably large for a device with
compact geometry, corresponding to a quality factor that is more than two orders of

magnitude larger than the state-of-the-art piezoelectric devices [36].

Apart from the energy relaxation lifetime, the coherence time of our mechanics
bears significance for future quantum applications. We find the coherence time as
the reciprocal of half the linewidth extracted from fitting the microwave spectrum
in the large detuning regime (A >> I', k). Using this method, we find 7, = 10 us
(Fig. 4.3b), a value that is substantially shorter than the lifetime. This discrepancy
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between the decay and coherence times hints at the presence of frequency jitter and
has been previously observed in optomechanical experiments with silicon phononic
crystal resonators. While the exact nature of this dephasing remains unknown,
it has been hypothesized to be caused by interaction with the two-level system
(TLS) defects [42, 96]. To better understand possible dephasing and decay sources,
we carry out ringdown measurements for different numbers of phonons in the
mechanical resonator. We change the mean intra-cavity phonon number by varying
the drive pulse power, in accordance with the readout efficiency I'ep, /T, keeping
the output detection powers nearly constant at the lowest levels detectable by our
amplifiers to ensure we can reach the low-phonon regime while maintaining feasible
measurement times. Interestingly, we observe exponential decay with no sign of
power dependence down to the single-phonon level (see Fig. 4.3c). Although we
do not find signatures of saturable loss (a common signature of a TLS bath) in
this measurement setting, we find that the coherence and decay times change as a
function of the applied DC voltage, providing potential evidence for the presence of
TLS defects. This behavior is explored in further detail in the section “Interaction

with Two-level Systems”.

4.5 Probing the limits of parametric-enhancement

A naturally emerging question is about the maximum achievable rate of electrome-
chanical interaction in our platform. This rate is set by the magnitude of the DC
voltage that can be applied before the onset of any spurious heating or instabilities

in the system.

We do not expect to see any significant leakage current passing through the devices
because of the freezing of the charge carriers at low measurement temperatures.
However, applying large voltages to the narrow-gap capacitors in our devices leads
to strong electric fields, which may lead to ionization and dielectric breakdown
[108]. We measure the leakage current through the transducer structures as a
function of applied voltage. As evident in Fig. 4.4a, we see a leakage current (with
a characteristic resistance of ~ 500 G€2) that is found to be dominantly caused by
the cables in our measurement, bounding the actual leakage through the device
to below the measurement sensitivity of our measurement. When increasing the
voltage beyond 30 V, we observe an abrupt spike in the leakage current that was
initially attributed to dielectric breakdown. However, imaging of our devices post-
warm-up at the room temperature indicates that the sudden leakage is most likely

due to the onset of pull-in instability, resulting in the shut-down of the capacitor gap
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Figure 4.4: Probing the limits of parametric-enhancement. (a) The leakage
current through the transducer as a function of the applied voltage, measured with a
picoammeter. Errorbars are too small to be visible. Inset: A zoomed-in view of the
data for the range 0-30 V, with a line fit to a 500 GQ resistance. The data presented
as the mean of 400 measurements for each voltage point, with 20~ errorbars. (b)
The driven response of the mechanics at 3.1 V (red points) detected by a spectrum
analyzer. The solid line shows a fit to a Lorentzian response. The mechanical
resonator is populated due to the inelastic scattering of the drive tone. The mean
phonon number is ny, = 0.27. The detected emission from the mechanical resonator
at 15 V in the absence of the drive (blue points). The background level is set
by the added noise from our amplifier chain. (c) The extracted mechanics (np m,
red points) and microwave bath (n,, blue points) occupancy as a function of the
applied voltage. We have added a small horizontal offset between the two data sets
for greater visibility. The presented data is extracted from theory fits of the power
spectral density, with the 30 error bars extracted based on power fluctuations. All
data is from device A.

(see Section 4.9). Repeating this experiment on four identical test devices, we find

the onset of this instability in a consistent range (29-31 V).

To probe the signatures of any potential heating under strong electrostatic fields (such
as those observed in similar devices with radio-frequency drives [79]), we perform
thermometry [18]. The thermometry measurement process for the mechanical
resonator is visualized in Fig. 4.4b. We drive the system with a weak tone and

measure the incoherent emission from the inelastic scattering of the drive to locate
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the mechanical resonance (see Appendix A.4) [109]. A subsequent measurement
with no drives shows a negligibly small emission, which is calibrated in experiments
with long averages to extract the resonator’s occupation. We have found the system
of mechanics-microwave to be in the quantum ground state for the entire range of
applied voltages in our device (0-25 V). Despite observing no heating, we note
that the presence of strong electromechanical cooling (for the mechanical mode)
and radiative cooling through the on-chip waveguide (for the microwave cavity)
may mask a weak heating process. To find a more sensitive trace of any potential
heating, we perform thermometry in a regime where the microwave cavity is detuned
far away from the mechanical resonator to reduce the effect of electromechanical
cooling and deduce the temperature of the phenomenological intrinsic baths that the
mechanical and microwave resonators interact with (see Appendix A.4 for details).
Figure 4.4c shows the measured microwave (np) and mechanical bath occupancy
(npm) as a function of the applied DC bias. As evident, the baths remain in the
ground state for a large voltage range, without any sign of heating except for the
mechanical bath at 25 V, where the occupancy rises to 0.86 +0.08 phonons (attempts
to do measurements at higher voltages were unsuccessful due to the onset of the
pull-in instability). The slightly higher occupation of the microwave bath across
all voltages (including 0 V) is likely caused by the absence of IR shielding in our
measurement setup, which leads to the generation of quasiparticles, and can raise
the microwave bath temperature in devices with a large kinetic inductance [110,
111]. Regardless, despite the observation of these subtle features testifying to
the accuracy of our measurement technique, we do not observe any indication of
significant heating in the mechanical resonator or the microwave cavity for a wide

range of voltages, which is a promising feature of our electrostatic driving scheme.

4.6 The Strong-Coupling Regime

Having discovered the safe range of voltages we can apply to our devices, we
investigate the maximum electromechanical coupling rate within reach. For this
purpose, we use device B, which has a larger gg. Setting the external voltage to 25V,
we sweep our microwave frequency by changing the external magnetic field, which
gives rise to an avoided crossing feature between the microwave and mechanics as
seen in Fig. 4.5a. Fitting the frequencies of the two hybridized modes, we extract a
parametrically-enhanced electromechanical coupling rate of ger, /27 = 1.08 MHz.
This value corresponds to go = 42.7 kHz/V which matches the values we have

calculated at low voltages, indicating that the parametric enhancement scales linearly
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Figure 4.5: Demonstration of strong-coupling regime. (a) Measured reflection
spectrum showing avoided crossing between the mechanical mode biased at Vpc =
25 V and the microwave cavity tuned with a magnetic field. The theory fit (dashed
lines) gives a parametrically-enhanced coupling rate of gem/27m = 1.08 MHz. (b)
A cross-section of the data in (a) shows the splitting between the two hybridized
modes on resonance. The black solid line is a theory fit that includes the Fano effect
accounting for the observed asymmetry. (c) The electromechanical cooperativity
was measured at different voltage values. The intrinsic decay rates are obtained by
ringdown measurements. The grey-shaded region shows the range of cooperativity
values calculated using the maximum values of couplings and lifetimes measured
in different devices. The data points in all parts are taken with device B.

with voltage in the entire measurement range. Reaching the strong-coupling regime
is manifested clearly in the measurements of the reflection spectrum at resonance,
where we see a pair of hybridized modes with linewidths of (« +y)/2 = 692 kHz,
satisfying 2gem > « + 7y (Fig. 4.5b). Achieving the strong-coupling regime in our
system is significant as it allows the coherent exchange of phonons and microwave
photons, a prerequisite for utilizing electromechanical systems in a range of quantum
applications. Another key figure of meritin coupling mechanical modes to qubits and
microwave resonators is cooperativity, defined as the ratio of the electromechanical
readout rate to the intrinsic mechanical decay rate C = 4g2 /(k;I;). We use
the measured electromechanical coupling rates and the mechanical intrinsic decay
rates (from the ringdown measurements) to find the cooperativity as a function
of bias voltage (see Fig. 4.5b). For the maximum voltage value of 25 volts, we
find I';/2n = 4.8 kHz (74 = 33 us), corresponding to a cooperativity of 1270 (see
Appendix A.4). As a guide, we also mark the values of cooperativity assuming

the maximum coupling rates and lifetimes measured across different devices on the
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Figure 4.6: Interaction of the mechanical resonator with the TLS bath. (a) The
measured decay time (74, blue data points) and reciprocal of linewidth (7./2, red
data points) were measured as a function of bias voltage. The probe power level
is set to -39 dBm. The data is obtained from theory fits with the 20 errorbars
representing parameter confidence interval. (b) The mechanical reflection spectrum
at a probe power of -40 dBm. (c) The measurement in part (b) repeated with a probe
at -52 dBm power. Probe powers at 2.5 V are reported as a reference. For each
voltage point, the power level is adjusted to retain the intra-cavity phonon number
in the range 500-3000. All data is from device A.

same plot, finding estimates that exceed 10* at 25 V.

4.7 Interaction with Two-level Systems

As noted earlier, we suspect that the mechanical dephasing in our measurements
can be attributed to coupling to TLS, which is previously shown to be the domi-
nant loss mechanism for acoustic resonators with substantial surface participation
at millikelvin temperatures [42, 45]. Modeled phenomenologically as two nearly-
degenerate energy configurations of electrons in amorphous materials, a TLS mani-
fests as a resonant defect with both electrical and acoustic susceptibilities [112, 113].
Using previous theory work as a guide [114] and extracting the spatial distribution
of the strain field from FEM numerical modeling, we estimate the spectral density
(3/ GHz) and the coupling rate (13 MHz) of individual TLS defects to the nanome-
chanical resonators in our system. The large coupling rate and the small density
suggest a departure from the continuum TLS-bath picture observed in the past work
[115, 116], and offers the possibility of observing mechanics-TLS interactions at

the individual defect level.

To make this observation, we take advantage of the TLS frequency tuning via the

Stark shift [117] from the electrostatic bias in our system (estimated to create TLS
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frequency shifts at a rate of 20 GHz/V). Figure 4.6a shows the measured decay
and coherence times as a function of voltage, manifesting strong modifications
indicative of interaction with TLS defects. Further, we make a measurement of the
mechanical spectrum as a function of voltage, observing abrupt frequency shifts (in
form of avoided crossings) commensurate with the changes in the coherence and
decay times. Finally, by comparing measurement results at two probe powers, we
see a saturation behavior in the vicinity of the voltage values where the mechanical
mode is heavily affected by TLS (see Fig. 4.6b,c). A more detailed measurement
of mechanical linewidth as a function of phonon number at these points provides a
good fit to the widely used TLS model. We present additional data demonstrating

TLS saturation with power and cryostat temperature in Section 4.9.

4.8 Conclusions and Outlook

In conclusion, we present an integrated cavity electromechanical system capable of
achieving MHz-level coupling rates at a mechanical frequency of several GHz. Us-
ing this system, we demonstrate electromechanical interaction in the strong coupling
regime, with cooperativity exceeding 1200. Relying on an electrostatic driving field,
we are able to obtain a large parametric enhancement of the interaction with neg-
ligible parasitic heating, leading to operation in the quantum ground state. Device
fabrication is performed using a TiN-on-SOI material system, which is compatible
with superconducting qubits and optomechanical crystals. Additionally, by relying
on thin films and single-crystalline silicon, we are able to show mechanical quality
factors above 8 million, corresponding to two orders of magnitude improvement
over piezoelectric devices in similar geometries [36, 97]. Finally, we note the
material-agnostic nature of the underlying process in our experiment, which holds

the potential for adoption in platforms hosting spin qubits [118].

Looking ahead, we envision several avenues for further improvement of the presented
devices. The electromechanical coupling rates can be readily increased by multi-
ple folds upon integration of electrostatic transducers with microwave cavities with
ultra-high impedance [104, 119], reaching full parity with piezo-electric platforms.
Additionally, while we observe record-long lifetimes in devices with electrical con-
nectivity, our measurements remain much shorter than the second-long results from
optomechanical experiments in silicon structures with no metallic components [42,
96]. This observation motivates a systematic study of the sources of residual acoustic
loss, including the role of metallic components, fabrication disorder in the acoustic

shields, and two-level-system defects. A better understanding of the loss mecha-
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nisms along with the implementation of proper mitigation techniques is expected to
lead to longer mechanical lifetimes. With moderate improvements, achieving the
millisecond regime is expected to be within reach in near future, with the potential
to deliver transformative impacts on mechanics-based microwave-optical intercon-

nects [50, 95], error-protected bosonic qubits [11], and quantum memories [12, 120].

4.9 Methods

Fabrication

A 4-inch silicon on insulator (SOI) wafer is utilized at the beginning of the fabrica-
tion process, and is covered with ~ 15 nm TiN films via sputtering [121]. Following
sputtering, the wafer is diced into 1 x 1 cm? dies. For the following steps the pat-
terning of the structures is achieved by electron beam lithography. (i) Deposition
of niobium markers followed by lift-off. (i1) Inductively coupled plasma - reac-
tive ion etching (ICP-RIE) of TiN and Si with SFg/Ar and SFg/C4Fg chemistry.
These etching steps are used to define the capacitor vacuum gap, phononic crystal
nanobeam, phononic shields, and the release holes throughout the metalized and
bare sections of the Si membrane. The devices are released with Hydrogen Fluoride
(HF) post-fabrication.

Device Parameters

As part of our experiment we have fabricated and extensively characterized two
devices. The parameters obtained from the measurements are described in Table 4.1.
Based on these parameters, we select different devices to exhibit specific features of
our platform. Due to its larger electromechanical coupling strength, device B can
enter the strong coupling regime and attain large cooperativities above 1000. On
the other hand, device A has the longest energy decay lifetime we have observed in
our platform and is well suited to demonstrate the substantial lifetimes that can be
achieved with our devices. Furthermore, as it requires less frequency tuning (due to
a smaller mechanics-cavity detuning at zero magnetic field), we are able to measure
it at a lower temperature (20 mK), where the heating due to the current on the
coil is minimized, which makes it more suitable to perform sensitive thermometry

measurements and investigate TLS physics without thermal saturation of TLS.
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Table 4.1: Summary of device parameters. The referenced maximum decay
lifetime and the coherence time are at the few-phonon level.

Parameter Device A | Device B
wn /21 (GHz) 5.087 5.296
w21 (GHz) 5.096 5.483
k;/2m (kHz) 520 775
ke/2n (kHz) 800 490
go/2n (kHz/V) 22.0 454
T (us) 265 77
T (us) 16 4
Tymxc (mK) 20 90

Microwave Resonator

The 1/4 tunable microwave resonators in our work are formed by ICP-RIE etching
of TiN films (¢ ~ 15 nm) with a sheet kinetic inductance of 40 pH/o !, which are
sputtered on high resistivity (> 3 k€Q.cm) SOI substrates (device layer thickness
220 nm, manufactured by SEH). The high kinetic inductance TiN films are chosen
for two main reasons: (i) obtaining a large impedance (Z = \/L/_C) resonator in
order to enhance the electromechanical interaction (gem o \/7) and (ii) attaining a
high degree of tunability via an external magnetic field to bring the microwave into
resonance with mechanics. These goals are satisfied by forming a 1/4 resonator,
with the inductive component realized by a nanowire. The total kinetic inductance

in this structure is a function of film properties and geometry

8 [
Li=Lo—=, (4.2)
Tew

where Ly is the sheet inductance, [ is the nanowire length and w is the nanowire
width. In order to maximize the impedance, we etch our nanowires to be as narrow
as possible, which in our case corresponds to a width of approximately 110 nm.
Attempts to reduce wire width below this number led to reduced repeatability in

fabrication and a large disorder in resonator frequency.

'The unit H/O (Henry per square) captures the dependence of inductance to the number of
squares in a wire. For a wire of length / and width w, the number of squares equals //w.
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Figure 4.7: Microwave frequency tuning. Change in the microwave resonance
frequency based on the applied external perpendicular magnetic field. The solid
line is a parabolic theory fit.

A current passing through a TiN nanowire modifies the kinetic inductance in a

2
- (Ii) ] , (4.3)

where /, is the critical current of the nanowire. Patterning of the nanowires to form

nonlinear fashion

Li(1) = Ly (0)

closed loops and application of an external perpendicular magnetic field, provides
a ‘wireless’ means of modifying the kinetic inductance via the screening current
induced through the loops [95]. This is the mechanism we us to tune the resonator’s

frequency.

With these principles in mind, we utilize a ladder-like topology for our microwave
resonator. Finite-element method (FEM) simulations indicate that our kinetic induc-
tance excellently matches Eq. (4.2) and we have negligible geometric inductance,
leading to a kinetic inductance participation ratio of approximately unity (> 98%).
Furthermore, we calculate the impedance of our resonator to be 2.5 k€. The cal-
culated lumped element equivalent circuit parameters for the microwave resonator
of device B can be seen in Table A.1. Despite having a substantial impedance, due
to our mechanical capacitance being very small, we have a low electrical energy
participation ratio for the mechanical capacitor (7 = Cy,/(Cyy + C;)) of 1.5%. This
small participation ratio permits us to connect multiple electromechanical capacitors

to our microwave resonator.

Following fabrication, we find the resonance frequencies in good agreement with

the device modeling, with a random offset with an approximate mean value of 300
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MHz, which we attribute to fabrication disorder in the narrow nanowires. We test the
tunability of our devices by applying external magnetic fields via currents passing
through a superconducting coil mounted on top of the sample box. For small
fractional shifts (normalized to the original frequency), we expect the frequency
shift to be given by

A;=—kB?, (4.4)

where k is a device dependent proportionality constant and B is the external per-
pendicular magnetic field amplitude [95]. This parabolic dependence is verified
for device B on Fig. 4.7. We can tune our device by about 6% of their resonance
frequency without causing any substantial degradation of the microwave intrinsic
quality factor beyond «; /27 ~ 500 kHz.

Purcell Filter

Switch

2x1
Combiner

DUT

Figure 4.8: Purcell filter. Circuit diagram of the Purcell filter configuration.
The input/output line is attached to a circulator (not shown in the figure) used for
investigation of the devices in reflection mode. The final port of the switch is not
connected to a transmission line. The transmission lines have different lengths
(L1,L2,L3). Their response is depicted as Lorentzian resonances separated by a
given FSR that differs for each cable. DUT: Device under test.

In our design, we prioritize redundancy in terms of the number of mechanical
resonators by attaching four electromechanical capacitors to a single microwave res-
onator. This is done to mitigate the impact of frequency shifts caused by fabrication
disorder of the microwave resonators, where the different mechanical resonators span
roughly 500 MHz (the disorder in the mechanical frequencies is much smaller than
the microwave disorder). However, this approach leads to an increased capacitance

between our microwave resonator and the CPW, which gives rise to undesirably
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Figure 4.9: Pull-in instability. (a) Post-measurement SEM image of a transducer
device that had permanently broken down. The pull-in phenomenon can be observed
at the top-left corner of the electromechanical capacitor, where the vacuum gap has
become shut. (b) Mechanical power spectrum with the cavity populated to 103
phonons with a strong drive (10°). The pull-in voltage for the measured device is
measured to be around 30 V. (c) Displacement profile of the 120 MHz first order
beam mode. (d) Displacement profile of the 5 GHz breathing mode that takes part
in the electromechanical interaction.

large external microwave decay. In order to increase the cooperativity of our system

and reach the strong-coupling regime, this decay channel has to be suppressed.

We utilize an off-chip Purcell filter for this purpose as depicted schematically in
Fig. 4.8. We place the filter in parallel to our device, where the notch filter reduces
the external coupling strength of the microwave resonator. For this purpose, we
make use of home-built microwave filters, realized as open transmission lines with a
multi-pole spectrum. To get approximate frequency matching between our devices
and the filter, we use a mechanical switch that enables us to choose among multiple
filters with different free spectral ranges (FSR) between 200-500 MHz. In cases
where we get perfect frequency matching between a device and a filter resonance,
we can reduce the external decay rate «, /27 to sub-200 kHz levels. Furthermore, we
have a port in our switch which is not connected to a transmission line, permitting

us to effectively turn our filter off.

Pull-in Instability

Post-measurement imaging of the devices which were subject to breakdown indicates
that the breakdown behavior is caused by the pull-in of the inner electrode to an
outer electrode, as seen in Fig. 4.9. Once the capacitor gap becomes shut, a short
resistive leakage path appears, leading to substantial current flow as observed in our
leakage current measurements. This ‘pull-in’ phenomenon is commonly observed

in electrostatic actuators. As the bias voltage is increased, the strong electrostatic
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forces can no longer be offset by the mechanical spring force following a certain gap
shrinkage, leading to unstable mechanical dynamics [122]. Furthermore, stiction
can render this phenomenon irreversible as we have observed, where removal of the

external voltage does not lead to recovery of the device.

In the canonical model of an electrostatic transducer, increasing the bias voltage is
accompanied by a continuous shrinkage of the gap, and, consequently, a frequency
reduction due to the change in the spring constant [123]. We have measured the
frequency of the mechanical mode as a function of the bias voltage (see Fig. 4.9)
and fit the frequency dependence on voltage to a quadratic function, obtaining a
shift coefficient of 0.5 + 4.7 Hz/V?2, indicating the absence of significant voltage-
dependent frequency shift. This absence of significant frequency shifts can be
potentially attributed to the multimode nature of our device. In a canonical parallel
plate transducer model, the device supports a single mechanical resonance, which
experiences a frequency shift as a result of the electrostatic force from the bias.
However, in our device, the displacement caused by the electrostatic force most
likely follows the mode profile of the fundamental bending mode (see Fig. 4.9¢) of
the nanobeam whose frequency is approximately at 120 MHz (ke ~ 2 X 10° N/m).
In comparison, the 5 GHz breathing mode utilized in our experiment (see Fig. 4.9d)
is much stiffer (keg ~ 8 x 107 N/m). Therefore, the change in the breathing mode
frequency needs to be modeled by considering a displacement profile dictated by

another mode at a vastly different frequency.

Ringdown Measurements

In performing the ringdown measurements, we use a constant DC bias at a selected
voltage level and control the electromechanical readout rate via setting the detuning
between the microwave resonator and the mechanics. We populate the mechanical
cavity via sending microwave pulses resonant with the mechanical mode. The
pulses are synthesized with an arbitrary waveform generator (AWG), and their
length is chosen to be sufficiently long to ensure the mechanical population can
reach the steady state. Following the drive pulse, we detect the emitted power in
a given interval by processing the downconverted signal from a digitizer. A power
measurement (as opposed to field-quadrature) is obtained by summing the square of
the demodulated I and Q quadrature values in a detection window in an FPGA. This
detection window length is set to be much shorter than the reciprocal of mechanical
linewidth to ensure we detect all the phonons emitted from the resonator. The

multiple consecutive detection windows during a single measurement gives us a
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Figure 4.10: Mechanical Lifetime. (a) Typical ringdown with an intrinsic lifetime
of ~ 30 us. (b) Intrinsic lifetime vs voltage for device A with around 1000 phonons
inside the cavity. (c) Intrinsic lifetime vs voltage for device B with around 3000
phonons inside the cavity.

ringdown curve. We then proceed to average many instances of the experiment
to improve our signal-to-noise (SNR) ratio and obtain our final data. The AWG,
digitizer, and FPGA functionalities are realized using a Quantum Machines OPX+
module. We calibrate the digitizer output using the calibrated gain of our output

lines and refer the detected voltage levels to the number of phonons in the cavity.

