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Abstract

This thesis presents a set of experiments conducted on GaAs/AlGaAs heterostructures

fabricated into Hall bars and a lateral quantum dot device. The Hall bar experiments

seek to further the understanding of the complexity of the GaAs valence band of a two-

dimensional hole gas (2DHG). Meanwhile, the quantum dot experiments aim to improve

the performance of an RF-QPC readout employed for charge detection. These experiments

are significant for the development of future quantum technologies that utilize spins in

semiconductors, in fields such as spintronics and quantum computing.

Firstly, we study Hall bar devices formed in a 2DHG of a dopant-free GaAs/AlGaAs

heterostructure. The hole sheet density (p2d) is adjustable via a metal top-gate that induces

and confines holes to the GaAs/AlGaAs interface. We employ magnetotransport measure-

ments to assess both the device quality and the underlying physics of the valence band.

By measuring several devices, we identify fabrication parameters that lead to parasitic

parallel conduction and gate hysteresis. In our devices, featuring an asymmetric quantum

well hosting a 2DHG, Rashba spin-orbit interaction (SOI) leads to a beating pattern in the

Shubnikov-de Haas (SdH) oscillations of the two subbands of the heavy-hole (HH) valence

band. We employ Fourier analysis to isolate the frequencies present in the SdH oscillations.

The effective masses of the two spin-orbit split HH subbands are extracted via the tem-

perature dependence of the isolated oscillations, without invoking assumptions regarding

the band structure. This analysis is performed for different values of p2d and ranges of

magnetic field. The HH splitting induced by Rashba SOI is evaluated and compared to

modulation-doped samples in literature. Moreover, we extract the out-of-plane g factor

from thermal-activation measurements in the quantum Hall regime.

Secondly, we investigate non-linear magnetotransport in a Hall bar device, also formed

in a 2DHG of a dopant-free GaAs/AlGaAs heterostructure. We observe the SdH phase

inversion phenomenon and explore the empirical relationship between the hole temperature

and applied dc current through the Hall bar. In the quantum Hall regime, comprehensive

maps of the differential resistance (�xx and rxy) as a function of current and magnetic field

(B) are generated to show the evolution of quantum Hall breakdown reaching filling factor

� = 1. By adjusting the top-gate voltage, the hole sheet density (p2d) is incremented to
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reveal how the quantum Hall breakdown characteristics evolve with p2d. A Zener-type

tunneling model is employed to describe the size of the transport diamonds in current. We

examine the magnetic field dependence of the critical current compiled for different values

of p2d. The zero current anomaly (ZCA) phenomenon is observed and discussed. Hysteresis

observed in the quantum Hall breakdown regime of a two-dimensional electron gas (2DEG)

has been linked with dynamic nuclear polarization (DNP) through the interplay of electron

and nuclear spins via the hyperfine interaction. Motivated by examining the strength

of the hyperfine coupling between hole and nuclear spins, we investigate hysteresis near

breakdown in our 2DHG.

Finally, we present measurements on a lateral double quantum dot (DQD) device

formed in a 2DEG of a modulation-doped GaAs/AlGaAs heterostructure. These devices

demonstrate potential as a platform for advancing quantum information technologies, par-

ticularly when employed as single spin qubits. The fast, single-shot readout of spin states

is crucial, and using spin-to-charge conversion techniques, only the charge state readout

becomes essential. Thus, we design and setup an optimized radio frequency quantum point

contact (RF-QPC) charge sensor for the quantum dot device. Charge sensitivity measure-

ments are conducted using a standard QPC sensor, followed by the RF-QPC. Additionally,

we characterize a superconducting quantum interference device (SQUID) amplifier for inte-

gration into the RF-QPC readout. We successfully demonstrate a carrier nulling technique,

specifically to accommodate the SQUID amplifier’s limited dynamic range, and enable its

integration into the RF-QPC readout. After Incorporating the SQUID amplifier into the

RF-QPC readout, critical issues are identified and future work to address them is discussed.
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Chapter 1

Introduction

Two-dimensional hole gases (2DHGs) are of signi�cant interest for both fundamental stud-

ies [1, 2, 3] and potential applications in �elds such as spintronics [4, 5, 6] and quantum

computing [7, 8, 9]. Among 2DHGs, GaAs holes are particularly attractive candidates for

spin-based qubits [10]. They are less prone to spin decoherence caused by hyper�ne interac-

tions compared to GaAs electrons [11, 12]. This is because their p-orbitals do not overlap

with atomic nuclei [13]. Furthermore, their strong spin-orbit interactions enable rapid,

electrically-driven qubit control through electric dipole spin resonance (EDSR) [9]. Addi-

tionally, GaAs's direct bandgap makes it suitable for applications such as spin-to-photon

conversion [14] or photon-to-spin conversion [15, 16].

In contrast to simpler two-dimensional electron gases (2DEGs), the complex proper-

ties of 2DHGs mentioned above can be regarded as additional parameters for engineering

novel devices based on hole spins. Inspired by recent advancements in the development

of high-quality 2DHGs in dopant-free devices [17, 18], our objective is to expand current

knowledge of the intricate properties of 2DHGs in the GaAs material system. In this thesis,

we investigate pertinent phenomena of 2DHGs, including spin-orbit interaction, hyper�ne

interaction, as well as material properties such as e�ective mass and the Land�e g factor.

Furthermore, in the context of spin-based qubits, we develop a radio-frequency quantum

point contact (RF-QPC) charge detector and explore integrating a superconducting quan-

tum interference device (SQUID) ampli�er to enhance its sensitivity.
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1.1 Outline

This thesis is structured as follows:

Chapter 2 presents the background concepts relevant to the experiments in this work.

We begin by reviewing the key aspects of the band structure of GaAs and spin-orbit

coupling e�ects in solids. Next, we discuss the magnetotransport measurements used to

characterize 2D systems and probe their interactions. We also provide an overview of

Coulomb blockade for a single quantum dot and conductance quantization phenomena in

quantum point contacts. This chapter concludes by examining the physics governing the

superconducting quantum interference device (SQUID).

Chapter 3 brie
y outlines the experimental methods. In this chapter, we describe the work-

ing principles of the relevant experimental devices, cryogenic equipment, and measurement

cell employed in the experimental work of this thesis.

Chapter 4 is the �rst results chapter. In this chapter, we focus on the characterization of

dopant-free, p-type GaAs/AlGaAs Hall bar devices. We identify fabrication parameters

that result in undesired parallel conduction and gate hysteresis. We identify four successive

and distinct SdH regimes at di�erent magnetic �eld ranges, resulting from SOI and Zeeman

spin splitting within the Heavy-hole (HH) valence band. Furthermore, we extract the

e�ective masses and estimate the energy splitting of the heavy hole (HH) band under

Rashba SOI. This chapter concludes with an estimation of the out-of-plane g factor for

HH.

