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ABSTRACT

Nanoelectromechanical systems (NEMS) resonators operating in the quantum regime
provide a powerful platform for investigating mechanical motion at its most funda-
mental level. Their intrinsic ability to couple to environmental degrees of freedom,
along with the long coherence times of their mechanical excitations (phonons),
makes them particularly promising for quantum information and sensing applica-
tions. However, in this regime, the performance of NEMS resonators are predom-
inantly a ected by intrinsic material defects, acting as two-level systems (TLS).
These quantum defects, ubiquitous in solid-state quantum devices at low temper-
atures, can exchange energy with their host eld, causing dissipation and noise.
Despite these dominant e ects, the microscopic origin of such quantum defects is
still unknown, and their interactions with phononic devices have been elusive.

Here, we present a detailed investigation into these interactions between quantum
defects and phonons within piezoelectric lithium niobate NEMS resonator shielded
by phononic crystals. We identify TLS defects as the primary source of excess noise
at millikelvin temperatures, limiting their performance and sensitivity. By con-
trolling the TLS frequency in situ with the application of electric eld and strain

eld due to piezoelectricity we demonstrate strong resonant coupling between a
mechanical mode of our NEMS resonator and a single, intrinsic TLS. Varying the
resonant drive and/or temperature allows controlled ascent of the nonequidistant
energy ladder and reveals the dressed states of the hybridized system. Fluctuations
of the TLS on and o resonance with the mode induces switching between dressed
and bare states; this elucidates the complex quantum nature of TLS-like defects in
mesoscopic systems. We demonstrate that individual TLS defects can be precisely
controlled and manipulated, transforming them from detrimental dissipation and
noise sources into valuable quantum resources. The ability to harness this intrin-
sic nonlinearity of a nanomechanical resonator with quantum defects o ers new
directions towards quantum sensing and information.
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Chapter 1

INTRODUCTION

The work presented in this thesis investigates the fundamental physics and behavior
of nanomechanical resonators operating at low temperatures where the mechanical
vibrational energy consists of only a few phonons. Central to this study is a detailed
exploration of intrinsic energy dissipation and frequency noise mechanisms, which
currently limit the performance of these devices in quantum regime. At cryogenic
temperatures, atomic-scale defects within solid-state materials emerge as the pri-
mary contributors to this dissipation and noise. By examining the interactions of
these defects with the mechanical vibrations of a nanomechanical resonator, we aim
to gain a deeper insight into the microscopic nature of these defects within phononic
devices. The most direct approach to study these interactions is through the strong
coupling of mechanical modes to individual defects a key achievement of this
work. Although typically viewed as sources of noise and loss, the intrinsic nonlin-
earity of these defects, once understood and controlled, o ers promising avenues
for novel quantum-limited sensing and quantum information applications.

As the experimental methods advanced to achieve cryogenic temperatures over the
past century, there was a curiosity-driven race to explore and understand the physics
of solid-state materials within the scienti c community. These e orts have led to
many breakthrough phenomenons, such as superconductivity, quantum Hall-e ect,
Josephson e ect, etc. One of the anomalous behavior, which is very much related
to this work, observed not long ago in 1970s was with heat capacity of amorphous
glasses, as they universally vary linearly with temperature below 1 K compared to
cubic dependence of crystal solids predicted by Debye theory [1]. The theoretical
explanation for this behavior was given with the tunneling systems model, which
suggests that the disordered atoms or group of atoms within the amorphous material
can nd themselves in two potentials that are both energetically favorable with a
small di erence and therefore can be modeled as two-level systems (TLS) [2, 3].
This model has worked very well to explain this behavior of the amorphous materials
and still remains the dominant framework to describe the atomic 'defects' within
the solids. Such states are abundant in amorphous solids whereas crystalline solids
exhibit sparse density of tunneling sites [4].
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The emergence and advancements in nhanofabrication techniques have profoundly
transformed low-temperature solid-state studies. These capabilities enable the fabri-
cation of engineered devices with low dissipation in quite small volumes, containing

a limited number of atoms, and consequently, a signi cantly reduced number of such
defects compared to big bulk materials. This development has prepared the basis
to allow the investigations of fundamental properties at the small ensemble and
single-defect level.

Initial observations of the direct impact of these tunneling states demonstrated
within the electromagnetic domain of circuit quantum electrodynamics (CQED)
with superconducting microwave circuits. The studies done with Josephson junc-
tions demonstrated that these microscopic TLS residing within the tunnel barrier
cause decoherence and can strongly couple to qubits, leading to observable level
splittings [5, 6]. In superconducting microwave resonators, experimental evidences
showed that TLS residing at surfaces and interfaces of microwave resonators dictate
the characteristic power and temperature dependence of resonator lossdue to TLS in-
teractions [7]. Later, superconducting qubits coupled to microwave resonators were
employed as sensitive probes to individually study these intrinsic defects, allow-
ing for characterization of their frequency distribution and quantum dynamics [8].
Strong coupling between an individual TLS defect and a microwave resonator, ob-
served as a Rabi splitting, rmly established that TLS quantum impurities capable
of coherently exchanging excitations with a microwave resonance mode.

Similar clear observations of individual TLS defect e ects in phononic devices, such

as nanomechanical resonators, presented greater experimental challenges. Further
advancements were necessary, particularly in achieving higher mechanical frequen-
cies to facilitate ground state cooling, higher quality factors, and developing more
sensitive measurement techniques to detect the subtle interactions with individual
defects. Advancements in nanofabrication eventually led to the miniaturization

of mechanical resonators to the nanoscale, and with the emergence of advanced
transduction schemes gave rise to nanoelectromechanical systems (NEMS) [9].

NEMS have emerged as a major type of dynamical mesoscopic system [10]. Be-
yond their fundamental appeal given their compact size, long coherence time, and
ability to sensitively detect force and motion they provide a platform to study fun-
damental physics in solid-state materials and can be used for various applications
in quantum technology [11 14]. Signi cant progress includes achieving quantum
control of mechanical resonators at the single-phonon level [15] and demonstrating
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guantum coherence and entanglement in mechanical systems [16 19]. The ability
of mechanical resonators to interact with other quantum devices, such as qubits or
superconducting microwave resonators, has important practical applications in quan-
tum information and metrology, serving as quantum sensors [20], memories [21],
or transducers [22] for interfacing di erent types of quantum systems. The develop-
ment of phononic crystal (PnC) resonators has further enhanced quantum acoustics
by increasing phonon lifetimes [12] and enabling single-quantum exchanges be-
tween qubits and mechanical oscillators [13]. As the NEMS devices have started
to operate in low phonon number with the advancements in the eld, the analogous
TLS e ects observed in cQED with microwave photons have also started to emerge
in mechanical devices. The similar TLS induces dissipation and the resonance fre-
guency shift below 1 K due to these interactions were experimentally demonstrated
more recently [23].

In this thesis, we delve into exploring of these interactions of intrinsic TLS de-
fects with mechanical vibrations of our NEMS PnC resonators in the means of
understanding the fundamentals of TLS-phonon interactions. We develop an in-situ
control of energy levels of TLS defects by strain tuning and use this method to bring
individual TLS onto resonance with the mechanical mode. This gives us a very
useful tool to use the mechanical mode as a probe for the TLS defects. We reveal
that this strong coupling to intrinsic TLSs can be very strong and stable and therefore
can have important applications for quantum information and sensing. As the TLS
induces a nonlinearity, the TLS-mechanical mode system is analogous to hybrid
microwave qubit-mechanical mode systems. We analyze this intrinsically available
TLS induced nonlinearity in details and discuss its applications. Besides the strong
coupling, we also observe telegraph noise at low temperatures due to these defect
interactions. Our analysis brings new insights to the physics of such defects.

Besides the strong coupling and the work done with individual TLS, our work also
focuses on characterization of frequency uctuations in our NEMS resonator at low
temperatures. We study the increasing noise behavior observed below 1 K with
careful power and temperature sweep analysis and nd the evidences of telegraph
switching behavior due to individual TLS. We study the spectral di usion of the
frequency response of the mechanical mode due to these defects.

At the core of it, the work done in this thesis aims to increase our knowledge
in understanding material defects in solids and their interactions with mechanical
vibrations. Although these TLS defects have a bad reputation in modern quantum
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devices as they are known to be a source of noise and dissipation, having control over
them individually and harnessing their intrinsic nonlinearity, as demonstrated in this
work, can have important applications in future devices. Most of the e ort today
has been focused on mitigating these defects by trying to perfect the fabrication and
having perfect crystal structures, but we argue that a foundational understanding of
these material defects must come rst guided by the famous saying know your
enemy. When we look at the literature, itis clear that phononic systems are coming
from behind compared to photonic devices in cQED in terms of understanding
the phonon-TLS interactions. This work also aims to close this knowledge gap in
phononic devices.

The outline of the thesis follows this sequence. We start with introducing the
fundamental concepts that are key to understanding the main results in the second
and third chapter. In the fourth chapter, we go over the experimental setup and
instrumentation used for the low temperature measurements performed with our
NEMS devices. Fifth chapter covers the strong coupling experiments and results in
details, and the sixth chapter focuses on the frequency uctuations analysis. The
last chapter brie y explains the e orts for NEMS mass sensing in quantum regime
and conclude with some future motives and directions.



Chapter 2

NANOELECTROMECHANICAL SYSTEMS

This introductory chapter aims to provide the background in nanoelectromechanical
systems (NEMS) that is essential for understanding the experiments and analyses
presented in the chapters that follow. It begins with a brief review of NEMS and
its development over the last 30+ years. Following this, we focus on one of the
most prominent applications of NEMS in mass sensing. The focus then shifts from
the classical to the quantum as we delve into the behavior of NEMS devices in
the quantum regime. We brie y discuss the quantization of mechanical motion
into phonons and their promising applications in quantum science and technology.
Finally, we discuss the vision of having NEMS devices for sensing in quantum
regime.

2.1 Brief Introduction to NEMS Resonators

Advancements in nanofabrication, the enhancements in the ability to shape, develop,
construct the solid-state materials with nano-scale precision, have led to the minia-
turization of mechanical resonators, giving rise to nanomechanical systems. One
of the rst examples of NEMS resonators were made in 1991 in Bell Labs by using
GaAs with dimensions of 4< doubly-clamped beam [24]. This pioneering devel-
opment highlighted the profound insight that con ning mechanical motion within
exceptionally small volumes, typically on the order of a few cubic micrometers
("< 39), could lead to the study of fundamental physics related to mechanical motion
(phonons) in solid-state materials, such as heat transport, energy dissipation mecha-
nisms, etc. Furthermore, it has promised to enable numerous practical applications
due to the unprecedented sensitivity achievable at these scales.