We carry out multiple ringdowns while sweeping the voltage to find the optimal
lifetime in a voltage range. These ringdowns are performed at a large number of
phonons in order to improve the SNR and make the measurements more tractable.
Apart from showing signatures of spectral collisions with TLS that are manifested
as deteriorating lifetimes, these measurements enable us to extract statistics about
our lifetimes. We can see that for the two devices we have measured, we can
reliably obtain lifetimes around 30 us by slightly optimizing our voltage level. Such
a typical ringdown is visualized in Fig. 4.10a. We can further see that the points
where we have improved coherence properties do not exhibit extreme sensitivity
to the applied voltage. For example, for the voltage value where we have obtained
our best lifetime on device A, we can obtain similar lifetimes in a 250 mV range as
shown in Fig. 4.10b.

We can see similar broad regions where the lifetime is enhanced for device B too,

as depicted in Fig. 4.10c.

Mechanical Linewidth Characterization

The frequency jitter in our mechanical devices manifests itself as broadening in
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Figure 4.11: Temperature saturation. Mechanical reflection spectrum at (a)
30mK, (b) 425mK and (c) 850mK. The drive power level is kept constant.

reflection spectrum measurements. By investigating the dependence of the me-
chanical linewidth on power level, temperature, and external voltage bias, we can
better understand the origin of the observed broadening. Similar measurements
have been crucial in probing the loss mechanisms of linear microwave [124—127]

and mechanical resonators [115, 116, 128].

To this end, we investigate the temperature dependence of our mechanical linewidth.
As seen in Fig. 4.11, increasing the cryostat temperature leads to narrowing of the
mechanical linewidth and the suppression of the frequency shifts. This temperature

dependence can be attributed to frequency noise due to TLS defects (see Chapter 6).

We also explore the power dependence of our linewidth. We can populate our
mechanical resonator with phonons by using a strong detuned pump. This pump
probe scheme is chosen to investigate the mechanical linewidth at photon numbers
beyond the onset of acoustic nonlinearity. Using a weak probe we can investigate

the mechanical linewidth.

As seen in Fig. 4.12, the strong drive permits us to substantially saturate the fre-
quency noise, reaching a mechanical linewidth on the order of 10 kHz at the highest
phonon numbers. The combination of the power and temperature dependence of
the linewidth is a strong indicator that TLS induced broadening dominates our total

linewidth (see the detailed discussion in Chapter 6).

We observe a monotonic saturation behavior of the linewidth as seen in Fig. 4.12c.
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Figure 4.12: Power saturation. (a) Mechanical reflection spectrum at a probe power
corresponding to 100s of phonons. (b) Mechanical reflection spectrum with a strong
pump red detuned from the mechanics by ~ 200 kHz. The pump populates the cavity
to around 10° phonons. The probe power is identical to (a). (c) Dependence of
linewidth on the number of coherent phonons for device B at 3 V. The solid line is
a fit to the TLS model. Due to ambiguity in the phonon number inside the cavity
for VNA measurements, we use the coherent phonon number .o, in our fit (see
thermometry section for this distinction). The data is obtained by Lorentzian theory
fits, with the 20" error bars indicating the confidence interval.

We can fit this data to a TLS model, with the total linewidth y be expressed as [125]

y=—2I5 Ly, 4.5)

B
1+(%)

where 7 is the number of phonons inside the cavity, yTrs is the TLS limited linewidth,
n. is the critical phonon number, $ is a fit parameter and g is the linewidth from
power independent broadening mechanisms. Though the original expression is
derived for decay rate of the oscillator, the dephasing can be described to have similar
power dependence as well [129]. The fit gives us yrr.s ~ 240 kHz and yo/27 ~
10 kHz, indicating that the saturable broadening dominates the total linewidth. The
critical phonon number 7. is found to be 2. The parameter S is 0.6, on the order of

unity as expected.

In summary our measurements demonstrate: (i) saturation of linewidth with temper-
ature, (ii) saturation of linewidth with power, (iii) observation of random frequency
shifts with external voltage bias. We believe that features (i-ii) can be most plausibly
explained by saturation of two-level systems [113]. Furthermore, the randomness in
the frequency shifts and broadening with voltage are reminiscent of observations of

Stark shifts of two-level systems with external electric fields [117]. Therefore, we
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believe these features are all consistent with two-level systems being the dominant

broadening mechanism.

Beyond TLS, it is important to investigate other broadening mechanisms that may
appear due to the large electrostatic fields involved in our experiment. The voltage
source in our experiment has a noise magnitude of 200 ¢V. This noise can potentially
lead to fluctuations in the mechanical frequency via the pull-in effect. Using the
measured rate of frequency change from thermometry section, we obtain frequency
fluctuations on the order of 40 mHz at the highest voltages, which is clearly much
smaller than the observed mechanical linewidths. The voltage noise may also
introduce fluctuations in the electromechanical readout rate due to the dependence
of the coupling strength on the external voltage bias. However, the fractional
variation of the fluctuation compared to the mean readout rate is estimated to be

around 2 x 107>, also too small to play a significant role.

Finally, our experiment’s large electrostatic field may lead to the displacement of
atoms or trapped charges at the surfaces. However, any possible signatures of
such an effect would scale directly with the external voltage (due to the increased
electrostatic force). We do not see any global trend where the frequency jitter
becomes worse with increased voltage in our data (see Fig. 4.12a). Additionally,
we find the voltage-dependent changes in frequency and linewidth repeatable over
measurements separated by large time scales (multiple days), which is not consistent

with permanent dislocation of atoms or trapped charges [130].
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Chapter 5

QUANTUM CONTROL OF MOTION BY A
SUPERCONDUCTING QUBIT

Reproduced with permission from Springer Nature

A. B. Bozkurt, O. Golami, Y. Yu, H. Tian, and M. Mirhosseini, “A mechanical
quantum memory for microwave photons”, Nature Physics 21, 1469-1474 (2025)
10.1038/s41567-025-02975-w,

Quantum mechanical phenomena are manifested in a wide variety of physical sys-
tems, encompassing electromagnetic waves, atoms, and excitations in solid-state
matter. The distinct physical properties of these systems, naturally, translate into
unique capabilities in sensing, processing, and communicating quantum signals.
This insight has motivated the development of hybrid quantum systems, in which
different degrees of freedom are combined to harness complementary functionalities
[13, 131].

In particular, interconnecting microwave photons and phonons promises multiple
opportunities [93]. Microwave photons strongly interact in superconducting quan-
tum circuits, enabling gate operations critical for quantum computing [132]. These
interactions, however, also lead to undesired environmental coupling, limiting the
coherence times of microwave quantum systems [133]. In contrast, phonons can be
well isolated from their environments due to their low propagation speed and the in-
ability to propagate in vacuum [42—44]. However, the bosonic nature of phonons and
the weakness of acoustic nonlinearities [22] pose significant challenges to achieving
quantum control in purely mechanical systems. Interfacing phonons with microwave
photons thus can exploit the inherent complementarity of these domains, combin-
ing the processing capabilities of superconducting qubits—a leading platform for
quantum computing—with the exceptional storage ability of mechanical oscillators
[11, 12, 120].

Interactions between microwave photons and phonons can be engineered by exploit-
ing radiation-pressure forces or piezoelectric materials [23]. Though the radiation-
pressure interaction is inherently weak, an electrostatic bias field can substantially

enhance these forces, thereby opening a pathway for integrating mechanical oscil-
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lators with superconducting qubits [27, 28, 31]. However, reaching strong coupling
to a qubit at GHz frequencies—where mechanical oscillators can be passively pre-
pared in their ground state—has remained elusive for this method [29]. On the
other hand, deterministic exchange of microwave photons and phonons has been
achieved in circuit quantum acoustodynamics (cQAD) systems [16, 33, 36], where
superconducting qubits are coupled to piezoelectric mechanical oscillators. Despite
the promise of this approach in exploring the fundamental physics of mechanical
systems [37, 38], achieving long mechanical lifetimes has proved challenging, pri-
marily due to the complexity of integrating pizeoelectric materials. Consequently,
state-of-the-art cQAD systems can only obtain storage times that remain shorter
than the best electrical systems [134—136].

Here, we present a device that extends mechanical energy storage times to an order
of magnitude beyond those in superconducting qubits and planar microwave res-
onators. Our approach relies on the electrostatic enhancement of radiation-pressure
force in nanoscale structures. By leveraging the material-agnostic nature of our ap-
proach, we fabricated mechanical oscillators entirely from single-crystal silicon, a
non-piezoelectric material with exceptionally low mechanical loss [48]. We further
suppress extrinsic dissipation through phononic band gap engineering to achieve an
intrinsic mechanical quality factor of 0.8 billion (77 = 25 + 2 ms). Crucially, our
system enters the strong coupling regime with a superconducting qubit, enabling
deterministic operations on an ultralong-lived mechanical oscillator. This unprece-
dented access to qubit control and low mechanical dissipation allows us to probe
the microscopic origins of mechanical decoherence and observe signatures of indi-
vidual two-level-system defects. Moreover, we implement dynamical decoupling to
mitigate dephasing, extending the mechanical coherence time (7 = 64 + 4 us) via
Hahn (7" = 562 + 42 ps) and Carr-Purcell (7572 = 1.02 + 0.15 ms) sequences.

These results mark a critical step towards employing mechanical oscillators as mem-
ory elements with a functional advantage for quantum information processing [11,
12, 120]. More broadly, our approach offers a route for extending quantum control
to material platforms that harbor long-lived mechanical oscillators but lack a strong
piezoelectric response (such as silicon nitride [44], strained silicon [92], diamond
[137], and silicon carbide [138]). Investigating a wider range of materials, poten-
tially via these techniques, will ultimately advance our fundamental understanding
of mechanical decoherence [139] and may enable applications in quantum-enhanced

sensing and transduction [8, 10, 140].
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Figure 5.1: Experimental setup. a, Circuit diagram of the coupled qubit-oscillator
system. b, False colored optical microscope image of the device, showing the
SQUID loop of the transmon qubit (orange), readout resonator (green), filter (yel-
low), and mechanical oscillators (blue) alongside the coplanar waveguides (CPW)
that deliver DC and RF signals. Insets: False-colored tilted scanning electron
microscope (SEM) image of multiple mechanical oscillators, with the red (green)
shaded electrodes attached to the qubit (DC line). SEM image of a single me-
chanical oscillator, with the blue shaded section showing a single phononic crystal
unit cell, phononic shields, and the vacuum gap between the oscillator and the
electrodes. ¢, Simulated displacement profile of a unit cell of the phononic crystal
resonator, alongside an illustration of electric field lines between the electrodes and
the nanobeam. The two images demonstrate the ‘breathing‘ motion separated in
time by half an oscillation period.

5.1 System Description

Our system consists of a transmon superconducting qubit that is galvanically con-
nected to a mechanically compliant vacuum gap capacitor (see Fig. 5.1a). In this
setup, a mechanical resonance can be formed within the capacitor by engineering the
motional boundary conditions [69]. Applying an electrostatic field to the moving
capacitor with an external source gives rise to an electrical dipole that oscillates with
mechanical motion. This oscillating dipole interacts with the electric field from the

qubit, giving rise to a coupled system described by the Hamiltonian

2 “q pi7 s hao B
A= Z25,+ 0nb'b + gom (o'+b+0'_b ) (5.1)
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Here, wq (wm) is the transition (resonance) frequency of the qubit (oscillator), o~
(b) is the qubit (oscillator) annihilation operator, and gen, is the electromechani-
cal coupling rate, which depends on the external voltage bias (gem = goVac, see
Section 2.2). When the resonance condition is satisfied (i.e, wq = wn), the elec-
tromechanical interaction enables the exchange of phonons and qubit excitations

(i.e., microwave photons).

We implement this system on a silicon-on-insulator platform, where a planar trans-
mon qubit is fabricated on a suspended membrane accommodating moving parts,
as shown in Fig. 5.1b (for details, see Section 5.5). The moving capacitor is created
by a pair of electrodes surrounding a phononic crystal resonator. We use finite-
element modeling to optimize the geometry of the phononic crystal for maximum
electromechanical interaction (see Section 3.3). Figure 5.1c shows the mechanical
mode profile, where in-plane ‘breathing’” motion leads to the variations of the vac-
uum gap along the beam. Crucially, our capacitor design enables the detection of
mechanical motion through near-field components of the electric field while avoid-
ing mechanical energy within the metal electrodes (which have previously been
identified as sources of considerable mechanical loss [45, 100]). The mechanical
oscillator is also surrounded by phononic shields with a full band gap in the vicinity
of the mechanical resonance to avoid clamping loss ([42], see Section 3.2). The
compact design of the nanomechanical oscillators allows us to connect an array of
them to a single transmon qubit. We utilize flux tuning by an off-chip magnet to
precisely adjust the qubit frequency to resonance with only one mechanical oscilla-
tor while providing sufficiently large detunings to avoid interactions with the other
oscillators in the array. We apply the electrostatic field to the moving capacitor via
a coplanar waveguide. However, in this geometry, the qubit experiences radiative
decay to the coplanar waveguide via the motional capacitance. To mitigate this para-
sitic effect, we integrate a notch-type microwave filter on the same chip engineered to
reflect signals at the qubit frequency while remaining transparent to zero-frequency
biasing fields (see Section 5.5). The qubit is also coupled to a microwave resonator

for dispersive readout.

5.2 Qubit-Oscillator Interactions

We characterize the fabricated devices in a dilution fridge with a base tempera-
ture of 10 mK. With a voltage applied to the motional capacitance, we conduct
spectroscopy as we slowly tune the qubit frequency. As shown in Fig. 5.2a, and

b, this measurement reveals two avoided mode crossings, from which we extract
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Figure 5.2: Coherent qubit-oscillator interaction. a, and b, Microwave spec-
troscopy of the qubit under flux tuning, exhibiting avoided crossings with oscillators
A and B. Dashed lines indicate bare qubit and oscillator frequencies. ¢, The elec-
tromechanical interaction rate of device B as a function of the applied DC voltage
(see Appendix B.3 for constraints on applied DC voltage), along with a linear theory
fit. The blue (purple) data points are extracted from the spectroscopy (time domain)
traces. d, Qubit resonant spectroscopy with mechanics B at different voltages, show-
ing the transition from weak to strong coupling regime (with the measurements at
30 V and 50 V offset vertically for visual clarity). A fit to the measurement at 50
V provides the maximum interaction rates, gem a/27 = 200 kHz (data not shown)
and gemp/27m = 230 kHz. e, and f, Qubit time dynamics exhibiting vacuum Rabi
oscillations between the qubit and the oscillator. P, is the qubit excited state popu-
lation and @ is the flux quantum. The data presented in a-b and e-f is obtained at
a voltage bias of 50 V.

the resonance frequencies of two mechanical oscillators (wma /27 = 4.9176 GHz
and wmy /21 = 4.7667 GHz) and the electromechanical interaction rates. The in-

teraction rates scale linearly with the voltage bias (see Fig. 5.2¢), in line with our
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device modeling. Crucially, the interaction can be enhanced sufficiently to yield a
pair of resolved hybridized modes at resonance (see Fig. 5.2d), marking the entry
to the strong-coupling regime. We confirm operation in this regime by perform-
ing time domain measurements, where we observe vacuum Rabi oscillations (see
Fig. 5.2e, and f). These oscillations demonstrate the coherent exchange of pho-
tons and phonons at the single quantum level, which is the basis for deterministic

quantum control of the mechanical oscillator via the qubit.

Beyond strong interactions, quantum operations often require preparing mechanical
oscillators in the quantum ground state. Although the cryostat temperature in our
experiment is sufficiently low for this purpose (7iwy, > kpTirigge), the strong elec-
trostatic field at the device can potentially lead to an increased effective temperature
via parasitic effects [29, 141]. To investigate these potential effects, we quantify the
residual thermal populations of the qubit and mechanical resonator in our system
using established thermometry methods [142]. These measurements (see Fig. 5.3a)
yield small and comparable mode temperatures for the qubit (60 + 2 mK) and the
mechanical oscillator (72 + 9 mK). Importantly, we observe no significant change
in the qubit temperature in the absence of the bias voltage (62 + 1 mK), effectively

ruling out heating from the electrostatic biasing field.

The combination of strong qubit-oscillator interaction and ground-state operation
in our system enables the preparation and measurement of non-classical motional
states [34, 143]. For state preparation, we initially prepare the qubit in the desired
quantum state and then transfer this state to the mechanical oscillator. Subsequently,
we perform Wigner tomography by displacing the mechanical quantum state using
a resonant drive and determining its parity through fits of qubit-mechanics Rabi
oscillations (see Section 5.5). Figure 5.3b, and c display the phase-averaged tomo-
grams for the mechanical oscillator when prepared in the ground state (|0),,) and
the single-phonon Fock state (|1),,). We calculate the state preparation fidelity as
0.964 + 0.007 and 0.711 + 0.023 for these states, respectively. Notably, the Wigner
distribution for the |1),, Fock state exhibits negativity, confirming the non-classical
nature of this motional state. From master equation simulations, we identify qubit
decoherence (T7 4 = 1.55 us and T2*,q = 1.05 us) as the primary source of infidelity
(see Section 5.5).
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Figure 5.3: Quantum state preparation and tomography. a, The thermal popula-
tion of the qubit’s [g) (le)4) level is measured through the amplitude of driven Rabi
oscillations in the e-f manifold, as shown in the left (right) panel. For measuring the
population in [g) 4, we initiate the experiment with a g-e 7-pulse (see Appendix B.4).
The thermal population of the oscillator’s |0),, (|1),,) energy level is extracted from a
similar experiment conducted via the qubit after performing a mechanics-qubit state
swap, as shown in the left (right) panel. The data on the left (right) panel is offset
horizontally (vertically) for better visibility. b, Phase-averaged Wigner tomogram
of the mechanical oscillator prepared in the ground state and ¢, the single-phonon
excited state, showing W (0) = —0.10+0.02. Red data points are calculated by fitting
the experimental data (see Section 5.5); the solid dark line denotes the reconstructed
Wigner distribution function, with shaded area representing 20~ confidence interval
of the numerical reconstruction. d and e, Diagonal elements of the reconstructed
density matrix (pony) for the ground and excited mechanical states, respectively. The
error bars in b-e represent the 20~ confidence interval obtained from theory fits. All
the data is taken at 50 V using mechanics B.

5.3 Mechanical Decoherence

Next, we utilize the qubit as a probe for measuring mechanical lifetime. We begin by
preparing the oscillator in a single-phonon Fock state (| 1) ,,, as described previously),
allow it to evolve freely for a variable time delay, and measure the remaining

population through a swap operation with the qubit. For the oscillator A in our
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Figure 5.4: Mechanical lifetime. We employ three distinct measurement methods,
highlighted by shaded areas, to capture decay time measurements across various
phonon occupancy levels, with each trace offset in time for visual clarity. The
data points represent the mean of ~ 400 measurements for each time instance, with
error bars indicating 1o standard error of the mean. The lifetimes obtained by
exponential fits of the form ae™"/7 are displayed for each measurement, with a 20"
confidence interval. For experiments in the range below 1 phonon, see the main
text. For the experiment in the approximate range of 1-100 phonons (mechanics A),
we employ the qubit as a phonon-number detector by operation in the dispersive
regime [144, 145]. At the highest phonon number range, we measure an array
of identical mechanical oscillators on the same chip (represented by mechanics C)
with electromechanical readout through a directly connected microwave waveguide
(see Appendix B.5). All measurements are conducted at a bias voltage of 40
V. Insets show the pulse sequences used for each measurement. For qubit-based
measurements, we use a microwave tone for shifting the qubit’s transition frequency
away from the oscillator (via the ac Stark effect) to minimize the inverse Purcell
decay [146]. For mech A, we characterize and subtract the small contribution from
the inverse Purcell decay to find the intrinsic lifetime (25 +2 ms, see Appendix B.5).

system, we find an intrinsic lifetime of 77 = 25 +2 ms (see Fig. 5.4). This lifetime is
remarkably long, more than two orders of magnitude beyond state-of-the-art circuit
quantum acoustodynamics (cCQAD) systems [36, 41, 147]. We further investigate the
mechanical lifetime in our platform by conducting experiments on different devices
and across a wide range of phonon numbers, finding consistent results in the same
vicinity (see Fig. 5.4). Remarkably, the energy relaxation dynamics can be well
explained by a single exponential decay, with no evidence of commonly observed
degradation in the single-phonon regime [45, 148, 149]. We attribute the ultralong
lifetimes and the absence of saturable loss to a low density of defects in crystalline
silicon [80] and the suppression of phononic density of states in our device geometry

[139] (see the analysis in Section 6.2).
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Figure 5.5: Mitigating mechanical dephasing. a, Ramsey free induction measure-
ment of mechanical coherence. b, Spectroscopy measurements of the mechanics-
qubit system as the voltage is varied, demonstrating an avoided crossing between
the mechanical oscillator and a defect whose frequency is shifted with voltage. The
white dashed lines are theory fits to the two avoided crossing branches with a TLS-
mechanics coupling rate of grps/27 ~ 0.5 MHz. The grey dashed line is the bare
TLS frequency with a frequency shift rate of ~ 0.3 GHz/V. Vj is the voltage at
which the TLS and the mechanics are in resonance. Dynamical decoupling proce-
dures in the form of ¢, Hahn echo measurement with a single refocusing pulse and
d, Carr-Purcell (CP) measurement with two refocusing pulses. The data points in
¢,d represent the mean of ~ 500 measurements for each time instance, with error
bars indicating 1o standard error of the mean. Dark lines for the coherence mea-
surements (a,c and d) represent theory fits used to extract the coherence times and
the top section demonstrates pulse sequences. The measurements are conducted on
mechanics A at an applied DC voltage of 50 V.

Preserving phase coherence, in addition to minimizing energy decay, is a key re-
quirement for storing quantum information. We characterize mechanical coherence
within the Hilbert space spanned by the states |0),, and |1),, through a Ramsey
sequence. In this experiment, the mechanical oscillator is initially prepared in a
superposition state (]0),, + |1),,)/V2 and allowed to evolve freely for a variable
delay, before applying a /2 basis rotation and population readout (preparation,
manipulation, and readout performed via the qubit; see Fig. 5.5a). We observe that
the Ramsey interferogram from this experiment decays exponentially with a time
constant of 75 = 64 +4 us. Although this coherence time is comparable to results in
other mechanical platforms [35, 41], it is considerably shorter than the oscillator’s

measured lifetime in our system, pointing to significant dephasing.