Chapter 5 is the second results chapter, which continues the measurements on dopant-

free, p-type GaAs/AlGaAs Hall bar devices. We explore the non-linear magnetotransport

characteristics of these devices. We present the SdH phase inversion phenomenon and

explore the empirical relationship between the hole temperature and applied dc current

through the Hall bar. The features of two-dimensional maps of di�erential resistance

as a function of magnetic �eld and current in the quantum Hall breakdown regime are

extensively described. The magnetic �eld dependence of the critical breakdown current

and electric �eld is examined. The zero current anomaly (ZCA) phenomenon is observed

and discussed. This chapter concludes with examining hysteresis behaviour in the quantum

Hall regime.
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Chapter 6 is the third results chapter. In this chapter, we focus on the development of an

RF-QPC charge detector in a lateral quantum dot device. We conduct charge sensitivity

measurements in the single electron regime using the RF-QPC readout and compare the

sensitivity to other readouts in literature. Additionally, we demonstrate a nulling technique

for RF-QPC readout, which is valuable for integrating a microstrip SQUID ampli�er (MSA)

with limited dynamic range. This chapter concludes with integrating the MSA into the

RF-QPC readout.

Chapter 7 summarizes the results presented in this thesis. Additionally, we suggest some

future research directions that can follow from this thesis.
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Chapter 2

Background concepts

2.1 Introduction

In this chapter, we provide a comprehensive overview of the key concepts essential for

the experiments conducted in this thesis. We begin by examining the properties of 2D

holes within the GaAs material system. Following that, we outline the magnetotransport

measurements used to characterize 2D systems. Subsequently, we discuss important phe-

nomena relevant to lateral quantum dot devices. Lastly, we discuss the operating principles

behind the superconducting quantum interference device (SQUID). Additionally, each ex-

perimental results chapter begins with a specialized literature review.

2.2 Band structure of GaAs

GaAs is a III-V semiconductor that has a zinc blende crystal structure. The tight-binding

method approximates the electronic wave functions in a solid by using a superposition of

the wave functions for isolated atoms at each atomic site. Using the tight-binding ap-

proximation, the conduction band of GaAs is predominately made up of atomics orbitals.

Atomic s orbitals have spherical symmetry and̀ = 0 orbital quantum number. In contrast,

the valence band is reminiscent of atomicp orbitals. Atomic p orbitals have an anisotropic
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spatial symmetry and have` = 1. The atomic p orbitals are three-fold degenerate with

respect to the total angular momentumJ = L + S, the sum of the orbital L and spin S

angular momenta. With spin taken into account, the valence band becomes six-fold de-

generate. In bulk crystals, spin-orbit interaction (SOI) lifts the six-fold degeneracy of the

valence band into 3 bands: Heavy holes (HH), light holes (LH) and the split-o� band (SO).

In the basis of total angular momentumJ and the projection along a ^z axis mj , jJ; m j i ,

HH have j3=2; � 3=2i , LH have j3=2; � 1=2i , and SO band hasj1=2; � 1=2i . Fig. 2.1a shows

the bulk GaAs band structure. Although J andmj are only approximately good quantum

numbers, they are used nonetheless for nomenclature.

The HH and LH bands are degenerate for wave vectork = 0, but are non-degenerate for

k 6= 0. The SO band lies lower in energy by the spin-orbit gap �SO. In GaAs � SO = 0:34

eV [19]. In contrast to the conduction band, the valence band in bulk GaAs is highly

anisotropic and non-parabolic. Therefore, it is not possible to accurately describe a hole

system using a simple e�ective mass approximation, as is often the case for electrons.

2.2.1 2D con�nement

The valence band becomes more complex due to size quantization in a 2DHG. In the case

of a 2DHG hosted in a symmetric quantum well (QW), the degeneracy between the LH and

HH bands at kz = 0 is lifted with an energy gap � hh� lh , as depicted in Fig. 2.1b. Here,

kz denotes the wave vector along the growth direction. For a 2DHG in an asymmetric

QW, Rashba SOI lifts the degeneracy of themj = � 3=2 states in the HH band. This

leads to a splitting of the HH band into two bands denoted as HH+ (mj = +3 =2) and

HH- (mj = � 3=2) [20], as illustrated in Fig. 2.1c. Additionally, these two SOI-split bands

exhibit di�erent e�ective masses, with HH+ having a larger mass and HH- having a smaller

one, both of which vary withkz. Similarly, the total angular momentum degeneracy is also

lifted in the LH and SO bands, resulting in LH-/LH+ and SO-/SO+.

In the context of transport in the 2DHG, at large values of the in-plane wavevector

(kjj ) corresponding to much higher hole densitiesp2d = k2
F =2� (where kF represents the

Fermi wave vector) than those typically observed in transport experiments, an anti-crossing

between the HH and LH occurs (see Fig. 2.1d). This leads to the hybridization of their

5



Figure 2.1: Schematic representations of the band structure of GaAs. (a) Conduction

band (CB) and valence band (VB) of bulk GaAs. The valence band consists of the heavy

hole (HH), light hole (LH) and split-o� (SO) band. Band structure for (b) symmetric

quantum well (QW) and (c) asymmetric QW as a function of the wavevector along the

growth direction (kz). (d) Dispersion relation as a function of in-plane wavevector (kjj ) for

LH and HH bands, illustrating their anti-crossing. (inset) Zoomed-in view of the HH+ and

HH- dispersions, near a Fermi energyEF typically achieved in experiments. Figure made

by Dr. Fran�cois S�gakis.
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wavefunctions. While the mixing between HH and LH bands reaches its maximum at the

anti-crossing, and the LH band is unoccupied, hybridization is present to some extent for

all values ofkjj . This mixing/hybridization is the principal reason why J and mj are not

good (conserved) quantum numbers.

Furthermore, the LH-HH anti-crossing results in the e�ective masses of the 2DHG

hosted in a QW becoming anisotropic in space. Along the growth direction (kz), the

e�ective masses correspond to the band names, with the HH e�ective mass being larger

than LH. However, within the 2D plane (kjj ), a mass inversion occurs and the LH e�ective

mass becomes larger than HH. This is illustrated in Fig. 2.1d, where the curvature of the

HH band before the anti-crossing is steeper than that of the LH band.

2.2.2 Spin-orbit interaction (SOI)

Spin-orbit interaction (SOI) is a relativistic e�ect that couples an electron's motion within

a potential to its spin degree of freedom. In atomic physics, this e�ect is incorporated into

the Hamiltonian through a non-relativistic approximation of the Dirac equation. SOI can

be understood as an e�ective Zeeman interaction arising from a Lorentz transformation of

electric and magnetic �elds [21]. When an electron moves in a static electric �eld~E, it

perceives, in its reference frame, an e�ective magnetic �eld~Bef f oriented perpendicular to

both its momentum ~p and the electric �eld ~E

~Bef f = �
1

2m0c2
~p� ~E (2.1)

where m0 is the rest mass of the electron, andc is the velocity of light in vacuum. This

magnetic �eld in the rest frame of the electron couples to the electron spin via the Zeeman

interaction. The spin-orbit Hamiltonian for a free electron in an electric �eld~E = �r V(r )

is given by [22]

HSO = �
~

4m2
0c2

� � ~p� (r V(r )) (2.2)

where~ is Planck's constant and� = ( � x ; � y; � z) are the Pauli spin matrices.
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SOI in semiconductors

The spin degeneracy of electrons and holes in semiconductors is a result of time reversal

symmetry and spatial inversion symmetry [23]. In the presence of a �nite magnetic �eld,

time reversal symmetry is broken and the spin degeneracy is lifted. Alternatively, once

spatial inversion asymmetry is introduced, spin degeneracy is lifted even for zero magnetic

�eld.