The initial key challenge involved how to readout and how to excite the mechanical
vibrations above the thermal excitations. One of the rst method employed was
magnetomotive [25] detection. Over the years, there have been many actuation
and detection methods developed [26], such as optical [27, 28], piezoelectric [29,
30], piezoresistive [31], electrothermal [32], and capacitive [33] schemes. The
successful integration of these actuation and sensitive detection methods marked
the establishment of Nano-electro-mechanical systems (NEMS) [9].
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Each transduction method ultimately serve to convert small mechanical vibrations
into an electrical signal (voltage or current) for readout, or vice versa for actuation,
which is demonstrated in Fig. 2.1. For example, piezoresistive detection measures
the small resistance changes due to geometrical changes at the strain gauges with
the mechanical motion, optical methods typically analyze the re ected or scattered
light from the NEMS resonator's surface, often utilizing principles like the Doppler

e ect or interferometry, to precisely quantify its mechanical displacement or veloc-

ity, and piezoelectric methods directly harness the piezoelectric e ect, converting
mechanical strain within the material into an electrical charge or voltage. Each
transduction approach possesses its own set of advantages and disadvantages, and
can be more suitable for speci ¢ applications and operational environments.

Understanding the various noise processes in these devices is a critical aspect of
NEMS design, as noise ultimately limits the minimum detectable motion. As it

is depicted in Fig. 2.1, beyond intrinsic noise of the nanomechanical resonator,
additional noise is introduced at every practical stage of operation. These di erent
types of noises include, starting with the source noise from the actuation signal,
transduction noise, thermomechanical noise, readout ampli er noise are the most
known and studied sources of noises. Therefore, mitigating these combined noise
sources has long been a primary objective for advancing NEMS technology.

Figure 2.1: NEMS Transduction. A block diagram illustrating the fundamental
operation of a NEMS device. An input transducer converts an external force sig-
nal into a mechanical force that excites the nanomechanical resonator. A second
transducer detects the resulting mechanical displacement and converts it back into
an electrical readout signal. Di erent noise processes take place at each stage.

The small size of NEMS resonators gives rise to high natural frequencies and low
dissipation rates. Inthe eld, there has been active research to increase the operation
frequencies while also lowering the dissipation rates, as the combination of those two
leads to more sensitive NEMS devices that can also achieve ground state cooling.
This pursuit has led to signi cant advances in both the NEMS technology and also



7

in material science as di erent materials were tested to achieve this purpose. While
foundational work relied heavily on silicon, the eld has expanded to a diverse
palette of materials, including silicon nitride, graphene and piezoelectric materials
like aluminum nitride, quartz, and lithium niobate.

Early progress involved simply scaling down conventional structures like nanobeams.
However, this approach has its limits, as beams become smaller and sti er, it gets
progressively harder to actuate and detect their motion due to increases in clamp-
ing e ects. To overcome these scaling challenges, researchers also developed non-
suspended designs like surface and bulk acoustic wave resonators which can achieve
very high frequencies with relatively simple fabrication, but they often come with
the trade-o of higher dissipation through acoustic radiation into the substrate.

More recently, drawing inspiration from photonic crystals (PnC) in optics, a NEMS
resonator has emerged equipped with the phononic crystal shields and supercon-
ducting transducers. Combined with the strong piezoelectricity of lithium niobate
and implementation of piezoelectric transduction, this device dramatically boosts
the quality factor, while achieving GHz frequencies. The device at the heart of this
work, fabricated from lithium niobate by the group led by Amir Safavi-Naeini at
Stanford University, sits at this technological frontier and allowed us to perform the
measurements presented in this thesis.

PnC NEMS resonators have emerged as a distinct class of nanomechanical devices
that are engineered to control how the acoustic waves propogate. Analogous to
photonic crystals that control light propagation by creating bandgaps for photons,
PnCs are patterned periodic structures designed to manipulate mechanical vibra-
tions (phonons) by introducing phononic bandgaps where phonon propagation is
forbidden [34 36]. The primary advantage of PnC structures lies in their ability

to e ectively con ne mechanical energy. By creating a defect or cavity within the
periodic phononic lattice, phonons can be localized to the defect region, while prop-
agation into the supporting anchors is suppressed due to the acoustic bandgap [37].
This leads to a boost in quality factor, as the clamping losses are eliminated by the
PnC.

In Fig. 2.2, we demonstrate an example PnC structure which consists of repeating
periodic array of a unit cell consisting of a large structure with higher mass, and the
connector, narrow tether, with smaller mass. The bandgap arises from the presence
of modes of oscillation with widely di ering frequencies within the periodic lattice.
Speci cally, traveling phonon modes where the larger masses are predominantly



Figure 2.2: Phononic Crystal Resonators. A schematic of the PnC device ar-
chitecture. A central defect region is designed to act as the resonator, while the
surrounding periodic structures serve as PnC shields. A nite-element method
(FEM) simulation at the center showing the fundamental shear mode shape. The
vibrational energy is spatially con ned within the defect region. The calculated
phononic band structure for the periodic PnC shield material [23]. The shaded
area indicates the phononic bandgap. The resonator's mode is engineered to have a
frequency that falls within this bandgap.

excited result in low-frequency and these are distinctly split in frequency from
modes where the tethers are predominantly excited, leading to high-frequency. The
frequency bandgap, representing the range of forbidden vibrations between these low
and high-frequency modes, becomes more pronounced with increasing di erence
in the e ective masses within the unit cell.

PnC structures have became popular choice for high-Q optomechanical crystals,
where carefully designed PnC cavities co-localize optical and mechanical modes
to enable strong photon phonon coupling, ground-state cooling, and coherent state
transfer [12, 38, 39]. More recently, PnC strategy has been adopted in piezoelec-
tric[37, 40] and electrostatic [14] NEMS resonators. As we shall see in the following
chapters, these PnC NEMS resonators have become an essential tool for exploring
mesoscopic physics, particularly in the quantum regime.



2.2 NEMS Mass Sensing Applications

Due to their small footprint, high frequency, low dissipation rates, and the imple-
mentation of e ective actuation/detection methods, NEMS resonators have emerged
as a great tool for mass sensing [41]. The fundamental principle relies on the re-
lationship between the resonators mass and its resonant frequency. In classical
regime, NEMS resonator can be modeled as a simple mass-spring-damper model
with its resonance frequenty, can be expressed as

o= - 2.1)

where: ¢ isthe e ective spring constant (sti ness) of the mechanical resonator and
<e IS the e ective mass. Any additional ma¥s< absorbed onto the resonator's
surface causes a change in its e ective mass, therefore shifting its frequency. This
frequency shift | is proportional to added mass, given by

| 227 = x<R (2.2)

whereR is the mass responsivity (Hz/kg) of the NEMS resonator. This simple
equation driven with a very simple idea highlights that NEMS resonators can detect
minute mass changes thanks to their high resonant frequieyanyd a small e ective
mass<e . The mass sensitivity of NEMS resonators improved signi cantly over the
years [42, 43] and this remarkable capability has enabled NEMS-Mass Spectrometry
(NEMS-MS) applications such as the detection of individual nanoparticles [44],
single proteins [45]. Beyond merely measuring mass, NEMS-MS technology has
advanced to enable inertial imaging by utilizing frequency shifts from multiple
vibrational modes [46]. This technology has proven itself to work even in nonlinear
regime [47], and atmospheric pressure [48]. While the NEMS-MS platform relied on
well-known mode shapes of the resonator to extract the mass of the adsorbed analyte,
nger-printing method has been recently demonstrated which is more suitable to use
with multi-mode 2D PnC resonators [49].

While these achievements demonstrate the powerful capabilities of NEMS mass
sensors in classical regime, their ultimate sensitivity is fundamentally limited by the
noise processes since it determines the minimum detectable shift in the resonance
frequency. There has been many experiments and studies performed to understand
these noise processes in NEMS resonators. We can consider two class of noise
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Figure 2.3: NEMS Mass Sensing. The basic principle of NEMS mass sensing

is sketched. The adsorption of an analyte onto a NEMS resonator (left) increases
its e ective mass. This added mass results in a measurable downward shift in the
resonance frequency from its initial valug, to a new valuej (right), allowing for

the quanti cation of the analyte's mass.

processes: intrinsic noise, which is fundamental to the resonator's mechanical
properties (e.g., thermomechanical noise, surface di usion noise, and two-level
system (TLS) noise), and extrinsic noise, which originates from the transducer and
readout circuitry. Most of the modern NEMS resonators have been limited by
external e ects, and there has been an e ort to understand the intrinsic limitations,
particularly thermomechanical noise, of these mesoscopic systems [41, 50].

Thermomechanical noise arises from the thermally driven random motion of the
mechanical device, that can be quantitatively understood through the uctuation-
dissipation theorem [51]. Using our one dimensional harmonic oscillator model for
NEMS resonator with e ective mass. and e ective spring constant, = <e | 2,

the mean square displacement uctuatigg,i due to thermal energy of the bath
can be written by

) (2.3)

NI

1 :
><el olGhi =

where: is the Boltzmann's constant. Following the derivation from [41], for a
mechanical resonator with a readout by phase-locked loop that keeps the resonant
amplitude xed atG, the mass sensitivity can be expressed as
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This formulation indicates that, for a nanomechanical resonator primarily limited
by thermomechanical noise, the mass sensitivity can be signi cantly enhanced by

X" 2" g (2.4)

a higher quality facto®&, a larger characteristic amplitud&) or dynamic range,

a higher resonant frequendly ), and lower e ective mass<{e ). Therefore, this
provides a strong motivation for the fabrication of lower mass NEMS resonators op-
erating at high frequencies and low temperatures. Combined with superconducting
transduction methods, which inherently increases the quality factor, low tempera-
ture NEMS operations might in fact considered appealing. However, as we shall
see in the following chapters, this is not the case and this idealized scenario is often
complicated by other dominant noise mechanisms, particularly those arising from
two-level tunneling systems (TLS) in material defects. Before delving into these
complexities, it is essential to rst establish a foundational understanding of NEMS
in the quantum regime.

2.3 NEMS in Quantum Regime

NEMS devices have long been envisioned as crucial platforms for investigating the
fundamental principles of condensed matter physics and quantum mechanics [11],
ever since their emergence. Realizing this potential, however, critically depends
on operating these macroscopic mechanical systems within the quantum regime.
This regime is achieved when the thermal energy) () is lower or comparable

to single quanta of mechanical vibrational energly (), so that NEMS can only

have few phonons. While having a high frequency NEMS device and lowering the
bath temperature in a cryogenic setup seems as a straightforward solution, having
an e cient mechanical to electrical domain transduction which will be capable of
measuring single phonon excitation while not increasing the temperature of the
device has also been a critical challenge.