Similar disparities between energy decay and coherence times have previously been
observed in cavity optomechanics [42, 96], with interactions with TLS defects
hypothesized as the underlying cause. We search for signatures of TLS by monitoring

the mechanical resonance (via qubit spectroscopy) as we change the voltage bias.
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Defects within the mechanical oscillator are expected to undergo Stark shift through
interactions with the electrostatic field, enabling in-situ modification of the TLS
spectral landscape [117, 150]. Remarkably, these measurements yield a discrete
set of avoided mode crossings that collectively paint the picture of a sparse TLS
bath (see Fig. 5.5b). From these measurements, we extract the spectral density
and the statistical distributions of the deformation potential and dipole orientations,
finding them to be in general agreement with the standard tunneling model [112]
(see Section 5.5). Notably, we observe pronounced modifications of the mechanical
frequency noise in the spectral vicinity of the identified defects, displaying the
‘telegrapher’ noise from individual defects (see Section 6.3). Collectively, these
observations provide experimental evidence for the key components of the TLS-

induced decoherence model.

Unlike energy loss, dephasing is, in principle, reversible by reversing a system’s time
evolution. Such dynamical decoupling operations [151] often require a nonlinear
response, which in our setup is provided by coupling to the qubit [152]. Specifically,
the oscillator state can be swapped into the qubit, where a refocusing m-pulse is
applied on the qubit, and then swapped backed into the oscillator. This three-step
sequence effectively implements a refocusing m-pulse on the mechanical oscillator.
Figure 5.5¢ illustrates the control pulse sequence and the measured decay profile
from such an experiment, where a refocusing pulse sequence (Hahn echo) is used to
mitigate the frequency noise. As evident, the echo coherence time T; =562 +42 us
is substantially longer than 7, indicating a “slow" dominant noise source [153].
Interestingly, we observe quantitative agreement between the measured improvement
from the echo sequence and the predictions from the TLS noise model, suggesting
that TLS defects are the dominant source of dephasing (see Section 6.3). Building
on this approach, we implement a longer echo sequence (Carr-Purcell-2), further
enhancing the coherence time to the millisecond level, TzCP2 =1.02 £ 0.15 ms (see
Fig. 5.5d). With improvements in the fidelity of qubit-swap operations, even longer
echo sequences can potentially extend the coherence time to the limits set by energy
decay [154].

5.4 Discussion and outlook

Looking ahead, a natural next step would be attaining the strong dispersive regime,
where universal quantum control can be extended to the large bosonic Hilbert space
of the mechanical oscillator [155]. Achieving this goal requires significant im-

provements in the electromechanical interaction, which we anticipate to be within
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reach by miniaturizing the capacitor’s vacuum gap [156] and using superconduct-
ing qubits with large flux fluctuations [157, 158]. Alternatively, increased qubit
coherence—achievable through flip-chip architectures [159, 160]—can relax the
need for stronger interactions. Achieving operation in the strong dispersive regime
would enable the encoding of bosonic qubits with biased noise on GHz-frequency
mechanical oscillators, potentially leading to scalable architectures for fault-tolerant
quantum computation [11, 161, 162].

5.5 Methods
Summary of device parameters
The experimentally characterized parameters of our device composed of the qubit,

mechanical oscillators, and the readout resonator are listed in Table 5.1.

Fabrication

The devices are fabricated on a 10 mm X 10 mm, high-resistivity (> 3 k€.cm)
silicon-on-insulator (SOI) chip with a device layer thickness of 220 nm [82]. The
fabrication process consists of the following steps:

(1) Etching of the silicon device layer using inductively coupled plasma reactive ion
etching (ICP-RIE) with the C4Fg/SFg pseudo-Bosch process, to define mechanical
oscillators, phononic shields, and release holes.

(i1) Electron-beam evaporation of aluminum for the DC line, electrodes of moving
capacitors, and filter. This layer forms the metal over regions where strong elec-
trostatic fields are present. Since the electrical behavior of the aluminum-silicon
interface exhibits extreme sensitivity to surface properties [163], we perform this
metallization layer before additional processing that alters the silicon surface (such
as HF etch) for reliability purposes.

(ii1)) Aluminum evaporation to form the readout line, readout resonator, and trans-
mon capacitor, preceded by a brief vapor hydrofluoric acid (VHF) etch.

(iv) Doubled-angle aluminum evaporation and oxidation to form the Josephson
junctions, preceded by a short VHF etch.

(v) Ion milling to remove the oxide on aluminum, followed by aluminum bandage
evaporation in order to: (a) connect the Josephson junctions to the transmon capac-
itor and (b) ensure electrical connectivity between layers (ii) and (iii).

(vi) A longer VHF etching to remove the buried oxide layer which partially suspends

the device.
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Parameter Value Description Component
wg™ /2 5.1071 GHz maximum frequency transmon
aq/2n 226 MHz anharmonicity transmon
wr /21 7.283 GHz resonance frequency readout resonator
Xqr/2m 450 kHz dispersive shift transmon-readout resonator
Ke,q/2m 7 kHz external decay rate transmon
Ker/2m 1.9 MHz external decay rate readout resonator
W /21 4.9176/4.7667 GHz resonance frequency mechanics A/B
Zem /27 200/230 kHz electromechanical interaction rate mechanics A/B
Tiq 1.70/1.55 us lifetime transmon
Tz"’q 1.30/1.05 us Ramsey coherence time transmon
T\m 193+1.2/21.1 £ 1.1 ms lifetime mechanics A/B
TZ*,m 64 +4/67+5 us Ramsey coherence time mechanics A/B
T;,m 562 +42/268 + 23 us Echo coherence time mechanics A/B
nglz 1.02 £0.15/0.54 + 0.11 ms CP2 coherence time mechanics A/B
Cr, 1.3x10°/1.7%x 10° damping cooperativity mechanics A/B
Cr, 132/147 dephasing cooperativity mechanics A/B

Table 5.1: Summary of device parameters. Parameters k.4 and k., denote the
decay rates of the qubit and the readout resonator into the shared xy and readout
line, respectively. The reported electromechanical coupling rate is characterized at a
voltage bias of 50 V. The qubit’s lifetime and Ramsey coherence time are character-
ized and reported at the frequencies of oscillator A/B, respectively. The mechanical
lifetime (coherence time) is characterized at a bias voltage of * 40V (= 50V),
where the uncertainty in characterization is indicated with 20~ confidence inter-
vals. The damping (dephasing) cooperativity is calculated as Cy, = 4g§mT1,mT1,q

(CTZ = ggm Z*,mTz’iq)'

All the patterning of steps (i)—(v) is carried out using electron-beam lithography.

Microwave design

Our microwave qubit is a transmon with Ejna/h = 15.9 GHz and Ec/h =
226 MHz, having a maximum frequency of 5.107 GHz. The transmon is designed
with a relatively large Ejmax/Ec ratio of = 70, in order to minimize potential de-
phasing due to charge noise. The charge noise induced dephasing of a qubit is set
by a combination of (i) charge dispersion, which quantifies the maximum change
in the qubit frequency due to variations in offset charge and (ii) the magnitude of
charge noise present in the system [55]. In an isolated transmon, the charge noise
remains significantly below a single electron (10™* — 1073¢) [164]. However, in

our hybrid device, a large voltage is applied to the qubit in our experiment, which
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can potentially cause excess charge noise. As the charge dispersion provides an
upper bound on the dephasing, significantly suppressing it can ensure insensitivity
to charge noise regardless of the noise present in the system. Therefore, we have
conservatively designed our qubit with a charge dispersion of ~ 1 kHz for the g-e
transition. Due to the exponential dependence of the charge dispersion on Ey/E¢
[55], the noise insensitivity can be achieved with a small cost to the electromechan-
ical interaction strength which scales as m . In the future, characterizing the
charge noise can potentially enable us to operate with a smaller Ey/E¢c ratio and

slightly improve our electromechanical interaction rate.

The SQUID loop of the transmon is composed of two asymmetric junctions, with
an asymmetry ratio of 6. The asymmetric junctions reduce the sensitivity to flux
noise as the qubit frequency is tuned at the cost of a reduced tuning range [165],
which is * 800 MHz in our case. However, even with reduced sensitivity to flux
noise, we observe that the coherence time of our qubit degrades substantially away
from the sweet spot, suggestive of dephasing dominated by flux noise. Specifically,
we see that the pure dephasing increases from I'y /27 ~ 10 kHz at the sweet spot
to I's/2m ~ 100 kHz in the spectral vicinity of the mechanical oscillators. It
is possible to characterize the flux noise by measuring the qubit coherence time
at different frequencies and relating it to the first order sensitivity of the qubit
frequency to flux [165]. Through this method, we have determined that almost all
of the observed dephasing can be attributed to flux noise with a noise amplitude of
VAg ~ 10 u®,. This noise amplitude is larger than state-of-the-art transmons which
can reach VAg ~ 1 u®q level [165, 166]. We have previously observed differing
levels of flux noise on transmons fabricated on the same chip. This indicates that the
source of flux noise resides on chip and relates to our fabrication process, instead of
being due to instrumentation or wiring. The precise origin of this excess flux noise

will be the focus of future investigations.

The qubit is capacitively coupled to a lumped element A /4 resonator at a frequency of
wy/2n = 7.3 GHz with an interacton rate gq,/27 = 105 MHz for dispersive readout
(see Fig. 5.6a). The coplanar waveguide that is capacitively coupled to the readout
resonator (ker/2m = 1.9 MHz) is also coupled to the qubit (ke q/27 = 7 kHz) to
function as both a readout and xy line. The xy coupling to the qubit is engineered to
be relatively strong in order to reduce power requirements for ac Stark shift tones,

which are also applied through the same port.

The mutual capacitance between the DC line and the transmon qubit is = 2 {F
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according to electromagnetic simulations. This capacitance consists of the mechan-
ical capacitance, the parasitic capacitance of the wires, and the stray capacitance
between the feedline and the transmon central electrode. In the absence of any filter-
ing, this undesirable capacitive coupling between the DC line and qubit is expected
to cause external decay with a rate of ~ 27 X 350 kHz into the waveguide. In order
to avoid this, we utilize a notch-type filter. At its resonance frequency, the 1/4 CPW
resonator functions as an impedance transformer, where the 50 Q2 environment is
converted into a short, preventing radiation [167]. The precise design of the filter
relies on electromagnetic simulations, where the length of the 1/4 stub is designed
such that the transmission from the launchpad of the waveguide to the feedline that
is connected to the mechanical resonator is suppressed at the qubit frequency, as
seen in Fig. 5.6b. By combining these modular electromagnetic simulations and
circuit analysis, we estimate the suppression of qubit radiative decay to be substan-
tial (< 27 X 1 kHz) in the spectral vicinity of the mechanical oscillators. Due to
the stub being galvanically attached to the waveguide and being open on the other
end, it doesn’t interfere with the application of DC voltage. However, the filter also
precludes direct electrical addressing of the mechanical resonators via the DC line
and instead the driving of mechanical oscillators has to be realized via the xy line,

mediated by the qubit.

readout
resonator

xy and
readout
feedline
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Figure 5.6: Microwave design. a, Optical microscope image of the device, focus-
ing on the features around the transmon. b, Simulated transmission between the

launchpad and the feedline for the DC line, showing a notch type response centered
at 4.8 GHz.

We observe qubit lifetimes (77 ~ 1.7 us) that exceeds the decay limit into the
DC line (77 ~ 0.4 us), which was characterized via previous generation devices

that lacked a filter. Collectively, these observations suggest that the notch filter
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suppresses the radiative decay of the qubit. However, experimentally quantifying
the precise suppression level of the notch filter poses a challenge. As the filter is
designed to possess a large bandwidth (~ 1.5 GHz) and is expected to be extremely
overcoupled, its resonant response cannot be resolved via reflection measurements
due to ripples in our setup. In order to explore the filter behavior, we modified
our setup and conducted measurements with the cable that connects the bias-T to
the DC line detached (see the original setup in Fig. B.1). This configuration is
expected to alter the radiative decay by modifying the effective impedance seen
at the waveguide. These experiments demonstrated a twofold improvement in the
qubit lifetime (77 ~ 3 us), suggesting the presence of significant radiative loss in

our experiments.

Importantly, the observed radiative loss is significantly larger than the estimate
from modular simulations and circuit model analysis (radiative lifetime limit of
Ty ~ 150 us). To further investigate this, we conducted chip scale electromagnetic
simulations, where we found the simulated decay rate of the qubit to the DC line
(~ 27 x 20 kHz) to be comparable to the measured radiative decay magnitude. This
result suggest that modular simulations of the filter—which formed the basis of
our filter design—did not fully capture all the effects in our system. Chip scale
simulations that incorporate near field effects between the filter and transmon will
be utilized to better understand the origin of the imperfect suppression of the filter

and improve its operation in the future.

The discussion above indicates that the intrinsic lifetime of our qubit is 77 ~ 3 us.
We note that this lifetime is comparable to other transmons fabricated on silicon-on-
insulator substrates in the literature [82, 168, 169], suggesting that our fabrication is
in line with standards. Further improvements can be potentially obtained by better
understanding the qubit loss mechanisms via systematic investigations. However,
reaching start-of-the-art qubit coherence (77 ~ 100 us) is likely to require a flip chip
approach that can employ silicon or sapphire substrates for the qubit chip [159, 160].

Wigner tomography

We calculate the Wigner function of the mechanical oscillator initialized to state
o by measuring the phonon parity. The Wigner function of the prepared state p
at coordinate a (W, (a)) is proportional to the displaced parity of the mechanical

oscillator P, (), through the relation

2
W,(a) = ;Pp(a). (5.2)
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To calculate the parity we leverage the information in the Rabi oscillations between
the qubit and the mechanical oscillator [36, 170]. From these Rabi oscillations, we
calculate the phonon number distribution, and consequently, phonon parity which
are related by

Po(a) =Te (D' (@pD(@1) = " (=1)"pu (@), (53)

where IT is the parity operator and Pn.p(@) is the phonon population corresponding
to the Fock state n for an initialized state of p following a displacement of «.
Importantly, during our measurements, we randomize the phase of the displacement
a = re' (where 6 is sampled uniformly from the interval [0, 27]), which leads to
the measurement of the phase averaged Wigner function W(r) [171]. Since the
states we are interested in preparing (|0),, and |1),,) are phase-symmetric, the phase
averaging provides a significantly reduced measurement overhead, while retaining

fundamental features of the Wigner function.

To perform Wigner tomography after preparing a mechanical state, we first detune
the qubit by approximately 5 MHz and then apply a phase-randomized Gaussian
pulse to the qubit at mechanics frequency for 8 us. This drive, mediated via the qubit
through the electromechanical interaction, effectively converts into a displacement
of the mechanical oscillator with complex displacement amplitude @, where we
choose the phase of @ randomly for each instance of the experiment. Subsequently,
we bring the qubit into resonance with mechanics for time t and measure the qubit
population as a function of t. This results in Rabi oscillation where an example of
such measurement is depicted in Fig. 5.7a. We prepare the ground mechanical state
by moving the qubit to the mechanics’ frequency and waiting approximately 25 us to
make sure that they are both at their ground states. For the excited state preparation,
we repeat the same procedure followed by detuning the qubit by around 5 MHz and
exciting it using a w-pulse. Then, we bring the qubit back into resonance with the
mechanics and wait for Ty, to transfer the excited state to mechanics. The pulse
sequences for the ground and excited state preparation and tomography are shown

as the inset of Fig. 5.7a.

To derive the phonon number distribution, we fit the measured Rabi oscillation
using the QuTiP package to solve the master equation. For this purpose, we first
find the resulting Rabi oscillations corresponding to mechanics being in the Fock
state n and qubit in the ground state (|g,n),,,) [170]. Then, by decomposing the
measured Rabi oscillations into Rabi functions from the simulation, the phonon
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Figure 5.7: Phonon distribution measurement. a, Measurement of the qubit
population as a function of time for the ground state tomography of mechanics B
with a displacement amplitude of 0.9. The inset depicts the pulse sequence for the
ground (excited) state tomography. b, Calculated phonon distribution from the fit
of the data presented in a. The bar chart represents the population of each Fock
state where the error bars show the 20~ confidence interval for the fit obtained via
bootstrapping.

number distribution is calculated. As discussed above the Wigner function is
calculated for each @, which gives us the phase-averaged measured Wigner function.
For the errors, we use bootstrapping done by resampling with replacement from the
calculated data. An example of such fitted Rabi oscillation and phonon number
distribution is shown in Fig. 5.7a, and b, respectively. Additionally, to characterize
the magnitude of the coherent displacement, we fit a Poisson distribution to the
phonon number distribution for ground state tomography and calibrate the drive

amplitude corresponding to a required displacement amplitude.

After measuring the Wigner function for the prepared density matrix p, we re-
construct this density matrix p’ of the prepared mechanical states by minimizing
the difference between the measured Wigner function and the calculated Winger

function given by

W) =2 3" al DY (@) D@ ). 54

n

For this minimization, we used CVX, a package for solving convex programs [172],
with a Hermitian semi-definite p and subjecting it to be diagonal (due to the mea-
surement being phase-randomized and hence the Wigner function being spherically
symmetric) and have a trace of one. For the errors, we use the Monte Carlo method
where we generate statistics for the elements of the density matrix by choosing a
phonon distribution value using Gaussian distribution with the mean and standard

deviation of the calculated values and errors in the previous step, respectively.
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The expected state preparation fidelities can be estimated through master equation
simulations of the qubit-oscillator system. At the measurement voltage of 50 V, the
electromechanical interaction rate is given to be 27 X 230 kHz for oscillator B. The
decoherence rates utilized in the simulation is obtained through time domain char-
acterization. Near mechanical oscillator B, the qubit has a lifetime of 7' ¢ = 1.55 us
and a Ramsey coherence time of Tzq = 1.05 us, constituting the main decoherence
channel for the qubit-oscillator system (TZ*,B ~ 50 us > T, 4). Further utilizing the
thermal populations extracted through thermometry measurements, the state prepa-
ration fidelities for |0) and |1) are estimated to be 0.989 and 0.759, comparable to the
measured fidelities of 0.964 + 0.007 and 0.711 +£0.023 (where the fidelity is defined
as F' = \/(¢|p |y), with |¢) being the target state). These observations suggest
that qubit decoherence is the main contributor to state preparation infidelity, with
the remaining infidelity most likely originating from imperfections in experimental

procedures.

The inverse Purcell decay

In our coupled qubit-oscillator system, the mechanical oscillators experience inverse
Purcell decay due to their interaction with a much shorter-lived qubit, which limits
the mechanical lifetime, particularly at small detunings. The measured decay rate
of the mechanical oscillator can therefore be expressed as the sum of intrinsic and
inverse Purcell decay rates, I' = I'; + I',. For typical detunings of our experiment,

where |A| > «, g, the total decay rate is given by [173]

gm“)zk. (5.5)

r:n+(
A
Here, A = wq — wny, is the detuning between the qubit and the oscillator, and « is the

qubit decay rate.

To quantify the contribution of the inverse Purcell decay, we measure the mechanical
decay rate while varying the detuning A. As shown in Fig. 5.8, the theoretical model
aligns closely with the experimental data. From the fit parameters, we can calculate
the intrinsic decay rate of the oscillator by subtracting the inverse Purcell decay

contribution.

These measurements were performed in the low-phonon-number regime, where we
subtract a small background offset—accounting for the residual thermal popula-
tion—from all data points. To minimize the inverse Purcell decay during the free

energy decay measurements, we detune the qubit frequency from the mechanical
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resonance by approximately 30-40 MHz during relatively long waiting times. How-
ever, since rapid tuning of the qubit frequency via an ac Stark shift [174] requires
a microwave tone, larger frequency shifts require higher drive power, which can
induce qubit heating. To address this, we maintain a smaller detuning of around 3-6
MHz during fast operations, such as qubit gate operations and readout, as oscillators

are less affected by the inverse Purcell decay.

103

102.
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101 . . . .
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Figure 5.8: Inverse Purcell decay. Mechanical decay rate as a function of the
detuning between the qubit and mechanics, demonstrating the inverse Purcell decay
of the mechanics through the qubit, performed on mechanics A. The data points
indicate the decay rates obtained vai exponential fits for each measurement and the
error bars represent 20~ confidence interval of the fits. The solid line shows the
theory fit to the total decay rate based on Eq. (5.5).

TLS Spectroscopy
During our TLS spectroscopy measurements, we have seen numerous individual
TLS interact with our mechanical oscillator, as shown in Fig. 5.9a. We can model

the result of spectroscopy measurements through the Hamiltonian

A w, W AL A A A
A= e+ TTLS&Z,TLS + wmb'h + gem (6—+b + &_bT) +

A N Q ) )
gris (Gumish + o_msh’) + S (e e + e ), (5.6)

where wtLs (wg) 1s the TLS (qubit drive) frequency, 6— s is (04 1Ls) the TLS
lowering (raising) operator, gtrs is the TLS-mechanical oscillator transverse cou-
pling rate and €2 is the qubit Rabi drive strength. This Hamiltonian includes both
the qubit-mechanics interaction (see Eq. (5.1)) and the TLS—mechanics interaction
(see Eq. (6.6)). For the TLS—mechanics interaction, we have neglected the longitu-
dinal coupling term that is not relevant in this context and applied the rotating wave

approximation.
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Figure 5.9: TLS spectroscopy. a, Spectroscopy trace of the qubit-mechanics
system as the voltage is varied, illustrating the coupling between the mechanics
and individual TLSs through multiple avoided crossings. The black dashed lines
highlight a selection of prominent individual TLSs. b, A magnified view of a specific
mechanics-TLS avoided crossing (identical to the avoided crossing presented in Fig.
5b). The white dashed lines represent a theory fit to the avoided crossing. The black
dashed line is the bare TLS frequency. ¢, Avoided mechanics-TLS mode crossing
obtained by solving the full master equation (with parameters 4 ~ 0.3 GHz/V
and gt s/2n =~ 0.5 MHz), confirms the features seen in experimental data. d,e
Histograms of the lower bounds for TLS-mechanics interaction rate and TLS tuning
rate obtained from avoided crossing fits. N is the number of TLS within a bin.

Notably, the TLS frequency in the near vicinity of the mechanical oscillator fre-

quency can be expressed as
WTLS = Wpy + 27 X /l(V - V()), (5.7)

where A is the TLS tuning rate per volt, V is the applied voltage, and V, is the voltage
bias value at which the TLS is in resonance with the mechanical oscillator. The
tuning rate A for a TLS can be further expressed as [114]

ha = %p 'E, (5.8)
where p is the TLS dipole moment and E is the electric field at the position of the
TLS with 1 V applied to the electrodes. We see that we can faithfully reproduce the
measurement results through master equation simulations in the steady-state (com-

pare the measurement result in Fig. 5.9b to the simulation results in Fig. 5.9¢). We
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note that in the measurements, the qubit corresponds to the broad green feature and
the mechanical oscillator manifests itself as dark lines, which physically corresponds

to a dip in the spectroscopy response at the mechanical oscillator frequency.