Spatial inversion asymmetry in semiconductors can arise from three mechanisms: bulk-

inversion asymmetry (BIA) [24], structure-inversion asymmetry (SIA) [25], or surface ter-

mination [26, 27]. The latter will not be explored in more detail, as it is signi�cantly

smaller than the BIA or SIA terms and is less important for heterojunctions (utilized in

this work), where the wavefunction vanishes near the interface. The BIA term, also known

as Dresselhaus SOI, is present when the underlying crystal structure lacks an inversion

center. An electron moving through the asymmetric potential within the crystal lattice

couples to the electron spin through SOI and lifts the spin degeneracy. The BIA is an

intrinsic material property. Type III-V semiconductors that have a zinc blende crystal

structure, such as GaAs, InAs and InSb, lack inversion symmetry. In contrast, type IV

semiconductors like Si and Ge possess a diamond crystal structure with a center of inver-

sion. For (100) zincblende materials, the Dresselhaus SOI in the 2� 2 HH subspace is

described by the following [28]

HD = 
 D (k+ � � + k� � + ) + � D 1(k+ k� k+ � � + k� k+ k� � + ) + � D 2(k3
� � � + k3

+ � + ) (2.3)

wherek� = kx � ik y and 
 D , � D 1 and � D 2 are Dresselhaus parameters. The linear terms,


 D , and � D 1 dominate while the cubic term is much smaller. Meanwhile the SIA term,

also known as Rashba SOI, occurs in 2D systems with inversion-asymmetric con�nement

potentials. The shape of the con�nement potential is adjustable with an external gate,

therefore Rashba SOI is tunable. The Rashba SOI for the 2� 2 HH subspace is described

by [28]

HR = i� R1(k+ � + � k� � � ) + i� R2(k3
+ � � � k3

� � + ) + i� R3(k+ � + � k� � � )k2 (2.4)

where the Rashba coe�cients� Ri are proportional to the shape of the asymmetric con-

�nement potential. Using the axial approximation [29],� R1 and � R3 are zero, leaving only
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the cubic term [28]. The Dresselhaus terms are smaller than the Rashba counterparts.

In inversion-asymmetric systems (Chapter 4), the Rashba term dominates with a cubic

dependence on wavevector.

2.3 Magnetotransport of 2D systems

Two-dimensional electron or hole systems are typically characterized by performing low-

temperature magnetotransport experiments in a Hall-bar geometry, as depicted in Fig.

2.2. A current I is injected along the length of the Hall bar, and the longitudinal and

transverse voltages (Vxx and Vxy respectively) are measured. The longitudinal resistivity

of a 2D system for a Hall bar with widthW and length L is given by� xx = Vxx =[(L=W)I ].

Meanwhile, the transverse resistivity is simply given by� xy = r xy = Vxy =I . The transverse

resistivity ( � xy ) in 2D does not depend on geometry because the voltage drop (Vxy ) is

not from a current directed along the width (W) of the Hall bar. Vxy is instead due to

the induced electric �eld (Ey = Vxy =W) generated as a consequence of the Lorentz force

resulting from the movement of charged particles in the presence of a magnetic �eld.

2.3.1 Shubnikov-de Haas Oscillations

In classical physics, when a charged particle moves within a magnetic �eld, it experiences a

Lorentz force, resulting in cyclotron motion. The cyclotron radius depends on the particle's

velocity and the strength of the magnetic �eld. At su�ciently low temperatures, the

quantization of the motion of charged particles in a magnetic �eld becomes resolvable.

Utilizing the e�ective mass approximation [22], we can treat a 2D system as having a

parabolic dispersion, where the e�ective mass is independent of the wavevectork. In this

framework, the Hamiltonian for a 2D system of non-interacting particles with chargeq in

the presence of a magnetic �eldB applied along the z-axis is given by

Ĥ =
1

2m�
(p̂ � qÂ)2 (2.5)
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Figure 2.2: Hall bar geometry with the typical measurement scheme used for a magneto-

transport measurement.

wherep̂ represents the canonical momentum, and̂A is the magnetic vector potential. Using

the Landau gauge,~A = Bzxŷ, we can derive the following

H =
p̂2

x

2m�
+

1
2m�

(p̂y � qBzxŷ)2 (2.6)

Assuming a wavefunction of the form (x; y) =  (x)eik y y such that the operator p̂y com-

mutes with this Hamiltonian, we can replace ^py with its eigenvalue ~ky. Identifying the

cyclotron frequency as! c = qB
m � , Eq. 2.6 becomes

Ĥ =
p̂2

x

2m�
+

1
2

m� ! 2
c

�
x �

~ky

m� ! c

� 2

(2.7)

The above Hamiltonian describes a one-dimensional quantum harmonic oscillator with a

frequency of! c = eBz
m � centered around~ky

eBz
. The energy eigenvalues are therefore given by

E �
n =

�
n +

1
2

�
~! c �

1
2

gzz� B Bz (2.8)

The �rst term in Eq. 2.8 breaks up the constant density of states of a 2D system into

discrete levels, labeled by the indexn. These levels are known as Landau levels, with an
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Figure 2.3: (a) Schematic representation of the density of states of a 2D system in the

presence of a perpendicular magnetic �eld. The separation between Landau levels is given

by the cyclotron energy~! c. The Zeeman energy further splits spin degenerate Landau

levels bygzz� B B. (b) Longitudinal resistivity as a function of perpendicular magnetic �eld

measured for a GaAs 2DEG in Hall bar geometry. Adapted from [30].

energy spacing of~! c. It is convenient to introduce the �lling factor � , which is de�ned

as the number of occupied Landau levels at a given magnetic �eld. In an ideal 2D system

without scattering, the Landau levels are true� -functions. However, in a real system with

disorder, the carriers undergo scattering from impurities, resulting in a broadening of the

Landau levels with a width of �. Assuming a Lorentzian shape, the Landau level broad-

ening is on the order of � � ~=�q, where � q is the quantum lifetime. The second term in

Eq. 2.8 describes the response of the spin to the magnetic �eld via the Zeeman interaction.

The Zeeman energy additionally splits the Landau levels by an amountgzz� B B, wheregzz

is the out-of-plane g-factor and� B is the Bohr magneton. The density of states for a 2D

system in a perpendicular magnetic �eld is depicted in Fig. 2.3a.