A pivotal advancement in addressing this challenge has been the successful ground-
state cooling of NEMS device, achieved by coupling the resonator to a supercon-
ducting qubit. In this approach, the qubit is driven to preferentially absorb energy
from the resonator, and can cool the mechanical resonator by extracting phonons.
Ground state cooling of a NEMS resonator was achieved with various methods, by
coupling to a optical cavity [52], phonon cavity electromechanics [53], squeezing
mechanical motion [54], and coupling to superconducting qubits [16, 18]. Most
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recently, the nonlinearity from transmon qubits has been exploited to directly resolve
the energy levels of a PnC NEMS resonator [13].

NEMS devices are exceptionally well-suited for this type of quantum coupling
due to several inherent advantages. Their nanoscale dimensions, high mechanical
quality factors, and high resonant frequencies make them an attractive platform for
strong motional coupling to other quantum systems, such as superconducting qubits
and microwave or optical resonators. These features have signi cantly attracted
researchers from the quantum information eld, leading to the exploration of NEMS
devices as potential quantum memories [55] and as transducers [56] for e cient
conversion between microwave and optical photons.

While the operation of NEMS devices in the quantum regime has been gaining
popularity for quantum information processing applications, they have also proven
invaluable platforms for studying the fundamentals of quantum mechanics itself.
As in any solid-state material, the performance of NEMS resonators in the quantum
regime is signi cantly a ected by energy exchange with two-level system (TLS)
defects inherent within their materials. A clear evidence of this interaction was ex-
plored in studies investigating the loss channels in piezoelectric PnC resonators [23]
and the increased loss and frequency red-shift observed below 1K is contributed to
TLS interactions. Consequently, NEMS resonators operating in the quantum regime
serve as ideal platforms to investigate complex phonon physics and the nature of
TLS interactions, topics we will delve into in greater detail in the following chapters.

2.4 Quantum Sensing with NEMS

As NEMS technology continues to develop within the quantum regime, it holds
great potential for the ultrasensitive detection and characterization of individual
small particles, particularly proteins, extending beyond mass sensing [57]. This
capability can open new opportunities for a deeper understanding of proteomics [58].
From a physics perspective, proteins can be modeled as intricate, nature-made
nano structures, comprised of various combinations of carbon, hydrogen, oxygen,
nitrogen, and sulfur atoms, along with specic functional groups (e.g., amino,
carboxyl) depending on the protein type. Some proteins even contain single heavy
metal atoms (e.g., an iron atom in hemoglobin), e ectively acting as a nature-
made atomic-scale trap. These complex, solid-state protein structures possess their
own intrinsic vibrational modes and structural resonances. In the quantum regime,
where thermal noise is minimized and quantum interactions become dominant,
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the subtle energy exchange and coherent coupling between NEMS resonators and
these molecular structures can become signi cantly more apparent and measurable.
Therefore, this rapidly developing technology presents a transformative potential
for advancing proteomics, enabling characterization at an unprecedented single-
molecule level.

While the sensing and characterization of proteins with NEMS in the quantum
regime represents the ultimate goal of our group's vision, achieving this demanding
level of performance rst requires a deeper understanding of NEMS devices oper-
ating in this regime. This critical understanding can only be attained by studying
the interactions between the NEMS device and TLS defects, as these are currently
recognized as the dominant source of energy dissipation and decoherence in such
systems. In the following chapter, we will therefore cover the TLS model of these
material defects, before delving into their interactions with our NEMS resonators.
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Chapter 3

TUNNELING SYSTEMS IN SOLIDS AT LOW TEMPERATURES

In the early 1970s, the physics community was puzzled with the anomalous prop-
erties of amorphous solids at low temperatures. The experiments performed with
di erent glasses at liquid helium temperatures demonstrated that the speci ¢ heat
of amorphous solidaniversallyvaries nearly linearly)() with temperature below

1 K[1]. The Debye model which su ciently explains the temperature dependence
of speci ¢ heat of crystalline materialg ) was not adequate for this observed
behavior in disordered solids. Within few years, the tunneling model was sug-
gested [2, 3] and proven to be a useful model to describe the properties at low
temperatures. After many years of research and experiments, it has been known
that the low-temperature properties of solids largely in uenced by the contribution
or interaction with tunneling systems [4].

Figure 3.1: TLS Defects Models from Literature. Depicted here are several
atomic-level models for the formation of TLS defects within a solid. Examples in-
clude individual atoms or group of atoms undergoing quantum tunneling, exhibiting
collective motion, and the in uence of structural imperfections such as dangling
bonds and hydrogen defects [59].

The microscopic nature of these tunneling systems remains one of the important
open guestions in condensed matter physics to date. The standard tunneling model
(STM) predicts that atoms, a group of them, or more complicated atomic structures
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can have two nearly degenerate con gurations energy states separated by a barrier,
modeled as a particle in double-well potential [60] and simply de ned as a two-level
system (TLS). While amorphous materials host an abundant number of TLSs, sim-
ilar tunneling states can also manifest from atomic-scale defects within crystalline
materials, on surfaces, and at material interfaces [61 63]. Some of the example
mechanism is demonstrated in Fig. 3.1. The properties of these TLS defects are
in uenced by their local environment in the disordered atomic lattice. Due to a
wide-range of local environment, their potential barrier varies and, therefore, their
energies and relaxation times. The standard tunneling model assumes very broad
intrinsic parameters of the TLS's.

TLS defects have been observed and studied in various quantum devices, includ-
ing circuit QED systems, microwave resonators, optical cavities, superconducting
gubits, and nanomechanical resonators. As a TLS behaves like a nonlinear quantum
object, its interaction with bosonic elds is of particular interest for applications in
guantum sensing and information processing. However, in many applications, TLS-
induced defects are a signi cant source of noise and decoherence and are avoided.
Nevertheless, these interactions are unavoidable with the current technology and a
thorough understanding of their behavior is essential. This work aims to characterize
and understand TLS interactions within the mechanical domain using our NEMS
resonators. In this chapter, we will quantitatively analyze how a TLS couples to a
phononic eld.

3.1 Two-Level System Model

According to the standard tunneling model, a TLS is represented by a double-well
potential demonstrated in Fig.3.1. Key parameters de ning this system are the
tunneling energy between two wells, denoted as and an asymmetry energy

Y, which represents the energy di erence between the two minima of the wells.
The tunneling rate ¢ represents the coupling between the two states, and using
Wentzel-Kramers-Brillouin (WKB) approximation, it is expressed as

0:\| 04 - (3.1)

where__is the tunneling parameter. can be written in terms of the double-well
potential parameters as

= 3 (3.2)
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Figure 3.2: Double-well Potential Model for a TLS. The double-well potential
energy landscape for a TLS. A particle can reside in two minima separated by an
energy barrier. The energy di erence between the two-wells is the asymmetry en-
ergyY and quantum tunneling between these wells is characterized by the tunneling
energy o. The energy eigenstatgg, i andjk i, are formed by superpositions of

the localized states, with an energy separation giveyl hy .

Here, m denotes the mass of the particle, V is the barrier height relative to the energy
minima, and d is the separation between the two minima along the con gurational
coordinate. These tunneling states arise from various local atomic con gurations
and structural rearrangements which leads to a wide spectrum of parametgrs of
andy.

According to this framework, the asymmetry energy is assumed to have a uniform
distribution which suggests that any two local con gurations are equally likely
within a certain range [4, 59]. On the other hand, the exponential dependence on
the tunneling parametermeans that o can span many orders of magnitude even
for small variations in barrier height or width. Therefore, it is generally assumed
that ¢ is logarithmically distributed. A key assumption of the tunneling model is
that [2, 3] the density of statedY— (° for the TLS should be a constant in terms

of the parametergand_:

%Y—°3Y3 = %3Y3_ (3.3)
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where% is the constant density. It is convenient to use as independent variables
oandyY:

0,
%WY— °3Y3 o= 2233 ¢ (3.4)
0

We can de ne a convenient basis for this systgim: andj' i, which represent the
particle localized in the left and right potential well, respectively. Hamiltonian of
such a system is

1Y
s =5 . \f . (3.5)
By using the Pauli operators
! !
1 0
fg= and f,| = 0 1 (3.6)
we can write the standard compact form of the TLS Hamiltonian:
LS = gf s Eof ¢ (3.7)

Solving for the eigenvalues of this Hamiltonian, we nd the energy levels of

14 >
5 V.8 (3.8)

and the energy di erence between these two states, referred as energy splitting, is
denoted by

q
\ TLS — W s g (39)

and this de nition allows us to write the energy eigenvalues as=  +2. The
TLS Hamiltonian takes a diagonal form with these eigenvalues on its diagonal:

1
TLS = §\| yi¢ Fre (3.10)

The true eigenstates of the Hamiltonian can be written as superpositions of the local
eigenstateg | andj! i as;
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ik i j6i =cogWejli simlj i (3.11)

ki jdi =simWjli, coslpj' | (3.12)

where the mixing angl@U is de ned by the ratio of the tunneling energy to the
asymmetry:

tant2u° = 70 (3.13)

Therefore, anglé) characterizes how the original localized states are mixed to form
the true energy eigenstates of the TLS.

This basic formulation provides the fundamental structure of the TLS model. By
leveraging the derived density of states, one can show that materials containing TLS
defects exhibit a specic heat, / ) at low temperatures, a deviation from the
Debye model's 2 dependence. While this chapter focused solely on the intrinsic
properties of TLS, our primary interest lies in their interactions with the environment
and phonons, which will be explored in detail in the following section.

3.2 TLS Interactions

In amorphous materials, the ensemble of TLS defects interacts with oscillating
elds, such as the electric eld in a microwave resonator or the strain eld in a
mechanical resonator. This interaction is the microscopic origin of both energy
dissipation and a temperature-dependent shift in the device's resonance frequency
at low temperatures. The nature of this interaction can be separated into two distinct
types: a resonant (on-resonance) process that governs energy loss, and a dispersive
(far-from-resonance) process that governs frequency shifts.

The primary mechanism for energy loss at low temperatures and low powers is the
resonant absorption of energy quanta by TLS. This occurs when the energy of TLS
is in close proximity of the resonance frequenty) A TLS in its ground state

can absorb energy (a phonon) and transition to its excited state, e ectively removing
energy from the resonator eld. This dissipative process is described by the TLS-
induced loss tangenX( . The loss tangent depends on both temperajuyreutd

the average number of photons in the resonatpras described by Eq. (3.14):
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(3.14)

1, =e =,

where \ is the intrinsic loss tangent, the term in the numerator re ects the
population di erence between the ground and excited states of the resonant TLS, as
dictated by Boltzmann statistics, and term in the denominator describes the power
dependence wher is the critical photon number.