As demonstrated above, the spectroscopy traces can be utilized to extract TLS pa-
rameters such as the interaction rate and the tuning rate by fitting avoided crossings.
Ideally, this procedure can be applied to all of the observed TLS to obtain statis-
tics. However, we encounter experimental challenges in fully resolving the avoided
crossings. Mainly, the splitting of the hybridized modes (2gtLs) can place them
outside of the qubit linewidth (the qubit frequency is kept fixed in the experiment),
or the signal associated with hybridized modes can be too weak to observe due to
decoherence induced by TLS. Therefore, we cannot reliably observe the entirety of
the avoided crossing for all of the individual TLS, instead we only see the tail ends
of the avoided crossing for some of them. The change in the mechanical frequency
due to the TLS for the tail end (ArLs > grLs) can be expressed as —g%LS /ATLsS ,
where Arrs = wtLs —wm = 27 X A(V = Vp). Since both the interaction rate grs and
the tuning rate A are unknown, we can extract both of these parameters only under
the assumption of finding the lower bounds on both of them. Nonetheless, we will
follow this procedure for the TLS where only the tail ends are visible, and obtain
statistics concerning the lower bounds, which still include valuable information. For
the following discussions concerning the statistics of tuning rates and coupling rates,

the quantities analyzed will be these lower bounds.

Exploring a tuning range of 5 V, between 35 V and 40 V, we observe avoided
crossings with 60 TLS, 56 of which have a coupling rate above 27 X 50 kHz,
with the distribution of the coupling rates demonstrated in Fig. 5.9d. Based on the
observed interaction rates, we can infer that TLS exhibit deformation potential values
extending to 0.5 eV (see Section 6.1 for acoustic strain calculations), consistent with
results from literature [139, 175]. The tuning rate distribution is shown in Fig. 5.9,
where 31 of them have positive tuning rates and 29 of them have negative tuning
rates, in line with the expected equal probability based on random dipole orientations
and TLS density. The number of observed TLS combined with the average tuning
rate magnitude (0.22 GHz/V) can be used to obtain an upper bound of 13.8 GHz™!
on the TLS density (p = PpV). This upper bound is compatible with the density
value of 14 GHz™! we have obtained from first principles in Section 6.1 and utilized

for our calculations of the decay rate.
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Chapter 6

DECOHERENCE DUE TO TWO-LEVEL-SYSTEM DEFECTS

In the previous two chapters, we have obtained experimental evidence suggesting
that two-level-system defects (TLS) play a significant role in acoustic decoherence.
In Chapter 4, we have seen that the acoustic decoherence rate depends on the
power, temperature and voltage, in accordance with theory of TLS (see Section 4.7).
Later on, in Chapter 5, we have observed direct signatures of interactions between
individual TLS and mechanical oscillators, verifying the presence of these defects

in our devices (see Section 5.5).

In this chapter, we present further analysis related to TLS-induced acoustic decoher-
ence. We begin by describing interactions between TLS and mechanical oscillators,
with an emphasis on how these interactions give rise to decoherence processes. By
combining the theory of decoherence with a modeling of mechanical oscillators,
we show how decoherence rates can be estimated. These estimates are then applied
to the devices introduced in Chapter 5, allowing for direct comparison with exper-
imental data. This analysis furnishes us with methods to model decoherence in
mechanical oscillators which can be used to improve device performance in future

experiments.

6.1 Mechanics-TLS interactions

Standard Tunneling Model

TLS are microscopic defects in solid-state systems. These defects were initially
hypothesized to explain the anomalous thermal properties and universal behavior
of amorphous materials at temperatures below 1 K [112, 176]. While early studies
focused on fundamental physics, the advent of quantum technologies has sparked
renewed interest in TLS, as they are a major source of noise and decoherence in
quantum devices [113]. Specifically, these defects are known to limit the coherence
of superconducting quantum circuits [177, 178] and mechanical oscillators [42, 45,
115, 116, 130, 148, 179]. At the same time, these quantum devices now serve as
powerful platforms for probing TLS dynamics in previously inaccessible regimes,
enabling the study of individual defects [175, 180] which provides access to detailed
statistics [150, 181].
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Even though the exact physical origins of these defects remain disputed, they are
understood to be associated with disorder, surface adsorbates and amorphous in-
terfaces [113]. Despite the uncertainty in origin, their behavior can be effectively
described phenomenologically by the standard tunneling model (STM) [112], whose

key results we will briefly reproduce below.

Within STM, TLS are modeled as a particle confided within a double-well potential.
The tunneling energy Ag characterizes the rate of quantum tunneling between the
two wells, while the asymmetry energy e denotes the energy difference between

them. Together, these parameters define the TLS Hamiltonian

1

N 1 B R
Hris = E(eo'z,TLS + Aoy TLS) = EEO_z,TLS’ (6.1)

where G, Ts and 0 15 are Pauli operators defined in the double-well basis. Diag-
onalizing this Hamiltonian yields the energy eigenbasis, represented by -, T1s, with

an energy splitting E = /€2 + A3

The tunneling and asymmetry energies are randomly distributed, with a probability
distribution of p
P(e, Ay) = ==, (6.2)
Ao

where Pp is the TLS density, which is a material dependent property.

The TLS interact with external fields through modification of the asymmetry energy
as
€=27-S+2p-E+¢, (6.3)

where 7 is the TLS deformation potential tensor, S is the external strain field, p is the
TLS dipole moment, E is the external electrical field, and € is the asymmetry offset
due to the environment. As can be seen from Eq. (6.3), static electric and strain
fields can alter the TLS frequency by modifying the asymmetry energy, effectively
tuning these defects [150, 175].

The Hamiltonian describing the interaction between TLS and a mechanical oscillator
which generates a time varying strain field can be obtained by quantizing the strain
term in Eq. (6.3) and substituting it into Eq. (6.1)

Hrism/h = (gTLs0x LS + 8TLS.c0%1Ls) (BT + b). (6.4)
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Here, g5 (g1Ls.¢) 1s the transverse (longitudinal) interaction rate between the TLS

and mechanical oscillator. These interaction rates are given as

Ao
_0)7 .S,
E (6.5)

€
7] =—%-8S,
8TLS.¢ E?’

hgtLs =

where S is the value of the normalized strain tensor (normalization based on zero-
point fluctuations of strain) at the defect position. For simplicity, we omit the
explicit position dependence in our equations. As will be detailed in the following
sections, both the longitudinal and transverse interactions can give rise to acoustic

decoherence.

The description we have provided here corresponds to the interaction of a single
TLS with a mechanical oscillator. However, in reality, the mechanical oscillator
interacts with a bath of TLS defects, where the full Hamiltonian of the system is

given as

H/h=wnb'b+ Z WTLs 0 1Ls + (8TLs 0w TLs + 8TLs.c Oo1Ls) (BT +b),  (6.6)
TLS

where wtrs = E1rs /% is the TLS frequency.

Due to the random nature of the TLS frequencies, positions and orientations, the
dynamics of the full system is challenging to describe. One option is to rely on
numerical methods, where one can investigate multiple realizations of TLS in a
device and investigate the statistical behavior of the full system [42]. An alternative
approach, which we follow, is to utilize average properties of the TLS, which makes
modeling the system significantly easier [139]. In the following, we describe how

this analysis can be performed specifically for the devices presented in Chapter 5.

Device Modeling

The device properties that enter into estimates of TLS-induced acoustic decoherence
are primarily (i) TLS density, (ii) mechanics-TLS interaction rates, and (ii1) TLS
decoherence rates [139]. As the first two properties tie into the composition and
geometry of the mechanical oscillator they will be discussed here. The third item,
which is the TLS decoherence rate, is set by interactions between TLS and the

surrounding environment, which will be discussed in the following sections.

First, we look at the TLS spectral density. The nanobeam hosting the mechanical

oscillator is expected to host TLS primarily on the amorphous silicon oxide on the
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surface [182], since the bulk single-crystal silicon is known to have a significantly
lower TLS density [80]. The surface area of the nanobeam can be calculated to
be 12 um?. The thickness of the amorphous region on the silicon surface has been
shown to be on the order of 3 nm [183], giving us a total volume of V = 0.04 um? that
would host TLS. For a TLS density per unit energy and unit volume of Pp, the TLS
spectral density is given by p = VPp [114]. Assuming Pp ~ 5x10* (J.m>)~! based
on the literature [139], we expect to have a TLS spectral density of p ~ 14 GHz™!

interacting with our mechanical oscillator.

Second, we look at the mechanics-TLS interaction rate (grrs and grrs,). The
strain field associated with the mechanical motion can be obtained from numerical
modeling using finite element method simulations. The strain field is normalized
to ensure that the total strain energy in the system corresponds to 7wy, /4 (i.e.
normalized to the zero-point energy). The strain and the deformation potential
are both tensorial in nature. Since the shear strain components are very small in
our system, we can only focus on the normal components, where we find that the
average strain field magnitude on the nanobeam surface is ~ 4 x 10~ m/m. For the
deformation potential, we can use an angle averaged value on the order of 1 eV for
silicon oxide [139]. The strain magnitude combined with the deformation potential

value leads to an estimate for the interaction rate on the order of | - S|/h ~ 1 MHz.

We therefore expect a sparse TLS bath, where the frequency separation between TLS
is much less than the mechanics-TLS interaction rate (i.e. p~' < grrs/27). We
indeed observe such a sparse bath experimentally (see Section 5.5), with the above
estimates being generally consistent with our experimental observations. Owing to
experimental limitations, we were only able to determine approximate bounds on
the relevant parameters. Therefore, in the following analysis, we rely on the above

estimates, which remain within the experimentally inferred ranges.

We nonetheless note that the calculation of the volume that hosts TLS is subject to
significant uncertainty because of the strong dependence of the surface properties on
fabrication procedures [183, 184]. Therefore, the following estimates for the TLS-
induced acoustic loss are expected to have similarly large uncertainty and possess

roughly an order of magnitude level precision.
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6.2 TLS-induced Acoustic Loss

Resonant absorption

We first focus on loss due to the transverse mechanics-TLS interaction, described
in Eq. (6.6). The transverse interaction gives rise to energy exchange between the
mechanical oscillator and the TLS when they are resonant, which can manifest as
acoustic loss. This acoustic loss depends on the interaction rate, the frequency
detuning between the parties, and the TLS decay and dephasing rates. For an

ensemble of TLS, the total mechanical decay rate can be expressed as [185]

I'1 tLs tanh (hwrLs /2kgT)

2
Iy = Z 8TLS
m — 1)
; _ 2 .12 2 0
108 (Wm —wrLs)? + 15 1 g + Q7 (ToresT oy

(6.7)

where I'1 ;n = 1/T1 m is the decay rate of the mechanics due to transverse interactions
with TLS, expressed through a sum that adds up the decay contributions of all the
individual TLS. I'y 7.s (I tLs) 1s the TLS decay (decoherence) rate and kg7 is the
thermal energy at a temperature of 7. Qrpg = 2gTLS\/ﬁ is the Rabi rate between the
oscillator that has 7 mean phonons and the TLS. The Q%LSFZTLSrl_,lTLS represents

power broadening, which leads to the familiar power saturation of TLS loss.

As can be seen in Eq. (6.7), the decay is more pronounced for TLS that satisfy the
resonance condition with the mechanical oscillator, due to which this loss mechanism
due to transverse coupling is referred to as resonant absorption in the literature [42,
45, 139]. This sensitivity to detuning lies at the origin of the voltage dependence of
the lifetime we observe in experiments (see Fig. 6.1a), where the TLS frequencies

get modified by the static electric field associated with our voltage bias.

As discussed before, in a physical system, TLS defects have random positions, ori-
entations, and energies. As a result, several quantities in Eq. (6.7) such as frequency
detuning, interaction rate, and the TLS lifetime will be randomly distributed. There-
fore, the total decay rate depends on the specific TLS realization that the mechanical
oscillator interacts with and is expected to be a random quantity itself. However, it
is possible to follow a simplified model to get crude estimates for the mechanical

decay rate.

In this model, all of the TLS defects are assumed to be interacting with the mechan-
ical resonator at the same coupling rate g1rs and the frequency separation between
the neighboring defects is assumed to be a fixed value of 6/27 = p~'. The TLS
is also assumed to be decay limited with a fixed decay rate of I'j 75 . The power

broadening is also neglected since we have conducted measurements at the single
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phonon regime. Further noting that tanh (7%iwrrLs/2kgT) ~ 1 in our temperature
range (fiwtLs > kpT), the expression for the oscillator decay rate can be written as
[186]

P i g_%LSFI,TLS 6.8)
M7 L (k6 +60)2 + (Times/2)? '

Here 8¢ € {0, §/2} is the frequency separation between the oscillator and the nearest

TLS. We note that there exists an analytical expression for this infinite sum [186]

sinh (27h)
cosh (2nb) — cos (2nbc)’

I'\m =mab (6.9)

where a = 452, /T 11s, b = TitLs/26 and ¢ = 26/T' 11s.

We then move on to our estimates for the resonant absorption limited lifetime for
the simplified model presented in Eq. (6.8). We use an average interaction rate of
gtLs/2m = 1 MHz (where the average tunneling energy ratio is Ag/E ~ 1 [114]).
For a best case TLS distribution where the closest TLS is away by dp = §/2, we can
calculate the mechanical lifetime limit due to the resonant absorption for a given
set of TLS densities and TLS lifetimes (see Fig. 6.1b). For our device, we expect
6/2m = p~! = 70 MHz which is set by the TLS density estimate of 14 GHz ™.
TLS lifetimes have been measured to be 1/ fl,TLs =TitLs = 0.1 — 1 us on silicon
substrates [187, 188]. Using these numbers, we would expect to have a mechanical
lifetime of 1/I"1;m = Tim = 50 — 500 us, 2 orders of magnitude smaller than the
observed lifetime of 25 ms (see Section 5.3).

However, this apparent contradiction can be resolved by noting that TLS lifetime can
be modified through phononic engineering. Specifically, since the TLS relaxation
occurs mainly through interaction with phonons, the TLS decay rate is related to
the phononic density of states (DOS), which is a function of the device geometry
[139]. Comparable devices that utilize phononic shields have shown enhanced TLS
lifetimes (median lifetime of ~ 400 us) through suppression of the phononic DOS
inside the phononic bandgap [168].

The combination of the previously measured TLS lifetimes and our simulations
indicating a 2 GHz wide phononic bandgap (see Section 3.2) can be used to estimate
the acoustic loss due to TLS inside the bandgap to be I'; ,, ® 27 X 0.8 Hz. Notably,
this number is smaller than the observed decay rate of I'; , = 27rX6 Hz. Importantly,
resonant loss from these TLS is expected to be saturable [139]. The absence
of saturable loss in our measurements (see Fig. 5.4) further corroborates that the

resonant loss due to TLS inside the bandgap is minimal.
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Figure 6.1: Acoustic loss. a, Measurement of mechanical lifetime as the voltage is
varied in fixed steps. Blue data points represent the measured lifetime of mechanics
A (introduced in Chapter 5) for various voltages. Red data points show the intrinsic
lifetime obtained by subtracting the inverse Purcell decay from the measured decay
rate. The error bars represent 20~ confidence interval for the lifetime obtained
through theory fits. b, Mechanical lifetime limit (77, = 1/I'1n) for resonant
absorption as the TLS lifetime and the TLS density are varied. The data is calculated
for the best case scenario of 69 = d/2. The white dashed horizontal line represents
the estimated TLS density of 14 GHz™'. The black dashed line indicates the TLS
lifetime and density combinations that lead to a mechanical lifetime limit of 25 ms,
the longest lifetime we have measured.

The TLS outside the bandgap, on the other hand, is expected to have shorter lifetimes
and have been measured to possess a median lifetime of ~ 4 us on comparable
geometries [168]. Similarly, using this TLS lifetime, the loss due TLS outside the
bandgap can be estimated to be I'1 i, ® 27 X 1 Hz, a number comparable to the TLS
loss inside bandgap.

Relaxation damping

We next explore the loss due to the longitudinal interaction between mechanical
oscillator and TLS. The longitudinal interaction in Eq. (6.4), manifests itself as
a modulation of the TLS energy due to the acoustic displacement. Specifically,
for a system with a non-zero temperature, this modulation moves the TLS out of
thermal equilibrium. The TLS then absorbs energy from phonons and relaxes
towards thermal equilibrium, giving rise to acoustic loss at nonzero temperatures.

The acoustic loss due to this process is called relaxation damping, whose magnitude
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can be expressed as [139]

28 %LS ¢ hl'1 LS
I_‘l,m = Z - :

sech? (fiwrrs/2kgT). (6.10)
kT

TLs  “m
Due to the sechz(ha)TLs/ 2kpT) term, the loss is mainly dominated by thermally
active TLS, having energies of fiwtrs < kpT. This in turn leads to a dissipation
rate that increases with temperature as more of the TLS become thermally active at
elevated temperatures. Specifically, for a system with dimensionality of D (where the
dimensionality D quantifies the phononic density of states), the relaxation damping
rate scales with temperature as I'j, o< T D [139]. The temperature scaling and
the absence of saturation can enable one to distinguish relaxation damping from

resonant absorption.

For our estimates, we utilize our experimentally measured bath temperature of 7 ~
70 mK, which corresponds to thermally active TLS with frequencies wrrs/27 <
1.4 GHz. Similar to the procedure we have followed for resonant loss, we also
assume that that the TLS have a uniform frequency separation of /27 = 70 MHz.
We note that due to the non-resonant nature of this interaction (there is no detuning
term in Eq. (6.10)), the dissipation rate is insensitive to the specific distribution
of TLS frequencies. We furthermore assume that all the TLS interact with the
oscillator with the average longitudinal coupling rate gtrs /27 ~ 0.6 MHz (where
the average asymmetry energy ratio is €/E ~ 0.6 [114]). The remaining parameter

needed for calculation is the TLS decay rate.

The decay rates for TLS depends on the phononic DOS at the TLS frequency as
discussed above. Specifically, at the frequencies of the thermally active TLS, we
expect our phononic DOS to deviate from the 3D case, as the dimensions of our
beam (~ 0.2 um thickness and ~ 0.5 um width) are much smaller than the acoustic
wavelength of > 5 um. Hence, the decay rates of the TLS can be attributed to a
phononic system with dimensionality between 1D and 2D [42], which lends itself
to analytical formulas for idealized systems [139]. Using these decay rates, we can
calculate the relaxation damping rate to be I'1 ,, = 27 X 0.7 Hz. This decay rate is

comparable to the estimates for resonant loss.

In the preceding analysis, we have used identical densities for high-frequency TLS
that cause near-resonant loss and low-frequency thermally active TLS that lead to
relaxation damping. However, it should be noted that there have been observations
of thermally active TLS densities being larger due to an abundance of surface spins
[189].
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Temperature dependence of acoustic loss

In the previous discussion, we have estimated the contribution of the TLS-induced
acoustic loss mechanisms to the total dissipation experienced by our mechanical
oscillator at 7 = 70 mK. The total sum of the estimated decay rates from TLS loss
mechanisms amounts to I'y ,, ® 27 X 2.5 Hz. Although this number is subject to a
large uncertainty (because of the order-of-magnitude nature of the estimates), it is

in reasonable agreement with the observed loss 2 X 6 Hz.

However, we are unable to precisely disentangle the contribution from each loss
mechanism through the measurement of the acoustic loss at a single temperature.
This can be achieved by investigating the temperature dependence of the acoustic
dissipation rate [42, 45].

The aluminum Josephson junction our qubit experiences quasiparticle poisoning at
relatively low temperatures (7 > 200 mK) [190], precluding an extensive inves-
tigation of the acoustic loss at the single phonon regime with our devices. As an
alternative, we employ mechanical oscillators that are directly coupled to microwave
waveguides (see Appendix B.5), where the waveguide loss remains negligible even
at elevated temperatures. However, these devices feature relatively small external
coupling rates to the waveguide, making it necessary to study decoherence phenom-

ena at large phonon occupation numbers due to SNR constraints.

Due to the sparse nature of the TLS bath and the non-trivial phononic DOS in
our device, we expect a complex temperature dependence of both the resonant
absorption and relaxation damping. However, to capture qualitative features, we

can approximate their temperature dependence as [45]
I_‘l,m = 1—‘res tanh (hwm/szT) + I_‘relax(TO)(T/TO)D + FO’ (6 1 1)

where I'es (I'relax) 1S the magnitude of resonant absorption (relaxation damping) at
temperature T = O (T = Ty, which can be arbitrarily chosen), D is the dimensionality
of the system, and Iy is the decay rate from mechanisms that have no temperature

dependence.

Based on prior systematic characterization of similar devices, we expect TLS to
be the only temperature-dependent loss mechanism with a significant contribution
to decoherence within our temperature range [42]. Other non-TLS mechanisms,
such as acoustic radiation and electromechanical readout, are expected to exhibit

no temperature dependence and only weak voltage dependence in the latter case.
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Therefore, investigating loss mechanisms that do not exhibit strong voltage depen-
dence allows us to characterize the temperature-independent contributions to the

total decay.

Specifically, for the device whose temperature dependence is to be characterized, we
first measure the decay rate as a function of the bias voltage at the base temperature
of our fridge. The best lifetimes obtained are 77 > 50 ms, which sets an upper
bound on the temperature-independent decay mechanisms (I'y < 27 X 3 Hz). We
then move to a bias point where the lifetime is shorter, selecting a voltage such that
't m/27 = 10 Hz at the lowest temperature. This pronounced voltage dependence
indicates the presence of significant TLS-induced loss for this device at the chosen

operating point, which is therefore used for the subsequent characterization.
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Figure 6.2: Oscillator decay rate vs temperature. Measurement of the oscillator
decay rate obtain through ringdown measurements. The data points are obtained
from exponential fits to these curves, with the error bars representing the 20~ con-
fidence interval. The solid red line shows the fit to the decay rate using Eq. (6.11).
The yellow (purple) dashed line indicates the contribution to the decay rate from
resonant absorption (relaxation damping). For the temperature, we have used the
reading from our temperature sensor, except the lowest temperature point where
we use the previously measured bath temperature of 70 mK instead of the sensor
reading of 10 mK.

We measure the lifetime by conducting ringdown measurements as the temperature
of the mixing stage of our dilution refrigerator is varied. As shown in Fig. 6.2,
the simplified model for the temperature dependence of the TLS-induced decay
(Eq. (6.11)) exhibits reasonable agreement with the experimental data. From the
fit, we extract the parameters as I'tes/271 = 9 + 3 Hz, Telax (7o = 300 mK) /27 =
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5 +2Hz, I'y/2n = 3 Hz (reached upper bound set by measurements) and D =
3.0 £ 0.7. We choose Ty = 300 mK for the fitting reference since this temperature
approximately corresponds to the onset of significant relaxation damping. At lower
temperatures, the effective dimensionality of the system is expected to decrease,

making extrapolation of the relaxation contribution less reliable in that regime.

The above measurements further corroborate the significant role played by TLS
in contributing to acoustic loss. Furthermore, they indicate that at the base tem-
perature, the decay rate is predominantly limited by resonant absorption. At the
phonon populations used in these experiments, TLS within the phononic bandgap
are expected to be strongly saturated. Nevertheless, the observed magnitude of the
decay suggests that TLS located outside the bandgap make a substantial contribu-
tion to resonant absorption. The discrepancy of this contribution relative to our
estimates may arise from TLS lifetimes being shorter than the values assumed in

our calculations.

6.3 TLS-induced Frequency Noise

Alongside acoustic loss, interactions with TLS can also lead to frequency noise for
mechanical oscillators. Below, we will provide a description of the physics that
lead to this frequency noise. First, we describe how the TLS shifts the oscillator

frequency, with fluctuations in TLS parameters later manifesting as frequency noise.