In the limit of small magnetic �elds for a single electric subband occupied, the oscillating

density of states modulates the classical Drude resistivity� 0 according to [31]

� xx (B; T ) = � 0

�
1 � 2e(� �=! c � q ) � (T)

sinh� (T)
cos

�
2�

hp2d

2eB

��
(2.9)

The oscillations in the longitudinal resistivity as a function of perpendicular magnetic �eld

are known as Shubnikov-de Haas (SdH) oscillations. From the cosine term, the oscillations

are periodic in 1/B with a periodicity 2e=hp2d, wherep2d is the carrier density. The expo-
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nential term re
ects the broadening of the Landau levels through the quantum lifetime� q.

Meanwhile,� (T)=sinh� (T) is the thermal dampening term that describes the temperature

dependence of the oscillations, where� (T) = 2 � 2kB T=~! c. Fig. 2.3b shows an example of

SdH oscillations for a GaAs 2DEG measured at 1.7 K.

2.3.2 Integer quantum Hall e�ect

At large magnetic �elds and low temperatures, the discrete density of states also begins to

a�ect the transverse resistance,r xy . This is a consequence of the Landau levels becoming

su�ciently well-separated with no overlap, due to the larger cyclotron energy spacing~! c

and/or spin splitting gzz� B B. A plateau in the Hall resistance occurs when the Fermi

energy is positioned halfway between two adjacent Landau levels, as depicted in Fig. 2.4a.

The plateaus occur at values given by

r xy =
h
e2

1
�

(2.10)

where � = hp2d
eBz

is the �lling factor. Every time � Landau levels are completely �lled, a

plateau in the Hall resistance occurs. Concomitantly, the longitudinal resistivity� xx goes

to zero. These two properties are the hallmark features of the integer quantum Hall e�ect.

Fig. 2.4b shows an example of the SdH oscillations and Hall plateaus in the quantum Hall

regime for a GaAs 2DEG measured at 100 mK.

The microscopic explanation of the integer quantum Hall e�ect can be attributed to two

mechanisms: disorder potential and the formation of edge channels. The disorder potential

causes states in the bulk to become localized, resulting in suppressed bulk conductance at

the Fermi level. Concomitantly, the con�nement potential bends the Landau levels upward

at the sample edges, giving rise to one-dimensional ballistic transport channels, as depicted

in Fig. 2.5. The motion of these channels is chiral in nature, meaning they move in opposite

direction on opposite edges of the sample. The number of edge states equals the �lling

factor � , with each state (spin non-degenerate) contributing half of a conductance quantum

(e2=h).
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Figure 2.4: (a) Density of states in the strong quantum Hall regime for �lling factor� = 2.

The spin split Landau levels do not overlap and the Fermi level is in a clear spectral gap

between the a fully occupied Landau level below (shaded gray) and empty level above. (b)

SdH oscillations (left y-axis) and Hall resistance (right y-axis) of a GaAs 2DEG in a Hall

bar geometry measured at 100 mK. The red numbers on the Hall plateaus indicate the

corresponding �lling factor � . Adapted from [30].

Figure 2.5: (a) A schematic representation illustrating the intersection of the Fermi level

with the �rst three Landau levels along the width of the Hall bar. (b) A top-down view

of the Hall bar displaying edge channels (numbered) and localized bulk states. The thick

lines denote the edges of the sample. Adapted from [32].
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2.4 Quantum dots and 1D constrictions

A quantum dot is a structure in which electrons or holes are con�ned in all three spatial

dimensions. In semiconductor devices, quantum dots are created by introducing additional

lateral con�nement in a 2D electron or hole gas. This lateral con�nement can also be

utilized to form 1D channels known as quantum point contacts (QPCs). In this section,

we will discuss the Coulomb blockade and conductance quantization phenomena that are

relevant to laterally de�ned semiconductor devices.

2.4.1 Coulomb blockade

Quantum dots can be described using a capacitive model, as depicted in Figure 2.6a for a

single quantum dot. The quantum dot, represented by a blue circle, is tunnel-coupled to

both the source and drain leads and is also capacitively-coupled to a gate. Tunnel coupling

implies that the dot is connected to the leads through a resistive connection, enabling the

exchange of charges with the leads, in addition to capacitive coupling. The gate is used to

shift the electrochemical potential of the quantum dot and consequently adjust the number

of charge carriers.

The energy spectrum of a semiconductor quantum dot is primarily governed by two

distinct energy scales. The �rst is the Coulomb repulsion experienced among charge car-

riers, which, in conjunction with the small size of the quantum dot, results in a charging

energy given byEC = e2=C� . This energy is required to add an additional charge carrier

to the quantum dot, whereC� represents the total capacitance between the quantum dot

and its environment (which includes the source and drain leads and the metallic gate).

This e�ect leads to a suppression of the tunneling current, known as Coulomb blockade,

which is purely classical and arises from the discrete nature of electric charge. The second

energy scale pertains to the allowed orbital states of single-particle energies, denoted as

EN . The energy di�erence between adjacent electrochemical potentials, referred to as the

addition energy, is given by

Eadd(N ) = � (N ) � � (N � 1) = � E + EC (2.11)
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Figure 2.6: (a) Capacitive model of a single quantum dot. The quantum dot is tunnel

coupled to source and drain leads and capacitively-coupled to a gate. Applying a voltage

to the gate shifts the electrochemical potential,� N , of the QD relative to the leads. En-

ergy level diagrams showing conditions for (b) single electron transport and (c) Coulomb

blockade.

where � E represents the energy di�erence between two single-particle energy states. For

quantum dots in GaAs/AlGaAs heterostructures,EC is approximately 1 meV, and � E is

approximately 0.1 meV [30].

Fig. 2.6b shows a schematic energy level diagram for a single quantum dot, where

a ladder of levels is approximately equally spaced byEC . A source-drain voltage bias

produces an energy di�erence between the leads,� sd = � s � � d = �j ejVsd, which is known

as the bias window. The voltage on the gateVg positions the electrochemical potential

of the N -electron quantum dot state� N within the bias window, enabling single charge

transport. The magnitude of the current will depend on the dot-to-lead tunnel rate. In

Fig. 2.6c, the Coulomb blockade phenomenon is observed, where� N lies outside the bias

window, preventing the addition of a charge to the dot, and as a result, there is no current


ow.

2.4.2 Conductance quantization in quantum point contact

A quantum point contact (QPC) is a narrow constriction obtained in a 2D electron or

hole gas, with its width on the order of the Fermi wavelength and its length smaller than
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Figure 2.7: (a) (adapted from [33]) The �rst measurement of conductance quantization

in a QPC. The upper inset shows the split-gate constriction on top a 2DEG used for the

measurement. The lower inset (adapted from [30]) shows a voltage bias applied between

two electron reservoirs. (b) (adapted from [30]) Parabolic dispersion for three subbands.