The quality factor limited by TLS interactions, shown in Eqg. (3.15), is given by [23]:

= Yo — 1 _ 15 == .
&) =-) " . (3.15)

This equation clearly shows that tBefactor increases (loss decreases) with both
increasing temperature and increasing drive power, which are hallmark signatures
of TLS-dominated loss in resonant devices.

While resonant TLS cause dissipation, the vast majority of TLS are o -resonant
(I'yi ¢ <1 a). These TLS cannot easily absorb energy from the eld directly.
Instead, they undergo a dispersive interaction, where they are virtually excited and
de-excited by the driving eld. This collective interaction of the entire o -resonant
TLS ensemble alters the e ective dielectric constant or elastic modulus of the
host material. Since the resonance frequency of a device depends on its material
properties, this change manifests as a temperature-dependent shift in the resonance
frequency] a

This fractional frequency shift is described by Eqg. (3.16):

A X gy L Ma Vs )
| A)® ©C 2° 2c8: ) 2c: )y,

. (3.16)

This relation tells us that the magnitude of the frequency shift is proportional to the
same intrinsic loss tangenﬁ ( that governs the resonant loss. This is expected be-
cause they are two consequences of the same underlying TLS defect population, just
at di erent frequencies. The complex expression involving the Digamma function

( ) and the logarithm arises from integrating the dispersive response over the entire
energy distribution of the o -resonant TLS. This mathematical form accurately pre-
dicts the characteristic logarithmic temperature dependence of the frequency shift
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observed at low temperatures, which transitions to a di erent behavior at higher
temperatures:() | \I p).

In summary, the resonant interaction with a small fraction of TLS leads to energy
loss (L*&), while the collective dispersive interaction with the entire population
of o -resonant TLS leads to a temperature-dependent resonance frequency. We
observe these a ects in our experiments discussed in next chapters.

3.3 Strong Coupling Model
Here, we will quantitatively study when a single TLS strongly interacts with a
phononic mode of a nanomechanical resonator.

In the linear regime, each mechanical vibration mode of the NEMS resonator can
be modeled as a quantum harmonic oscillator with a vibrational frequeacyhe
Hamiltonian for this single mechanical mode is then written as

m=\1 .00 (3.17)

wherel <+2c is the frequency of the mechanical mode, &DY° are the annihi-

lation (creation) operators. The Hamiltonian is proportional to the number operator
# = 0Y0 and its eigenstateg{ ) known as Fock states (or number stajes)corre-
sponds to an energy- = \| <=yielding an equally spaced ladder of energy levels.
The di erence between consecutive levels\$ ¢), representing the energy of a
single phonon. At a cryogenic stage temperature of roubdnkK, the unperturbed
mechanical mode primarily remains in its ground stgde)( Occasional phonon
excitations may arise through thermal processes, and can also be actively driven by
an external eld.

We revisit the TLS Hamiltonian we derived in Eg.3.10 and introduce TLS raising
(lowering) operators:

f =jdin6jandf = j6ihdj (3.18)

which represents the excitation frodi to j4i and the relaxation fronpi to j6i,
respectively. For convenience when modeling energy exchange with the resonator,
we shift the energy scale to set the ground sj@it¢o zero energy, resulting in the
Hamiltonian:
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TLs =\l isf f e (3.19)

TLS can couple to the mechanical motion of the resonator through the local strain
eld. As the resonator vibrates, it creates an oscillating str@invhich in turn can
modulate the energy levels of the TLS. The magnitude of the strain is proportional
to the resonator's displacement, which is described in the quantum picture by the
operatorG= G0, 0Y°, whereGyt is the zero-point uctuation amplitude of the
mechanical mode.

The interaction between the TLS and the strain eld can be described by an in-
teraction Hamiltonian, . In the most general case, the strain can both shift the
energy splitting of the TLS and induce transitions between its ground and excited
states. These two e ects are known as longitudihalgnd transversé @) coupling,
respectively.

Thetransversecoupling is essential for the coherent exchange of energy and can be
expressed using the raising and lowering operatofsasf | f . The transverse
interaction Hamiltonian is therefore:

intx =\ 6ctf , f °10, 0Y°e (3.20)

Here,6¢is the transverse coupling rate. This is the term that enables the resonant
exchange of a single phonon from the resonator for a single excitation of the TLS,
and vice versa. There is alkmngitudinal coupling:

intz =\ 6f 10, 0% (3.21)

which modulates the TLS frequency. As we are interested in on-resonance condi-
tions ( T.s | <), we can omit this term as it is more dominant and related to
dispersive coupling. Combining the individual Hamiltonians for the mechanical
mode, the TLS, and the transverse interaction, the total Hamiltonian for the coupled
system is:

=\1 <0Y0  \l 7sf f ,\6gf ,f 010, QYo (3.22)

This Hamiltonian is often simpli ed by moving into an interaction picture and apply-
ing the Rotating Wave Approximation (RWA). The RWA is valid when the coupling
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strength is much smaller than the resonator and TLS frequer&ies { <—It.s)

and when the two are nearly resonaht( | 1.s). In this approximation, we
neglect the rapidly oscillating terms that do not conserve energy on average. These
are the "counter-rotating" terms, namély0¥ (simultaneous creation of a phonon

and a TLS excitation) anfl 0 (simultaneous annihilation of both).

Under the RWA, the transverse interaction term simpli es signi cantly, and the total
Hamiltonian takes the form of the Jaynes-Cummings model, adapted for a quantum
acoustic system:

3c=\1 <00, \l rusf £, \6f 0, f O (3.23)

where 6 is the e ective coupling rate (related t6g). This Hamiltonian is the
cornerstone of cavity quantum electrodynamics and its solid-state analogues. The
rst two terms describe the free evolution of the mechanical mode and the TLS,
respectively. The third term is the crucial interaction term, describing the coherent
exchange of a single quantum of energy between the two systems. It is this term
that gives rise to the hybridization of the mechanical and TLS states, leading to
the formation of new eigenstates, often called dressed states, and the characteristic
vacuum Rabi splitting that is the hallmark of the strong coupling regime, which we
will experimentally study in the following chapters.

In the experiments, the mechanical motion is excited by an applied electrical eld
through piezoelectric e ect via the microwave signal input. For the quantitative
formulation, we can consider that the resonator is coupled to the continuum of
electromagnetic modes in the input transmission line. The interaction at the input
port allows the resonator mod@eto exchange energy with the eld modésl ° in

the line. The input eld for a monochromatic drive at frequerhcycan be written

as:

hlin Q@i = Up4 813¢ (3.24)

whereU, is the amplitude of the input eld. The average photon ux of the input
signal isjUnj?, which is proportional to the input pow@tvia %= \1 3jUnj2. This
input eld drives the resonator mode via the piezoelectric coupling. The e ective
Hamiltonian describing this drive process is given by:



23

arve = 8 PGI0MY 1T OYhL1CI° (3.25)

where”, is the coupling rate between the resonator and the transmission line, which
guanti es the e ciency of energy conversion between the electrical and mechanical
domains. Inserting the expression for the classical eld amplitude, we obtain:

arive = 8 P 410U, 4815C QYU 4 B13@s (3.26)

By choosing the phase of the input drive such tbigtis real and positive, and
factoring out common terms, we rearrange this to obtain the nal form of the drive
Hamiltonian:

drive = 8 p7T4Un1048| € 0Y4 83, (3.27)

Together with the Jaynes-Cummings Hamiltoniagc (from Eq. 3.23), the full
system is now de ned by the full Hamiltonian:

ane\=1 <00, | 1 sf f  gtOf | Of ©, & 7U,1048'5C ov4 815G, (3.28)

We then move to the rotating frame at the drive frequehgyby the unitary
transformation with:

*1Q = exp 81380Y0, f f © « (3.29)

The Hamiltonian in this new rotating frame,°, is given by the relation © =
*on* Y, 8tng @ Y. Applying this transformation makes the drive term time-
independent and shifts the energies of the resonator and the TLS. The resulting
Hamiltonian is:

%\= 11 . 13°0Y0,1] 75 | 3°f f ,610f , O'f O,Epﬁunlo 0Y0. (3.30)
We can simplify this expression by de ning the detuning frequencies relative to the

externaldrive < =1 « | 3and t.s=1I t.s | 3, andthe naltime-independent
Hamiltonian in the rotating frame can be written as:
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0

\
This is the primary theoretical tool for describing our system's behavior under an
external drive.

5

= w00, msf f ,gOf O &MU, 0 O« (331

3.3.1 Equation of Motion

The Hamiltonian derived in Eq. 3.31 describes the coherent, internal dynamics of
the coupled resonator-TLS system under an external drive. However, in any real
experiment, the system is not perfectly isolated. It inevitably interacts with its
surrounding environment, leading to irreversible processes like energy decay and
decoherence. To provide a realistic description, we must treat our system as an open
guantum system.

The evolution of the system's density matrd,is described by the Lindblad master
equation [64]. It is important to note that this formalism relies on the Born-Markov
approximation. This approximation assumes the coupling between the system and
its environment (bath) is weak, so the state of the bath is not signi cantly altered [65,
66]. Moreover, it assumes that the bath has no memory of the system's past; its
correlation time is much shorter than the characteristic timescales of the system's
evolution. In this memoryless limit, the system's future evolution depends only on
its present state. For most solid-state quantum devices at cryogenic temperatures,
where the environmental uctuations are very fast, these approximations are well-
justi ed [67].

The general form of the Lindblad master equation is:

~

8 [0
¢= > Cd,. D»l g (3.32)
9

where the gare the Lindblad operators or jump operators, each describing a speci ¢

channel of interaction with the environment. The Lindblad superope@tdryal,
is de ned as:

D»' W 1d! Y %M!d divio. (3.33)

Our system has two primary components that couple to the environment: the me-
chanical resonator and the TLS. The mechanical mode has an intrinsic energy loss



25

rate,gand we can model this as coupling to a thermal bath at tempejatureich

has an average phonon occupargy= 4''<** ) 1° 1. This opens two dissi-

pation channels: loss of a phonon to the environment, with operd@ry, . 1°0

and absorption of a thermal phonon, with opergtbﬁoy. The resonator is also
coupled to the external waveguide at a raje This waveguide can function as

a thermal bath at temperature T, therefore, it is a good practice to use total decay
rate™ = g, "4 instead of*g but for our system the dominant term is found to be

g These terms also can be considered as spontaneous emission and absorption of
phonon due to thermal bath interactions.

Similarly, the TLS interacts with its environment at a réifgs. Assuming the same
thermal bath, decay fron#i to j6i, with operator W s'=, 1°f  and thermal
excitation fromj6i to j4i, with operat0|p Wis=mf .