Frequency shift

The frequency shift of the oscillator occurs mainly due to the transverse interaction
with the TLS. Specifically, the coupling to the TLS modifies the real part of the
acoustic susceptibility, which manfifests as a frequency shift whose value can be

expressed as [129]

81Ls (Wm — WTLS) {0 TLS)
2

(wm — 2+T2  +Q2 DorsT (6-12)
TLs (Wm — WTLS 2.TLS TLS" 2. TLSL | TLs

oWy = —
We note that the frequency shift is proportional to 1/(wy — wtLs), hence the far
detuned TLS have significant contributions to this effect. This manifests itself
as a weak dependence of these frequency shifts on cavity population and TLS

decoherence rates.

When the TLS is in thermal equilibrium with a bath of temperature 7', the expectation
value of its sigma-z operator is (G, 1Ls) = — tanh (AwtLs/2k,T). Substituting this

into the above equation, we obtain
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gtLs (Wm — wTLs) tanh (AwTtLs /2k,T)
TLS ((Um - CUTLS)Z + l—g’TLS + 48%‘Lsﬁr‘2,TLSF1—’}[~LS

0wm = (6.13)
The temperature dependence of this TLS-induced frequency shift underlies the
anomalous low-temperature behavior of the oscillator frequency: as the device is
cooled below 1 K, the frequency decreases, a trend that sharply contrasts with the

expected increase in frequency due to conventional material stiffening upon cooling
[45, 191].

Experimentally, we observe similar temperature dependence of the oscillator fre-
quency as shown in Fig. 6.3. We compare this experimental data to a numerical
solution of Eq. (6.13), using the parameters estimated in the previous sections and
assuming a TLS distribution with uniform frequency spacing. By applying a simple
scaling factor of 0.7 to the numerical result, we obtain good agreement with the
measured data (see Fig. 6.3). This relative consistency highlights the effectiveness
of the TLS model and our estimated parameters in capturing the essential physics

governing the frequency shift of our mechanical oscillators.
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Figure 6.3: Anomalous oscillator frequency shift. The blue points represent
measurements of the fractional oscillator frequency as the temperature is varied.
The red dashed line is a numerical solution of Eq. (6.13) for our system with our
average TLS parameters and 77 ~ 103. The numerical calculations are scaled by
a factor of 0.72 to fit the experimental data. The grey line represents a fit to the
continuum model (Eq. (6.14)) with F tan 6t.s = 7.4 X 107°.

We note that in the continuum limit of a TLS bath, there exists an analytical solution
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for the temperature dependence of mechanical frequency given as [45]

OWm _ Ftanotrs 1 hiwny hiwny
om 7 [Re {T (2 " 2m'ka)} In 271ka] - 69

where F' is the TLS energy participation ratio, tan dtrs 1s the TLS loss tangent and
Y is the complex digamma function. Our data can be fit to this equation, as shown
in Fig. 6.3. However, due to the sparse nature of our TLS bath, which does not
satisfy the assumptions of the continuum model, the total loss obtained from the fit,
F tan 8715 = 7.4x107°, is significantly larger than that obtained from measurements
of mechanical decay (1.2 x 10™). While the continuum model captures the overall
temperature dependence, it is not suitable for extracting the TLS density in our
devices, since the TLS are discrete in this regime. Our more detailed modeling, as
presented above, provides a more accurate estimate of the TLS contribution to the

behavior our mechanical oscillators.

Frequency noise

Frequency noise in a system manifests itself as a time varying resonance frequency.
Specifically, for our mechanical oscillator the resonance frequency becomes a func-
tion of time (i.e. wny(7)). Due to the stochastic nature of this noise, it is most often

characterized through its noise power spectral density (PSD)

//<wm(11)wm(t2)>eiw(h_IZ)dtldtZ- (6.15)
o Jo

Suu (@) = Jim -
For the following analysis, we will utilize results from the literature that focuses
on the noise power spectral density for TLS-induced frequency noise. Other mea-
surements that can be used to characterize frequency noise such as Ramsey interfer-
ometry and dynamical decoupling will de discussed later on. Due to the complex
nature of the analysis, we will not reproduce the full derivation but instead refer to

the important results.

A natural avenue for frequency noise to originate from mechanics-TLS interactions
is fluctuations in the parameters that determine TLS-induced frequency shifts. Ex-
amining Eq. (6.12), one parameter expected to vary over time is the expectation
value of the TLS sigma-z operator ((J, 1rs)). Specifically, thermal energy in the
system causes the TLS to stochastically fluctuate between its ground and excited
states, leading to time-dependent variations in ({J,rs)) and consequently, in the

mechanical resonance frequency.
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The fluctuations from the mean value can be described with the following statistics

[129]

(6118 (1) — tanh (hwrLs/2k,T))?) = 1 — tanh? (hwrLs/2k,T)
= cosh?(hwrLs /2k,T). (6.16)

By integrating over the TLS bath, these fluctuations can be shown to cause frequency

noise that has a power spectral density of the form [129]

T2
Ssw(w) o = (6.17)

This noise has two important properties: (i) it has 1/f type spectrum and (ii) the

noise is expected to reduce significantly as the lower temperatures are reached.

We observe a 1/f type spectrum for our devices that is in agreement with the
above expression (see Fig. 6.5c, the details of this measurement will be discussed in
detail later). In order to investigate the temperature dependence of frequency noise,
we extract the pure dephasing rate of our devices by measuring their linewidth and
subtracting the decay contribution. Interestingly, the experimental behavior deviates
significantly from the predicted behavior in Eq. (6.16)): the frequency noise worsens

as the temperature is reduced (see Fig. 6.4).
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Figure 6.4: Acoustic dephasing vs temperature. The blue points represent mea-
surements of the mechanical oscillator dephasing rate as the temperature is varied.

The measurements are conducted at 7 ~ 103. The red dashed line is a fit to the data
of the form I'y o T9 where d = 0.5 +0.1.
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However, this observation doesn’t indicate that our dephasing is due to a non-TLS
mechanism. In fact, this anomalous temperature dependence of frequency noise
has been previously observed in microwave cavities [189, 192] and mechanical
oscillators [193]. This discrepancy with standard TLS theory can be resolved
through introducing the notion of TLS-TLS interactions [129, 194].

Specifically, the TLS-TLS interactions are hypothesized to be mediated by phonons
and are described through the Hamiltonian [195]
Uj e €,

—=07,TLs,i02TLS, > (6.18)

Hrstis = 0, 2
i £

i>j
where U;; = Up/ Rl.3j, with Uy ~ 10~*8 J.m> being the TLS-TLS interaction constant
[196] and R;; the distance between the two TLS. Direct experimental signatures
of these TLS-TLS interactions have been observed in the last 10 years, providing

providing strong support for this hypothesis [197, 198].

To quantify the strength of TLS-TLS interactions, one can define the dimensionless
parameter y = UgPp ~ 1073, which compares the energy separation between
TLS (average distance R3 ~ Pp) to their interaction rate. As x < 1, TLS-TLS
interactions do not play a dominant role in TLS physics. However, they contribute
significantly to frequency fluctuations of TLS.

Specifically, the frequency of a given TLS (say TLS 7) depends on the sigma-z

operator values of the surrounding TLS bath

€ Uij €
— — =0, . 6.19
T E Lion E; AT (6-19)

i>j

’
wTLS,i = WTLS,i

As the surrounding TLS bath undergo thermal flips, & 11s,; fluctuates with time,
leading to fluctuations of the TLS frequency (i.e. w7 ¢ ;(¢)). These fluctuations are
more pronounced for thermally active TLS with hwtrs; < kpT (see Eq. (6.16)).

These thermally active TLS will be referred to as thermal fluctuators.

These frequency fluctuations can be evaluated under the Gaussian assumption to
obtain a TLS decoherence rate of [129]

Dorrs o x T, (6.20)

where u ~ 0.3 is a hypothesized modification of the TLS DOS due to TLS-TLS
interactions. Therefore, the TLS decoherence rate is expected to increase with
temperature, as verified experimentally [199].
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Alongside this Gaussian component, there exists non-Gaussian noise due to strongly
coupled thermal fluctuators (i.e. U;; > I'itLs,;). The impact of these fluctuators
can be examined by treating them as classical fluctuators undergoing a classical

switching process. Here the TLS frequency can be expressed as
TLS,i () = wrLs,i + %nj(f)- (6.21)
“ )
I#]
Here n;(t) = +1 represents a random telegrapher noise process with switching rate
Y-

Introducing fluctuations of TLS frequency into Eq. (6.12) and integrating over the
TLS distribution leads to the expression for the frequency noise of the form [129]

7~ (1+4)

Ssw(w) o (6.22)

This model frequency noise also exhibits a power dependence approximately given
by o (1 +7i/n.)~"/2, where n, is the critical phonon number which is mainly set by
the coupling strength to the TLS bath.

This model captures several features that are consistent with our experimental ob-
servations: (i) 1/f type frequency noise (see Fig. 6.5¢), (ii) increase in frequency
noise at lower temperatures (see Fig. 6.4) and (iii) reduction in the frequency noise
with power (see Fig. 4.12c). These observations suggest that the interplay be-
tween TLS—TLS and TLS—-mechanics interactions is most likely responsible for the

frequency noise observed in our mechanical oscillators.

Noise PSD measurements

We have previously described how TLS theory can accurately describe the frequency
shifts and frequency noise experienced by our mechanical oscillator. Here, we will
expand on our measurements of acoustic frequency noise PSD and demonstrate how

they provide further evidence for the significant impact of TLS on frequency noise.

The frequency noise can be characterized through repeated measurements of the
oscillation frequency, where the noise manifests itself as frequency fluctuations. A
method to measure the frequency of the mechanical oscillator is to rely on Ramsey
measurements. Specifically, the fringe frequency is set by the detuning between the
drive tone and the mechanical frequency, providing a way to infer the mechanical
frequency for a known drive frequency. Utilizing this method, we investigate the

frequency noise through extensive measurements.
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Figure 6.5: Mechanical frequency fluctuations. a, (b,) Ramsey frequency de-
tuning of mechanical oscillator with voltage bias of 50 (40) V. As shown with an
example in the inset of b, the Ramsey frequency is calculated using fits to the
Ramsey interferometry of the oscillator conducted via the qubit. The error bars
represent the 20~ confidence interval for the Ramsey frequency obtained through
the fits. The 40 V operation point is chosen to bring TLS close to the mechanical
oscillator. ¢, The frequency noise PSD of data in panel a, revealing 1/f% type
noise with @ = 1.0 + 0.1. d, PSD of the data in panel b, demonstrating 1/ f“ type
noise (with @ = 0.96 + 0.08) at large frequencies and added Lorentzian noise at low
frequencies attributed to telegrapher noise from a dominant TLS.

Time-dependent dynamics of oscillation frequency is presented in Fig. 6.5a. By
taking the Fourier transform of the time traces, the power spectral density of the
frequency noise can be obtained (we use Welch’s method for this process). The
measurements are conducted approximately every 20 seconds, which sets an upper
bound on the frequency of the PSD that can be captured without aliasing, known
as Nyquist frequency. The PSD, as presented in Fig. 6.5c, reveals a 1/f* type
spectrum, a characteristic feature of a variety of solid-state systems [200]. This type
of frequency noise is quite often attributed to a bath of TLS defects. In our case,
this 1/ f spectrum agrees with frequency noise due to TLS-TLS interactions (see
Eq. (6.22)).

In order to further investigate how this frequency noise is related to TLS, we change
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the bias voltage in our system. Specifically, we adjust the voltage to tune a TLS to
the spectral vicinity of our mechanical oscillator. When we look at the time series of
frequency fluctuations, we see clear signatures of an increase in the frequency noise
(see Fig. 6.5b). This voltage dependence of the frequency noise provides further
evidence to the role played by TLS.

Looking at the noise PSD at this operation point, we interestingly see a deviation
from the 1/f spectrum (see Fig. 6.5d). Instead, our PSD is better described by
a Lorentzian added to the 1/f“ noise floor. The Lorentzian corresponds to a
telegrapher noise process, whose PSD is given by
o

Séw(w) = ?72 4 (1)2’
1

(6.23)

where v is the switching rate and v; is the switching amplitude. From the fit, we

extract y;/2m = 0.1 mHz and v /27 = 40 kHz for this telegrapher noise process.

Importantly, individual TLS are known to cause telegrapher-type frequency noise,
where the switching rate of the process corresponds to the relaxation rate of the TLS
[129]. Normally, the 1/f noise is obtained from the superposition of numerous
Lorentzian processes. However, there can be instances where a single strongly
coupled TLS dominates the noise [201], leading to a pronounced Lorentzian feature.

The observed PSD can be attributed to a similar process.

Ramsey and Echo measurements

In the previous section, we established that the theory of TLS-induced frequency
noise is consistent with our experimental observations of the power dependence,
temperature dependence, and power spectral density (PSD) of the frequency noise.
In this section, we turn to measurements of mechanical coherence, obtained from
free induction (Ramsey) and Hahn echo experiments (see Section 5.3). Our goal is to
relate these coherence measurements to the theoretical framework of TLS-induced

dephasing.

As a starting point, we introduce the standard Gaussian theory of dephasing, follow-
ing Ithier et al. [153]. This framework is of particular importance because, under
the assumption of Gaussian frequency noise, the noise PSD fully determines the

expected outcomes of both free induction and echo measurements.

First we start with describing the free induction measurement. The free induction

signal (f; g) is related to the frequency noise dw(t) = wm(t) — Om (Where &y, is the
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mean mechanical frequency) through the random accumulated phase

Ap = / dt'sw(t’), (6.24)
0

where f; g = (exp(iA¢)). For a Ramsey free induction measurement, the signal
J=.r corresponds to the envelope of the oscillations. Similarly, the echo signal f; g
is related to the frequency noise by an echo phase, that includes the refocusing effect
of the echo experiment

t/2 t
A¢g = / dt'dw(t’) — dt'sw(t’), (6.25)
0 t/2

where £,z = (exp(iAdE)).

In the presence of Gaussian frequency noise with power spectral density S, (w),

the free induction (f; z) and echo (f; g) signals can be expressed as

t? . LWt

In (Forl0) = 0(0) == [ dwSsu(@)sin? (6.26)
2

In (f,£ () = x5(1) =—% / de5w(w)sin2%tsinc2%t. 6.27)

For white Gaussian noise, these results lead to an exponential decay with xz =~
xg = tSs,(0)/2. Therefore, the echo process is expected to be inefficient in the
case of white noise. Instead, noise that is concentrated at low frequencies is needed
for the efficiency of the echo procedure. For example, Gaussian 1/f noise with

Ssw(w) = A/|w| gives rise to free induction and echo signals of the form

1
xg(f) ~ —*Aln (
wlrt

), (6.28)
xg(t) = —?Aln2, (6.29)

where wj; is the infrared cutoff frequency, generally identified with the reciprocal
of the averaging time. Therefore, for Gaussian 1/f noise, both Ramsey and echo
signals have Gaussian functional (for Ramsey In (1/wjt) is approximately constant
as a function of time throughout the measurement duration). The echo lifetime

exceeds the Ramsey lifetime by a factor of

1
R e

2

T; n2

(6.30)

Despite observing 1/ f type frequency noise (see Section 6.3) and seeing strong im-

provements with the echo procedure, the functional forms of our measured Ramsey
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Figure 6.6: Ramsey and echo fits. a, Exponential and Gaussian fits to the Ramsey
signal showing that the exponential fit better captures the coherence at long times. b,
Different theory fits to the Hahn echo signal, with the exponential fit from the main
text displayed with a Gaussian fit and a fluctuator model fit with yp,x = 10° s~ L.

and echo signals are better described by exponential functions and are not Gaussian

(see Fig. 6.6a and b), inconsistent with the predictions for Gaussian 1/ f noise.

These observations are not too surprising, as the frequency noise originating from
TLS-TLS interactions which was described in the previous section is non-Gaussian
in general [129, 187]. This can be most easily seen by considering a single “teleg-
rapher” noise process, where the frequency switches between two stable states +v
with a switching rate y. This process is Gaussian only under the specific limit
of v <« vy [202]. As thermal fluctuators possess a wide range of switching rates
and amplitudes, only certain ones satisfy this Gaussian condition. In fact, in our
measurements of noise PSD, we have observed signatures of a non-Gaussian noise

process with v > vy (see Fig. 6.5d).

In principle, the framework developed by Faoro and Ioffe [129] could be extended
to derive functional forms for the free induction and echo signals. However, such an
analysis is technically involved and lies beyond the scope of this thesis. Instead, we
adopt the model proposed by Galperin et al. [203], which is rooted in TLS physics
and, as will be shown below, reproduces the key qualitative features observed in our

experiments.

Here, the frequency noise is modeled as an ensemble of telegrapher noise processes

caused by thermal fluctuators, with amplitudes (v) and switching rates (y) having a
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distribution of [203]

P(v,y) = iz (6.31)
YV

The distribution is defined in the domain [vpin, ] X [¥min, Ymax] and & is a normal-
ization parameter. The switching rates of thermal fluctuators (i.e. thermally active
TLS) is given by their decay rates, which is set mainly by interactions with phonons
[129]. ¥min is defined as the largest of two values: switching rate of the slowest
fluctuator in the ensemble (observed to be < 1 mHz [129]) and the reciprocal of the
observation duration. This value turns out to be around 10°s~! in our case. Vmax 18
the switching rate of the fastest fluctuator in the ensemble. At our bath temperature
of ~ 70 mK the fastest fluctuators (with Ziwtrs ~ kpT) are expected to switch at
a rate of Ymax ~ 10° s! based on previous observations [188]). First principle

estimates for the TLS decay rate in the presence of 1D or 2D acoustic baths agrees
with this number [139].

This distribution gives rise to noise with a 1/ f power spectral density. The corre-

sponding Ramsey and echo signals are given as

xg(t) = —t& In (Ymax/¥Vmin)> (6.32)
xg (1) ~ —t€ In(Ymax?)- (6.33)

The Ramsey signal has the exponential form noted in our experiments. The echo
expression is valid when t > y_! . We expect our experiments to satisfy this
condition, as the dynamics of the most rapid fluctuator in the system should be
faster than the echo timescale (i.e. t ~ TZE ~ 500 us >yl ~ 10 us). We observe
that a fit to our data using the echo function in Eq. (6.33) with ym.x = 10° shows
good agreement, as seen in Fig. 6.6b.

It is important to note that the echo and Ramsey signals depend on the specific set
of fluctuators that a device interacts with. This is in line with our observations of
Ramsey and echo times showing variance with device and voltage (see Fig. 6.7).
The voltage dependence can be potentially attributed to the TLS frequencies getting
Stark shifted due to the electrostatic bias field, altering the fluctuator ensemble that

the device interacts with.

The echo efficiency predicted by this model can be expressed as

E
5 0 /max/Ymin)

2 . (6.34)
T; ln()/maxTzE )
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The thermal fluctuators can exhibit a wide range of switching rates, as discussed
above, leading to In (Ymax/¥min) = 20. This results in an estimated echo efficiency
of ~ 5 for our devices. The estimate is in line with our average improvement of ~ 6
(see Fig. 6.7).
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Figure 6.7: Ramsey and Hahn echo coherence times. Measurements of Ramsey
and Hahn echo coherence times for mechanical oscillators A and B at different
voltage operation points (labeled with a measurement index between 1-6), demon-
strating the consistent efficiency of the echo procedure in removing frequency noise.
The data points represent the coherence times extracted via theory fits; the error
bars indicate the 20~ confidence intervals of the fits.

Therefore, we see that the model we have followed, can explain the observed power
spectral density, functional forms of the Ramsey and echo signals, the improved
lifetimes in the presence of dynamical decoupling, and voltage dependence of the
lifetimes. We once more note that the probability distribution of the telegrapher
noise processes, despite being physically motivated, is phenomenological and a
more systematic analysis would have to depart from TLS-TLS interactions as a
starting point [129].
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Chapter 7

ROLE OF METALS IN ACOUSTIC DECOHERENCE

In the previous chapters (3-6), we have explored the mechanisms that lead to de-
coherence of our mechanical oscillators. In general, our results revealed that (i)
two-level system defects play a significant role in acoustic decoherence, and (ii) de-
vices with metalized moving parts tend to experience greater decoherence compared

to their non-metalized counterparts.

In this chapter, we present measurements designed to investigate the impact of met-
als on acoustic coherence. These measurements are aimed at obtaining a better
understanding of physical mechanisms underlying acoustic decoherence due to met-
als. Gaining such understanding is valuable for the development of future devices,
as it could enable the realization of metalized moving capacitors that combine strong

electromechanical coupling with minimal acoustic decoherence.

7.1 Experiment

We have observed that metal free mechanical oscillators (see Section 5.3) possess
a lifetime of ~ 25 ms, significantly larger than the ~ 250 us lifetime of metalized
devices (see Section 4.4). A similar trend, though with a smaller relative difference,
is seen in the coherence times: the metal free devices exhibit coherence times around
60 us, whereas this value is only around 10 us for the metalized devices. However,
a one-to-one comparison between these devices is challenging, since they feature
different acoustic shields, and beam geometries while being fabricated through

different processes.

In order to better isolate contributions to acoustic decoherence from metals, we
devise an experiment where the only variable is the presence or absence of metal
on the central beam of our moving capacitor. We use identical beam geometries
and phononic shields, as can be seen in Fig. 7.1a,b. For the metalized devices, we
deposit 15 nm of aluminum on the central beam using electron beam evaporation,
with the film thickness verified by atomic force microscopy. Electron microscopy
revealed that a portion of the sidewalls were coated with aluminum as well. This is
potentially due to the finite angular spread of the material flux and sticking during

evaporation. All of the devices are fabricated on the same chip to exclude chip to
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chip variations.

Figure 7.1: Chip Image. a,b, False colored electron microscope image showing the
top view of moving capacitors with metal free (a,) and metalized (b,) central beam.
The metal on the outer electrodes is not colored. The purple shading indicates the
aluminum on the beam for the metalized device. ¢, Optical microscope image of
the coplanar waveguide and moving capacitor. The rectangular features around the
waveguide are alignment markers.

The moving capacitors are connected to a coplanar waveguide (see Fig. 7.1c),
which serves both to provide the voltage bias necessary for the electromechanical

interaction and to drive and read out the mechanical motion.

We first characterize the temperature dependence of the frequency of our mechanical
oscillators. As can be seen in Fig. 7.2, the TLS model (Eq. (6.13)) can accurately
model the experimental behavior for both devices. This suggests that for the met-

alized devices, TLS play a major role in the modifying the oscillator frequency.
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Figure 7.2: Mechanical frequency shift with temperature. The measured change
in the mechanical frequency as a function of the cryostat temperature is indicated by
the blue (red) markers for the metal free (metalized) device (the metal free device
data was previously presented in Fig. 6.3). The blue (red) dashed line is a fit to
Eq. (6.13). For the fit to the metal free device, we keep the parameters that we used
for modeling TLS in metal free devices and only use a scaling factor of 0.72 to
match the experimental data (for details see the discussion in Section 6.3). While
fitting the metalized device data, we keep the scaling factor and the interaction rate
identical to the metal free device, while setting the TLS density as the only variable.
This fit gives us 6 /2m = 4.5 MHz, corresponding to a TLS density for the metalized
devices (p = 220 GHz ™) that is a factor of 15 larger than the metal free devices.