Only the lowest two channels contribute to transport.

the elastic mean free path. By adjusting the width of the constriction using electrostatic

gates, one can observe a step-like change in its conductance. The conductance values at

these steps are multiples of the conductance quantum (2e2=h). Since its initial discovery by

Weeset al. in a GaAs 2DEG [33] (shown in Fig. 2.7a), quantized conductance in a narrow

constriction has proven to be a universal e�ect, independent of fabrication technology and

host material.

Consider the QPC as a long ballistic conductor of widthW connected to two electron

reservoirs, as illustrated in the lower right inset of Fig. 2.7a. The lateral con�nement in

the y-direction gives rise to a series of quantized transverse modes. Each of these modes

can be approximated as having a parabolic dispersion relation given by

En (kx ) = En +
~2k2

x

2m�
; En =

� 2~2

2m� W 2
n2 (2.12)

with energy o�set En as depicted in Fig. 2.7b. Applying a voltagee(� L � � R) across the

QPC results in a current 
ow. Using the Landauer-B•uttiker formalism, the conductance
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of a QPC with n occupied modes is given by [30]

G = gs
e2

h

X

n

Z + 1

�1
Tn (E)[f (E; � L ) � f (E; � R)] dE (2.13)

where Tn (E) is an energy-dependent transmission probability that accounts for back-

scattering, and f (E; � i ) represents the Fermi functions for the left and right reservoirs.

Each moden contributes to the total conductance given by the integral in Eq. 2.13. The

prefactor gs accounts for spin degeneracy, withgs = 2 being applicable to a GaAs 2DEG

at zero magnetic �eld. In the limit of zero temperature the Fermi functions in the inte-

gral of Eq. 2.13 are replaced by step functions. For ideal transmission modes, the QPC

conductance withN occupied modes is given by

G = 2N
e2

h
(2.14)

The conductance is quantized in integer multiples of the conductance quantum (2e2=h).

In the presence of a magnetic �eld, the spin degeneracy is broken, leading to plateaus at

integer multiples of e2=h.

2.5 SQUIDs

The operation of the superconducting quantum interference device (SQUID) relies on two

key phenomena in superconductivity: the Josephson e�ect and the quantization of mag-

netic 
ux. In this section, we will present the theoretical principles underlying the SQUID

operation.

2.5.1 Josephson junctions

A Josephson junction is composed of two superconductors connected by a very weak link.

This weak link can take the form of an insulator (superconductor-insulator-superconductor,

SIS), a normal metal (SNS), or a narrow constriction (ScS). The physical size of the weak

link is signi�cantly smaller than the coherence length of the Cooper pairs, which allows it
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to couple the wave functions of the two superconductors. This coupling leads to distinctive

electrical properties, such as a phase-dependent supercurrent or a sinusoidal alternating

current across the junction. The current-voltage characteristics of Josephson junctions are

de�ned by the two Josephson relations. The Josephson current-phase relation is given by

I s = I 0 sin(� ) (2.15)

whereI s represents the supercurrent carried by Cooper pairs passing through the junction,

and I 0 denotes the maximum or critical current that the junction can support without ex-

periencing any voltage drop. The critical current is dependent on the material, geometry,

and temperature. � = � 1 � � 2 corresponds to the phase di�erence between the two macro-

scopic wave functions of the two superconductors. The Josephson voltage-phase relation

is given by
d�
dt

=
2eV

~
(2.16)

where V is the voltage drop across the junction,e is the elementary charge, and~ is

Planck's constant.

Resistively Capacitance Shunted Junction (RCSJ) model

When the current passing through the junction exceeds the critical currentI 0, a voltage

abruptly develops across the junction. However, this voltage only returns to zero for a

current signi�cantly lower than I 0. In other words, the Josephson junction alone exhibits a

hysteretic current-voltage (I-V) relationship. To utilize a Josephson junction in a SQUID,

this hysteresis must be eliminated. This is accomplished by incorporating a shunt resistor

in parallel with the junction. In the case of insulating barriers in an SIS con�guration,

the junction areas are su�ciently large to yield junctions with adequate critical currents,

resulting in an e�ective capacitance across the junction. Therefore, an accurate model of

a non-hysteretic Josephson junction should include resistor and capacitor elements. The

resistively and capacitively shunted junction (RCSJ) model incorporates these components,

as shown in Fig. 2.8a. Using Kirchho�'s law, the sum of all currents 
owing across the

junction in the RCSJ model is given by [34]

I = I 0 sin(� ) +
V
R

+ C
dV
dt

(2.17)
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Figure 2.8: (a) Schematic of resistively-shunted Josephson junction. Tilted \washboard"

potential derived from the RCSJ model depicting (a)I < I 0 and (b) I > I 0. Adapted from

[34].

Using the Josephson voltage-phase relation (Eq. 2.16), Eq. 2.17 can be re-written as

I � I 0 sin(� ) =
~C
2e

•� +
~

2eR
_� (2.18)

which is a nonlinear second-order di�erential equation. One can recognize the similarity

between Eq. 2.18 and the standard equation of motion for a particle moving in a one

dimensional potential. In the mechanical analogue, the mass of the particle is equivalent

to m = ~C=2e, the viscous drag component to
 = ~=2eR, and the non-linear force term

to F = I � I 0 sin(� ). The particle moves in a potential given by (F = �r UJ = � dUJ =d�)

UJ = � I� � I 0 cos(� ) (2.19)

resulting in an e�ective \washboard" potential. It can be parameterized by the ratio of

the current to the critical current I=I 0. When I=I 0 < 1, the periodic potential wells of the

washboard trap the phase (particle)� at certain values, leading to no voltage drop across

the junction. This situation is depicted in Fig. 2.8b.

When I=I 0 > 1, the washboard becomes tilted from the termI� in Eq. 2.19, enabling

the phase (particle) to advance down the \washboard" potential. We can parameterize the

e�ect of the capacitance (mass) by introducing the Stewart{McCumber parameter, given

by

� c =
2eI0R2C

~
(2.20)
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When � c � 1, the junction is considered to be over-damped, which means that the viscous

drag (resistive) term dominates over the inertia term. The over-damped solution results

in a non-hysteretic I-V characteristic, which is necessary for the practical operation of a

SQUID. As � c increases and the junction enters the under-damped regime, the I-V curve

exhibits hysteresis. In this case, once the phase (particle) starts to evolve, the dominant

inertial term prevents the phase (particle) from becoming trapped in one of the washboard

ripples, as depicted in Fig. 2.8c. Typically the junction is shunted with a damping resistor

that is much smaller than the normal conductance of the junction. This reduces� c and

prevents hysteresis.

2.5.2 DC SQUID

A DC SQUID is a device that utilizes two shunted Josephson junctions connected in parallel

within a closed superconducting loop. The DC SQUID primarily functions as a magnetic


ux-to-voltage transducer. The device's operation relies not only on the Josephson e�ect

but also on the quantization of magnetic 
ux within the superconducting loop.