Combining the unitary evolution from © with all four dissipative channels, we
arrive at the complete master equation for the system's density nuatrix

= \§ O g4 M=, 1°D>0U , AgnD >0

, Wis'=th, 1°D>»f Y, Wis=nD»f i (3.34)

This equation provides a complete description of the system’'s dynamics and is the
foundation for simulating experimental observables. Solving the master equation
for the density matrixd allows us to predict the outcome of any measurement on
the system. One can typically solve for the steady-state density metrixQ for
continuous-wave experiments, or integrate the master equation over time for pulsed
experiments. For our experiments, we are mostly interested in steady-state solution.

The average number of phonons in the resonator,is the expectation value of the
number operato#t = 0Y0:

i = F0Y0i = Tri0Y0 dos (3.35)

Plottingh=i versus drive frequency reveals the system's resonance spectrum. Coher-
ences are captured by the o -diagonal elements of the density matrix. The complex
amplitude of the resonator's motion is given by:

FOi = Tri0d° (3.36)
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which directly relates to the measurable output eld of the device. We can use
this to simulate the re ection coe cient of the coupled system. The complex value
of Miss quanti es the coherent state amplitude of the mechanical resonator mode.
We can relate this internal mode amplitude to the external eld which is actually
measured. Using the input-output theory for one port system, the operator for the
output eld, Oqyy, is related to the input eld(;,, and the internal system operator,

0, by the following relation [68]:

Uout = U, " 750 (3.37)

Note here that the sign of this can change depending on the choice of the drive
term in the Hamiltonian. The re ection coe cienf 1 is de ned as the ratio of the
complex amplitude of the output eld to that of the input eld. Using our notation
where the input drive amplitude $,, we have:

o — Yout,
Uin

(12 3 (3.38)

By numerically solving foiDi ssat each drive frequendys across a desired range,

we can fully reconstruct the re ection spectruj;1!l 3°j, and its phase, which, as

we will see, is directly compared to the data measured experimentally. But rst, we
shall explain the experimental methods used for these quantum measurements in the
next chapter.
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Chapter 4

EXPERIMENTAL METHODS AT CRYOGENIC
TEMPERATURES

[Door meten tot weten] By measurement to knowledge...

H. K. Onnes

Experimental physics has been an essential instrument for physicists to test their hy-
potheses and explore the laws of nature. This is particularly true for low temperature
physics, where the exploration of a new phenomena at cryogenic temperatures has
consistently pushed the boundaries of our knowledge. At the core of these explo-
ration lie a well-engineered experimental setups for the measurements to take place
in an environment that is vastly di erent from our own. Therefore, it is important

to review the cryogenic methods used in this work.

The foundations of low temperature physics were laid in 1880s, where there was
a great e ort on liquefying of common gasses. The most common method used
for the liguefaction was to use pressure cycles and cool down the liquid until its
boiling temperature. By using this method, oxygen (1877, 90 K), nitrogen (1883,
77 K), hydrogen (1898, 20 K), and lastly helium (1908, 4K) was lique ed (Fig. 4.1.
The signi cant time gaps between these milestones underscore that advancing cryo-
genic methods was a slow process, demanding years of dedicated engineering and
development. After the liquefaction of helium, entirely new experimental methods
were necessary to achieve even lower temperatures. Decades later, the idea of using
the enthalpy of mixing between isotopes of heliutHé¢ and*He) was proposed to

break the 1 K barrier. After years of dedicated development, this was successfully
demonstrated in 1964, marking the age of millikelvin (mK) temperatures. Today,
this dilution method is the cornerstone of modern commercial refrigerators that
systematically provide the ultra-low temperature environments required for a vast
range of quantum physics experiments.

Each time a new record low temperature was reached, it emerged naturally for
physicists to ask how the fundamental properties of matter would behave. Although
low temperature physics and quantum mechanics initially grew as separate disci-
plines, this motivation turned the cryogenic laboratory into the ideal playground for
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Figure 4.1:Advancements in Low Temperature PhysicsEvolution of the record

lowest temperatures achieved in cryogenic systems over the years with key milestones
indicated. Lower temperatures have been reached through successive innovations
in local cooling techniques; however, dilution refrigerators remain the most widely
used cryogenic platform for condensed-matter physics experiments.

guantum exploration and enabled landmark discoveries like superconductivity. For
our experiments with NEMS devices at low temperatures, our motivation is not so
di erent as we are interested to know how the mechanical motion of solids behaves
and interact with its environment in quantum regime. Exploring and studying this
behavior demands systematic measurements and through analysis. And every good
measurement starts with a good experimental setup.

From a practical perspective, building a cryogenic setup might be considered anal-
ogous to preparing a space mission; the entire experiment is assembled at room
temperature and must be engineered to function after cooling. This requires careful
consideration of di erent e ects, including the thermal and electrical e ects. Con-
sequently, the material selection is critical to ensure proper thermalization, electrical
conduction, or insulation as desired. The complexity is further exempli ed by the
wiring for microwave measurements, which demands specialized techniques and
di erent considerations for actuation versus detection lines to manage heat loads
and signal integrity. Given the brief introduction to experimental methods for low
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temperature physics here, in the following sections of this chapter, we will cover
the details of cryogenic experimental setups that was used in this work for the mea-
surements of NEMS resonators. | had the fun and privilege of developing multiple
cryogenic setups in the lab, and | wish the methods and knowledge gained from
rigorous work, trial-error methods explained here will be useful to some in the eld.

4.1 Cryogenic Coolers

There are two types of cryogenic setups used during this work; dilution refrigerator
where most of the measurements in quantum regime performed (Chapter 5 and
6), and the hybrid platform consists of continuous ow cryostat and the mass
spectrometry where NEMS-mass spectroscopy experiments (covered in Chapter 7)
took place. The characterization of NEMS devices in quantum regime was done in
a dilution refrigerator which can achieve millikelvin temperatures. In this section,
the details of the both setups are discussed.

4.1.1 Continuous Flow Cryostat

The continuous ow cryostats are one of the earliest methods for cooling the solid-
state materials to the temperatures of the boiling point of the cryogen. Here, we will
mainly focus on the operation of Lakeshore Super Tran-300 continuous ow cycle
cooler. The operating principle of the cryostat derives directly from the evaporative
cooling. The liquid cryogen is stored in a vacuum insulated container, which is
called dewar and no di erent than thermally insulated thermoses everybody use,
and trans ered to the surface where the heat exchange will take place. The ow
of liquid cryogen can be achieved by taking advantage of the vapor pressure inside
the dewar, which is similar to water jugs with a water pump dispenser on the top
found in many homes. As the cryogen vapor pressure inside the dewar builds up,
this forces the liquid through a transfer line that extends to the base of the dewar.
The transfer line is usually a vacuum insulated metal bellow to preserve the cryogen
in its liquid state throughout the transfer line. The ow of the cryogen is controlled
by a manual needle control valve. Upon exiting the transfer line, the liquid cryogen
contacts with the cold nger which is thermally conductive, usually made out of
copper for high conductivity. As the liquid cryogen evaporates upon contact, it takes
up some energy from the environment by

&= =l (4.1)
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where& is the cooling power,( ), =is the mass ow rate (kg/s) across the liquid-
vapor boundary, andl is the latent evaporation heat per particle (J/kg). Mass ow
rate is proportional to the vapor pressure

2/ Hyapt) © (4.2)

which has a4 *) dependency. Therefore, the cooling power decreases rapidly as
temperature decreases.

After this energy exchange gas leaves from the exhaust to the ambient pressure.
Continuous replenishment of cryogen liquid can achieve evaporative cooling close
to boiling point of the liquid. Final temperature is reached when there is a balance
between the cooling power and heat sources such as heat from transfé&jigke (

and external heat from experimen&.(;). At the steady state, cooling power and
these heat sources will balance

&’cooling = &ine , Lext (4.3)

and the nal temperature achieved will be dependent on these external factors [69].
Therefore, to reduce these heating factors, cryogenic systems require engineering
for good isolation and e cient cooling. The schematic of such evaporative cooling
operation is demonstrated in Fig.4.2.

Although the working principle is straightforward, handling cryogens require extra
attention for safety and the continuity of the operation. The cryostat is made of all
passive components, there are no active components that ows the liquid into the
transfer lines, only the vapor pressure inside the dewar. Therefore, the challenge
lies in maintaining the ow of the cryogen for longer hours. This control is adjusted
only by the ow regulator valve. If higher ow rate is needed, an external pump can
be connected from the exhaust port of the cryostat. The key to nd the right balance
is to observe the amount of vapor that comes out of the exhaust of the cryostat and
the pressure inside the dewar. If the regulator valve is open more than it needs to be,
then the ow in the beginning will be so high and you will observe liquid coming
out from the exhaust. Eventually the dewar pressure will go down, and then the ow
will be intermittent and not continuous. The cryogen liquid will be consumed in
couple hours (depending on the size of the dewar) without making su cient use of
it. In an ideal setting, opening the valve only slightly would give su cient cooling
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Figure 4.2: Continuous Flow Cooling. Schematic of a continuous ow cryostat.
Vapor pressure in the dewar drives liquid cryogen through a vacuum-insulated
transfer line to a heat exchanger which is the contact surface that is connected to
the device under test inside the vacuum. The cryogen evaporates as it absorbs heat,
cooling the surface, and the resulting gas is vented through the exhaust.

to maintain the minimum temperature reached, observed by stable dewar pressure
and the stable exhaust in gas form. In the initial cooldown, valve can be opened up
further to decrease the cooldown time as the evaporation will also be faster initially,
however, if the liquid is coming from the exhaust that means the ow is so faster
than it should be, thereby the cryogen is basically wasted.

During the start of the operation, the dewar must be lled close to full, to build up the
vapor pressure faster, otherwise, the pressure necessary for the liquid ow will take a
while to build up. Note that the uctuations in the dewar pressure at the initial stage
is expected and this behavior is caused by the shape of the dewar. The dewar's body
has a cylindrical shape which turns into a cone shape and then a smaller diameter
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cylinder until the mouth. Therefore, as the liquid level reduces inside the dewar,

vapor volume increases nonlinearly until the liquid level reaches the cylindrical main

body of the dewar. Once it reaches, then the pressure stability holds till the cryogen
nishes. Therefore, it is worth to observe the initial temperature drop and the dewar

pressure.

In the most recent years, this kind of cryostats have been mostly replaced by the
closed cycle coolers. One of the main reasons is that in continuous ow cryostats,
cryogen liquid is consumed and boil-o gas upon contact with the cold nger is
usually exhausted to atmosphere. Therefore, cryogen liquid has to be resupplied for
each cooldown and extended operation time at the low temperatures. This reduces
the e ciency of the method, whereas in closed-cycle coolers there is no waste of
cryogen. This becomes more critical subject especially when an expensive cryogen
is used. Nevertheless, continuous ow cycle coolers retain some advantages, for
example, they are more compact and do not have any active components, such as
pumps, compressors, or pulse tubes. Therefore, there is less vibration which can be
very important depending on the application. Moreover, these cooling method often
reaches to the base temperature faster than closed cycles. In conclusion, continuous
ow cryostats can be a good choice depending on application. In our system, we
use such cooling in our NEMS mass sensing experimental setup.