Based on the model, we can compare the TLS density of the metalized devices with
the metal free ones. For this purpose, we assume that the average TLS-mechanics
interaction rate isn’t modified through the introduction of the metal and only the
TLS density changes. Allowing the TLS density of the metalized device to vary
as a free parameter in the fit, we obtain a density of p = 220 GHz™', which is a
factor of 15 larger than the metal free devices. This suggests that one way metals
could contribute to excess decoherence is by increasing the TLS density. We discuss

potential mechanisms underlying the increase in TLS density later in this chapter.

Since TLS lead to frequency noise alongside frequency shifts (for details of the un-
derlying physics see Chapter 6), we would expect the metalized device to experience
more severe frequency noise than the metal free device, as it has a larger TLS den-
sity. To investigate this, we can measure the linewidth of the mechanical oscillators
(I'm = I'ym + 2I'y). This is achieved by probing the oscillators in reflection with

a VNA, where the measurements are then fit to theory. We obtain a mechanical
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linewidth of I',,/27 = 6.0 kHz (40.6 kHz) for the metal free (metalized) devices,

as shown in Fig. 7.3. As will be discussed later, these linewidths are not decay-
limited, with most of the contribution arising from frequency noise (i.e. I'y, = 2I'y).
These results indicate that the higher TLS density in the metalized device directly

correlates with increased frequency noise.
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Figure 7.3: Mechanical linewidth. Blue (red) data points show the magnitude of
the normalized reflection (|S11|) of the metal free (metalized) mechanical oscillators.
The dashed lines are theory fits to the response of a one-sided cavity, which is used
to extract the mechanical linewidth. The linewidth is noted above the data for each
plot. From the fit, we can also extract the decay rate into the waveguide to be
2 X 0.2 Hz (2n x 3 Hz) for the metal free (metalized) device. This rate will be
utilized later on in our analysis of driven response.

We then move on the measurements of the mechanical lifetime for these devices.
For the metal free device, we are able to conduct a ringdown measurement, where
we measure its lifetime to be 77 , = 15 ms. However, for the metalized device, we
find that sufficiently populating the device and reading out the mechanical motion
is challenging due to its larger linewidth. Instead, we rely on the steady-state driven
response of these mechanical oscillators to characterize their lifetime, as this method
doesn’t require temporally resolving the free decay, allowing measurements at lower
SNR levels.

The detailed theory of this measurement can be found in Appendix A.4. Here, we
briefly summarize its basics. When an oscillator with frequency noise is driven,
there exists both elastic and inelastic scattering processes. The elastic response

corresponds to emission of phonons that maintain a fixed phase relation to the
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drive (set by the delay between the absorption and emission events). In contrast,
the inelastic response corresponds to the emission of phonons without any phase
relation to the drive, due to frequency noise in the oscillator. We quantify the relative
strengths of these two processes by the number of elastically (n,n) and inelastically
(ninc) scattered phonons, which are directly related to the decoherence rates of the
mechanical oscillator as

Ninc I

m
= — —1. (7.1)
Hcoh I_‘l,m

Therefore, by measuring the phonon populations corresponding to each process, we

can calculate our lifetime 1/I'} .

First, we utilize this method to characterize the metal free device (see Fig. 7.4), where
we calculate a lifetime of 19 ms, in relatively good agreement with the ringdown
measurement (15 ms). Next, we investigate the driven response of our metalized
device, from which we calculate a lifetime of 67 us (I'y /27 = 2.4 kHz). These
measurements demonstrate that the metalized device experiences significantly more

acoustic loss compared to metal free devices.

‘We note that we have characterized one more metalized mechanical oscillator, which
exhibited a total linewidth of I',,/27 = 53 kHz and a lifetime of 1/I'; , = 25 us,
providing further evidence to the excess decoherence experienced by the metalized

devices.

7.2 Discussion

We have obtained systematic results that allows us to correlate excess acoustic
decoherence with the presence of metal on the moving parts of our electrostatic
transducers. In the following, we discuss in greater detail the specific mechanisms

by which aluminum can contribute to acoustic decoherence.

The TLS density extracted from the frequency shifts is expected to accurately
capture the difference in TLS density between the two devices. This is because,
unlike decoherence rates, the frequency shift is largely insensitive to the individual
TLS configuration and decoherence rates. We note that the weak temperature
dependence of the frequency shift in TLS theory (6w, o< InT when fiwy, < kpT) is
quite distinct from frequency shifts due to quasiparticles, which is expected to scale
exponentially with temperature below the superconducting transition temperature
[105].

Therefore, we have unambiguous evidence of the excess TLS due metalization of

our devices. The extra TLS observed in the metalized devices can potentially arise
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Figure 7.4: Driven response of mechanical oscillator. Blue (red) data points indi-
cate the inelastic scattering of phonons from the metal free (metalized) mechanical
oscillators, as measured by a spectrum analyzer. The background corresponding to
amplifier noise has been subtracted from these measurements alongside the drive
tone. The dashed lines are theory fits that are used to extract the mechanical linewidth
and calculate the total inelastic scattering. The linewidth obtained from the fit is
I'm/2n = 5.8 kHz (45 kHz) for the metal free (metalized) devices, in reasonable
agreement with the VNA measurements shown in Fig. 7.3. By analyzing the data,
we obtain ngon = 5.7 X 107 (5 x 10%) and nipe = 3.1 x 10* (4.9 x 10?) for the metal
free (metalized) devices, from which we calculate the lifetimes indicated on the
plots. As our ringdown measurements are phase-insensitive, they measure the mean
number of phonons (i.€. iy +1con), Which is much smaller for the metalized device,
underlying the challenge of conducting ringdown measurements with it.

from two contributions: surface and bulk. It is well known that the surface oxide
of aluminum (alumina) and the aluminum-silicon interface are amorphous regions
and can therefore host TLS [113].

Beyond these surface contributions, polycrystalline aluminum films have been ob-
served to exhibit excess dissipation compared to single-crystal aluminum [204, 205].
This loss has been identified as originating within the bulk of the material, and its
magnitude has been measured to be consistent with that of glassy materials [205,
206]. Recent measurements have further shown that TLS density increases propor-
tionally with aluminum film thickness [149]. Taken together, these observations
strongly suggest that TLS may reside not only at the surfaces but also within the

bulk of polycrystalline aluminum films, such as those we evaporated.

For our devices, we are unable to disentangle the contributions of surface and bulk
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TLS in aluminum, since we have only measured devices with a single film thickness.
In the future, systematic studies in which the aluminum thickness is varied could

allow these two potential sources of TLS to be separated.

Now that we have established that the metalized devices possess a larger TLS density,
we discuss whether the increased TLS density can explain the larger decoherence

rates.

As discussed previously (see Section 4.9), TLS is expected to be the only mecha-
nism that causes significant frequency noise in our devices. Consistent with this
expectation, the higher TLS density in the metalized devices manifests as increased
frequency noise. Consequently, the excess frequency noise can most likely be at-
tributed to the larger TLS density in these devices. Though the the ratio of the two
linewidths (6) do not precisely match the ratio of the extracted TLS densities (15),
this can be due to the dependence of the frequency noise on other factors such as

TLS decoherence rates.

The situation pertaining to acoustic loss is more complex, as the presence of the
metal on our device introduces extra loss channels. One of these is electron-
phonon scattering, where electrons in aluminum behave like a viscous gas and cause
acoustic damping [207]. We model this contribution to acoustic loss in our devices
(see Appendix C.1 for details), where we estimate that this mechanism would limit
the quality factor to approximately 10'°, much larger than the measurement result
(Q = 2x10°). A second mechanism is Ohmic loss: deformation of the piezoelectric
resonator generates spatially varying electrostatic potentials, which in turn drive
electrical currents and produce Joule heating. This process is proportional to the
real part of the film’s surface impedance [45]. Because the inversion layer on silicon
(see Section 2.4) is expected to have a substantially larger surface resistance than
superconducting aluminum, we expect Ohmic losses to be more pronounced in the
inversion layer than in the metal electrodes. Consequently, the Ohmic contribution

should not increase for the metalized devices.

Taken together, these considerations suggest that direct interactions with quasiparti-
cles is unlikely to play a significant role in limiting the acoustic quality factor. This
suggests that TLS may still be a dominant mechanism for acoustic loss, consistent
with our previous evaluation of loss mechanisms in metalized devices (see Chapter
4).

For TLS-induced acoustic loss mechanisms, relaxation damping is expected to



108

scale linearly with the TLS density, while resonant absorption is expected to scale
quadratically with the TLS density (see Section 6.2). Therefore, resonant absorption
is expected to dominate in the metal-covered devices. Indeed, we find that the
ratio of the mechanical lifetimes of the two devices (280) is comparable to the
square of the TLS density ratio (225), supporting this hypothesis. We note that
non-equilibrium quasiparticles can also alter the TLS loss by providing electrical
relaxation channels to TLS. Although this electrical decay of TLS is typically small
[208], it may become significant when compared to the enhanced TLS lifetimes

within the acoustic bandgap, as recently observed experimentally [168].

Collectively, all of our observations suggest that increased TLS density due to
metals plays a major role in the increased decoherence of metalized oscillators.
Nevertheless, more systematic studies that probe the temperature and quasiparticle
density dependence of acoustic decoherence are required to rigorously disentangle
the various decoherence mechanisms and quantitatively establish their relative con-
tributions. The temperature dependent studies can be conducted in a way similar
to the data presented in Chapter 6. The quasiparticle dependence can be explored
by using large magnetic fields to cause transition into a normal state for aluminum
[209].

A better understanding of the acoustic decoherence from metals can provide avenues
for their mitigation. For example, metals with lower surface TLS densities or epi-
taxially grown single-crystal metals could be employed to reduce the TLS densities
[210, 211]. Alongside practical benefits, more extensive characterization of devices
can help answer still open questions about TLS in polycrystalline metals (discussed
in Chapter 8) [204, 205].
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Chapter 8

OUTLOOK

In this chapter, we outline potential directions for future research that build upon the
results presented in this thesis. We will explore two main directions: (i) utilizing the
mechanical oscillators for quantum information processing and (ii) further exploring

the physics of microscopic defects.

8.1 Quantum Information Processing with Mechanical Oscillators

Within the field of circuit quantum electrodynamics, bosonic elements in the form
of microwave resonators are ubiquitous. By combining the relatively high coher-
ence of microwave resonators (77 > 1 ms for 3D cavities and 77 > 50 us for
planar devices) with large coupling strengths to nonlinear superconducting circuits
(g/2m = 10 MHz), universal quantum control of bosonic modes has been achieved
[170, 212, 213]. The high degree of controllability afforded by these systems,
together with the ability to engineer strong nonlinear interactions, has established
microwave resonators as valuable resources for both computation and storage. On
the computational side, they have been used to engineer error-protected states [214,
215] and implement quantum error-correction protocols [216-218]. On the storage

side, they have been explored as quantum memories [219-221].

Mechanical oscillators can be potentially utilized for these tasks, where they possess
advantageous properties (as demonstrated in Chapter 5): (i) their footprints are more
than three orders of magnitude smaller than those of planar microwave resonators
and (i1) their intrinsic lifetimes can exceed those of the best planar microwave
resonators by over an order of magnitude. Therefore, mechanical oscillators are
situated in an attractive position for potentially construction scalable architectures

that store and process quantum information [11, 12, 120].

However, these advantages do not simply imply that mechanical oscillators are
superior to microwave resonators. Realistic architectures must consider factors
such as error rates, which are often dominated or strongly influenced by ancillary
superconducting elements. Identifying the specific architectures and parameter
spaces in which mechanical oscillators provide a genuine functional advantage over

microwave resonators is therefore a nontrivial challenge.
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Mechanical Memory

Here, we examine the use of mechanical oscillators as memory elements. In analogy
with classical computing architectures, a memory element in a superconducting
quantum processor could serve as a long-lived storage unit, while faster processing
units interact with it by reading and writing information at slower rates [222].
Beyond computation, quantum memories can be utilized in quantum networking
with superconducting qubits. For instance, many remote entanglement generation
protocols require the storage of quantum information for at least the duration of the
photon transmission (= 5us per km of fiber) [223, 224]. The need for highly coherent
quantum memories become even more prominent when entanglement distillation is
required to boost Bell state fidelities [225].

Because mechanical oscillators can exhibit exceptionally long lifetimes, it is natu-
ral to consider them as a candidate platform for constructing quantum memories:
during idle periods they could accumulate significantly fewer errors than their elec-
trical counterparts. However, their electromechanical interaction rate is also much
smaller than the strong electrical coupling that can be engineered between qubits and
microwave resonators, so the fidelity of control operations on mechanical modes is
expected to be lower. Therefore, the utility of these mechanical oscillators as mem-
ories would be dependent on the achievable control fidelities alongside the required

idle times.

We look at storing arbitrary quantum states within the single excitation manifold
of the bosonic elements (i.e. any properly normalized wavefunction of the form
l¥) = a|0) + B]1)). We explore a scenario where the state will be initially present
in a qubit without any errors, swapped to the oscillator with fidelity 7, stored in the
oscillator for an idle duration #; with fidelity #; and be swapped back to the ancilla

qubit (similar to the state preparation and storage protocol explored in Chapter 5).

Here, ancilla qubit has decay (pure dephasing) rate of y (y4) and the oscillator has
a decay (pure dephasing) rate of k (k4). We assume that the decoherence rate of the
ancilla qubit is much larger than that of the oscillator (i.e., y +y4 > « + ky). We
furthermore assume that the dressed decoherence of the oscillator due to the qubit
can be made negligible during the idling, potentially by frequency shifting the qubit

or utilizing a parametric interaction.

The average fidelity (defined as an average over the Bloch sphere) of the swap and
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idling operations are [40]

ot ()

where 7y, is the swap duration.

We note that the swap operation can be achieved either resonantly or via sideband
interactions [40]. We focus on the resonant case, which we had experimentally
explored (see Chapter 5). Here, the swap duration is given as tgyap = 7/2g, Where

g is the interaction rate between the oscillator and the ancilla qubit.

As the protocol involves two swaps with idling in between, the fidelity of the full
protocol can be expressed as

F ~ FAF. (8.3)

One can also envision a protocol that incorporates dynamical decoupling in the
form of an echo pulse applied midway through the idling period. The echo can be
implemented by swapping the excitation to the qubit, doing a pi-pulse, and swapping
it back to the oscillator (for an example see Fig. 5.5). The resulting fidelity of the
echoed sequence is

Fe ~ F,'Fi, (8.4)

where we assume that the pi-pulse on the qubit can be performed with unity fidelity.
For the echo procedure, the dephasing rate in calculations of the idling fidelity would

be an echoed dephasing rate, Kge.

Armed with these expressions, we can compare the fidelities for a microwave mem-
ory and a mechanical memory. We assume that both bosonic elements are controlled

with an ancilla qubit with 1/y = 10 us and no pure dephasing (y4 = 0).

For the microwave oscillator, we assume it experiences no pure dephasing (i.e.
kg = 0) and has a lifetime of 1/«; = 100 us. Furthermore, we assume it is coupled
to the qubit with a rate of g,/27 = 50 MHz.

For the decoherence rates of the mechanical oscillator, we rely on the measurements
presented in Chapter 5. Therefore, we set 1/kp, = 25 ms, 1/ Kgm = 60 us and
1/kge,m = 550 us. Utilizing these decoherence rates, we can calculate the memory
infidelity (1 — ) for the mechanical oscillator for two electromechanical interaction

rates: (i) gem/27 = 0.25 MHz which is the value of the devices we have characterized
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and (ii) gem/27 = 2 MHz corresponding to a potential future scenario where the

interaction rate can be significantly extended.

The calculations are presented in Fig. 8.1. Owing to the relatively weak elec-
tromechanical coupling, swap errors constitute the dominant contribution to the
mechanical memory infidelity at short idle times. At longer idle times, the echo
protocol yields a clear advantage over the case without dynamical decoupling for
the mechanical oscillator, despite the additional swap overhead. Finally, we observe
that the performance of the echoed mechanical memory can surpass the microwave
resonator at sufficiently long idle times (around #; = 2 us and 20 us for larger and

smaller interaction rates respectively).
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Figure 8.1: Memory infidelity. The infidelity (1 — ) of the microwave memory
as a function of the idle time is shown with the grey dashed lines. The red solid
(dashed) lines demonstrate the infidelity in the presence (absence) of dynamical
decoupling, for an electromechanical interaction rate of g, /27 = 0.25 MHz, which
is the measured value of our devices. The blue lines repeat the same calculations
assuming an interaction rate of gen, /27 = 2 MHz.

These results demonstrate that the high coherence of the mechanical oscillators
can enable their employment as quantum memories in regimes where longer stor-
age times (exceeding microseconds) are required. Moreover, the most direct route
toward further reducing the infidelity for these timescales is to increase the elec-
tromechanical interaction rate and improve the ancilla qubit coherence, suppressing

the swap errors.
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Hardware-Efficient Computation
Having focused previously on the use of our mechanical oscillators as quantum
memories, here we focus on their potential future use in hardware efficient quantum

computation.

As we have demonstrated in our experiments (see Fig. 4.1), multiple mechanical
oscillators can be connected to a single superconducting qubit owing to their compact
footprint. In such a configuration, the qubit can be used to engineer universal gates
between arbitrary pairs of mechanical oscillators, which would behave as qubits in
the single excitation manifold (i.e. superpositions of zero phonon and single phonon

Fock states) [12, 120]. This architecture is appealing due to two key reasons.

First, the ability to implement gates between any selected oscillators leads to substan-
tially improved connectivity compared to conventional superconducting qubit archi-
tectures, where interactions are typically limited to nearest neighbors. Achieving
such improved connectivity could significantly benefit quantum computation. For
instance, it could enable the implementation of quantum low-density parity-check
(qLDPC) error-correction protocols, which can exhibit more favorable scaling of
rate and distance than the surface code [226], thereby reducing the overall hardware

overhead.

Second, because multiple mechanical oscillators can share a single superconducting
qubit for control, the architecture effectively realizes a multi-qubit register within
the footprint of a single superconducting qubit. Together, these features suggest a
promising route toward hardware-efficient quantum computation based on mechan-

ical oscillators.

Universal quantum computation in this architecture can be achieved by engineering
beamsplitter interactions between pairs of bosonic modes, together with controlled-
phase (CZ) gates (though the precise requirements depend on the chosen logical

encoding) [12]. Below, we discuss how these gates can be realized.

Multiple protocols exist for controlling bosonic modes using superconducting qubits.
One approach implements gates directly through qubit—oscillator interactions, where
real qubit excitations participate in the dynamics [120, 220]. Alternatively, one can
implement virtual gates between oscillator modes by exploiting the qubit’s non-
linearity, such that the qubit participates only virtually in the interaction [12]. In
practice, experiments typically employ a combination of these strategies: beam-

splitter interactions utilize the four-wave-mixing capability of the qubit, while CZ
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gates rely on the qubit as a logical element that control the interaction [227, 228].

Here, following Hann et al. [12], we focus on the special case where the beamsplitter
and controlled-phase operations are all implemented virtually. The main strength of
this approach is that in principle all of the operations are parallelizable, something
that is not possible when the qubit must directly take part in the gates. The two and
three mode interactions between bosonic modes, which implement the beamsplitter

and CZ operations respectively, can be described by the following Hamiltonians

Aino/h = g2(bably + b bp) (8.5)
Ain3/h = g3(babgbl. + 5% blbe), (8.6)

where b; are the annihilation operators for the bosonic modes labeled by the index

i=A,B,C. g (g3)is the interaction rate given by

2

8em QIQZ
__ , 8.7
g2 aAAAB 516, (8.7)

3

8em Ql
= DQog—=>m % 8.8
83 aAAABAc 5, (8.8)

where gen 1S the interaction rate between mechanical oscillators and qubit, which are
detuned by Ay = w4 —w,. There exist drives on the qubit of strength € and detuning
0, whose their frequencies satisfy the four-wave mixing condition. The frequency
matching condition for the two-mode (three-mode) interaction is wr —w| = wWp—w4
(w1 = wa —wp — wc). We furthermore note that the above expressions are valid in

the limit A > «a, gem-

We next focus on the infidelity for the SWAP and CZ gates, which is given as

1—%WAP~Tg2 (izv) (8.9)
1—%Z~—+(i3v) . (8.10)

Here Av is a parameter that quantifies the frequency non-uniformity of the mechan-
ical oscillators. This non-uniformity is important since the selectivity of the gates is
dependent on satisfying precise frequency matching conditions. For instance, if the
mechanical oscillators were to possess a uniform free-spectral range, the two qubit

gates would be applied to all neighboring mechanical oscillators.

In systems with uniform free-spectral range such as bulk acoustic modes, this non-

uniformity is challenging to satisfy. However, for our phononic crystal oscillators,
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the mechanical frequencies can be targeted. For arbitrary two node connectivity, the
optimal frequency non-uniformity can be expressed as Av = 2D/(N(N — 1) — 2),
where D (N) is the frequency span (number) of the oscillators [229].

We then proceed to explore the infidelity of the operations for an optimistic future
scenario where the electromechanical interaction rate has been significantly boosted
to gem/27m = 10 MHz. The decoherence rates of the mechanical oscillator (qubit) is
assumed to be 1/xy = 500 us (1/yq = 10 us).

We analyze how the infidelity scales with the number of oscillators, as shown in
Fig. 8.2. Our calculations indicate that as the number of mechanical oscillators
increases, the infidelity grows rapidly due to the scaling Ay o« N~2. Neverthe-
less, arbitrary connectivity among approximately 20 mechanical oscillators can still
be achieved with infidelities at the few-percent level. These calculations suggest
that significant hardware efficiency and enhanced connectivity could potentially be
achieved in the future by using multiple mechanical oscillators controlled by a single

transmon qubit.

——SWAP

—CZ

5 10 15 20 25 30
mech

Figure 8.2: Virtual gate infidelity. The infidelity (1 — #) of SWAP and CZ
operations between mechanical memory as a function of the number of oscillators,

based on Eq. (8.10). For the calculations, we have assumed gem/A = 1/10, /27 =
100 MHz, D /2m = 100 MHz, /6 = 0.2(0.3) for SWAP (CZ) gates.

Technical Improvements

The preceding discussion highlights the importance of enhancing both the coher-
ence of the ancilla qubit and the electromechanical interaction rate to improve the
performance of our hybrid quantum system. In the following, we outline potential

strategies for achieving these improvements.
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Qubit coherence In our experiments where we have used the transmon as an ancilla
qubit to control mechanical motion (see Chapter 5), we have observed a qubit
lifetime (7} ~ 1.6 us) and coherence time (75 ~ 1.2 us), values that fall well below
those of state-of-the-art transmon qubits. Below, we discuss possible approaches to

improving both quantities.