Recall that the macroscopic wavefunction of a superconductor can be represented by

a complex order parameter, described by 	 = 0ei� , where  0 is the amplitude and � is

the phase. In the case of superconductors with non-trivial topologies, such as a loop, a

boundary condition is imposed, ensuring that the wavefunction remains single-valued at

every point along the loop. Consequently, a phase shift of 2� does not a�ect 	. Thus,

for a superconducting loop, the phase change when traversing the entire loop must be an

integer multiple of 2� in order to maintain the single-valued nature of the wavefunction.

This results in the magnetic 
ux threading a superconducting loop to be quantized by the

magnetic 
ux quantum (� 0 = h=2e).

Fig. 2.9a shows a schematic of a DC SQUID, with each junction represented by an

RCSJ. The SQUID operates as follows: a dc current greater than twice the critical current

of each junction, 2I 0, is supplied to the SQUID, dividing the current between the two

branches that contain the junctions. In the absence of a magnetic �eld threading the

loop, the current is evenly distributed between the branches. However, when an external

magnetic �eld is applied to the loop, a screening current is induced around the loop to
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Figure 2.9: (a) Schematic of a dc SQUID in the RCSJ model. (b) I-V characteristic at

integer and half-integer values of applied magnetic 
ux threading the SQUID loop. The

bias current, I b, is greater than twice the critical current of each junction, 2I 0. (c) The

output voltage across the SQUID as a function of magnetic 
ux. Adapted from [34].

counteract the applied magnetic 
ux, reducing it back to zero. This induced screening

current supplements the applied current through one junction and opposes the current in

the other junction. When the current passing through one junction exceeds the critical

current, I 0, a voltage develops across that junction and consequently across the entire

SQUID loop. When the applied magnetic 
ux exceeds half a 
ux quantum, �0=2, instead

of screening the 
ux, it becomes energetically favorable to allow one 
ux quantum in the

loop. As a result, the screening current changes direction to adjust the net 
ux in the loop

to one 
ux quantum. This behavior continues as the applied magnetic 
ux is increased,

with a periodicity of one 
ux quantum, � 0.

Fig. 2.9b shows the SQUID I-V characteristic for both half and integer values of

� 0 threading the loop. As the applied magnetic 
ux increases, the I-V curve oscillates

continuously between these two extremes shown in Fig. 2.9b. For a given bias current

I b > 2I 0, the voltage across the SQUID oscillates with applied magnetic 
ux, also with a

periodicity of one 
ux quantum, � 0. An example of aV � � curve is shown in Fig. 2.9c.

21



2.5.3 SQUID ampli�ers

In a conventional design of a SQUID, as used in Chapter 6, a square geometry is employed

for the loop. It consists of a large \washer" connected to a small counter-electrode through

two Josephson junctions, as depicted in Fig. 2.10. Typically, thin �lms of niobium (Nb)

are used for both the washer and the counter-electrode. Additionally, aluminum oxide

(Al 2Ox) is commonly employed as the insulating barrier to create Nb-Al2Ox-Nb junctions.

The junctions are also resistively shunted to produce a non-hysteretic I-V characteristic.

In a SQUID ampli�er, a signal is applied to an input coil that is inductively coupled

to the SQUID washer. The input coil converts electric current into magnetic 
ux, and

the SQUID functions as a current-to-voltage transducer. The input coil is inductively

coupled to the SQUID loop with a mutual inductanceM = �
p

L inL sq, where� represents

a geometry-dependent coupling constant, andL in and L sq denote the inductance of the

input coil and SQUID washer, respectively. The mutual inductance determines how much


ux a given current through the input coil produces.

In order to utilize the SQUID as a practical ampli�er, it must be biased appropriately

to maximize the output voltage swing and linearize the 
ux-to-voltage relationship. The

maximum slope of theV � � relation, @V
@� , occurs when a static 
ux of (2n � 1) � 0

4 is

supplied to the SQUID, wheren is an integer. This 
ux bias is achieved by passing a dc

current through a feedback coil coupled to the SQUID. To maintain this operating point

for changes in applied 
ux from the input coil, a 
ux locked loop (FLL) circuit is employed.

The FLL circuit involves a feedback circuit that keeps the 
ux through the SQUID constant

by adjusting the current through the feedback coil. The FLL increases the dynamic range

for linear operation to several thousand 
ux quanta.

Microstrip SQUID ampli�er (MSA)

In the typical operation of a SQUID ampli�er, the input signal is applied across the two

ends of an input coil that is tightly coupled to the SQUID loop, as shown in Fig. 2.10. To

achieve good coupling, the input coil is usually lithographically patterned directly above the

SQUID, separated only by a thin insulating layer. However, when operating at frequencies
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Figure 2.10: (a) Diagram of typical SQUID (adapted from Ref. [35]). The square washer

and counter-electrode are shown in gray, connected by two Josephson junctions represented

by the cross-indents. The input coil is depicted by the copper color and is patterned above

the square washer. (b) Electrical schematic of a conventional SQUID ampli�er. The input

signal is coupled to both ends of the input coil. The additional coil carrying currentI � is

the feedback coil. (b) Electrical schematic of a microstrip SQUID ampli�er (MSA). The

input signal is coupled to one end of the coil and the SQUID washer. The other end of the

coil is left open.

exceeding tens of megahertz, the parasitic capacitance between the input coil and the

SQUID washer can lead to a substantial reduction in the device's gain. This issue can be

overcome by coupling the input signal between one end of the input coil and the SQUID

washer. In this con�guration, the input coil now acts as a transmission line resonator.

When the input coil is driven at a frequency close to the�= 2 standing wave resonance of

the microstrip, the current is enhanced proportionally to quality factorQ of the microstrip

[36]. This leads to an increased gain at the resonance frequency while maintaining a low-

level of noise. A SQUID operated in this con�guration is known as amicrostrip SQUID

ampli�er (MSA), �rst reported in Ref. [37]. Fig. 2.10b shows the electrical con�guration

of an MSA.

One drawback of an MSA is that they can only operate in an open-loop con�guration.

This limitation arises from their higher-frequency operation, which prevents the use of the

FLL scheme outlined earlier to increase the dynamic range. Due to technical constraints,

the utilization of FLL is restricted to frequencies up to a few megahertz [38]. Nevertheless,
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the noise temperature of MSAs has been demonstrated to be very low when cooled, primar-

ily limited by the thermal noise produced by the shunt resistors. In Ref. [39], the authors

demonstrated that an MSA cooled to 20 mK achieved a noise temperature of 50 mK at 520

MHz, within a factor of two of the quantum limit and over an order of magnitude lower

than the best semiconductor ampli�ers.
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Chapter 3

Experimental methods

3.1 Introduction

This chapter serves a dual purpose. First, we provide a concise overview of the architecture

and operational principles of the devices employed in our experimental work. Second, we

elaborate on the characteristics and speci�cations of the cryostat utilized for conducting

these experiments.

3.2 2D devices

Charge carriers can be con�ned within a 2D layer of a semiconductor through band gap

engineering. These 2D devices can then be fabricated to take the form of Hall bar geome-

tries, narrow one-dimensional constrictions, or zero-dimensional quantum dot structures.