The minimum temperature achieved in this type of cooling is determined by the
boiling temperature of the cryogen at the ambient pressure. There are two commonly
used cryogens for this kind of cooling; nitrogen and helium. Although the cryostat
and the working principle remains the same, cooling procedures vary by the type of
the cryogen which we will discuss in the following subsections.

4.1.1.1 Liquid Nitrogen Cooling

Liguid nitrogen (LN2) is the most convenient cryogen for an easy and cheap operation
that can reach to temperatures around7 K. The safety protocols should be
followed carefully while transferring the LN2 to the dewar. While putting the tip of
the transfer line into the dewar, one needs to make sure that the dewar leg is clean
and warmed up from the previous cooldown. If the inlet holes at the tip of the dewar
leg stays cold from the previous cooldown, the moisture in the air will freeze on
the surface and block the intake valve with ice and there will be no cryogen intake.
After carefully installing the dewar leg, the other end of the transfer line (cryostat
leg) can be installed to the cryostat and then cooling can be started.
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It is completely safe to leave the exhaust open to air while working with LN2. In
time, ice will build up around the exhaust due to freezing of moisture in the air. It
shouldn't build up so much if the ow is maintained at optimum level, but if it builds
up so much it might lead to blocking of the exhaust line. Therefore, the best action
is to connect the exhaust port to a pipe.

Once all of the LN2 in the dewar is consumed, one can quickly tap the dewar without
warming up the whole system, but should follow the procedure to make sure no clog
in the transfer line.

4.1.1.2 Liquid Helium Cooling

Liquid Helium (LHe) can reach to temperatures around K, however, we could
achieve slightly higher temperatures than that due to the heat loads in the system.
Working with LHe is more challenging than handling LN2. One reason is that
helium has lower latent heat so it will evaporate much faster than nitrogen gas, if
handled wrong, pressures can increase drastically with the evaporation of LHe and
cause damage to the cryostat. Also, LHe is much more expensive than LN2, and
this is the reason why LHe is not popularly used in continuous ow coolers due to
the waste nature of the method. Therefore, there must be some extra steps taken
when operating with LHe.

Since LHe is expensive, one can choose to use LN2 for initial cooling and then switch
to LHe. However, this method should be done very carefully. Before transfering the
LHe through transfer leg, the line has to be under vacuum, because if the line has
some trace gasses such as nitrogen, oxygen, LHe temperatures will freeze them to
solid and clog the transfer line which will lead to rapid pressure build-up. Once this
happens, there is no way back but to remove the transfer leg and warm it up until
the line is clear again.

The safe operation of LHe is achieved with the implementation of rough pump
from the exhaust port of the cryostat. The transfer line is vacuumed with initial
pumping and then the regulator valve is opened to let LHe ow. During initial
cooldown, the valve should be opened and closed with increasing periods of time
for approximately 5 minutes to make sure the helium is able to ow without problem

in the line. This can be observed with a pressure gauge connected to the outlet of
the rough pump, pressure oscillations must be observed correlated with the valve
opening and closing. After this initial gusting, pump could be turned o , otherwise
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it will consume the LHe very rapidly, and LHe will keep owing with its vapor
pressure just like in LN2 case.

After the operation, LHe ow can be stopped with the valve, and it is recommended
to start the pump again to prevent build-up solids inside the exhaust line and the
transfer leg.

4.1.2 Dilution Refrigerator

The closed cycle coolers are the most e ective way of cooling as the cryogen liquid
is conserved during operation and the low temperatures can be attained continuously
without interruption. The most famous example of this type of cooler is the dilution
refrigerator which have gained popularity with the recent advancements in quantum
research. The working principle of a dilution refrigerator is an fascinating subject
that involves admirable engineering and knowledge of quantum physics. One can
learn how to operate a dilution refrigerator just by following the steps in the manual,
however, becoming a master of it requires understanding the fundamental principles
that are used in the cooling process and gaining an intuition from it.

A dilution refrigerator has two main cooling mechanisms. The rstis the two-staged
pulse-tube (PT) cooler, which provides the initial cooling of the dilution unit from
room temperature down to 4 K. The rst stage of the PT is connected to 50 K
plate and provides 50 W cooling power, whereas the second stage is at the base
temperature of 4K with 1-2 W cooling power and can be connected to other plates
thermally with heat switches. The working principle of the PT unit is very similar
to any refrigeration cycle, which relies on cyclic compression and expansion of the
working gas, which in this case is helium. With this method, stable temperature
around 4 K in the unit is achieved. Moreover, the PT coolers are designed to have
no moving parts at the cold head to prevent any mechanical vibrations that could
interrupt the measurements.

Dilution unit use the heat of mixing of the two helium isotopes to obtain low
temperatures and allow continuous operation at the base temperature. These isotopes
are*He, which is the most common helium, afide which is very expensive and
acquired as a byproduct of a nuclear reaction or sparsely found in natural resources.
“He obeys Boson statistics and has a super uid transition temperaté DK,
whereas missing a single neutrdde has a spin 1/2 and therefore obeys Fermi
statistics and has a transition temperature much lower thEn The transition
temperature of the mixture depends on the concentratiotHefand the phase
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Figure 4.3:Phase Diagram of Liquid ®He-*He Mixtures. The diagram shows the
normal uid and super uid phases ofHe-*He mixtures, separated by the lambda
line. Below the tricritical point at 0.87 K, the mixture enters a two-phase region
where it separates into®#le-rich (concentrated) phase antHe-dilute phase. This
phase separation is the foundational principle of dilution refrigeration. The date
plotted here is adapted from Pobell [69].

diagram offHe/*He mixture is demonstrated in Fig.4.3. Below 0.87K, thef*He
mixture liquid eventually separates into two phases, one riétdmand the other
rich in He which oats on top of the mixture. As temperature approaching the
zero, the®He concentration has a nite value arouéel% and this nite solubility

is of utmost importance for 3He 4He dilution refrigeration technology.

Enthalpy, of this mixing is given by

1

/ 3) (4.4)
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Figure 4.4:Schematic of a Dilution Refrigerator Unit. ConcentratedHe enters

from the top, is pre-cooled by a series of heat exchangers, and passes through a ow-
limiting impedance before entering the mixing chamber. In the mixing chamber,
the primary cooling occurs &le atoms move from the concentrated phase to the
dilute phase, reaching temperatures in the millikelvin range. 3Freethen travels

to the still, which is heated to approximately 0.7 K to selectively evaporaté-be

This vapor is removed by a pump and re-circulated to sustain the cooling cycle.

and the speci ¢ heat capacity of concentrated and dil8kéelare proportional to T
at low temperatures, the cooling power follows

& G /)2 (4.5)

dependency. To take advantage of this cooling power, we need to takd@from
the diluted phase, which sits at the bottom of the mixture, and thenfrom the
concentrated phase will cross the phase boundary with a molar ow=gatend
will generate cooling power associated with
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@cooling ==l 41)° ) /) 2 (4.6)

According to this calculations, it is clear that we can achieve continuous cooling
power if we can continuously remove thide from diluted phase. The way to do that

is not that di erent than distill processing in beer making. In a dilution refrigerator,
mixing chamber, where the mixing process take place, is connected to a distiller,
which is a 'still' stage and distills théHe from the diluted phase. A small heat
applied to the still stage removes some of $rke which collected by the external
pumping process. At the same time, returnifig during the circulation is cooled

by the outgoing low temperatu?éle via well-engineered heat exchanger that reside
in cold plate which is a stage between the mixing chamber and the still. ¥Hen,

is added back to the mixing chamber so thdée can continuously cross the phase
boundary resulting in cooling. This process is summarized in Fig.4.4.

Combination of PT cooling and the dilution unit de ne the working principle of
modern dilution refrigerators. While PT provides the stable cold environment at
4K for dilution process to happen, mixing chamber and continuous circulation
pumping can easily achiev&0< base temperature. While the cooling power is
rather well de ned in PT cooling, dilution unit cooling power depends on the ow
rate of3He which is a function of pressure and temperatures of di erent stages in
the dilution unit. Therefore, pressures and temperatures are well monitored and
maintained during the continuous operation. Example values for average cooling
power achieved at each stage of our dilution unit are tabulated in Table 4.1.

Table 4.1: Average Cooling Powers at Each Stage of the Dilution Refrigerator.

Stage Cooling Power
50K 30w

4K 1.5W

Sitill 40 mW
Cold Plate 200 W

Mixing Chamber 20 W

4.2 Instrumentation and Cabling

Building an experimental setup for cryogenic measurements demands a level of
foresight and precision that exceeds what is required at room temperature. Solid
materials undergo dramatic changes in their mechanical and electrical properties
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when cooled to millikelvin temperatures. Therefore, an experimental physicist
should be well-aware of these e ects and take into account in material choices.

The experiments performed in this thesis mostly consist of microwave measurements
performed in a dilution refrigerator and continuous ow cryostat. The setup was
built from scratch inside the dilution refrigerator and the insights and methods gained
fromitis shared in this section. We will rst cover the main e ects including thermal
expansion, thermal contact, and electrical conductance and later demonstrate the
work done in our setup for the measurements.

4.2.1 Thermal Expansion

Figure 4.5: Thermal Contraction of Materials. Integrated linear thermal con-
traction, ;e;, for several materials used in cryogenic construction, normalized to
zero at room temperature. The plot highlights the signi cant contraction of metals
relevant to this work, including aluminum (gray), stainless steel (brown), and copper
alloys (orange), which must be accounted for in mechanical design. Figure adapted
from Pobell [69].

Thermal expansion in solids is governed by the temperature-dependent shift in the
average atomic spacing. The linear expansion coe cient given by

uye = = — (4.7)

1 m;
, m) 5
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re ects the fractional change in length, per Kelvin, andJ?) ° vanishes a} = 0.

At low temperatures, the number of excitations and amplitudes of atomic vibrations
around their equilibrium positioA) decrease, whereas at higher temperatures these
will increase. Variations in bonding strength and crystal structure yield distinct
U?) © curves for each material which is demonstrated in Fig.4.5.