First we focus on the qubit lifetime. A significant source of loss for the qubit
arose from the imperfect operation of the filter in our experiments, as discussed in
Section 5.5. The filter suppressed the decay rate to the waveguide only to 27rx40 kHz
level, imposing a radiative lifetime limit of = 4 us. Full-chip simulations indicate
that this limitation originates from unintended capacitive coupling between the filter
and the transmon. To mitigate this effect, we redesigned the filter geometry by
shifting the charge antinode farther from the qubit, thereby reducing this coupling.

Simulations of the revised design predict a radiative lifetime limit exceeding 50 us.

Even after accounting for radiative loss, the intrinsic qubit lifetime still remains
relatively short (= 3 us). As we have just characterized a single geometry, we cannot
unambiguously identify prominent loss mechanisms for the qubit. Conducting a
systematic study, for example by examining how the loss scales with the participation
ratios of different interfaces, can help identify the dominant contributions to loss
[230]. Such insights may then enable mitigation strategies, for example through

redesigning the device geometry or through improved surface treatments [135].

Alternatively, a flip-chip approach can be employed. In this scheme, only the
mechanical device would be fabricated on a SOI substrate, while the qubit chip can
utilize a different substrate, such as high-resistivity silicon or sapphire [159, 160].
These substrates are advantageous for microwave coherence because they lack the
sacrificial oxide layer of SOI and possess very low loss tangents [135, 182, 231].
In our laboratory, qubits fabricated on silicon have exceeded lifetimes of 20 us.
Integrating such qubits with mechanical oscillators via a flip-chip process therefore

offers a realistic route to significantly extending the qubit lifetime.

Alongside the lifetime, the qubit coherence time has to be improved as well. In
our experiments, we saw that a significant contribution to qubit dephasing came
from flux noise in our frequency tunable transmon qubits (see Section 5.5). We
characterized the flux noise amplitude to be substantially larger than values reported
for state-of-the-art SQUID loops. Improvements in the the SQUID loop design and
fabrication processes can potentially reduce this noise and the associated dephasing
[166].
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As an alternative approach, one could employ fixed-frequency qubits, which are
intrinsically insensitive to flux noise. Due to the small electromechanical interaction
rate, this approach requires precise frequency targeting, which could be achieved
through post-fabrication tuning techniques for the qubit [232, 233]. Once the qubit
frequency is close enough to that of the mechanical oscillator, AC Stark shift can be

used to achieve the desired detuning [234].

Electromechanical interaction rate

We have taken great care to maximize the electromechanical interaction rate for
our devices by optimizing the phononic crystal design (see Section 3.3). How-
ever, despite the improvements obtained via this approach, further enhancements
to the electromechanical interaction rate are still needed. This can be achieved via
two main methods: (i) reducing the vacuum gap dimensions and (ii) employing

superconducting qubits with large phase fluctuations. We expand on these below.

The electromechanical interaction rate depends strongly on the vacuum gap dimen-
sion (d) for our geometry, scaling as go o« d~!-3 (see Fig. 3.7). In our experiments,
the vacuum gap dimensions were around 70 nm (see Fig. 4.1d and Fig. 5.1b), lim-
ited by challenges in achieving very small critical dimensions with positive electron
beam resist used in our lithography steps. Features with smaller critical dimen-
sions can be fabricated by utilizing alternative techniques such as hard masks [65,
156] and focused ion beam litography [235]. An alternative approach that enables
the formation of narrow vacuum gaps without requiring the fabrication of smaller

critical dimensions is self-assembly [236].

In our experiments, we have employed a transmon qubit due to its relatively high
coherence, ease of fabrication and control. However, transmon qubits inherently ex-
hibit small phase fluctuations, since they are instead designed to possess large charge
fluctuations in order to suppress charge noise [55]. This design choice limits the
achievable electromechanical interaction rate. As an alternative to the transmon, one
can utilize superconducting qubits with large phase fluctuations such as a fluxonium.
We can estimate how much the electromechanical interaction strength would be en-
hanced by moving to a fluxonium qubit by comparing the phase transition matrix
elements (¢g, which sets interaction rate as seen in Eq. (2.50)). For our transmon
with E;/Ec = 70, this transition matrix element is @ge = (2Ec/E;)'* = 0.4. By
contrast, heavy fluxonium devices can reach much larger ¢g. values, as high as 7
[157]. Therefore, transitioning from a transmon to a fluxonium can, in principle,

enhance the electromechanical interaction rate by roughly a factor of 8. We note that
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moving to a fluxonium would also likely require using lower frequency mechanical

oscillators in order to place them in spectral proximity to a fluxonium qubit [237].

Through the aforementioned improvements, we believe electromechanical interac-
tion rates at the MHz level (i.e. gem/27 = 1 MHz) will be realistically within

reach.

8.2 Experiments with Microscopic Quantum Defects

In the previous chapters, we have been mainly interested in TLS a source of acoustic
decoherence. We have obtained clear signatures of mechanics-TLS interactions and
explored in depth how TLS causes acoustic decoherence. Here, we will discuss
how our platform can be further utilized to explore the rich physics of microscopic

quantum defects in our devices.

Defects in polycrystalline metals

As discussed in Section 7.2, there exist experimental indications of TLS-like behav-
ior originating within the bulk of polycrystalline metals. However, the experimental
results haven’t been fully consistent with standard TLS theory. For instance, in cases
where dissipation consistent with TLS theory has been observed, the accompanying
frequency shifts have not fully matched theoretical expectations [204, 205]. Alter-
natively, in instances where excess frequency shifts have been correlated with bulk
metal, corresponding excess decay couldn’t be identified [149]. Therefore, open
questions remain regarding TLS-like behavior in polycrystalline metals, which can

be investigated with our platform.

With our mechanical oscillators, we are able to clearly observe individual TLS
interacting with our mechanical oscillators (see Section 5.5). This is achieved by
electrically tuning the defects. If defects exist deep within the metal, we expect them
not to be electrically tunable because the metal surface screens static electric fields.
However, such defects would still be tunable by strain fields. By incorporating strain
tuning into our setup, we could identify individual TLS located within the metal,
where they could be distinguished from other TLS based on their lack of electrical
tuning [238]. This capability would give us a definitive way to test whether TLS
are present in the bulk metal. If such defects are observed, we could then extract
their density and deformation potential, potentially obtaining insights into their

microscopic origins.

Quantum nonlinearity from defects

TLS defects are highly nonlinear entities due to their excitation spectrum only
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harboring two states. When these defects are coupled to a mechanical oscillator,
the system’s dynamics are governed by a Hamiltonian identical to the coupled
qubit-oscillator system explored in Chapter 5. Specifically, both are described by
the Jaynes-Cummings Hamiltonian (see Section 5.5) [239]. Therefore, a TLS can
be employed in a manner similar to superconducting qubits to explore mechanical
motion in the quantum regime [114]. For instance, the nonlinearity of the Jaynes-
Cummings ladder can be utilized to achieve phonon blockade, where a non-classical
oscillator field forms when the system is probed with a weak external drive [41, 114].
Alternatively, if the TLS frequency can be rapidly controlled, by electrical tuning
[240] or via the AC Stark shift, arbitrary non-classical states of motion can be

generated by the Law-Eberly protocol [58].

What makes TLS particularly interesting as a source of nonlinearity is the relative
ease with which large TLS-mechanics interaction rates (grrs/27 = 1 MHz) can
be engineered in nanoscale mechanical oscillators (see Section 5.5). Furthermore,
since these defects are intrinsically present within the oscillators themselves, they

can mitigate certain hybrid integration challenges.

However, working with TLS introduce significant complications as well. Though
TLS can be engineered to exhibit long lifetimes when surrounded by phononic
shields [168], they are subjected to significant frequency noise due to TLS-TLS
interactions. This noise severely limits their coherence times (75 < 1 us) [180,
187, 188, 199], which are significantly less than state-of-the-art superconducting
qubits. To counteract this reduced coherence, the attainment of large TLS-mechanics
interaction rates is necessitated, as this minimizes the dressed decoherence of the
mechanical oscillator. These large interaction rates could be obtained by exploring

oscillator geometries that have large zero-point fluctuations of strain.

A further challenge lies in readout of the oscillator state. In our experiments, we
characterized the mechanical oscillator state based on the combination of the qubit-
oscillator coupling and the ability to rapidly read out the state of a superconducting
qubit. Unlike a superconducting qubit, achieving dispersive readout of a TLS is
challenging. This is because the electrical coupling strength between TLS that
reside our mechanical oscillator and a microwave resonator would be rather small
(£ 2m x 50 kHz), hindering dispersive state readout. An alternative method to
characterize the oscillator state could performing state tomography based on the

electrical emission from the mechanical oscillator [241].

Despite the challenges, we believe that there exists a realistic pathway for using
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these defects to generate non-classical states of motion. For instance, an experiment
where one could probe the coupled TLS-oscillator system to observe a non-classical
emission with g2(0) < 1 is likely within reach with our current experimental

parameters [114].
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Appendix A
SUPPLEMENTARY INFORMATION FOR CHAPTER 4

A.1 Electrostatic Interaction
Coherent Response

The full Hamiltonian our system is (see Section 2.2 for derivation and details)

H/h=wa a+wnb b +igem(ab’ —a'h). (A.1)

In probing our cavity-mechanics system, we use a microwave tone. We can write

the Langevin equations for Eq. (A.1) as
G =—(iwy +k/2) 4 — gemb — Vkedin (A.2)
b =—(iwn +7/2) b+ gemd, (A3)

where we have neglected the thermal fluctuations entering the microwave and me-

chanics, as we are focused on the coherent response of our system.

Taking the Fourier transform of the Langevin equations, we obtain

(A +k/2) 4(w) = —gemb(w) — Ve din(w) (A4)
(i6 +7/2) b(w) = gemd(w), (A.5)

where A = w, — w and 6 = w,, — w. Substituting Eq. (A.5) into Eq. (A.4), we can

express the microwave cavity operator as

\/Edin(w)

2
’ gem
IAN+k/2+ ey

Q(w) = — (A.6)

Using input-output theory, we can define the output operator as doy(w) = din(w) +
Vked(w). Using Eq. (A.6), we obtain an expression similar to the familiar elec-

tromechanically induced transparency (EIT) expression

Ke

dout(w) _ 1 _

A - 2
din(w) i+ k)2 + s

(A.7)

We utilize this expression to fit the reflection traces we obtain of the cavity-mechanics

system.
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Figure A.1: Equivalent circuit. Equivalent electrical circuit of our system.

Equivalent Circuit Model

The calculation of the electromechanical coupling strength via finite element method
simulations is sufficient to completely describe the behavior of our system which
consists of two coupled resonators. However, obtaining an electrical equivalent
circuit for the mechanical resonator is crucial for making the analysis of complex
electromechanical circuits more tractable. For this purpose, we model our mechan-
ical resonator by a parallel LC resonator (Cy,Ly) in series with a capacitor Cp,. This
model can be seen in Fig. A.1, where the coupling to the lumped element microwave

resonator (Cy,L;) is capacitive via C,.

The equivalent mechanical capacitance can be expressed as (for details and deriva-

tion see Section 2.3)

hC2.wp,
Ck = 5 = Cin. (A.8)
2 (axcm Xzpf VDC)

The equivalent mechanical inductance can be obtained following the calculation

of Cx by noting that w,, = [Lx(Cx + Cm)]~'/2. This circuit model gives us the
correct expression for the electromechanical coupling strength, which is attained by

capacitive coupling between the two circuit modes where

Cm
B 2\/(Ck + Crn)(cr + Crn)

VWr Wy, . (A9)

8em

In this capacitive coupling picture, the value of C; primarily sets the zero point
fluctuations of voltage for the microwave resonator since we have a small electrome-
chanical participation ratio (n = Cy,/(Cy, + C;) < 1). The small participation ratio
of our capacitor is caused by the small physical dimensions of our electromechani-

cal capacitor which is commensurate with 1 ym transverse acoustic wavelength at 5
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GHz. This leads to the electrical energy on top of the electromechanical capacitor
being substantially diluted compared to the total electrical energy stored on the

microwave resonator.

We express the circuit parameters for device B in Table A.1. We note that the
equivalent circuit model parameters for the mechanical resonator are dependent on
the external voltage bias Vpc. This scaling is noted in the table, where Ly and Ci

are provided for 1 V.

Table A.1: Equivalent circuit parameters for device B. The mechanical parame-
ters Cx and Ly are dependent on the applied external voltage. The given values are
for 1 V and the dependence on Vpc is specified.

Parameter Value
Cn 0.2 fF
C; 12.1 fF
L, 75.8 nH
n 1.5 %

Ly 43.5 fH (1V/Vpc)?
Cx 21.1 nF (Vpc/1V)?
frm 5.26 GHz
go/2n 45.4 kHz/V

In the circuit model, one can see that the mechanical resonator is capacitively
coupled to the CPW which has an impedance Zy = 50 €. This leads to some direct
external decay to the CPW. However, even at the maximum voltage we can apply
of 25V, due to our massive equivalent capacitance this readout is at the level of 5
Hz, which is negligible and further emphasizes the need for a microwave cavity to

enhance electromechanical readout of mechanics.

A.2 Measurement Setup

The chip is wirebonded to a PCB, which is placed into a copper box and then
mounted to the mixing stage of the dilution refrigerator at ~ 15 mK. The box has
a coil on top for magnetic field tuning of the microwave resonators. The coil is

obtained by hand winding a superconducting wire around a cylindrical extrusion.

The device is measured in reflection with the aid of a cryogenic circulator. A bias tee
(QMC-CRYODPLX-0218) is placed between the chip and the circulator to enable

DC biasing of the transducer and readout of the microwave cavity via the same CPW.
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Figure A.2: Moving capacitor design. (a) Unit cell of the inner electrode of the
electrostatic transducer. The beam is oriented along the x-direction. (b) Unit cell
acoustic band diagram. (c) Disorder simulations of coupling strength vs number of
unit cells of the inner electrode for oo = 2 nm disorder and 55 realizations for each
data point. The simulations are for a 70-nm vacuum gap. The data is presented
as the mean with 2 standard deviation errobars. (d) Average coupling strength vs
vacuum gap size for 9 unit cells. The simulated average values are in the presence
of fabrication disorder. The fit is oc gap™!-6.

The twisted wire pair DC input line has no attenuation and is directly attached to the
bias tee (low frequency transmission band up to 500 MHz). The DC bias is provided
by a Yokogawa GS2000 supply. The RF input line consists of multiple cascaded
attenuators with a total attenuation of 74 dB. A tunable attenuator is further added to
the input line to control the input power in a programmable manner. At the output,
we have an amplifier chain that consists of a HEMT amplifier thermalized to the 4

K stage and a room temperature amplifier, with a total gain of ~ 65 dB.

The current for the tuning coil is applied via a multi-channel programmable low-
noise DC source. Since a significant amount of current is required to tune the
microwave resonators, the normal metal section used for soldering the coil wiring
leads to spurious heating of the mixing stage. We find the resistance of this normal
metal section as 22 m€. The coherent response of the mechanics-cavity system
is probed via a vector network analyzer (VNA) in reflection. For thermometry
and investigations of the full-driven response of the system, microwave emission is
detected by a spectrum analyzer. For time-resolved measurements, we use Quantum
Machines OPX+ module. This tool enables the generation of pulses with an arbitrary
waveform generator (AWG), heterodyne detection, demodulation of signals via a

digitizer, and the processing of detected signals with an FPGA.
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A.3 Mechanics Design

The mechanical behavior of our structures is investigated via FEM simulations on
COMSOL. The inner electrode of the electrostatic transducer is patterned to form
a phononic crystal cavity consisting of multiple identical unit cells, with the unit
cell depicted in Fig. A.2a. These unit cells are completely metallized with a 15-nm
layer of TiN on top of a 220-nm Si membrane (the anisotropic elasticity tensor is
used for silicon in simulations following [75]). We are primarily interested in the I
point of the breathing mode shown by the red band on the unit cell band diagram on
Fig. A.2b. The breathing mode is chosen because it has a displacement profile that
significantly modulates the electromechanical capacitance. The I' mode is further
necessary to ensure phase matching of the electromechanical interaction. Once
multiple unit cells are attached to form a 1-D chain and are clamped by phononic
shields that have a full bandgap, they hybridize to form a supermode that spans all

the unit cells, which is our mechanical mode of interest.

Ideally, we would like to have as many unit cells as possible in forming our central
electrode since the electromechanical interaction strength scales as o« VNeelis. In
practice, however, fabrication disorder leads to mode break-up, limiting the number
of cells that can be utilized. We investigate this phenomenon via disorder simula-
tions, which constitute a crucial tool in investigating the disorder-limited properties
of periodically patterned acoustic and optical structures [85, 89, 90]. The disorder
can be modeled as random changes in the center positions and the width of the
negative patterns, which are etched to form the actual structure (for a detailed dis-
cussion see Section 3.3). These random changes are represented as realizations of
independent Gaussian random variables with zero mean and standard deviation o .
The precise algorithm is as follows: (i) the center of the etched filleted rectangles
are varied by o in each direction (ii) the height and width of the rectangles are
varied by 20-. Since each simulation represents a given disorder realization, to
accurately extract the statistics we simulate multiple instances for a given number
of unit cells. We investigate the impact of the disorder on the coupling strength as
shown in Fig. A.2c. In this situation, the changes in the mode profile and potential
disorder-induced mode breakup are captured in variations in the coupling strength,
which is the experimentally relevant parameter to us. We can see that up until 9
unit cells, go grows with the number of cells. However, beyond this number, the
growth rate diminishes and the disorder-induced variations increase substantially.
At 9 unit cells and a 70-nm gap, we have a coupling strength of 46f‘; kHz/V which

is in excellent agreement with our experimental results. The device parameters for
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Figure A.3: Mechanical quality factor. (a) Radiation limited acoustic quality factor
vs the number of phonon shield periods in the absence of disorder. (b) Logarithmic
plot of mechanical energy density for 5 shield periods.

the moving capacitor based on this result is tabulated in Table A.2. Finally, we
investigate the dependence of the coupling strength on the vacuum gap as shown in
Fig. A.2d. The fit indicates that the coupling strength is a very strong function of

the gap and the scaling is more rapid than that of a parallel plate capacitor.

Since acoustic waves cannot propagate in vacuum, the only radiative leakage pathway
is through the silicon substrate. We minimize this loss by clamping our acoustic
resonator with a phononic shield that has a complete bandgap. We investigate the
effectiveness of the phononic shields in suppressing radiation loss via finite-element
simulations, where the continuum of modes in the substrate is modeled by a perfectly
matched layer. The simulations provide us with the radiation limited mechanical
0 in the absence of fabrication disorder. As depicted in Fig. A.3a the mechanical
quality factor scales nearly exponentially with the number of phononic shields. We
have used 5 shield periods in our final design, for which we plot the acoustic energy
distribution in Fig. A.3b.

Table A.2: Parameters of the moving capacitor.

Parameter Value
Meff 76 fg
Xzpf 4.7 fm
kefr 7.5% 107 N/m

AC/dx  5.76 x 10710 F/m
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A.4 Thermometry

Theory

We perform thermometry by measuring the emission from the microwave and me-
chanical resonators with a spectrum analyzer. Our Hamiltonian is identical to that of
a red-detuned optomechanical system with a large sideband resolution (w,,/x > 1).
Hence, in order to extract the thermal occupancy values for the microwave and me-
chanical thermal baths, we use the expression for the noise power spectral density
following previous electromechanics work [18, 242]. The power spectral density at

the output of the amplifier chain is

2

1
S(w) = hw109/1° (nadd + 5 Mg +

)
- ———
1+ gemXmXr
y KeKier|2 . Ke')’iggml)(r|2|/\/m
By ,m
11+ g2uxmxr|? 11+ gZuxmxr|?

|2
) . (A.10)

Here, G is the amplifier gain in dB, and n,qq is the noise added by our amplifiers,
which is dominated by the HEMT in our case. In this picture, the microwave
resonator interacts with an intrinsic bath of occupancy ny with the rate «; and the
waveguide having occupancy of nye with the rate «.. Similarly, the mechanical
resonator is coupled to an intrinsic bath having occupancy of ny , with the rate ;.
The electromechanical interaction with strength ger, will further lead to Purcell decay
into the microwave for the mechanics, giving rise to electromechanical cooling. The
PSD expression also includes the bare electrical and mechanical susceptibilities

which are given as

X (W) = k/2-i(w - w,) (A.11)
X (W) = ¥i/2 = i(w = W), (A.12)

where w, (w,,) is the microwave (mechanics) resonance frequency. In the weak
coupling regime, we can express the mechanics and microwave resonator thermal

occupancies as

Kilpx + KeNwg

ny = —, (A.13)
Ke + K;
np.m + Cn,
= A.14
T 1+C @A-19
2 -1
Here, C = 3% g the effective cooperativity when the mechanical and mi-

AZ+(x[2)?
crowave resonators are detuned by A. In the absence of any detuning and at large bias
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voltages, the cooperativity becomes large, leading to substantial electromechanical
cooling, which makes it challenging to unambiguously find the mechanical intrinsic
bath occupancy (npm). Therefore, we operate in a low-cooperativity regime (large
A), which permits precise extraction of thermal bath occupancies. Extraction of the
mechanical intrinsic bath occupancy is particularly important for quantum memory
applications of our mechanical resonators, as there won’t be permanent electrome-
chanical cooling in this scenario and the thermal decoherence rate depends on this

intrinsic bath occupancy.

To facilitate the analysis, we simplify the emission due to the mechanics’ intrinsic
bath in Eq. (A.10) as

Tem  (y/2)?
y 82+ (y/2)%

Here, 6 = w — @y, is the detuning between the emission frequency and mechanical

S (8) ~ 4ﬁmK—Ke (A.15)

resonance frequency, with @,, being the mechanical frequency shifted by the electri-
cal spring effect. y = y; + I'emy is the total mechanical linewidth and 7iy, = npmYi/y
is the thermal occupancy of the mechanical resonator due to fluctuations of the

intrinsic mechanical bath.

To accurately utilize the expressions for the noise power spectral density, it is crucial
to take into account the distinction between broadening due to frequency jitter
and radiative coupling to an intrinsic bath for the mechanical resonator. To this
end, we note that the area underneath S,,(d) is proportional to the total Purcell
enhanced emission from mechanics, which is given as ' 7i,. Hence, we can see
that Eq. (A.15) represents the emission for a mechanical resonator that has a total
linewidth y with arbitrary frequency jitter. To take the distinction between jitter and
decay into account, once we have extracted 7i,, we should use only the mechanical

intrinsic decay rate I'; to calculate the bath thermal occupancy as

Mo = anemTer, (A.16)
We note that due to the small non-zero microwave bath occupancy, we have some
emissions from the mechanical resonator due to microwave thermal fluctuations
entering the mechanics by electromechanical energy exchange. This emission in-
terferes with that of the microwave resonator and leads to noise squashing, as can
be seen in the term in Eq. (A.10) proportional to ny [243]. This noise squashing is
also taken into account in our analysis to calculate our mechanical bath occupancy

correctly.
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Following this approach, we can investigate the intrinsic microwave (n,) and me-
chanical (n, ) bath occupancies as a function of the cryostat temperature. As seen
in Fig. A.4, as the temperature of the cryostat is increased, both bath tempera-
tures follow the cryostat temperature, indicating the validity of our measurement

approach.
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Figure A.4: Resonator bath thermalization. The effective temperature for the
intrinsic (a) microwave (np ) and (b) mechanical (ny, 1) as the cryostat temperature
is increased. The dashed line represents perfect thermalization. The presented data
is from theory fits with the errorbars indicating +30 confidence interval.