This section focuses on presenting the techniques employed to fabricate these 2D devices.

3.2.1 Heterojunctions and quantum wells

A heterostructure is simply a semiconductor arrangement where the chemical composi-

tion varies with position. A single heterojunction represents the most basic form of a
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heterostructure, consisting of an interface between two dissimilar semiconductors. Het-

erostructures are typically grown using the molecular-beam epitaxy (MBE) technique,

allowing for precise control over the thickness and chemical composition of each atomic

layer. Heterostructures serve as the fundamental building blocks for advanced semicon-

ductor devices. Within a heterojunction interface or a thin layer of material in a double

heterojunction (also known as a quantum well), a conductive two-dimensional layer, such

as a two-dimensional electron gas (2DEG) or a two-dimensional hole gas (2DHG), can be

formed. The con�nement of this 2D gas to a narrow region (approximately on the order

of tens of nanometers) creates discrete energy level subbands along the growth direction.

Typically, for charge carrier densities around 1� 1015 m-2, only the lowest subband is oc-

cupied, allowing the system to be e�ectively treated as two-dimensional. However, in wide

quantum well structures (approximately 30 - 50 nm), the second subband is considerably

lower in energy and can become populated even at low densities, around 1� 1015 m-2.

The gallium-arsenide/aluminum-gallium-arsenide (GaAs/AlGaAs) material system is

the most studied III-V heterostructure. A typical GaAs/AlGaAs heterojunction is formed

by combining GaAs and AlxGa1-xAs. In the second layer, Al replaces some fraction of the

Ga in the lattice (typically x � 0.3 - 0.5). The crystal lattices of GaAs and AlGaAs are

similar, which produces structures with little strain and minimal defects. Consequently,

con�ned electrons or holes move through the crystal lattice encountering very few scattering

sites. This low level of scattering and disorder results in high mobility structures.

The formation of the 2D electron or hole gas in heterostructures arises from two mech-

anisms. The semiconductor materials that make up the single or double heterojunctions

have di�erent band gaps. Consequently, the conduction and valence band across a hetero-

junction develop step-like pro�les and establish a common Fermi energy. The di�erence in

band gaps alone does not form a 2D gas. The second crucial ingredient is an electrostatic

potential that causes the conduction or valence band to bend appropriately at the hetero-

junction. To form a two-dimensional electron gas (2DEG), the conduction band is bent

downwards to dip below the Fermi level. Alternatively, to form a two-dimensional hole gas

(2DHG), the valence band is bent above the Fermi level. The electrostatic potential to

bend the band structure is achieved by modulation doping or by gating the heterostructure.

26



Figure 3.1: Modulation-doped example. (a) Energy band diagrams of the p-doped AlGaAs

layer (p-AlGaAs) and intrinsic GaAs layer (i-GaAs) before contact. (b) Alignment of the

energy bands and Fermi level after contact, illustrating the formation of a 2DHG at the

heterojunction interface.

3.2.2 Modulation-doped devices

The standard method for creating an electrostatic potential involves introducing dopants

into the material system, a technique known as modulation doping [40]. In modulation

doping, during the wafer growth via MBE, a thin dopant layer is incorporated near the

heterojunction. To form a 2DEG in a GaAs/AlGaAs heterojunction, an n-type dopant

like silicon is introduced into the AlGaAs layer, replacing some of the Ga or Al atoms.

As a result, some electrons from the n-type doping migrate into the GaAs layer, leaving

positively charged ions in the n-AlGaAs layer. These positive ions cause a bending of the

conduction band, while the free electrons accumulate to form the 2DEG. Alternatively, to

create a 2DHG in a GaAs/AlGaAs heterojunction, a p-type dopant such as carbon is added

to the AlGaAs layer. This leads to the migration of some holes from the p-type doping

into the GaAs layer, leaving behind negatively charged ions. The negative ions induce a

bending of the valence band, while the free holes accumulate to form the 2DHG. As an

example, Fig. 3.1a shows the energy bands and Fermi level of a physically separated p-

doped AlGaAs layer and intrinsic GaAs layer. Upon the contact of these two materials, the

alignment of energy levels produces a 2DHG at the GaAs/AlGaAs interface, as depicted
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in Fig. 3.1b. Modulation-doped structures can be readily fabricated with ohmic contacts

to establish electrical connections with the 2D gas. As a standard technique, metal is

deposited atop the heterostructure and then annealed at high temperatures, causing the

metal to di�use down to make contact with the 2D gas [41].

3.2.3 Dopant-free induced devices

An alternative approach to modulation doping involves the application of an external elec-

tric �eld along the growth direction of the heterostructure to modify the band structure

and induce a 2D gas. This external electric �eld can be generated by applying a voltage to

a metallic electrode or gate positioned on top of the heterostructure. To prevent leakage

currents, a suitable dielectric material is initially deposited beneath the gate. Together,

the gate and the 2D gas function as a parallel plate capacitor. This speci�c type of de-

vice is commonly referred to as a Heterostructure-Insulator-Gate Field E�ect Transistor

(HIGFET). Fig. 3.2a shows a schematic of a top-gated GaAs/AlGaAs HIGFET, represen-

tative of the devices investigated in this work. Fig. 3.2b depicts the energy band diagram

of the heterostructure in its insulating state when no voltage is applied to the top-gate.

To create a 2DHG, a negative voltage is applied to the gate, causing the energy bands

and Fermi level to bend accordingly. With a su�ciently negative voltage, the Fermi level

becomes pinned below the valence band, resulting in the formation of a 2DHG at the

AlGaAs/GaAs interface, as illustrated in Fig. 3.2c.

Unlike modulation-doped devices, dopant-free devices do not conduct unless a voltage

is applied to the gate. Because the gate only induces a 2D gas directly beneath it, the

fabrication of ohmic contacts for dopant-free devices is considerably more complicated. One

approach, employed for the devices investigated in this work, involves recessing the ohmic

contact into the material by etching a portion of the heterostructure and subsequently

depositing the ohmic material directly at the heterojunction. This process allows for lateral

di�usion of the material in addition to the downward di�usion. More comprehensive details

on the fabrication of ohmic contacts in dopant-free devices can be found in Refs. [42, 43, 44].
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Figure 3.2: (a) Schematic of HIGFET structure. (b) Energy band diagrams when the

device is unbiased. The Fermi level is midway between the conduction and valence band

and the device is insulating. (c) When a negative voltage is applied to the top-gate, the

Fermi level moves below the valence band resulting in a 2DHG layer at the heterojunction

interface.

While dopant-free devices require more extensive and complex fabrication processes

compared to their modulation-doped counterparts, they o�er several advantages. In modulation-

doped devices, the presence of remote-ionized donors from intentional dopants can lead to

scattering through Coulomb interactions, limiting the mobility of the 2D gas [45]. In con-

trast, dopant-free structures have their mobility primarily limited by unintentional back-

ground impurities introduced during MBE growth. The reduced disorder in dopant-free

devices allows for the study of 2D gases at lower carrier densities [46]. At these lower

carrier densities, electron-electron (2DEG) or hole-hole (2DHG) interactions become more

pronounced, facilitating the investigation of phenomena like Wigner crystallization [47, 48].