Selecting materials with compatible thermal expansion coe cients is critical when
designing joints, surface mounts, and connectors. The safest approach is to use
the same material wherever possible. For example, since most of the dilution-
refrigerator plates are gold-plated oxygen-free-high-conductivity (OFHC) copper,
we try to use copper attachments with copper or brass screws to minimize di eren-
tial contraction during cooldown. 50K plate is made out of aluminum, therefore we
use aluminum screws and attachments. Thermal contraction can also compromise
electrical contacts: since microwave cables terminate in SMA connectors that screw
into feedthrough anges on each stage, a mismatch between the expansion coe -
cients of the cable's connector and the ange fasteners can cause the joint to loosen
as the system cools. This can compromise the continuity of the ground connec-
tion, leading to signi cant signal noise and re ections in the electrical connections.
Figure 4.6 demonstrates example mounting of custom-designed and manufactured
feedthrough anges to each temperature stages of the dilution refrigerator. Both the
feedthroughs and the ange made out of gold plated OFHC copper.

Figure 4.6:Mounting Custom Feedthroughs. (A)The gold-plated copper stages of

the dilution refrigerator prior to installatiorfB) The custom-designed components:

a ange with SMA connectors and its corresponding mounting plate. Both are made
from gold-plated OFHC copper to ensure matched thermal contra¢@yhe nal
assembly mounted on a refrigerator stage, ensuring robust electrical connections at
millikelvin temperatures.



40

4.2.2 Thermal Conductance

Dilution refrigerators have di erent temperature stages that have di erent tempera-
tures, although all the stages are physically connected to each other within the same
frame. Thermalization, making or avoiding a thermal contact, is one of the most
important aspects in building a setup in a dilution refrigerator.

Thermal conductivity is a material property related to heat transport capabilities of
materials. Lattice vibrations (phonons) and electrons are the two main contribu-
tions to the heat transfer withing materials. Every material have di erent thermal
conductivity coe cient, *, and the rate of heat ow per unit area A is given by

Lo = Nr)e (4.8)

Choosing materials with the appropridteenables tailoring heat ow at each in-
terface. For mechanical support where you want to limit heat leaks for example
in dilution refrigerator between the OFHC copper plates stainless steel links are
ideal because their lowblocks unwanted conduction. Where strong thermalization
is needed (e.g., from a sample mount into the mixing chamber), usingI@giHC
copper: solid blocks, braids or thick straps that e ciently sink heat into the cold
bath.

Beyond choosing materials by their conductivity, making a good contact is also
important for good thermalization. For the experiments, device under test should be
well-thermalized to the stage. To maximize real contact area and Il microscopic
voids, a thin Im of cryogenic vacuum grease typically a hydrocarbon-based com-
pound such as Apiezon N can be applied between mating surfaces. When using
OFHC copper, it is essential to remove any oxide layer just before assembly, since
even a few nanometres of copper oxide can dramatically increase the thermal bound-
ary resistance and impede heat ow into the bath.

Copper braids are another widely used method in cryogenic setups, as they are more
exible than the rigid counterparts and can be used as an extension to the stage. In
our setup, we designed and fabricated multiple parts to ensure well-thermalization of
our sample device and the microwave measurement components, such as ampli ers,
circulators, etc. Figure 4.7 demonstrates some example mounts used in our setup.
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Figure 4.7: Thermal Mounts for Cryogenic Components. (A)A collection of
custom-fabricated mounts made from OFHC copper. These include stages for
microwave components like circulators and exible thermal links made from copper
braids.(B) An example of a thermal mount installed on a mixing stage, providing a
robust thermal anchor for our NEMS device.

4.2.3 Wiring of a Dilution Refrigerator

Wiring inside the dilution refrigerator serves as a connection between the device
under test, which is well-thermalized at the base temperature of the fridge, and the
measurement hardware which is at room temperature. This connection must have
well-electrical contact to capture the lowest amplitude signals while having a good
thermal resistance not to carry heat from the room temperature. Therefore, we
have to carefully consider the heat load from the cables that we put between the
temperature stages. There are three main types of heat loads; passive load, active
load, and radiative load.

Passive loads are the xed loads which arise from steady-state thermal conduction,
usually due to a thermal link to a warmer plate. Cables are one of the main sources
of passive loads. A coaxial cable with a lengtland cross-sectional areas
(central conductor), > (outer conductor) and 3 (dielectric), linking two baths at
temperature¥coig and) hot Will result in a heat ow

1
) hot

&passive= ) © 2, M31) 0 3, N0 LB (4.9)
)cold
Active loads originate from on-state dissipation, for example DC bias currents
in an amplier, or the dissipation through cables when power is applied [70].

In a microwave measurement, usually a microwave tone generated by the signal
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generator or some hardware at room temperature has a certain input impedance,
which is usually 50 ohm. The Johnson-Nyquist noise will have induced voltage
uctuations with a power spectral density given by [71]

1

Ciny_jo=o
(-1 2\ expt\l «: )° 1

(4.10)

where the last part of the equation is the photon occupation number given by Bose-
Einstein distribution. Atthe classical limkKYY : ) ), this formulation converges

to (fl)—l ©=2:)", orin terms of frequency well-known Johnson-Nyquist
formulation(¢*)— 8 = 4: )' . Therefore, when a coaxial cable is connected from
room temperature to the base temperature of a cryostat, thermal photons propagate
and carry this thermal noise to the milliKelvin stages. In order to match the thermal
noise oor at the base temperature, this drive line has to be attenuated signi cantly.
At our operating frequency 2 GH2\(| «: 96 mK), a 50 ohm resistor at 300 K
would emit>=t] © L S90K 34 10% thermal photons. To suppress this
down to well below one photon at the mixing-chamber plate, we therefore install
three 20dB attenuators anchored at the 4 K, cold plate (100 mK), and mixing-
chamber (10 mK) stages. Each attenuator absorbs thermal radiation from the stage
above it (by a factor of 100 photons) and re-emits noise corresponding to its own
physical temperature. This cascaded ltering ensures that the line's noise oor is
thermalized to the millikelvin environment.

Lastly, radiative load is primarily due to the emissivity of materials. As each stage
of a cryostat operates at a di erent temperature, blackbody radiation will be emitted
from warmer surfaces and absorbed by colder ones. The net radiative heat transfer
between two surfaces, often approximated for parallel plates or large enclosures, is
given by the Stefan-Boltzmann Law and approximated for parallel plates with same
area A as

[ —

&no03socsE4 )4 ) (4.11)

1 1
. 1

5

wheref is the Stefan-Boltzman constant. This e ect is well managed in modern
dilution refrigerators by the use of radiation shields at the di erent temperature
stages.

In our refrigerator wiring we employed four di erent coaxial cables, each with
distinct dimensions and conductor materials: UT-034-B-B, featuring beryllium-
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copper inner and outer conductors with a 0.034 inch overall diameter; UT-085-
B-SS, with a beryllium-copper inner conductor, a stainless-steel outer conductor,
and a 0.085 inch diameter; UT-085-SS-SS, with stainless-steel inner and outer
conductors and a 0.085 inch diameter; and SC-219/50-NbTi-NbTi, which uses
niobium-titanium inner and outer conductors and measures 0.0085 inch in diameter.
In Fig. 4.8 we demonstrate the cross-section of these cables with the materials
used and the thermal conductivity of these materials. Since the NbTi used as a
superconducting cable, for temperatures well below the superconducting transition,
electronic thermal conductivity goes as a power of the temperature and, is predicted
to fall-o exponentially at very low temperatures [72]. Therefore, its thermal
heat load is negligible compared to the other cables, and for this reason, it is not
included in the heat load comparison. In Fig.4.9 we calculate the heat loads from
each type of cables if they were to used to link di erent temperature stages of the
dilution refrigerator. The analysis demonstrate that UT-B-SS cable has the highest
heat load, due to its larger diameter and BeCu inner conductor which has a good
thermal conductivity. UT-034-B-B has the lowest heat load due to its lower diameter,
although it has BeCu inner and outer conductor. Since these values are for a single
cable, using the cooling power values of the fridge from Table4.1, we can also
calculate how many cables we can have.

In terms of the microwave signal attenuation, their loss per meter values are tabulated
in Table 4.2.

Table 4.2: Microwave Attenuation at 2 GHz for Selected Coaxial Cables

Cable type Attenuation (dB/m) at 2 GHz

UT-034-B-B 2.9
UT-085-B-SS 2.1
UT-085-SS-SS 4.2

For the drive line, which propagates the microwave signal from room temperature
down to the mixing chamber, two primary considerations guide cable selection:
minimizing heat load on the cryogenic stages and ensuring su cient electrical
attenuation to thermalize the incoming noise to the mixing chamber's noise oor.
We utilize UT-085-B-SS cables from room temperature to the 4K stage. While these
cables have a comparatively higher heat load than other options used in the cryostat,
they are selected for this segment due to the long distances between stages (e.g.,
from 50K to 4K) where they provide robust mechanical support while delivering
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acceptable microwave attenuation. From the 4K stage down to 10mK, we transition
to UT-034-B-B cables. Their smaller diameter and optimized construction o er a
signi cantly lower heat load (compared to B-SS cables) and the necessary level of
microwave attenuation for the coldest stages. We do not use fully stainless steel (SS-
SS) cables for microwave transmission due to their signi cantly higher electrical
loss compared to copper-based or specialized cryogenic coaxial cables.

Onthe other hand, for the detection line, which carries the signal from the milliKelvin
stages up to room temperature, the requirements di er. While minimizing heat
load remains crucial, electrical attenuation must be strictly avoided to preserve the
weak signals from the experiment. Therefore, we employ superconducting NbTi
cables for the detection line from the mixing chamber (10mK) up to the 4K stage.
These cables o er negligible electrical loss at cryogenic temperatures, losing their
superconductivity around 10K. From the 4K stage up to room temperature, we again
use UT-085-B-SS cables due to their balance of acceptable thermal performance
and relatively low microwave attenuation for this section of the line.

4.2.3.1 Assembly of Coaxial Cables

After making a decision of which cable to use to link between which plates in the
dilution refrigerator, we have assembled our own coaxial cables at desired lengths
and variations. While RF cables can be ordered from commercial suppliers, custom
lengths or non-standard connectors often incur long lead times and extra cost. Since
there are few sources that walk through coaxial cable assembly step by step, this
section covers our practical experience.

The assembly process consists of properly attaching to each ends of the cable with
a proper RF connector, which is an SMA connector in our case. SMA connector
consists of 2 main parts; center pin which connects to inner conductor, and an
outer shell that bonds to the cable's shield. Two common connection methods are
crimping and soldering. Crimping provides mechanical contact by compressing two
metal parts together, and while relatively easy and straightforward with appropriate
tools, it generally o ers less reliable contact compared to soldering, particularly for
superconducting cables [73]. For this reason, we opted for the soldering method for
our cables.

The cable assembly process begins with a pre-ordered semi-rigid coaxial cable,
which is cut to the desired length. To prepare the cable for connector attachment,
the outer conductor is removed at a speci ¢ length to expose the inner conductor and
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Figure 4.8:RF Cable Choices. (A)XCross-sectional diagrams of semi-rigid cables,
showing the constituent materials: Beryllium Copper (BeCu), Stainless Steel (SS
304), and PTFE dielectrioB) Thermal conductivity as a function of temperature
for these materials.

provide a clean surface for soldering the center pin. The length of this exposed inner
conductor is critical, as it is optimized for proper soldering and optimal electrical
transmission. Deviations from these precise lengths can introduce signi cant signal
loss, particularly at GHz frequencies.