Driven Response

We generally do not see significant emission from the mechanical resonator during
thermometry, due to the mechanics being deep in its motional ground state. Due
to the noise introduced by our HEMT, the spectrum analyzer traces are noisy to an
extent that precludes numerically fitting the mechanical emission. Thus, in order
to accurately analyze this noisy data and extract the mechanical thermal occupancy,
it is crucial to find the mechanical frequency, linewidth, and decay rate at a given

voltage.

We achieve this by investigating the driven response of our resonators. Following
the application of a coherent tone in resonance with our mechanics, the drive tone
is elastically scattered, leading to a delta-like emission from the mechanics and
the generation of a coherent phonon population defined as ncon = |[(@)|>. These
coherent population dynamics is the origin of the microwave spectrum which can
be detected by a VNA. However, the frequency jitter of our system also leads to
inelastic scattering of the drive tone. For frequency noise which has a correlation

time smaller than the decay rate, we get an emission with the cavity lineshape
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as the absorbed incoherent phonons lose memory of the drive frequency due to
frequency jitter [109]. This inelastic scattering is due to the generation of a number
of incoherent phonons in the cavity, whose population is nj,. = (d'@) — [(@)|*. The
incoherent emission enables us to extract the cavity linewidth and frequency via
fitting the Lorentzian response. This routine for parameter extraction is repeated
prior to mechanics thermometry for each voltage to facilitate accurate calculations

with Eq. (A.15) and center the spectrum analyzer detection window.

Apart from extracting the lineshape of the mechanics, we can also use the driven
response to measure the intrinsic decay rate I';. The total coherent and incoherent
phonon populations are related to the total decay rate I'y = I'; + I'e, and the total
linewidth y as follows [244]:

fline _ Y _ 4, (A.17)
Ncoh I'y

These phonon populations can be further related to the areas detected via the spec-
trum analyzer, where S is the area underneath the coherent emission, Sy, (Spp) is the
area underneath the incoherent emission due to broadband (narrow-band) frequency

noise. Therefore, the relation between the decay rates can be expressed as

Y Sbhb Shb
—=1+—|1-—], A.18
I'q Ss ( 55) ( )

where the broadband frequency noise can be arbitrarily strong, and the narrow-band
noise is weak [109]. Subtracting the electromechanical readoiut rate from the total
decay rate, we can calculate I';. The I'; obtained in this manner is used to extract the

mechanical bath occupancy via Eq. (A.16).

Line Calibration

We calibrate the total gain of the output line using thermometry of a 50  cryogenic
terminator that is thermalized to the mixing (MXC) stage of the cryostat. The output
line consists of a HEMT amplifier (LNF-LNC48C) thermalized to the 4 K stages and
a room-temperature amplifier. The MXC stage temperature is raised by reducing
cooling power by turning off the turbo to reduce *He/*He mixture flow and applying
heat using the MXC stage heater. With no external input power, we measure the
output power from the amplifier chain with a spectrum analyzer at different mixing
stage temperatures Tyxc. The measured output power has contributions from the
thermal noise of the resistor thermalized to the MXC stage, and the HEMT noise is
characterized by a fixed noise temperature Tggmt. The total power measured in an IF

bandwidth Avyr on the spectrum analyzer is equal to the sum of the Johnson-Nyquist
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noise from the two sources and is given by

Pour = AvirksG A (Tvxc + THEMT) (A.19)

Here, G 4 is the absolute (net) gain factor of the output line, and is a combination
of the total gain due to the amplifier chain and losses due to coaxial cables. At
Tvmxce = 10 mK, the measured output power is dominated by HEMT noise. The
output gain G4 can be calculated by subtracting the contribution of the HEMT
noise from the total output power measured at various Tyxc. We perform this
measurement at multiple different MXC temperatures between 730 mK and 1.05 K.
These measurements’ mean and standard deviation are used to obtain G 4. We use a
factor n = (hw/kpT)/(exp (hw/kpT) — 1) to account for corrections to Eq. (A.19)
due to the Bose-Einstein distribution in the regime iw ~ kgT [245]. Using this

calibration method, we obtain a net gain of 65.6 + 0.4 dB for the output line.
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Appendix B

SUPPLEMENTARY INFORMATION FOR CHAPTER 5

B.1 Measurement setup

The fabricated chip hosting the device is wire-bonded to a printed circuit board
(PCB) and placed in a copper box with a superconducting coil attached to the lid of
the box. This coil is used for flux tuning the qubit, where a low-noise DC source
(QDevil QDAC) provides the bias current. To further reduce the current noise on the
coil, a low-pass electrical filter with a 1 kHz cutoff frequency (Thorlabs EF110) is
employed along with an Aivon Therma-uD25-GL cryogenic RC lowpass filter that
has a 30 kHz cutoff frequency. The box, including the chip, is mounted to the mixing
stage of a He-3/He-4 dilution fridge and is covered by magnetic shields. The mixing
stage of the dilution fridge is cooled down to a base temperature of around 10 mK.
The wire delivering the input RF signal to the device is attenuated at each stage of
the fridge, as shown in Fig. B.1, to reduce the thermal noise. Additionally, Eccosorb
filters are used to suppress IR radiation, and K&L microwave filters (Tubular .250
Inch Lowpass Filters) with a cutoff frequency of 12 GHz are employed to suppress
millimeter-wave radiation. The reflected signal from the device is sent to an output
line, where it is amplified using a High-Electron Mobility Transistor amplifier (LNF
- LNCO0.3-14B HEMT at the 4K stage) and a pair of room-temperature amplifiers.
The chip is isolated from the amplifier noise in this path by using an array of three

cascaded isolators.

Signal generation and measurements are performed with a multichannel arbitrary
waveform generator (AWG) and digitizer (Quantum Machines OPX+). The up- and
down-conversion of the signals between the radio frequency and the intermediate
frequency band are performed with local oscillators and 1Q mixers. For tuning the
qubit via the ac Stark shift, we use the up-converted signal from an AWG channel
amplified by a room-temperature amplifier. When applying this strong tone, we use
a tunable notch filter (Micro Lambda Wireless, MLBFR-0212) in the detection path
to avoid saturation at the digitizer.

The setup details related to the voltage biasing of the mechanical oscillators are

provided in Appendix B.3.
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Figure B.1: The measurement setup. The schematic of the dilution fridge, cryo-
genic wiring, and room temperature electronics.
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Figure B.2: Electrical circuit diagram. The electrical circuit diagram of our full
system. The equivalent electrical circuit of the mechanical oscillator is indicated by
purple shading.

B.2 Electrical Circuit

The system system Hamiltonian of our system, alongside its derivation can be found
in Section 2.2. This Hamiltonian, which includes the interaction term can be utilized
to accurately describe the dynamics of qubit-mechanics interaction. Nonetheless,
the analysis of more sophisticated electrical circuits incorporating our mechanical

oscillators can benefit significantly from an equivalent electrical circuit for our



159

mechanical oscillator, shown in Fig. B.2. In this equivalent circuit model, Cy,
corresponds to the moving capacitor and Cy is an equivalent capacitance that is

given as (for details see Section 2.3)

hC2 w,,
Cy = n  Cp (B.1)
2 (axcm Xzpf Vdc)

The inductance value can be obtained by satisfying the mechanical resonance fre-

quency condition
1

=— B.2
wrzn(ck+cm) ( )

Ly

As can be seen from Fig. B.2, the interaction with the qubit in this model is due to
capacitive coupling, through Cy,, which can be expressed as [51]
gem = B (B.3)
Cn + Cx ’

where = Ciy/Cs and Qprm = \/hwm(Cm + Cx)/2 is the zero-point-fluctuations
of charge of the electrical equivalent circuit for the mechanical oscillator.

The value of the moving capacitor can be calculated to be Cy, = 0.15 fF, based
on finite-element method simulations. At a voltage bias of 50 V, the equivalent
electrical circuit parameters are Cx ~ 40 pF (29 pF) and Ly =~ 26 pH (38 pH) for
mechanical oscillator A (B) based on the measured electromechanical coupling rate.
For different voltages, the equivalent parameters can be calculated by the following

scaling relations: Cy o« Vd‘cz, Ly o VZC, which are valid when Cy > Cp,.

B.3 Voltage biasing

DC voltage setup

The DC voltage for electrostatic biasing of the mechanical oscillators is applied with
a Stanford Research Systems DC205 voltage source, whose power supply is filtered
with an Onfilter CleanSweep AC EMI filter. The twisted pair lines that carry the
DC voltage to the device are further filtered at the 4 K stage breakout with an Aivon
Therma-uD25-GL cryogenic RC lowpass filter that has a 30 kHz cutoff frequency.
Finally, at the mixing stage, the Quantum Microwave QMC-CRYOTEE-0.218 bias-
T acts as a lowpass filter with a 600 kHz cutoff frequency for the DC bias. A 50 Q2
termination is attached to the RF port of the bias-T.

Impact of voltage bias on qubit
Since a large DC voltage is applied to the mechanical oscillator, which is in turn

attached to the qubit, it is crucial to investigate potential parasitic effects on the qubit
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Figure B.3: DC voltage effects on qubit. a, Qubit lifetime (77) as the voltage is
ramped continuously from 0 V to 25 V with a rate of 2 mV/s and from 25 V to 35
V with a rate of 1 mV/s. b, Qubit lifetime (77) degrading due to ramping of the
voltage and subsequently recovering with time. The red shaded region indicates
the duration where the voltage was increased from 37 V to 40 V with a rate of
2 mV/s. For the rest of the plot, the voltage is kept fixed at 40 V. ¢, Qubit decay
measurements without any voltage applied and at 50 V following recovery of the
qubit. The solid lines are exponential fits. The data is offset vertically for clarity.
d, Changes in qubit frequency (6fy) vs voltage obtained by Ramsey measurements.
The red solid line is a linear fit with slope —11 kHz/V. The lifetime measurements
presented in a is interleaved with Ramsey measurements utilized to extract qubit
frequency in d. Each data point in a,b,d represents the average of 30 consecutive
measurements with error bars indicating 20~ standard deviation, which is mainly set
by time dependent fluctuations.

that may degrade its performance. To this end, we monitor our qubit by conducting
decay and Ramsey measurements as the voltage is varied. We observe that the qubit
lifetime does not exhibit any systematic degradation as the voltage is slowly ramped
to around 35 V (see Fig. B.3a), with a rate of ~ 1 mV/s, similar to [246]. However,
at higher voltages we start to see a transient degradation of the qubit lifetime as the
voltage is increased, followed by a slow recovery on the timescale of hours as seen
in Fig. B.3b. The excess transient decay could be due to a currently unknown mech-
anism that generates quasiparticles during the charging of our capacitor, however,
the long recovery timescale is not consistent with the quasiparticle recombination
timescale on aluminum (~ 10 ms) [247]. We qualitatively observe that reducing the
ramp rate helps reduce the transient degradation of the qubit and the degradation
strongly depends on the voltage at which the ramp occurs, becoming worse at higher
voltages where the recovery takes longer as well. Further studies will be needed
to better understand the underlying physical mechanisms. Nonetheless, we observe
that the qubit completely recovers following a ramp, a behavior repeatedly verified
up to our maximum voltage of 50 V (limited by the bias-T) as seen in Fig. B.3c. The

coherence time (75) obtained by Ramsey measurements is identical for 0 V and 50
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V as well, testifying to the absence of excess dephasing due to the voltage bias.

Apart from enabling us to explore the voltage dependence of decoherence, Ramsey
measurements also provide information about the qubit frequency, based on the
frequency of the Ramsey fringes. Interestingly, we observe that the qubit frequency
reduces with voltage, as shown in Fig. B.3d. Since quasiparticles are known to reduce
qubit frequencies, whether the observed reduction is consistent with quasiparticle
physics need to be explored. Relying on analytical expressions for the quasiparticle
induced frequency shift [248], we calculate that for ~ 500 kHz frequency shift,
the required normalized quasiparticle density is xgp ~ 10~*. This relatively large
quasiparticle density would limit the qubit lifetime to 774 < 300 ns and increase
the qubit excited state population to P, > 0.1 [249], inconsistent with the absence
of noticeable lifetime degradation and heating we have measured. Therefore, the
frequency shift is unlikely to be caused by quasiparticles and can instead be attributed
to either the vacuum gaps or the membrane height of the device shrinking due to

electrostatic forces, which in turn increase the total capacitance of the transmon.

In combination with the thermometry results that show identical qubit thermal
occupation at 0 V and at 50 V, our measurements indicate the absence of any

noticeable steady-state degradation of our qubit due to the applied voltage.

Leakage current measurements

We have discussed in detail the effects of the voltage bias on the qubit, through
time domain characterization and thermometry measurements. In our experiments,
the maximum voltage we could reach of 50 V was set by the bias-T. However, for
future experiments, understanding the maximum voltage that the devices can endure
is important, since it provides information about the ultimate limits of coupling
enhancement. To explore this question, we have fabricated devices that have a
structure comparable to our quantum acoustic system. Importantly, when a voltage is
applied to a device, the current supplied by the voltage source (referred to as leakage
current) provides information about the onset of breakdown or pull-in events [69,
250]. Since this is an exclusively DC measurement, we can apply a voltage without
needing a bias-T and utilize a picoammeter (Keithley 6485) to measure the leakage
current. As shown in Fig. B.4, we observe a small current that increases linearly
with voltage (attributed to cable resistance) until 64 V, where it abruptly increases,
consistent with the onset of pull-in instability [69]. These results indicate that with

an improved setup, there may be room to further enhance the electromechanical
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Figure B.4: Leakage current measurements. Leakage current measured by the
picoammeter for waveguide device I, as the voltage is varied. The data points
represent the mean of 8 measurements for each voltage, with error bars indicating
20 standard error of the mean. The inset shows the region from 0 V to 62 V where
the current increases linearly. The baseline resistance is set by the cable resistance,
which was verified by detaching the device through a switch and observing an
unchanged slope for the current.

interaction rate via higher bias voltages.

B.4 Thermometry

To do measure the qubit’s effective temperature, we use the Rabi Population Mea-
surement (RPM) method, introduced by Geerlings ef al. [142]. For this purpose, we
first conduct two-tone spectroscopy to find the frequency of the qubit’s e-f transition.
We then measure the baseline or reference population by applying an e-g w-pulse,
followed by an X rotation on the first and second excited states, and do qubit popula-
tion measurement. The w-pulse swaps the ground and first excited state populations,
and the X rotation puts the population in the first excited state to a superposition of
the first and second excited states. By varying the angle of the X rotation, we get
Rabi oscillations where the amplitude of the measured signal is proportional to the
initial ground state population P,. To measure the population of the first excited
state we repeat the same procedure without the initial 7-pulse, which results in the
measured amplitude being proportional to the first excited state population P,. By
assuming that the thermal populations in higher excited states are negligible, which
is justified based on the resulting low residual thermal population, and normalizing
the measured populations to their sum, we get the residual thermal population of

the qubit. The amplitude of the oscillations in Fig. 3a are normalized to this sum,
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such that the amplitude of the oscillations in the right panel is proportional to the

thermal populations.
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Figure B.5: Qubit vs mechanics population. Simulated corresponding mechanics
population of mechanics B for a given measured qubit population in the thermometry
setup. For the simulation, we start with a qubit thermal population of 4%, caused by
the ac Stark shift, and vary the thermal population of the mechanical oscillator. Then
we let the qubit and oscillator interact on resonance for half a Rabi cycle, swapping
excitations, and measure the resulting qubit population. Notably, during the qubit-
mechanics interaction we use a bath population of 2% for the qubit dissipator since
the Stark drive is turned off for this step.

To use the same technique for mechanics thermometry we do a swap operation
between the mechanics and qubit before the experiment described above. To ensure
the oscillator is in equilibrium with its thermal bath, we wait around 60 ms (which
is much longer than the mechanical lifetime) before each measurement. We use
numerical modeling to back out the mechanical temperature from the results of
this experiment to properly account for the infidelity of the swap operation, the
potentially different temperatures of the qubit’s and oscillator’s baths, and excess
population of the qubit caused by the ac Stark shift tone, which is needed to adjust the
qubit-mechanics detuning. We measure this ac Stark shift drive-induced population
of the qubit to be 0.039 + 0.003 using the qubit thermometry while this drive tone is
on and use it in a use Master equation analysis with the QuTiP package [251, 252]

to find the corresponding mechanical population (see Fig. B.5).
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B.S Mechanical lifetime measurements

Intermediate-phonon-number measurement

To measure mechanical lifetime at intermediate phonon numbers, we apply a 1

ms-long tone, resonant with the mechanical oscillator, through the qubit to excite

the oscillator. Subsequently, we wait for a varying time interval ¢, followed by a

measurement of the qubit frequency. The excitation of the mechanical oscillator

induces an ac Stark shift to the qubit transition frequency, described by [35, 253]
28em@ _ 28em

6wq = _A(A—_a)nphonon ~ Tnphonon- (B.4)

Here, 7iphonon 18 the average phonon number in the oscillator, « is the qubit anhar-
monicity, gem 18 the electromechanical coupling rate, and A = wq — wy, represents
the detuning between the oscillator and qubit bare frequencies. The approximation
holds under the condition @ > A. Consequently, the phonon number in the oscillator
can be inferred from measurements of qubit frequency. To extract qubit frequencies,
we perform Ramsey measurement, and fit the resulting data to determine the shift
in the qubit transition frequency [201, 254]. The fitted frequencies of the Ramsey
fringes relate to the qubit frequency by wq = wdrive — WFit, such that dwq = —dwr;.
To remove the offset of the drive frequency, we subtract the frequency of the last
data point from each data point. An example of this measurement is illustrated
in Fig. B.6, which shows the Ramsey measurement results, theoretical fits, and

corresponding fitted frequencies for two representative data points.
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Figure B.6: Intermediate-phonon-number measurement. a, Intermediate-
phonon-number decay measurement for mechanics A performed at around 40 V
applied DC voltage. b, Ramsey fringes for two representative points from the early
(blue) and late (purple) stages of the measurement, with fitted Ramsey frequencies
of 20.371 and 20.014 MHz, respectively. The solid lines indicate the theory fits
used to extract the qubit frequency.
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High-phonon-number measurement

To assess the lifetime of mechanical oscillators at higher phonon numbers, we
fabricated an array of similar devices coupled directly to a waveguide rather than
to the qubit, as with mechanics A and B. The fabrication of these extra devices
was necessary as the notch filters preclude electrical addressing of the mechanical
oscillators coupled to the qubit. Decay measurements conducted on these oscillators,
which include mechanics C presented in Fig. 4, reveal lifetimes of approximately 20
ms for multiple devices at high phonon numbers. These measurements exhibit small
device-to-device variations, underscoring the reliability of achieving long lifetimes
in mechanical oscillators. The results of these measurements are summarized in
Table B.1.

To determine the phonon number in these oscillators, we have measured the emitted
power from a mechanical oscillator into the waveguide. The relation is given by the

expression [69]:
hmee,m

2 b
where Py is the output power, n,p, is the phonon number in the oscillator, wy, is the

Pout = Nph (B.5)

frequency of the mechanical oscillator, and &, is the external coupling rate of the
oscillator to the waveguide. The detected signal consists of two contributions: the
desired emission from the mechanical oscillator and the noise from the amplifier.
The amplifier noise is characterized and subtracted, allowing the phonon number to

be accurately determined.

Table B.1: Lifetime of waveguide coupled oscillators. Lifetime of all mechanical
oscillators coupled to the waveguide and measured using the high-phonon-number
measurement method.

mechanics 7T} (ms)
21 +1
34+1
20.1 £0.9
19.7 £ 0.6
22 +1
16.1 0.8

TQTDmI N
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Appendix C

SUPPLEMENTARY INFORMATION FOR CHAPTER 7

C.1 Acoustic Loss due to Electron-Phonon Scattering

Here, we will provide a brief description of the physics underlying acoustic loss due
to electron-phonon scattering in metals. This mechanism has been experimentally
observed to be quite pronounced in normal metals at cryogenic temperatures [255].
This behavior arises naturally from the temperature dependence of the process: as
the temperature decreases, the electrical conductivity of a metal increases sharply,

enhancing electron-phonon scattering, as will be explained below.

Since the experiments presented in Chapter 7 is conducted at cryogenic temperatures
using a metal with large conductivity (aluminum), potential loss from electron-
phonon scattering has to be taken into account. In order to estimate its value, we
first provide a description of electron-phonon scattering in normal metals, which is

then modified to take into account the impact of superconductivity.

The acoustic loss from electron-phonon scattering can be analyzed by treating the
electron gas as a viscous medium with viscosity 7. Within a viscous medium, there
exists a damping force experienced by planes that move with different velocities.
Specifically, for the exemplary case of two planes separated in y direction with a
distance dy and moving in the x-direction with a velocity #, there exists a viscous

damping force of the form —n dui/dy [256].
The viscosity of a gas of free electrons can be expressed as [257]
n=Nmlvg/3, (C.1)

where N is the electron density (1.8 X 10%° m=3 for Al), m, is the electron mass (free
electron mass in this model), / is the mean free path and v is the Fermi velocity
(2 x 10% m/s for Al).

The mean free path is given as
OMVF
Ne?

[ = , (C.2)
where o is the electrical conductivity, which we have measured to be 3 x 10% S/m for
our thin aluminum films at temperatures just above the superconducting transition.

From our conductivity, we can calculate the mean free path to be / = 130 nm.
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Though the modeling is quite simple, these equations have been very successful in

describing the acoustic loss in aluminum [207, 258, 259].

We note that the above equations rely on two assumptions:

¢ The timescale of mechanical motion, should be much slower than the re-
laxation time of electrons. Based on our conductivity, we can calculate the
electronic relaxation time to be 7, = om,/Ne* ~ 60 fs, which satisfies the

assumption of w7, < 1.

* The acoustic wavevector (k = 27/v) is assumed to be much larger than mean
free path, i.e. kI < 1. Though, we expect to be in the regime kI ~ 1, the
correction factor for the loss is expected to be on the order of unity for our
devices [257].

As these assumptions are satisfied, we can use the viscous damping model to estimate

the loss for our devices.

When the aluminum films become superconducting, the impact of the this transition
on the viscosity can be expressed based on the two-fluid model of superconductivity.
Specifically, the total number of normal electrons (quasiparticles) is defined as
Nxqp, where xp 1s the normalized quasiparticle density. Based on our measurement
of qubit excited state population (around 2%, see Fig. 5.3), we can bound our

normalized quasiparticle density to be xqp = 5 X 1076 [249].

Based on the above numbers, we can calculate the viscosity in the superconducting
state for our aluminum films to be 7 ~ 5 X 1078 Pa - s. By introducing this viscous
damping to our finite element method simulations with COMSOL, we can estimate

the mechanical Q as limited by electron phonon scattering to be Q ~ 8 x 10°.
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