In modulation-doped devices, the charge carrier type (electrons or holes) is �xed during

heterostructure growth using n-type or p-type dopants. However, dopant-free devices can

be con�gured as ambipolar, enabling the simultaneous study of both electron and hole

charge carriers in the same device [49]. Ambipolar operation in 2D gases is valuable

for fabricating lateral p-n junction devices, which are useful in quantum optoelectronic

applications [50]. Additionally, dopant-free devices can create much shallower 2D gases,

making them suitable for quantum dot spin qubits [51]. The absence of dopants has also
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been demonstrated to reduce telegraph (charge) noise in quantum dots [52].

In Chapters 4 and 5, we investigate GaAs/AlGaAs heterojunctions in a HIGFET geom-

etry. These devices were fabricated into Hall bars for magnetotransport experiments. In

Chapter 6, we utilize an n-type modulation-doped GaAs/AlGaAs heterojunction fabricated

into a lateral quantum dot device.

3.3 Cryostat and experiment components

3.3.1 Dilution refrigerator

The cooling mechanism of the dilution refrigerator relies on the phase separation of a3He-
4He mixture in the mixing chamber. At temperatures below 0.87 K, the mixture undergoes

phase separation into two distinct phases: a3He rich phase and a3He dilute phase. As the

temperature approaches absolute zero, the3He rich phase becomes increasingly pure, while

the 4He rich phase maintains a constant3He concentration of 6.6 % at saturated vapor

pressure, even when reaching 0 K. Leveraging this residual3He concentration in the4He

rich phase is essential for achieving such low temperatures. The3He rich phase has a lower

density and will 
oat on top of the 3He dilute phase. To facilitate the cooling process,
3He from the concentrated phase is transferred across the phase boundary into the3He

dilute phase. In practice, this is accomplished by pumping on the3He dilute side, reducing

the temperature to approximately 0.7 K. At this temperature, the vapor pressure of3He

becomes about 1000 times higher than that of4He. As a result, a signi�cant portion of
3He is drawn out from the dilute phase, disrupting its desired equilibrium concentration of

6.6 %. This forces3He to cross the phase boundary and enter the dilute phase in order to

reestablish equilibrium, leading to a positive change in entropy. For this to occur, energy

must be absorbed from the environment, resulting in an overall decrease in the system's

temperature.
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3.3.2 Shasta cryostat

The experimental work presented in this thesis was conducted using a customized High Pre-

cision Devices Shasta cryostat (model 106). Fig. 3.3 shows the schematic of the modi�ed

Shasta cryostat. This cryostat was equipped with a Cryomech (model PT410) dual-stage

pulse tube refrigerator (PTR). The �rst stage of the PTR maintained a nominal temper-

ature of 60 K, while the second stage maintained a temperature of 2.8 K. In the original,

unmodi�ed cryostat con�guration, the second stage of the PTR was used for pre-cooling

an adiabatic demagnetization refrigerator (ADR). However, in the modi�ed cryostat setup,

we removed the ADR stage and replaced it with an Oxford 200 dilution unit. The dilu-

tion fridge has a base temperature of approximately 40 mK. One particularly notable and

advantageous feature of this cryostat is its dry operation. In recent years, the acquisition

of liquid helium for wet-style dilution fridges has become both costly and unpredictable.

In our dry-style dilution fridge, only inexpensive and readily available liquid nitrogen is

required for a charcoal cold trap within the room.

In a wet-style dilution fridge, pre-cooling of the3He-4He mixture is accomplished using

a 4He bath and a 1 K pot condenser. However, in a dry-style dilution fridge, this pre-

cooling is achieved by connecting the incoming return line to the cold stages of the PTR.

The 3He-4He mixture enters the cryostat at the 300 K plate with copper tubing, reaching a

copper gasket seal located within the main vacuum space. Stainless steel tubing connects

this �tting to the PTR's �rst stage. From there, the gas passes through a charcoal trap

designed to freeze out contaminants. This trap connects to tubing coiled around the

PTR's second stage regenerator. Subsequently, the gas 
ows through a small copper-nickel

capillary wound around a copper block mounted on the PTR second stage before entering

the custom-made main 
ow impedance and the Oxford 200 Dilution unit.

On the output side of the dilution unit, the still's pumping ori�ce connects to a stainless

steel pipe, which is thermally anchored with clamps to the PTR's �rst and second cold

stages. A radiation ba�e at the PTR �rst stage serves to block 300 K radiation from

reaching the still. To accommodate thermal expansion and contraction stresses, a 
exible

bellows is positioned between the PTR �rst stage and the 300 K plate. At the top of the

cryostat, the output of the still pipe is connected to a double-gimbal metal bellows, which
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Figure 3.3: Schematic of the modi�ed Shasta 106 cryostat, outlining the various cold stages,

heat exchangers, and the Oxford 200 dilution unit.
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was designed by Dr. David Pomaranski following the guidelines outlined in Ref. [53]. This

gimbal system is speci�cally engineered to minimize vibrations transmitted to the cryostat

from the pumping line due to the building and/or mechanical pumps. The still pumping

line is connected to the gas-handling system via a 10-foot-long, 8" diameter PVC pipe.

The pumping system is comprised of an oil vapor booster di�usion pump (Edwards, model

9B3) for achieving a low still pressure, backed by a mechanical rotary pump (Alcatel, model

402723). For more information regarding the cryostat modi�cation, additional details can

be found in Ref. [54].

3.3.3 Superconducting magnet

To conduct the magnetotransport measurements in Chapters 4 and 5, we installed a super-

conducting solenoid (magnet) on the second stage of the PTR. This magnet was purchased

from Cryomagnetics and can generate a 9 T magnetic �eld within the central bore when

supplied with 47.1 amps of current. We constructed thick copper cables for the room,

and installed high-temperature superconducting leads (obtained from High Precision De-

vices) between the �rst and second stages of the PTR. These superconducting leads enable

high-current operation for the magnet while introducing minimal heat load to the PTR's

second stage. We observed that after the installation of the superconducting leads, the

base temperature of the PTR's second stage increased by approximately 50 mK. Given the

approximate cooling power of the second stage of the PTR is� 1 mW/mK, this corre-

sponds to a heat load of approximately 50 mW. This heat load was acceptable for operation

of the dilution fridge, as the condensation of the3He/4He mixture critically depends on

maintaining the base temperature of the PTR's second stage. Fig. 3.4a shows a photo of

the magnet installed in the cryostat next to the Oxford 200 dilution unit.

3.3.4 Sample cell and electrical �ltering

Low-frequency twisted-pair wiring runs from a hermetic feedthrough located at the top of

the cryostat to the mixing chamber, where the sample cell is mounted. For the segment

of the wire that runs from room temperature to the PTR second stage at 2.8 K, we use
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