For cables made with mechanically sti materials, such as stainless steel, peeling the
outer shell can be challenging, and specialized tools are rare due to stainless steel's
inherent strength. An e ective technique to achieve a clean cut and expose the inner
conductor involves using a ne-grit le (Fig. 4.10A) to create a small defect on the
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Figure 4.9:Passive Heat Load from Cables. (AA schematic of the temperature
stages and their physical separations within the cryostat, used as a model for the
passive heat load calculatiofB) The calculated passive heat load delivered to each
stage by three di erent types of semi-rigid coaxial cables.

outer surface(Fig. 4.10B), allowing the metal to be snapped cleanly(Fig. 4.10C).
This method ensures a precise, circular cross-section, which is essential for optimal
performance.

The next crucial step is soldering the center pin to the inner conductor of the cable,
as demonstrated in Fig. 4.10D. This can be quite challenging due to the very small
contact area. We found that pre-tinning the inner conductor is extremely helpful for
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Figure 4.10:Soldering Coaxial Cables. (A-C)Preparing the cable end by scoring
the outer conductor with a le before snapping it clear() Soldering the center
pin to the inner conductofE) Using an assembly kit to ensure proper alignment of
the connector shell(F) Soldering the outer shell to the cable's outer conductor to
complete the connection.

achieving a strong, reliable solder joint. Center pin should be free from any excess
solder as this can create changes in impedance of the transmission line. At this
stage, it is very easy to accidentally make a connection between the inner and the
outer shell, which can cause short circuits. Even a tiny amount of solder can create
contact with high resistance and this should be avoided.

Once the center pin is securely soldered, the subsequent step involves connecting
the SMA shell to the cable's outer conductor. Utilizing a passive SMA assembly kit
(Fig. 4.10E) proves highly bene cial for aligning, holding, and precisely positioning
the components. The primary challenge at this stage is accurately setting the
insertion depth of the center pin within the SMA shell. To facilitate this, we
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employed an SMA kit equipped with a stopper, ensuring the center pin is positioned
at the optimum depth for proper electrical contact and impedance matching. At
the nal stage (Fig. 4.10F), the SMA outer shell is soldered to the cable's outer
conductor. This process is repeated for the other end of the cable.

Figure 4.11:NbTi Coaxial Cable. (A) The NbTiinner conductor after being treated
in a NaOH solution to form a dark oxide layg€B) The same conductor after being
electroplated with copper to create a solderable surf@@eA close-up view of the
soldered SMA center pin on the copper-plated {ip) A collection of completed
NbTi cables with various lengths and thermal-relief bends.

Although this method works for stainless steel and berillium copper cables, NbTi
is very hard to solder directly because have an extremely tough oxide layer that
is impervious to even the most aggressive uxes. Therefore, we followed the
procedures described by [73], which uses electroplating copper to the surface of
the NbTi and then soldering to the SMA connector. The steps followed for this
assembly is summarized in Fig. 4.11. After making a clear cut and exposing
the inner conductor, rst electrolicitc cell (sodium hydroxide (NaOH) in deionized
water) achieves a special oxide layer on the NbTi that will allow the copper to adhere
to the titanium. This creates this dark oxide layer demonstrated in Fig. 4.11A. The
second cell consists of an acidic copper plating solution made of 220 g/l of copper
sulfate pentahydrate (CuS©O8H20) with 40 ml/l of sulfuric acid (H2SO4) in
deionized water achieves a thin layer of copper in Fig. 4.11B. Then following the
same steps, we assembled many cables according to our needs Fig. 4.11D.

In addition to the coaxial cables, we also fabricated the DC wiring for our dilution
refrigerator for DC bias applications. This wiring primarily consists of twisted pair
(TWP) cables, which are made by twisting two small-diameter insulated conductive
wires together. To ensure proper thermalization, the TWP cables are wrapped
around a copper bobbin at each stage of the refrigerator. Due to their very small
diameter, these cables are typically bundled, such as in con gurations of 12 pairs,



49

and terminated with 24-pin Fischer connectors for integration. This wiring is

designed for excellent electrical isolation, and the inclusion of a low-pass lIter at

the 4 K stage further reduces high-frequency noise. A signi cant challenge with
these small-diameter wires is their fragility, making them prone to breakage and
accidental short circuits during handling and installation.
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Chapter 5

STRONG COUPLING OF MECHANICAL VIBRATIONS TO
INDIVIDUAL TLS DEFECTS IN A NANOMECHANICAL
RESONATOR

[1] M. Yuksel*, M. P. Maksymowych*, O. A. Hitchcock, F. M. Mayor, N. R. Lee,
M. I. Dykman, A. H. Safavi-Naeini, and M. L. Roukes, Intrinsic phononic
dressed statesin ananomechanical system , arXiv preprintarXiv:2502.18587
(2025),

Nanoelectromechanical systems (NEMS) provide a platform for probing the quan-
tum nature of mechanical motion in mesoscopic systems. When operated in the
few-phonon regime, a NEMS resonator becomes a sensitive tool to study the phonon
coherence, allowing direct investigation of energy distribution and interactions with
its environment and the microscopic sources of decoherence. In this limit, material
defects ubiquitous in solid-state devices play an important role. These intrinsic
defects modeled as two-level systems (TLS) can exchange energy with the mechan-
ical mode, and a ect the dynamics of mechanical motion. While these interactions
are typically studied as a collective source of noise and dissipation, they can be
understood at the most fundamental level by achieving strong coupling between
a single TLS and the mechanical mode. Such interactions have been extensively
characterized in photonic and superconducting microwave resonators; however, a
comparable level of understanding and experimental validation has been lacking in
phononic devices. Therefore, it is crucial to elucidate how individual TLS defects
interact with mechanical vibrations in NEMS, both to advance quantum-limited
sensing and to shed light on fundamental dissipation mechanisms in solids.

Beyond its importance for the fundamental understanding of TLS defects in solids,
this strong interaction holds great potential for achieving a long-sought goal in the
eld. The quantum nature of phononic devices manifests most profoundly when the
device vibrations are nonlinear and, currently, achieving vibrational nonlinearity at
the single-phonon level is an active area of pursuit in quantum information science.
Despite much e ort, however, this has remained elusive. In this chapter, we report
the rst observation of intrinsic mesoscopic vibrational dressed states [74]. The
requisite nonlinearity results from strong resonant coupling between an eigenmode
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of our NEMS resonator and a single, two-level system (TLS) that is intrinsic to the
device material.

In this chapter, rst we will explain how to control the TLEB situ by varying
mechanical strain, tuning it in and out of resonance at will with the mechanical
mode of our NEMS resonator. This method allows us to observe strong coupling
of the mode with multiple intrinsic TLSs individually. In the second section,
we observe that varying the resonant drive and/or temperature allows controlled
ascent of the nonequidistant energy ladder and reveals the energy multiplets of the
hybridized system. In the third section, we report uctuations of the TLS on and o
resonance with the mode induces switching between dressed and bare states; this
elucidates the complex quantum nature of TLS-like defects in mesoscopic systems.
These quintessential quantum e ects emerge directly fromiritrensic material
properties of mechanical systems without need for complex, external quantum
circuits. Our work provides long-sought insight into mesoscopic dynamics and
o0 ers a new direction to harness nanomechanics for quantum measurements.

5.1 Strong Coupling between NEMS Resonator and Individual Two-Level
System
For this study, we employ lithium niobate (LN) NEMS resonators that are isolated
from the environment by phononic crystals (PnC) [13, 23, 75] and cooled to mil-
likelvin temperatures in a dilution refrigerator. The PnC structure achieves low
decay rates of phonons and TLSs, while using LN allows us to e ectively induce a
static crystal strain via its piezoelectric properties. As we show, this enables tuning
the TLS frequency with exquisite control. Long-lived phonons con ned to sub-
wavelength volumes combined with the TLS tunability enable several key ndings.
In this section, we measure mode splitting and reveal a double avoided-crossing
pattern which, as we show, is a characteristic feature of strong resonant coupling
of a NEMS mode to TLS defects. We report the rst observation of the the strong
coupling between the mechanical vibrations of a NEMS resonator and an individual
TLS defect in gourely mechanical system. TLSs with di erent level spacings that
are strongly coupled to the mode are also observed. Their energy spectra are highly
stable, showing reproducibility across repeated thermal cycles (10 mKit&),
variations in input power, and DC bias sweeps. This allows us to reproducibly
address individual TLSs by tuning them in and out of resonance with the mode. The
details of this NEMS-TLS strong coupling model discussed in details.
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5.1.1 Piezoelectric Phononic Crystal Defect Resonator

Our NEMS resonator is comprised of thin- Im lithium niobate (LR6E0nm) with
aluminum 0 nm) electrodes deposited on top (Fig. 5.1A) [75]. The fabrication
details of our phononic crystal (PnC) nanoelectromechanical systems (NEMS) res-
onators are explained in A.

Figure 5.1: Phononic Crystal Resonator. (A)False colored scanning electron
micrograph (SEM) of the lithium niobate (LiNbB{P(blue) phononic crystal resonator
with aluminum (gray) electrode¢B) The device geometry consists of the repeating
pattern of mirror cells, which forms the phononic crystal structure creating an
acoustic bandgap (on the right). The mechanical resonator is a defect in the
phononic crystal, and the shear mode is con ned within the bandg@p)in

The resonator is embedded in a suspended periodic array of cells (Fig. 5.1B), which
form a PnC that supports a complete acoustic bandgap (Fig. 5.1C). The resonator is
a defect in the PnC. Its acoustic eigenmode that we study is within the bandgap
and is thus well-localized, which leads to a long phonon lifetime. The aluminum
electrodes facilitate piezoelectric transduction of mechanical vibrations [76]. Here,
we experiment with a 11 1¢1°'< 2 defect resonator with a fundamental shear
mode frequency df <«2c  1:873GHz.

We thermalize the sample chip to our dilution refrigerator at 10mK (: ) e\

fl <—I1.sQ) to achieve low phonon number in the mechanical mode. A simpli ed
schematic of our microwave re ection measurement setup is shown in Fig. 5.2.
A simple microwave re ection measuremer{t1{)is e cient to characterize our

PnC NEMS resonators. A microwave signal that is at the resonance frequency
of the mechanical mode and incident to the device through aluminum electrodes
simply facilitate the excitations of mechanical vibrations via piezoelectric e ect.
The re ected wave from the electrode carries the information about the resonance,
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